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It is difficult to overstate the cultural and biological impacts that the domestication of plants and animals has had on our species. Fundamental
questions regarding where, when, and how many times domestication took place have been of primary interest within a wide range of
academic disciplines. Within the last two decades, the advent of new archaeological and genetic techniques has revolutionized our
understanding of the pattern and process of domestication and agricultural origins that led to our modern way of life. In the spring of 2011, 25
scholars with a central interest in domestication representing the fields of genetics, archaeobotany, zooarchaeology, geoarchaeology, and
archaeology met at the National Evolutionary Synthesis Center to discuss recent domestication research progress and identify challenges for
the future. In this introduction to the resulting Special Feature, we present the state of the art in the field by discussing what is known about
the spatial and temporal patterns of domestication, and controversies surrounding the speed, intentionality, and evolutionary aspects of the
domestication process. We then highlight three key challenges for future research. We conclude by arguing that although recent progress has
been impressive, the next decade will yield even more substantial insights not only into how domestication took place, but also when and
where it did, and where and why it did not.
evolution

| selection | agriculture | human ecology | human history

The domestication of plants and animals was
one of the most significant cultural and
evolutionary transitions in the ∼200,000-y
history of our species. Investigating when,
where, and how domestication took place is
therefore crucial for understanding the roots
of complex societies. Domestication research
is equally important to scholars from a wide
range of disciplines, from evolutionary biology to sustainability science (1, 2). Research
into both the process and spatiotemporal origins of domestication has accelerated significantly over the past decade through
archaeological research, advances in DNA/
RNA sequencing technology, and methods
used to recover and formally identify changes
www.pnas.org/cgi/doi/10.1073/pnas.1323964111

in interactions among plants and animals
leading to domestication (2–4). In the spring
of 2011, 25 scholars with a central interest in
domestication and representing the fields of
genetics, archaeobotany, zooarchaeology, geoarchaeology, and archaeology met at the
National Evolutionary Synthesis Center to
discuss recent progress in domestication research and identify challenges for the future. Our goal was to begin reconsidering
plant and animal domestication within an
integrated evolutionary and cultural framework that takes into account not just new
genetic and archaeological data, but also
ideas related to epigenetics, plasticity, geneby-environment interactions, gene-culture co-

evolution, and niche construction. Each of
these concepts is relevant to understanding
phenotypic change, heritability, and selection, and they are all fundamental components of the New Biology (5) and Expanded
Modern Evolutionary Synthesis (6).
Author contributions: G.L., D.R.P., R.G.A., M.D.P., L.A., M.A.-K.,
L.B., C.C.V., T.D., K.D., A.N.D., P.G., M.T.P.G., K.J.G., L. Lucas,
L. Lukens, F.B.M., K.M.O., J.C.P., P.J.R., R.R.d.C., O.I.S., M.G.T.,
and D.Q.F. wrote the paper.
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This PNAS Special Feature presents a collection of papers emanating from that meeting. Some evaluate past evidence and views
on fundamental aspects of plant and animal
domestication and offer a consensus perspective through the lens of more recent empirical findings and ideas. Others explore how
best to investigate challenging research questions. All of the papers provide examples of
how domestication research has illuminated,
and will continue to enrich, our understanding of evolutionary and cultural change. In
this introduction to the Special Feature, we
present an outline of what is currently known
about the pattern and process of domestication and we discuss foundational issues in
domestication research, both in general and
in light of the collected contributions. We
conclude with a summary of outstanding
questions and challenges.
Spatial and Temporal Patterns of
Domestication

The beginnings of plant and animal domestication related to food production began
globally 12,000–11,000 y ago at the end of the
most recent ice age and during the transition
to the Present Interglacial Period (7) (Figs. 1
and 2). Although often characterized as
rapid and the result of explicit human intention (8, 9), domestication is a complex
process along a continuum of human, plant,
and animal relationships that often took
place over a long time period and was driven
by a mix of ecological, biological, and human cultural factors (2, 3). The process

encompassed a wide range of relationships,
from commensalism/mutualism to low-level
management, and directed control over reproduction (10, 11), although these stages
did not necessarily progress in a ratchet-like
fashion from wild to domestic.
The addition of a human selective component on top of a natural selection regime
has enhanced the power of domestication to
reveal insights into long-standing evolutionary issues, including those highlighted below. Although we eschew one-size-fits-all
definitions for either plants or animals, domestication can be generally considered a selection process for adaptation to human
agro-ecological niches and, at some point in
the process, human preferences. Importantly,
the wild progenitor species of domesticated
taxa must have possessed the potential to live
in the context of human ecologies, and to
express traits that were favorable for human
use, harvesting, and edibility. Finally, the
presence of gene flow between populations of
domestic and wild plants and animals [and
members of the same or closely related but
geographically and genetically differentiated
domesticated species (12)] often results in
modern populations that appear as if they
arose outside the regions where the initial domestication process took place (13). As a
result, it is crucial that researchers carefully
evaluate whether multiple domestications of a
single species occurred (13, 14), making sure
to reserve the term “domestication” solely for
the initial independent process, and to avoid

Fig. 1. A map depicting likely centers where the domestication of at least one plant or animal took place. Black
outlines surround the most widely accepted independent centers of domestication, and sources of major diffusions of
domesticates are indicated by arrows. Green and purple regions, respectively, are those where the domestication
process took place during the late Pleistocene to early Holocene transition (12,000–8,200 B.P.), and in the middle
Holocene (8,200–4,200 B.P.). Brown regions represent areas where, at present, the evidence for domestication is
interpreted based upon the presence of domestic forms indigenous to these regions found outside of their native
distributions. Letters A–H correspond to those listed in Fig. 2. Additional detail and references associated with each
region are found in the SI Text.
6140 | www.pnas.org/cgi/doi/10.1073/pnas.1323964111

using the term to refer to subsequent admixture that often incorporated genetic and
morphological characteristics of wild populations that were never independently domesticated (12, 13).
An increasingly rich and diverse corpus of
data from molecular and archaeological research generated over the past 15 y now
makes it clear that agriculture began independently over a much larger area of the
globe than was once thought, and included
a diverse range of plant and animal taxa
(Figs. 1 and 2). At least 11 regions of the Old
and New World were involved as independent centers of origin, encompassing
geographically isolated regions on most continents, but several more have been suggested (Fig. 1) (3, 7, 11, 15, 16). Some of these
regions were the sources of major domesticates that spread to adjacent regions, whereas
others involved more regionally important
species often regarded as “minor” crops today (7, 17). The combined data also clearly
show that two major chronological periods
are of greatest interest: the transition to the
Holocene from about 12,000–9,000 B.P.
(all ages are calendar years before CE 1950),
and the middle Holocene between 7,000 and
4,000 B.P. (Fig. 1). Dogs were a significant
exception and were certainly domesticated in
the late Pleistocene before the establishment
of agriculture, although both the geographical
origins of dog domestication and claims for
domestic dogs in ~30,000-y-old contexts remain contentious (18). In the New World,
crop domestication occurred thousands of
years before animal domestication, whereas
the opposite was true in areas such as Africa,
Arabia, and India. Some of the asynchronous
patterns in individual plant and animal species from different regions may be the result
of patchy evidence, as well as the lack of
a clear distinction between “primary” (truly
independent) vs. “secondary” (e.g., inspired
by diffusionary processes) domestication.
Hunting and gathering was the primary
subsistence strategy for more than 95% of
the time since the origin of Homo sapiens
200,000 y ago (19). Theories and explanations for why human cultures abandoned
this long-term and apparently successful
subsistence strategy and turned to food production continue to attract discussion and
intense debate. Traditionally, the transition to
agriculture was viewed as the result of a few
single agents or “prime movers” that operated at the onset of the Holocene. Climate
change, human population pressure, and culturally driven alternatives, such as “competitive feasting,” are among numerous additional
agents proposed by generations of archaeologists (20–24). Simple unidirectional
Larson et al.
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A. Southwest Asia
Wheat
Barley
Lentil
Pea
Chickpea
Broadbean
Flax
Olive
Sheep
Goat
Pig
Cattle (taurine)
Cat
B. South Asia
Tree Cotton
Rice (indica)
Little Millet
Browntop Millet
Mungbean
Pigeonpea
Cattle (zebu)
Water buffalo
C. East Asia
Broomcorn millet
Foxtail millet
Rice (japonica)
Soybean
Ramie
Melon
Pig
Silkworm
Yak
Horse
Bactrian Camel
Duck
Chicken
D. New Guinea
Banana
Taro
Yam
E. Africa & S Arabia
Date Palm
Sorghum
Pearl millet
Fonio
Cowpea
Hyacinth bean
Rice (African)
Oil palm
Cattle (taurine)
Donkey
Dromedary Camel
Guinea fowl
F. North America
Squash
Sunflower
Sumpweed
Pitseed goosefoot
G. Meso-America
Squash (pepo)
Maize
Foxtail millet-grass
Common bean
Avocado
Chili pepper
Turkey
H. South America
Chili pepper
Peanut
Cotton
Coca
Root crops (now minor)
Squash (moschata)
Common bean
Lima bean
Manioc
Sweet potato
White potato
Quinoa
Yam
Llama
Alpaca
Guinea pig
Muscovy duck

explanations, however, have proved unsatisfying for a number of researchers, and
significant tensions remain between camps
advocating different explanatory blueprints.
The issue poses an important remaining
challenge in domestication research (25)
(see below).
Early Domestication Stages

Fig. 2. A chronological chart listing the regions where, and the time frames over which, key plants and animals were
domesticated. The numbers in the black circles represent thousands of years before present. Gray dashed lines represent documented exploitation before domestication or posited as necessary lead-time to domestication. Blue
dashed lines represent either the management of plants or animals (including translocation) or predomestication
cultivation of plants, neither of which were associated with morphological indications of domestication. Red bars
frame the period over which morphological changes associated with domestication are first documented and a short,
solid red bar represents the latest time by which domestication occurred. Although early Holocene plant domestication took place independently in both the Old and New Worlds, early Holocene animal domestication was restricted
to the Near East. In addition, the majority of plants and animals on this list were domesticated in the middle Holocene.
Additional details and references associated with each taxon are found in Table S1. Letters A–H correspond to those
found in Fig. 1.

The initial stages of the multispecies networks involved in domestication were critical
because humans acted as: (i) dispersal agents
(managing the reproduction of cultivated
plants and controlling the mobility, range
and density of domestic livestock); (ii) agents
of (conscious or unconscious) selection, favoring the reproductive success of particular
behavioral and phenotypic variants); and (iii)
ecosystem modifiers, who (along with natural
environmental changes) alter the developmental conditions and hence the characteristics of associated organisms.
So what is a domesticated plant or animal
and how does it differ from its wild ancestor?
From a present-day perspective, it is possible
to recognize suites of common traits that
make up the so-called “domestication syndrome” (26–28), and presumably many of
these were key to early selection along the
wild-to-domesticated trajectory. In plants, the
syndrome is defined by a wide variety of
traits that, depending on the species, may
include: a reduced ability to disperse seeds
without human intervention, reduction in
physical and chemical defenses, reduction in
unproductive side-shoots, reduction in seed
dormancy, bigger seeds, more predictable
and synchronous germination, and in some
seed-propagated species, bigger and more
inflorescences. In animals, these traits include: endocrine changes, increased docility,
altered reproduction pattern and output, altered coat color, floppy ears, facial neotony,
usually a reduction in size, and other changes
in body proportions (26). Recent genetic and
archaeological research, however, has demonstrated that not all of these traits arose at
the same time in either plants or animals. In
addition, it has been helpful to separate genes
that controlled the traits that were under
early selection (domestication genes) from
those that were selected later to produce diversified and improved crops and animals
(improvement genes) (4).
The strength of selection for “domestication syndrome” gene variants and their speed
of fixation remains controversial. Although
strong selection with rapid evolution of
domestication traits within as little as 100–
200 y has been suggested (8, 9, 29), recent
archaeological studies have questioned these
conclusions, at least for cereal domestication.
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In wheat, barley, and rice, it took ∼2,000–
4,000 y to fix the nonshattering spikelet
phenotype, a key indicator of cereal domestication (7). There are other indications in the
Near East of long periods of cultivation
without morphological evidence of domestication, including specific field weed flora associated with morphologically wild cereals
and legumes, and large stores, suggesting
reliance on cultivated production of morphologically wild species (30, 31). Doust et al.
(32) show that factors previously underappreciated, such as GxE (gene-by-environment)
and epistasis (gene-by-gene) interactions
may have been important in slowing domestication rates. A comparison of rates of
phenotypic evolution between wild and domesticated species also indicates that, contrary to expectations, evolutionary rates in
domesticated species are not generally faster
than those observed in wild species (7). Indeed, selection strengths for some traits are
at the same level as the strength of natural
selection acting on wild species, or even
slightly lower (33).
The evidence for a slow pace of domestication implies a cultural period in agricultural
origins called “predomestication cultivation”
(PDC) (34). These periods lasted for many
centuries before fully domesticated cereals
appeared, as has been inferred from evidence
in the Near East and China (7, 31, 35).
Instances of PDC have also recently been
documented in northwestern South America
(36). Increasing evidence for PDC goes handin-hand with increasing indications of a
nonsimultaneous development of the suite
of traits that make up the domestication
syndrome, in turn raising questions about
when exactly to call archaeological remains
“domesticated” and how and in what order
the domestication syndrome was assembled.
These factors also make it more likely that
crops were independently brought under
cultivation more than once, even within
a given “nuclear region,” then hybridized
with cultivated or domesticated plants from
other regions to become the domesticated
versions we study today (37, 38). Neither
genetic nor archaeobotanical studies can easily sort out these different activities, which
has led to increased skepticism of the traditional models that purport rapid events taking place in a single location to explain
transitions from wild to domesticated species
(39, 40). In addition, the recent reevaluation
of the speed of cereal domestication has led
to a renewed discussion of unconscious vs.
conscious selection. Charles Darwin was the
first to explicitly articulate the difference between conscious selection during domestication, in which humans directly select for
6142 | www.pnas.org/cgi/doi/10.1073/pnas.1323964111

desirable traits (called by Darwin “methodical” selection) (1), versus unconscious selection, where traits evolve as a by-product of
growth and natural selection in field environments, or from selection on other traits.
In rice, for example, glutinous grains most
likely arose from conscious selection by certain Asian cultures for this cuisine-prized
trait (41). In contrast, seed nonshattering in
cereals is thought to have arisen as a byproduct of stalk-harvesting by sickles or
harvest knives, which select for seeds that do
not readily fall off the stalk, rather than a result of a conscious strategy associated with
beating seed heads into baskets (29). Other
domestication traits in grasses are generally
thought to result from unconscious selection,
including seed size, seed dormancy, synchronous seed ripening, and apical dominance (27).
Most domesticated plants are not cereals,
and other crops with different domestication
syndromes may have had faster rates of domestication once humans targeted them for
cultivation, and been more prone to have
traits selected by conscious selection. The
great cultural geographer Carl Sauer (42)
insightfully noted that squashes, beans, and
various root crops (along with maize, the
premier cereal crop of the Americas) were
not mass-harvested and mass-planted, nor
likely mass-selected, as the Old World cereals
were. Individual harvesting and selection by
early farmers, who would be expected to
choose and deliberately propagate the crop
attributes most useful to them when they
could distinguish the useful phenotypes, could
foster conscious selection and result in
faster fixation of crucial and preferred domestication traits, such as the loss of toxicity
and increased size of starch storage organs
in tubers and roots. Fruit nonbitterness in
squashes and melons, major early domesticates in all regions of the Americas and
parts of Asia and Africa may also have been
rapidly and consciously selected. For example, botanical remains from human teeth
indicate that the loss of fruit bitterness in the
squash species Cucurbita moschata took
place by at least 9200 B.P., only 800 y later
than the first evidence for its domestication.
In fact, the loss may have taken place even
earlier because the seed traits used to document domestication do not inform fruitflesh characteristics (36, 43). Arguments for
relatively fast, conscious selection have also
been made for the important seed dormancy
trait in Old World lentils and peas (44).
What about conscious vs. unconscious selection in animals? Marshall et al. (12) make
a compelling case that intentional breeding
of females was largely absent during the early
stages of domestication for a wide range

of species. This theory, along with what
probably was considerable gene flow between wild and early managed animals
(13), poses challenges to a number of
commonly held assumptions about early
domestication in some species relating to
interpretations of genetic bottlenecks and
molecular sequences more generally, the
number of times a species was domesticated, and how various domestication traits
emerged and were maintained in the long
term. Clearly, many questions persist about
the roles of directed vs. undirected selection
across the spectrum of domesticated plants
and animals.
Research over the past few decades has
made it clear that prehistoric humans around
the world significantly modified their environments, sometimes before and during the
process of plant and animal domestication,
and the role of humans in the enduring
modification of environments is no longer
underestimated (45–49). A uniquely important aspect of human environmental
modification is the additional role cultural
transmission plays in maintaining patterns
of enduring local ecologies, resulting in a
strongly enculturated ecological inheritance.
Because they can often be traced archaeologically, cultural transmission processes have
received increasing interest and mathematical
modeling in the social sciences (50–52) and
are embedded both in practice and in material settings (e.g., terraces, canals, mounding,
soil management, lassos, penning, somatic
modifications such as castration, foodprocessing tools). Although the process of
cultural inheritance differs from that of genetics, it plays a crucial role in maintaining
both cultural practices over generations
and environments in which domestication
and husbandry occurred and were maintained. Human intentionality and knowledge
systems must have been key components
among the interacting mechanisms within
these bio/eco-cultural environments, and
cultural transmission provided a basis for
the maintenance of cumulative innovation.
Traditional ecological knowledge over the
longer term has maintained crop landrace
diversity, and remains important for biodiversity distribution and ecosystem services
more generally (53).
Genetic and Evolutionary Insights from
Domestication

The study of domesticated species has led
to increased interest in several important
issues in genetics and evolutionary biology,
including the underlying genetic architecture of adaptations and parallel evolution.
Genetic research is increasingly identifying
Larson et al.
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with differences in floral branching in maize
and other grasses (57). However, it is not the
only gene involved, as shown by QTL studies
that indicated up to five significant QTL
regions controlling these traits (58). Finally,
a recent study (59) demonstrated that the
action of sh4 in rice is not always sufficient to
produce nonshattering phenotypes.
An additional question is whether the
same genes underlie similar phenotypic shifts
in numerous domesticated plants and animals. In other words, is there parallelism
from the same underlying genetic and developmental pathways or convergent evolution of unrelated taxa using unrelated gene
networks (60)? In grasses, such forms are
particularly striking, and similar awned and
awnless spikelets, hulled and free-threshing
grain, black-, red-, and straw-colored seed
coats are found in multiple domesticated
cereals. The geneticist Vavilov termed this
phenomenon the Law of Homologous Series
(61), and the first phase of comparative mapping in the grasses, using restriction fragment-length polymorphism markers, inferred QTL for shattering in rice, sorghum, and
maize to be at the same location (62). Further
work has proved equivocal, since most genes
for shattering in grasses are unique to each
domesticated lineage (63), though a recent
study has shown that the major locus for
shattering in sorghum corresponds to minor
loci in rice and maize (64). Nevertheless,
some mutations in domesticates are in fact
parallel mutations. For example, variants of
the MC1R locus are responsible for independently derived pig coloration patterns
(65). Moreover, mutations at this gene appear to be associated with difference in color
patterns in numerous domestic animals
(66). A similar example of parallel evolution is associated with the rise of sticky
cereals in northeast Asia, where glutinous
rice, millets, and barley, among others (41,
67), are the result of alternative mutations
at the Waxy gene (68–70).
Whether mutations selected during domestication were novel or were present as
standing genetic variation in ancestral wild
populations is a question of increasing interest. It has traditionally been assumed that
phenotypic change and new adaptations arise
from new mutations, but recent research increasingly shows that standing genetic variation plays important roles in a variety of
species (71). For example, traits present as
variants in wild progenitors today include the
gene for tomato fruit size (fw2.2) (72), maize
plant architecture (e.g., teosinte branched1)
(73), seasonality controls (74, 75), and seed
size [usually polygenic (76)]. Fast morphological evolution in cultivated plant popula-

tions may have ensued as favorable phenotypes, including those initially exposed by
genetic or external environmental perturbations in response to the new field conditions,
may have been preferentially selected by
farmers who were not constrained by mutation rates (77, 78). Having said that, several
traits in domesticated plants, including those
associated with the reduction of seed-shattering in legumes and grasses, are deleterious
in the wild, and if present, are rarely expressed phenotypically. In animals, analyses
of modern dog genomes have revealed a
handful of mutations (not found in extant
wolves) with large effects on morphological
variation, although given the predominance
of selection for novel and unusual characteristics in dogs, this pattern is likely the
exception (79). In many other domestic
animals, humans likely selected for trait
variants that were already present in ancestral populations, thereby altering the frequencies of the standing genetic variation.
As success in isolating domesticationrelated genes proceeds, it should become
easier to distinguish between standing and
new genetic variation, as well as to recognize parallelism in de novo mutations
among domesticated species. Additionally,
as the availability of genome-wide sequence
data for domesticated species increases, it is
becoming increasingly feasible to use selective sweep mapping to identify genomic
regions that have been targets of selection
during domestication without a priori information on candidate domestication
genes (e.g., ref. 80). Challenges associated
with this approach include the fact that the
trait or traits affected by the selected genes
may not be known, that selection that
favors a de novo mutation during the domestication process will generate a more
conspicuous signature of a selective sweep
than selection for mutations that were already segregating in populations of the wild
progenitor, and that some demographic
processes can mimic the effects of selection
on patterns of genetic variation. Understanding the different genetic architecture of domestication across crop types and
in animals remains a major challenge for
genetic research.
One new promising direction is the study
of ancient DNA. Our increasing ability to
identify selected mutations for domestication-associated traits in archaeological plant
and animal remains is providing a unique
temporal trajectory of the evolution of domesticated species, and the selection strengths
that acted upon selected genes. One such
example tested claims that two different
genes (TSHR and BCDO2) were involved in
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domestication genes, especially in plants
(4). By contrast, many fewer domestication
genes have been identified in animals (13).
With the exception of coat-color genes,
genetic variants that can be unambiguously
assigned to early stages in domestication in
animals have not yet been revealed. There
are several possible reasons for this. First,
discovering the molecular basis of domestication traits is relatively easy and inexpensive in plants compared with animal
populations because early animal selection
likely focused on behavioral and other
characteristics (such as tameness and altered reproduction), with complex genetic
foundations that are more difficult to study
than classic morphological traits (54). Second, there may simply be few domestication loci with major effects in animals.
Early animal domestication may have happened by shifting the allele frequencies at
many loci, each with small individual
effects, thereby altering the phenotype. This
scenario would be consistent with the observation that many domestic animals (e.g.,
pigs) can readily establish feral populations
that in many aspects mimic the phenotype
of their wild ancestors (55).
Thus, an important question for both
plants and animals is whether the striking
phenotypic changes seen during domestication are under the control of single or multiple genes. Thus far, separate studies have
identified both single (or few) genes and
combinations of numerous genes of small
effect, depending on the approach and species in question (4). To some extent, different
inferences concerning the genetic architecture of domestication can be because of different methodological approaches. Forward
genetic approaches, such as quantitative trait
loci (QTL) mapping and genome-wide association studies have the capability of finding multiple loci controlling phenotypic
traits, and thus to interpret a domestication
trait as under the control of multiple genes
(4). Reverse genetic approaches concentrate
on particular genes and cannot, by themselves, discover multiple loci for a particular
phenotype. Genes in reverse genetic approaches are often chosen because their
mutant phenotypes in model systems, such
as chicken, mouse, Arabidopsis, maize, and
rice, are analogous to phenotypic differences
between wild and domesticated species. It
is then possible to ask whether sequence
changes in the locus explain phenotypic
differences. An example of this approach involves a mutation of the transcription factor
ramosa1 (ra1) locus in maize that results in
loss of floral branches (56). Differences in the
ra1 locus were later found to be correlated

early chicken domestication by typing the
mutations in ancient European chickens.
Because the wild-type alleles of both genes
were segregating at a high frequency as recently as 500 y ago, the ancient DNA evidence demonstrated that the modern ubiquity of a mutation, even one that differentiates
domestic and wild populations, cannot automatically be conflated with an ancient origin
linked to early domestication (81).
Key Challenges for the Future

The enormous amount of empirical data
compiled on domestication and associated
human- and naturally driven circumstances
during the past decades has naturally led to
the generation of a number of questions,
some of which pose key future challenges.
Filling in Gaps on Maps

One of the fundamental challenges of domestication research is filling the gaps that
remain in both geographical and genomic
maps. Genetic research provides a growing
toolkit for elucidating the relationships between domesticates and their wild ancestors,
and between the traits that make domesticates suited to anthropogenic environments
and their underlying genetic architecture.
The successes of genetics, touched upon
above, at identifying domestication genes
have been numerous and mostly recent.
Expanding this repertoire remains a priority,
but it is increasingly evident that we also need
more evidence from ancient DNA, so that
patterns found in modern populations can be
compared with those of the past, and geographies and phylogeographic and adaptive
hypotheses can be tested over the evolutionary time period of domestication.
In addition, archaeological research has
many gaps on the chronology and regional
sequences of domestication of plants and
animals, and the contexts of agricultural origins. Recent research has shown that increased sampling and methodological developments have made it possible to clearly
document cereal domestication [e.g., rice
(82)], push back the earliest evidence for
both the domestication of maize in southern
Mexico (83) and the arrival of crops in
northern Peru (36), and to recognize the likely
independent processes of agricultural origins
and domestication in New Guinea (45), parts
of India (84), and Africa (85). These research
successes within the past decade imply that
more new information on more species from
more regions and earlier periods can be
expected and should be actively sought.
Related to this are important continuing
challenges in determining why so few of the
animal and plant species that were hunted
6144 | www.pnas.org/cgi/doi/10.1073/pnas.1323964111

and gathered by ancestral human populations
were ever domesticated (86), and whether
most species were domesticated once or
multiple times. We recognize that distinguishing these options is complicated, and it
is increasingly clear that incomplete archaeological evidence and genetic data are open to
conflicting interpretation. This aspect highlights the importance of explicit modeling and
simulation of a range of hypotheses concerning the starting conditions and processes
of domestication (14, 87). Factors potentially leading to confusion include the fact
that multiple domestication episodes may be
hidden from genetic view today as a result
of both bottlenecks (in some cases leading to
extinction) and introgression. Archaeobotany,
for example, has increasingly recognized
extinct morphotypes of domesticated wheat
(88, 89), and ancient DNA can help to
identify lost genetic lineages of crops. Introduced domesticates may introgress with
local wild populations, thus capturing genetic and phenotypic variation that can
later be misinterpreted as the independent
domestication of distinct wild animal (13)
and plant (e.g., rice) (90–92) populations.
Resolving these issues requires more targeted ancient DNA research and more realistic and sophisticated modeling.
Environmental and Ecological Contexts
of Agricultural Origins

Although climate change remains the prime
landscape and ecological modifier at the origins of agriculture, human behavior and the
activities of diverse cultural traditions must be
better understood. Beyond simply collecting
more archaeological and paleoecological evidence, there is a need to broaden the study of
past landscapes and their related ecosystems
for both naturally derived features and the
legacies of past human action. For example,
more research should systematically map local
and regional distributions of enriched soils,
created through human activities, which are
well known from Amazonia and Europe but
much less well documented elsewhere (e.g.,
refs. 93, 94). Vegetation formations studied
by plant ecologists and environmental historians may also be anthropogenic legacies,
as has been suggested for a number of
regions including South Asia and throughout the Americas (45, 53, 95, 94).
New or underdeveloped fields, such as
ecological developmental biology (eco-devo)
(96) and epigenetics (97)—together with
mechanisms, such as developmental plasticity
(98, 99)—are assuming increasing importance in the study of diversification, the origin of novelties, and evolutionary change.
These fields should be extended to the realm

of domestication research, in part because
phenotypic and genetic responses to naturaland human-created environmental variability
are among the most neglected issues in domestication studies. As recent work with
teosinte has shown, field- and laboratory
controlled experiments are needed to better
understand them (99). Another example is
that although it has been inferred that large
seed size was selected by soil disturbance and
depth of burial (e.g., ref. 100), as presumably
seeds with the largest mass were better able to
emerge from deeper burial depths associated
with cultivation practices, others have suggested that seed size increase may be a plastic
phenotypic response to enriched soils of early
cultivation (101). New experimental research
(102) on different legume crops indicate seed
mass was important for emergence in some
species, including those predicted to conform
to the burial hypothesis (60), but not in
others, suggesting a common single mechanism for seed size increase was not at work.
In another vein, Blumler’s analysis (103),
suggesting that the Near East was unusually
well endowed with large seeded grasses preadapted to domestication, might explain the
early and diverse domestication of plants in
that region. In addition, Marshall et al. (12)
make the point that epigenetic mechanisms
should also be investigated in animal genetic
responses during the domestication process.
A few scholars have discussed the potential
role of climate shifts and atmospheric gas
concentrations on biota at the transition between the late Pleistocene and early Holocene. More specifically, the authors have
suggested that agriculture was a more favorable strategy in the Holocene as a result of
these environmental shifts (e.g., refs. 99, and
104–107). Lower CO2 and temperature reduced plant productivity, in part by reducing
photosynthetic efficiency, thus exacerbating
drought stress: effects that were more marked
on C3 plants but also present to a surprising
degree in C4 plants. Did the rapid increase of
CO2 and temperature at the onset of the
Holocene make plants more attractive as
a readily intensifiable resource and make
cultivation more efficient? As plant productivity increased, why would some cultural traditions delay the shift in cultivation
until the middle Holocene, and how can we
connect the adoption of animal herding to
changes in plant productivity? Although important global processes have doubtless impacted foragers and early cultivators, a great
deal more research is necessary to unravel the
causes, constraints, and exceptions to the early
or middle Holocene transitions to farming.
Further experimental data on the impact of
late-glacial and early Holocene temperatures
Larson et al.

Why Hunters and Gatherers Turned to
Cultivation and Herding

Explaining the origins of agriculture is still
one of the most contentious issues for social
scientists. Few dispute that the interplay of
climate, human demography, and social
systems through time and space played a
significant role (110). Although some consider the primary driving factors to be
patterns of climatic and ecological change,
others argue for the primacy of social
imperatives and changes within social systems (23, 24, 111). More generally, some
scholars have claimed that no explanations
are likely to be universally applicable (112),
whereas others have adopted an explicitly
comparative approach, identifying parallel
processes and exploring common underlying
patterns (7, 15, 25). Further progress on this
issue should focus not only on the acquisition of more data, but also on marshaling
and discussing existing evidence, which may
suggest which factors driving agricultural
origins were of greater importance. In a
number of nuclear centers there are now
fewer disagreements about the cultural history of early agriculture (including the chronology and the organisms involved), which
should make explanatory endeavors less
complicated. As known instances of agricultural origins are further clarified, we will
have more parallel histories of domestication from which to derive commonalities or
process and patterns of causation.
Conclusions

The collection of papers presented in this
Special Feature attempts to rise to the challenges outlined above. The articles illustrate a range of approaches to the study of
domestication, including genetics, archaeological science, and anthropology, and
raise new questions and hypotheses that
are ripe for further testing. Even so, the
new evidence and ideas presented here
highlight a minority of the many species
that were domesticated and subsequently
improved by prehistoric cultures. DomesLarson et al.

tication remains a vibrant research area in
biology and archaeology 145 y after Darwin’s seminal work (1), and the coming
decade will no doubt generate satisfying
and perhaps definitive answers to a wide
range of outstanding questions.
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omestication offers an ideal laboratory for understanding
evolution because it is a recent phenomenon in terms of
geological time scales and because the selection pressures that
affect harvestability by humans are often known (1). Domestication is a product of human behaviors that regulate or increase
food supply, but may also inadvertently lock humans into an
increased reliance on managed taxa (2). Archaeological research
provides a fossil record of past organisms undergoing domestication, often accompanied by cultural artifacts associated with
habitat management or niche construction (3, 4). The effects of
agriculture in terms of intensifying land productivity to support
larger populations has been fundamental to the development of
civilizations and the ongoing impact on and management of
ecosystems (5, 6).
Domestications have occurred separately on different continents and in different cultural traditions, and thus represent
a set of parallel experiments from which to infer recurrent processes (Fig. 1). In some cases this represents parallelism of
phylogenetically related organisms that have been subjected to
similar selection pressures and developed identical or similar
adaptations in different places. In others, we can consider domestication as convergent evolution, in as much as similar
adaptations have evolved across crops in different plant families.
These parallel adaptations have been deﬁned as the “domestication syndrome” (7, 8). A distinction can be made between true
www.pnas.org/cgi/doi/10.1073/pnas.1308937110

convergence, in which analogous states have been reached from
very different and unrelated starting points, versus parallelism, in
which similar pathways of change follow on from similar starting
points, for example, as with taxa that share the same underlying
developmental ontogeny and orthologous genetic loci (9). Some
domestication traits, such as seasonality controls, have evolved in
parallel across many species on the basis of the same genetic and
developmental mechanisms; other traits, such as loss of wild-type
seed dispersal or changes to seed and fruit size, have been
attained through homoplasy based on different genetic and developmental changes. Similarly, in terms of the trajectories of
domestication and their cultural causes, we can consider whether
these were truly parallel, as is the case for wheat, barley, and
Chinese rice, or have converged on similarly domesticated forms
through different pathways, as seen for domesticated pulses
(Fabaceae) and probably African pearl millet (9, 10).
This paper develops the perspective of domestication as
a laboratory to understand evolution in relation to different
cultural contexts of domestication. It examines whether instances
of early agriculture worldwide converged through very different
processes and from different starting points, or were parallel in
terms of working from the same behavioral and botanical materials. We offer an updated review on the archaeobotany of
plant domestication, including key processes for both plant and
cultural evolution. For the purposes of this paper we will use the
term “cultivation” to refer to a group of behaviors aimed at
modifying soil environments and the management of the plants
that grow in them. “Domestication” will be restricted to phenotypic
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Recent increases in archaeobotanical evidence offer insights into
the processes of plant domestication and agricultural origins,
which evolved in parallel in several world regions. Many different
crop species underwent convergent evolution and acquired domestication syndrome traits. For a growing number of seed crop
species, these traits can be quantiﬁed by proxy from archaeological evidence, providing measures of the rates of change during
domestication. Among domestication traits, nonshattering cereal
ears evolved more quickly in general than seed size. Nevertheless,
most domestication traits show similarly slow rates of phenotypic
change over several centuries to millennia, and these rates were
similar across different regions of origin. Crops reproduced vegetatively, including tubers and many fruit trees, are less easily documented in terms of morphological domestication, but multiple
lines of evidence outline some patterns in the development of
vegecultural systems across the New World and Old World tropics.
Pathways to plant domestication can also be compared in terms of
the cultural and economic factors occurring at the start of the process. Whereas agricultural societies have tended to converge on
higher population densities and sedentism, in some instances cultivation began among sedentary hunter–gatherers whereas more
often it was initiated by mobile societies of hunter–gatherers
or herder–gatherers.
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Fig. 1. Map of centers of domestication. Black areas
indicate key areas of early seed crop domestication
and hatched regions have an early focus on vegeculture. Species with quantiﬁed domestication rates
are indicated, whereas others (species in parentheses)
are discussed in the text.

changes in cultivars that make them different from unmanaged
wild populations. Such phenotypic changes necessarily increase
gradually at a population level, and therefore form a process, or
an episode (which may take centuries or millennia) (2, 11).
While selection on crops continues to occur and is behind varietal improvement and crop diversiﬁcation, we interpret the
“domestication episode” as the period in which key domestication
syndrome traits underwent directional change and approached
ﬁxation within cultivated populations: these traits are now normally
shared among all populations of a speciﬁc crop. “Agriculture”
represents systems of land use in which cultivation behaviors became dominant, with domesticated species often the major cultivated taxa, and which took place at a large enough scale to become
the primary economic activity of past populations. In this sense
domestication emerges following a period of predomestication
cultivation (12), with agriculture an outcome of both cultivation
and domestication.
Advances in the Archaeobotany of Plant Domestication
Archaeobotany consists of the recovery and study of plant
remains from archaeological sites. Although methods of recovery
and analysis have improved, there has also been an increase in
the number of sites and species studied and a broadening range
of geographical regions subject to analysis (7, 9, 13–16). Along
with botanical ﬁeld studies of wild relatives of crops, this has led
to recognition of a larger number of centers of agricultural origins, perhaps more than 20 (1, 8). For a number of crops, it is
now becoming possible to compare domestication processes
across species and geographical centers, thus allowing us to
characterize similarities and differences. The present paper
makes explicit comparisons of seed crop domestication and
vegecultural domestication processes from several regions.
Cereal crops are at the core of many agricultural systems and
the seeds are highly visible in the archaeological record and,
thus, lend themselves to quantitative studies on domestication
and agricultural origins. Further, they may be directly dated by
radiocarbon (15). The past decades have seen considerable
methodological advances in identiﬁcation criteria for crop subspecies and cereal varieties (e.g., refs. 16 and 17). Whereas the
morphological distinction between wild and domesticated cereals
has long been recognized (18), it is only in the last decade that
substantial quantities of preserved remains have become available from Southwest Asia (7, 19, 20) and from Asian rice (21). In
the New World, important pseudocereals, such as Chenopodium
spp., have seen increased attention in terms of seed coat traits
that relate to germination inhibition, an important target of selection during domestication (9, 15). In a wide range of taxa,
metrical traits of seed size or phytolith size can be compared
over time.
Where vegeculture was the focus of food production, poor
preservation has made domestication traits harder to document.
Advances have been made, however, in the study of phytoliths
6148 | www.pnas.org/cgi/doi/10.1073/pnas.1308937110

and starches, most notably of tuber crops, as well as evidence of
landscape modiﬁcation (22, 23). In the Neotropics, the ﬁeld has
been revolutionized by microfossil evidence of domesticated
crops that precede, in some cases by many millennia, empirical
evidence for established agricultural practices (22, 24). Additional
inferences have relied on cross-examining geoarchaeological, genetic, and botanical evidence, suggesting, for example, the inﬂuence of cultivation practices on the development of varietal
differences of manioc (Manihot esculenta) (25). In New Guinea,
early human-managed habitats have been inferred. For instance,
early agriculture based on the vegetative propagation of plants,
including bananas, taro, and some yams, has been dated to 7000–
6400 B.P. based on archaeological remains of former cultivation
plots on old land surfaces, dramatic degradation of montane
rainforest to grasslands, and microbotanical evidence for high
frequencies of crop plants (26, 27). Plant microremains have also
recently allowed recognition of palm (sago) starch consumption in
tropical South China (28) and Borneo (23).
Where evidence for the presence of morphological domesticates is available alongside regional environmental modiﬁcation, it appears that agriculture succeeds the establishment of
domesticated crops. In early Neolithic Europe, archaeobotanical
evidence for the presence of domesticated cereals in archaeological sites precedes palynological indicators of forest reduction
and increases in arable pollen indicators (29). Early European
and Anatolian weed ﬂoras and N15 isotope data from cereal
grains indicate that these ﬁrst crops were manured, suggesting
intensively managed, small-scale ﬁelds, or grain “gardens” (30).
The earliest preserved ﬁeld systems for rice cultivation in China,
ca. 6000 B.P., indicate small individual ﬁelds less than 2 m in
diameter which allowed the careful management of soil and
water conditions (31). As in Europe, regional deforestation in
China proceeds gradually after this period (32). In the milletdominated area of northern China, forest reduction occurred
from 5000 B.P., millennia after domesticated millet production
was widespread (33), whereas deforestation of the South Indian
hills is evident around 3500 B.P., centuries after the ﬁrst villagefarming cultures (34).
Similar delays in agricultural systems are evident in the New
World. In the Eastern Woodlands of North America, morphological changes document the domestication of several seed
crops by 4500–4000 B.P. (35, 36), although a shift toward these
crops over wild nuts only happened after 2,000 y ago (37). In the
Balsas region of Mexico, starch and phytoliths indicate the exclusive processing of domesticated maize, without comparable
ﬁnds of wild teosinte, at 8700 B.P., whereas lake core data in the
region indicate landscape modiﬁcation for slash-and- burn agriculture starting from 7600 B.P. (38, 39). In the Ñanchoc Valley
(northwestern Peru), starch from human teeth indicates the
consumption of a range of crops, including introduced domesticates by 8000 B.P.; this is some 2,000 y before evidence for
irrigation ditches indicate agricultural landscape modiﬁcation in
Fuller et al.

Fig. 2. Evidence for protracted domestication episodes in Old World cereals, including proportion of
nonshattering spikelet scars (Upper) and grain size
indices (Lower).
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Comparing Timing and Tempo of Domestication in Seed
Crops
The domestication syndrome is likely to differ for various crop
plants, according primarily to how they are reproduced (by seed
or by cuttings) and according to which plant organ is the target of
selection. The best-deﬁned and -studied domestication syndrome
is for grain crops, including cereals, pulses, and oilseeds (7, 9).
Foremost are the traits selected by harvesting and a crop’s
growing reliance on humans for seed dispersal, including the loss
of natural seed dispersal mechanisms. Second, there are traits
related to the more friable soil conditions within tilled ﬁelds,
leading to the deeper burial of seeds. The increase in seed size
seen in most crops is hypothesized to aid seedling establishment,
including from deeper burial (1, 7, 9), and is the most widely
documented change in archaeobotanical evidence. Another key
change is the loss of germination inhibition, in which germination occurs shortly after planting; this is regarded as the key
domestication trait of pseudocereals like Chenopodium (7, 15,
35) and many pulses (9). For some taxa this is visible in preserved
seed coat structure.
Nonshattering is often taken as a sine qua non of domesticated
seed crops, making these species dependent on humans for reproduction by planting (1, 18, 19). In cereals this difference can
be documented by the preserved abscission scar on the base of
spikelets or rachis segments. Domestication in terms of this trait
took at least 2,000–2,500 y (Fig. 2). Grain size change is more
gradual over the same period as the shift from shattering (wildtype) to nonshattering seed dispersal (Fig. 2). After the episode
of domestication, grain size becomes variable, ﬂuctuating both
up and down, suggesting processes of varietal differentiation and
local adaptation; however, by the time of diversiﬁcation, directional selection of the domestication episode is complete.
Nonshattering becomes ﬁxed at ∼100% in wheat and barley,
whereas percentages as low as 70% are returned from archaeological rice populations, due to the persistence of weedy rices as
a major contaminant of ﬁelds. Fig. 3 summarizes the variation in

domestication rates and inferred coefﬁcients of selection across
15 taxa and 18 traits (Tables S1–S4).
Evolutionary change in nonshattering is generally faster than
grain size change, especially when measured in terms of haldanes
(H). A haldane represents a change of one SD of a trait value per
generation (11). For emmer wheat (Triticum dicoccum), the low
estimate of H (Fig. 3) may be due to the relatively limited sample
size available, as expanded datasets for Triticum monococcum
and Hordeum vulgare have increased the estimates of rate
somewhat over those made previously from a smaller dataset
(11). Compared with reported phenotypic evolution rates in wild
plant and animal studies that average around 0.03 H, our range
of phenotypic evolution rates in domestication traits are generally similar. These rates of phenotypic change can be used to
estimate the coefﬁcient of selection, namely, the average increase per generation in gene(s) for a trait, which ranges from
0.0007 for nonshattering in T. diccocum to ∼0.1 in T. monococcum and H. vulgare.
Rates of phenotypic change for nonshattering were often one
or two orders of magnitude greater than for grain size (Fig. 3),
although this was still a protracted process. In the case of pearl
millet (Pennisetum glaucum), domesticated in West Africa, chaff
impressions in early Malian pottery indicate nonshattering types
predominated by 4000 B.P., suggesting a preceding domestication episode of at least 1,000–2,000 y (10). In the case of maize
(Zea mays mays), phytoliths indicative of nonshattering and absence of wild teosinte (Zea mays parviglumis) in the Rio Balsas
region of Mexico at 8700 B.P. suggest that the domestication
process and evolution of nonshattering occurred earlier (39).
However, a sequence of evidence tracking the transition from
nonshattering to shattering, or grain size changes, during this
period is not yet available. For other cereals (various millets),
archaeological evidence for nonshattering is similarly elusive.
Remains of sorghum (Sorghum bicolor) from sites in the eastern
Sahara indicate the consumption of wild (shattering) forms from
10000 to 5500 B.P. (42, 43), whereas the ﬁrst domesticated forms
are only documented following the crop’s introduction to India
after 4000 B.P. (44). This suggests that domestication took place
in Africa between 6000 and 4000 B.P., but hard evidence for the
process is lacking. Widespread use of cultivars suggests they had
evolved by 8000–7500 B.P. for north Chinese millets (45, 46) and
before 4500 B.P. for some Indian millets (44).
A more widely documented domestication trait in seed crops
is increased seed size (2, 47). Most seeds increase by 20–60% in
one or two dimensions, mainly thickness or breadth (Figs. S1 and
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the region (40). In the tropical lowlands of eastern South
America, anthropogenic soils and raised ﬁelds occur millennia
after the appearance of fossil remains of domesticated crops in
the region (22, 25, 41). Thus agriculture itself as a system of
major landscape modiﬁcation was a convergent development
that evolved after the establishment of cultivation and morphological domestication of crops.

of domesticated bananas (Musa cvs.) (54). In some cases, regional selection trajectories have been divergent. For example,
breadfruit (Artocarpus altilis) has been selected for seedless cultivars with larger fruits (consumed for edible pulp), as well as
seeded cultivars in which seeds are eaten. The degree of seediness
decreases eastwards and away from the New Guinea region (55).

Fig. 3. Rates of change in domestication traits across the collected dataset.
(A) Graph comparing frequency of rates in terms of percentage change in
trait per year. (B) Scatter of all haldane rate estimates, indicating trait/crop
type. (C) Frequency of estimated selection coefﬁcients in the dataset.

S2 and Table S1). A 20% increase is reported for barnyard millet
(Echinochloa crus-galli) domestication in northern Japan over
2,000–3,000 y (48), whereas the smallest change in the current
dataset is the 19% increase in peas. At the upper end are
reported thickness changes in some millets, including a 72%
difference in grain thickness between modern wild and domesticated Eragrostis tef (49), and 76% in archaeological P. glaucum.
A few taxa show much more dramatic increases on the order 100%
or more, i.e., doubling seed dimensions, such as in Indian
mungbean (Vigna radiata), Chinese soybean (Glycine max) (50),
and North American Iva annua (51). The rate of change ranges
between 0.0006 and 0.11 H. Evidence for einkorn wheat at early
occupations on Cyprus suggests the rate of change in domestication traits was accelerated in an island context, perhaps due to
genetic isolation from the wild population or bottleneck effects
(52). Here einkorn grain size increased at 0.06 H as opposed to
0.006 H on the Eurasian mainland (52).
Cucurbit seeds appear to be closer to the lower end of size
increases, with about 15% increase found with the domestication
of Cucurbita pepo and recorded through the squash seeds of
Guila Naquitz in southern Mexico 10000–8000 B.P. (15). In the
case of Chinese melons, mean seed sizes increase by about 22%
over 500 y, with a moderately fast 0.0073 H. Phytolith size in
squash rinds also correlates with increasing fruit size (Fig. S3)
showing a signiﬁcant size increase in Ecuadorean assemblages
(>40%) over the Early Holocene (53), but with a low H (1 ×
10−5). A more rapid increase (1 × 10−4 H) is associated with an
initial domestication that took place by 11000 B.P.
Seed size increase may not always be an indicator of domestication. In some starchy fruits, reduction of seeds correlates with
increase in starch content, as was clearly the case in the development
6150 | www.pnas.org/cgi/doi/10.1073/pnas.1308937110

Comparing Timing of Domestication in Vegecultural Crops
It has generally been thought that vegetative reproduction made
the domestication of tuberous plants possible through piecemeal replication of the characteristics of parent clones followed
by selection and multiplication of useful phenotypic variations
arising in planted stock (e.g., larger and smooth-skinned tubers,
or less toxic/bitter forms). Unlike domesticated seed crops, some
vegetative crops are not dependent on human efforts to reproduce and spread (23). However, sexual reproduction cycles
and cooption of volunteer wild seedlings provide an important
source of genetic diversity and local adaptations in at least some
tubers (56). Indeed, it is clear that domesticated forms have been
genetically altered from their wild progenitors on the basis of
differing functional traits, such as those relating to toxicity, as
well as on evidence for genetic bottlenecks between cultivars and
wild relatives (57). Although increase in tuber size may be
expected to correlate with an increase in the size of individual
parenchyma cells, archaeologically recovered tuber fragments tend
to preserve few morphological attributes relevant to phenotypic
change. However, some research suggests that microremains such
as starch grains have increased in size with tuber domestication
(14, 58) and banana phytoliths have increased in size between
diploid and triploid cultivars (59). Notwithstanding, compared
with seed crops, it is harder to document archaeologically phenotypic changes in crops that are vegetatively propagated, such as
tubers and some fruits, e.g., banana, grape, and olive (60, 61).
In some cases, cultivation practices may induce phenotypic
alteration without genotypic change. Larger tubers develop in
yams replanted in loosened, prepared soil as opposed to harder
unprepared soils (62, 63). Thus some tuber crops could be cultivated for long periods without undergoing morphological domestication. Recent work on SSR molecular markers of live
germplasm of Ipomoea batatas (64) and Manihot esculenta (65)
permit disentangling complex histories of domestication. The
latter study provides support for the argument (25) that one of
the two manioc macro varieties (sweet manioc, the lower starch
yielder that is less resistant to pests and poor soils) was domesticated earlier than bitter manioc (which grows well on poor
soils, is resistant to pests, and yields more starch). The sequence
most likely reﬂects an initial selection of plants in dump heaps
with subsequent cultivation and range expansion. Subsequently
in Amazonia, detoxiﬁcation and cultivation techniques were innovated and led to the relaxation of selective pressures against
cyanogenic glucosides to the point where a more toxic, but high
starch-yielder evolved (66). Recent research has identiﬁed traits
that facilitate vegetative propagation of cropped manioc, such as
pronounced parenchymatous swellings at the nodes leading to
brittle stems that can be readily broken for replanting, are absent
in wild relatives (67).
Although it is not possible yet to provide quantitative data on
domestication rates for vegetatively reproduced crops, we can
provide comparisons of some general trajectories. In both New
Guinea and Central/South America, evidence for consumption
of starchy plants has been found back to the start of the Holocene
or into the Pleistocene, whereas pollen evidence indicates human-disturbed forests, often including intentional burning (22,
24, 27, 68). This indicates human management of the landscape,
within which some plants could be encouraged and planted.
Artiﬁcial cultivation mounds in New Guinea (26, 27) suggest
cultivation of tubers by the Mid-Holocene (7000–6400 B.P.),
whereas microfossils beyond the range of the wild species, as well
as dedicated lithic tools for cultivation and processing of roots,
suggest tuber cultivation in Central and South America by 7000
B.P. (22, 24). In New Guinea, agricultural dependence and
Fuller et al.
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Conclusion
Agriculture is increasingly recognized as the coalescence of human activities and genetically transformed species that extends
the widespread proclivity of Homo sapiens for niche construction
(4–6) into a more intensive coevolutionary relationship that
enhances the ﬁtness, population size, and density of both humans
and their crop plants. The pathways to agriculture were prolonged
episodes of coevolution, genetic adaptations on the part of the
plants, and cultural shifts and innovations on the part of people.
These processes demand long-term and interregional comparative
study. For seed crops, domestication trajectories are increasingly
documented by quantitative patterns in archaeological plant
assemblages, whereas for vegeculture only some general outlines
have begun to emerge. The development of cultivation among
mobile forager societies focusing on tubers as well as seeds indicates some parallelism across the seed crop and vegetative crop
divide, whereas sedentary collectors turned cultivators was a less
common development. In terms of cultural history, the domestication of wild plant species has been a process of convergence from
different regional, environmental, and economic starting points.
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Trajectories to Agriculture: Parallelism and Convergence in
Cultural Evolution
The morphological changes of domestication are only one aspect
of documenting the origins of agriculture. A domestication episode can be regarded as providing a species-speciﬁc time scale
against which evidence for cultivation and management practices
can be charted to reveal the interplay of human action and domestication. Although the evolution of domestication traits tends
to increase the efﬁciency of harvests and yields, it also requires
adjustments in human activities. Some of these may be characterized as labor traps, such as the additional requirement of
threshing and winnowing as nonshattering rose to dominance, or
the need to add nutrients to soils as erect crop growth habits
packed more plants into the same units of soil, or the relocation
of plots following nutrient depletion of soils (2). Thus, over the
course of domestication there would have been ﬂuctuations toward efﬁciency alternating with increased labor demands, but with
an overall direction toward increasing yields and intensiﬁcation of
cultivation activities.
Taken at a comparative global level, the long-term impact of
agricultural origins has been to support denser human populations
through intensiﬁcation of land use (5), including sedentism and
fostering a greater reliance on a limited range of domesticated
food stuffs. Although this represents convergence at a global level,
the different domestication processes that can be documented
across crops suggest that we should also look for multiple cultural
patterns of agricultural origins, for example, in terms of the mobility of past societies and nature of crop reproduction.
Pristine domestications of crops have often occurred within
mobile societies, which might include either hunter–gatherers or
noncultivating pastoralists. In the case of vegecultural origins,
both in New Guinea and Central/America, sedentism dates back
only 4,000–5,000 y, long after the earliest inferred cultivation in
these regions. Similarly seed crop cultivation of maize in Mesoamerica precedes settled villages by ∼5,000 y. In northern China,
settled village farmers of millets date from at least 6500 B.P.,
whereas millet exploitation occurred by 9500 B.P., with clear
cultivation by 8000 B.P. (45, 71). Both maize and Chinese millet
cultivation correlate with periods of climatic amelioration in the
Early Holocene (39, 46). In the case of the Old World savannah
millet domestications, mobile gatherer–pastoralists with domesticated ungulates entered the Sahel of western Africa and
then cultivated millet, whereas in peninsular India seasonally
mobile herder–hunters precede sedentism or crops (44). In these
cases of Mid-Holocene grain domestication, there was climatic
aridiﬁcation shortly before evidence for cultivation, including

desertiﬁcation processes of the Sahara or savannah expansion in
South India (10, 44). In eastern North America, cultivation began
among seasonally mobile Late Archaic hunter–ﬁsher–gatherers ca.
5000 B.P. (15, 35). Among the key factors suggested for domestication by mobile groups are risk avoidance and seasonal
conﬂicts in resource availability, leading to cultivation to make
such resources readily available when seasonally needed (44, 72)
or to buffer risks in wild food availability (46, 73).
Although sedentism based on agricultural economies was to
become universal, only in a few instances is there possible evidence for sedentary foragers involved in the initial cultivation of
crops. In China’s Yangtze Valley, substantial settlements at
∼8000 B.P. indicate sedentism before morphological domestication of rice and alongside early cultivation (31, 32). In
Southwest Asia, the Late Pleistocene Natuﬁan culture is often
regarded as sedentary or nearly so, by 13,500 y ago, and a precursor of the cultivating villages during the Pre-Pottery Neolithic
from ca. 11500 B.P. (74). Although the extent of year-round
sedentism at villages focused on farming can be queried (74), it is
nevertheless the case that architecturally permanent sites became increasingly important for cultivation, storage, and consumption of early crops like wheats and barley. Early cultivation
by the Jomon of Japan was in the context of sedentism (48). The
adoption of crops in the Ñanchoc Valley of northwestern Peru
after 9000 B.P. is associated with sedentism (76). In these cases,
pressure on resources and the need to support growing, and
sedentary, populations are often considered part of the explanation of the origins of cultivation (77).
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intensiﬁcation of production can be suggested from 5000 to 3500
B.P., with ditched ﬁelds, wooden spades, and probable sedentism
(68). A similar timing is suggested for the introduction of rice
and possible spread of banana in Southeast Asia (28, 69). In
northern South America, sedentism associated with tuber crops
and other cultivars (squashes, fruit trees, and maize) dates to the
Mid-Holocene in different regions (70). These data suggest
a shift from initial management of forest gaps and edges, where
gap-colonizing species were exploited for food, to the creation
of patches of food plants through planting. Vicariance induced
by deliberate diffusion beyond the range of the wild species
before the adoption of dedicated agricultural practices, along
with the formalization of systematic plots where selection pressures and genetic isolation from wild populations increased,
both played a role in the trajectories of domestication of
vegecultural crops.
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For the last 150 y scholars have focused upon the roles of intentional breeding and genetic isolation as fundamental to understanding the
process of animal domestication. This analysis of ethnoarchaeological, archaeological, and genetic data suggests that long-term gene ﬂow
between wild and domestic stocks was much more common than previously assumed, and that selective breeding of females was largely
absent during the early phases of animal domestication. These ﬁndings challenge assumptions about severe genetic bottlenecks during
domestication, expectations regarding monophyletic origins, and interpretations of multiple domestications. The ﬁndings also raise new
questions regarding ways in which behavioral and phenotypic domestication traits were developed and maintained.
reproductive isolation

| selected breeding | zooarchaeology | donkey | pig

Domestication resulted in diverse phenotypic
and behavioral changes to wild animals, including decreased ﬂight responses, increased
sociality, earlier reproduction, and modiﬁcation of endocrine and metabolic systems
(1–4). Darwin’s (5) seminal research, heavily
inﬂuenced by European animal breeding
practices during the 19th century, led subsequent scholars studying animal domestication to prioritize the central roles of human
intentionality, directed or controlled breeding
of individuals, and genetic isolation of captive
herds from wild relatives (6). This anthropocentric legacy is evident in various widely
used deﬁnitions of domestication that emphasize isolation of captive animals from wild
species and total human control over breeding and animal care (6–8). However, a growing body of archaeological, genetic, and ethnohistorical evidence discussed here shows
that neither reproductive isolation nor intentional breeding of individuals was as signiﬁcant as traditionally thought. Our ﬁndings
indicate long-term gene ﬂow between managed and wild animal populations, and little
control of breeding of domestic females.
These ﬁndings challenge assumptions about
severe genetic bottlenecks during domestication and interpretations of genetic variability
in terms of multiple instances of domestication. The ﬁndings also raise questions about
ways in which behavioral and phenotypic
domestication traits were maintained.
Research into dog and pig domestication
over the last several decades has drawn
attention to the roles of nonhuman drivers
in the domestication process (9, 10) with
www.pnas.org/cgi/doi/10.1073/pnas.1312984110

early domestication routes for these taxa
now widely viewed as commensal (3). Prey
pathways provided other trajectories to domestication for goats, sheep, and cattle (11),
whereas more directed routes to domestication have been proposed for animals such as
donkeys (3). Despite these new emphases on
varied human–animal relations, most models
still rely on human-directed breeding over
generations (3, 12, 13) and reproductive isolation to delineate all but the very earliest
phases of domestication (14). The creation
of separate breeding populations of animals,
wholly isolated from their wild progenitors,
persists as a fundamental assumption of classic speciation-based models (14, 15).
To date, there has been little discussion of
how variabilities in the biology and behavior of captive animals, human environments,
management regimes, and migration and dispersal of domestic animals affected directed
breeding and gene ﬂow between domestic
and wild populations. These processes are
explored here through archaeological, biological, ethnographic, and genetic evidence,
focusing on large ungulates (Table 1).
Management and Gene Flow
Equids, Camelids, and Yaks. Humans have

relied heavily on horses, donkeys, camelids,
and yaks for transport, food, ﬁber, and ritual
practices over the millennia. Physiologically
well adapted to extreme environments, these
animals enable mobile herders to survive in
cold steppe, desert, and mountainous regions.
With the exception of horses and yaks, transport animals are territorial and challenging

to manage; they are also large-bodied with
correspondingly slow gestation and herd
growth rates that do not permit high levels of
culling. These biological inﬂuences on human management mean herders value the
adaptations of wild relatives of their domestic animals, manage animals lightly, cull
at low levels, and grow herds through capture of more wild animals. Consequently,
transport animals reﬂect low levels of directed selection resulting from intentional
human management, including breeding,
culling, or castration of selected animals, and
high levels of gene ﬂow.
Donkey’s desert adaptations, lack of sociality, long gestation rates, and use by mobile
herders for long-distance movement have
resulted in particularly low levels of management, little directed breeding, and constant gene ﬂow with their wild and feral
relatives, at least within their wild range.
Much like cats, donkeys have often been
treated as an exception to the accepted rules
for domestication and, by deﬁnitions that
focus on reproductive isolation (6, 8), they
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Fig. 1. Intentional capture and out-crossing of donkeys, wild asses, and hybrids. (A) African donkey with shoulder
cross (Image courtesy of Lior Weissbrod). (B) Tuareg taming captured Saharan wild ass or feral donkey, 1951 (21)
(Image courtesy of Ida Nicolaisen and the Carlsberg Foundation). (C) Donkey-Somali wild ass hybrid with cross and
striped legs, Berbera 1900s. Donkeys were tied outside the village to breed with Somali wild asses (20). (D) Somali wild
asses with striped legs.

could, perhaps, not even be considered a
domestic animal.
African wild asses (Equus africanus) were
the ancestors of domestic donkeys (16, 17)
(Fig. 1 and Table 1). Today, African pastoralists rely on donkeys for transport and they
are rarely slaughtered for food. As a result,
drought and disease are the principal causes
of donkey mortality. Herders value individual
animals for strength and hardiness (18) and
castrate difﬁcult males, but prefer uncastrated ones for transport-use. The presence
of multiple breeding males reduces directed
selection (18). Moreover, because they are
challenging to herd, donkeys range widely
in search of mates and donkey-owners do
little to manage reproduction (18). Slow herd
growth and the value placed on the size,
strength, and hardiness of transport donkeys
led historic pastoralists (and Romans in
North Africa) to capture feral donkeys and
African wild asses, and to encourage interbreeding with wild males (19–21) (Fig. 1
and Table S1).
Modern pastoral use of donkeys presents
a picture of weak directed selection principally resulting from castration and strong
environmental selection. Environmental

selection (15) primarily relates to unconscious or natural selection, resulting
from mortality because of the effects of
events, such as drought, disease, and predation on managed animals (Table S2). In
regions where wild asses existed historically,
continued gene ﬂow resulted from managed
or inadvertent breeding of domestic donkeys with wild asses (19–21). These aspects
of the recent past are relevant to understanding ancient processes (22) because
they reﬂect consistent mechanisms, biology,
and transport use.
Archaeological and genetic data support
conclusions that donkeys were domesticated
in arid environments, bred with a variety of
wild populations, and were used for transport
and trade over long distances (Fig. S1). Archaeological evidence for specialized hunting
of territorial desert asses goes back ca. 16,000 y
in northeast Africa (18). However, desert
assemblages are rare and evidence is lacking for the likely period of earliest management 9000–6000 B.P. (all dates are
reported in calibrated years before present).
The presence of two divergent mitochondrial lineages in donkeys has been interpreted
as evidence for more than one domestication,

Table 1. Domestic animals, key archaeological sites, and domestication time-ranges
Animal
Donkey, Equus asinus
Horse, Equus caballus
Bactrian camel, Camelus
bactrianus
Dromedary, Camelus
dromedarius
Llama, Lama glama
Alpaca, Vicugna pacos
Pig, Sus scrofa
Goat, Capra hircus
Sheep, Ovis aries
Taurine cattle, Bos taurus
Zebu cattle, Bos indicus
Yak, Bos grunniens

Domestication

Sites

6000–3500 B.P.
5500 B.P.
6000–4000 B.P.

Maadi, Abydos, Uan Muhuggiag
Botai
Anau

4000–3000 B.P.

Shahr-i-Sokhta

6000–4000 B.P.
5000–3000 B.P.
12000–8300 B.P.
11000–9000 B.P.
12000–10500 B.P.
10500–10000 B.P.
8000–7500 B.P.
?

Pikimachay, Tulan, Inca Cueva
Telarmachay
Çayönü Tepesi, Jiahu
Asiab, Ganj Dareh, Ali Kosh
Cafer Hüyük, Zawi Chemi Shanidar
Dja’de, Çayönü
Mehrgarh
Tibetan Plateau

Sources
17, 19, 23
25, 26, 28
29–31
35–37
39–42, 44
39–42, 44
10, 48–52, 54
58, 63
56–58
66, 67
68, 69
45, 46

Wild-domestic gene-ﬂow occurred among all taxa. Large transport animals were subject to low culling and high
out-crossing potentials.
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but may be equally consistent with recurrent
recruitment of females into domestic herds
from genetically divergent Nubian wild ass
populations (16, 17). A reduction in the size
of some asses, often accepted as indicative of
domestication, is ﬁrst documented at Maadi
in Egypt ca. 6000 B.P. (23). A thousand
years later, despite expectations for signiﬁcantly smaller animals, metacarpals from
equids ritually buried at Abydos still fall
within the size range of wild asses (19).
Nevertheless, pathologies indicative of loading demonstrate that these morphologically
wild animals were used for transport (19).
Size decrease appears slow and inconsistent
through time, with variability within and
between archaeological sites indicating a
nonlinear process of phenotypic change.
Herder reliance on donkeys for transport,
the behavior of donkeys, and the long-term
presence of wild asses near the Nile suggest
that weak directed selection, continued recruitment of animals from the wild, and gene
ﬂow with wild asses contributed signiﬁcantly
to phenotypic variability among Predynastic
and Early Dynastic donkeys in Egypt over at
least a 2,500-y period. The value that donkey
herders placed on strength is demonstrated
by donkey-onager and subsequent donkeyhorse hybrids (mules) bred in the ancient
Near East (7, 24). Uncontrolled breeding
among village donkeys and along trade
routes also contributed to gene ﬂow between
founder populations and mitigated genetic
drift (17, 18).
Zooarchaeological evidence, ethnographic
observations, and genetic data suggest herd
management has always been laissez faire
and characterized by intentional and unintentional interbreeding with wild asses and
feral donkeys, as well as by environmental
selection for animals that survived in pastoral
settlements. Together, these processes resulted in a prolonged and complicated process
of domestication for donkeys.
Ethnographic and archaeological data for
horses, Bactrian camels, dromedaries, llamas, alpacas, and yaks provide further
insights into biological and human social
factors affecting selective breeding and
gene ﬂow during the domestication of
transport animals. Extinct Equus ferus from
central Asia was the wild ancestor of domestic horses (Table 1 and Fig. S1). Evidence for bitting, milking, corralling, and
size decrease documents domestication by
horse-hunters at Botai in Kazakhstan ca.
5500 B.P. (25, 26). As with other species,
mitochondrial DNA lineages were often initially interpreted in terms of multiple origins
(25, 27), whereas genetic modeling now
suggests domestication in a restricted region
Marshall et al.
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by hunters and possibly early cultivators in
the central and south central Andes ca. 6000–
4000 B.P. (39, 40). Archaeological and ethnographic data indicate that, although initially used for meat, herders have increasingly
relied on larger llamas for transport and
managed alpacas for ﬁber production. In the
Lake Titicaca basin, the zooarchaeological
record documents increasingly intensiﬁed
and controlled herding, continued hunting,
and gene ﬂow among camelids 3500–900
B.P. Evidence for continuous morphological
variation implies long-term cross-breeding
within and between South American camelids (41).
An extremely complex history of interbreeding, even blurring the taxonomy of
these species, is indicated by the occurrence
of maternal mitochondrial DNA (mtDNA)
haplotypes from vicuñas and guanacos in
both domesticated llamas and alpacas. Recent mtDNA-based research documents early
divergences within the guanaco clade, interpreted as evidence for multiple centers of
llama domestication (42). However, the nature of connections among early herders is
not well known and these genetic and morphological patterns could, once again, simply
reﬂect recurrent recruitment of individuals
from diverse wild populations. Adaptations
of wild ancestors to extreme environmental
conditions may have contributed to intentional breeding of wild and domestic camelids. Because of the unpredictability of animals
surviving extreme weather events and disease,
contemporary herders prefer diverse herds,
retaining rather than culling individuals
with a wide variety of characters (43). In the
southern Andes there are records of wild
guanacos being tamed and hybridized with
llamas (44). Chance breeding of wild and
domestic animals also occurs when llamas
and alpacas graze unsupervised in the same
pastures and most hybrid offspring are fertile
(44). Given prolonged interspeciﬁc and intraspeciﬁc gene ﬂow among Andean camelids, an ancient chimera species is likely.
Low levels of selection and high levels
of gene ﬂow among transport animals are
also indicated by ethnographic data for yak
management on the Tibetan plateau, where
limited archaeological data suggest domestication by sheep-herders some 5000–4000
B.P. (45) (Table 1 and Fig. S1). Because
wild yaks (Bos mutus) are adapted to highaltitude environments (32), human reliance
on them for transport and food al-lowed
herders to survive year-round on the high
plateau. Genetics show two mtDNA lineages in domestic yaks (45), which are
now interpreted in terms of recurrent recruitment of diverse wild yak lineages into

domestic herds (46). Ethnographic data
show that breeding of wild and domestic
animals is encouraged because domestic
yaks are subject to frequent mortality during
winter storms. These crosses have strong
ﬂight responses but are desired by herders
because of their adaptation to the harsh plateau environment, size, and superior ability to
protect herds from wolves (45, 47). Wild
bulls move to lower elevations to mate with
domestic females, where both encouraged
and accidental breeding occurs (45, 47).
Castration and limited culling are the only
forms of directed breeding (47), but environmental selection on herded animals in
pastoral camps and landscapes is strong (47).
These cases involving animals from extreme environments, primarily used for
transport, all show relatively low levels of
directed selection resulting from limited
culling and castration, but strong environmental selection within the human niche.
The examples also demonstrate practical
difﬁculties for mobile herders of breeding
selected animals and maintaining genetic
isolation from wild relatives, and the advantages of wild adaptations. Given the demands
placed on transport animals and their domestication history, it could be argued that
this scenario is unlikely to hold more broadly.
However, current evidence suggests that gene
ﬂow between domestic and wild populations
is not unique to animals used for transport,
but may well be true for most other domestic
taxa, including animals kept for meat and
secondary products, such as milk and wool.
Pigs. Research into the domestication of wild

boar provide some of the most comprehensive evidence for out-crossing and gene ﬂow
during and after initial domestication, as well
as signiﬁcant variability in these processes
across Eurasia (Table 1 and Fig. S1). Wild
boar (Sus sp.) are social animals, adapted to
temperate or subtropical climates. Pigs are
multiparous, with rapid gestation and herd
growth rates leading to culling at much higher
levels than equids, camelids, or bovines,
and consequently to higher levels of selection.
Unlike animals principally used for transport, intentional interbreeding of pigs with
wild relatives confers no productive advantage. Gene ﬂow is most likely to result
from wild-capture as a herd-building strategy, or from chance breeding of domestic
pigs with wild relatives (Table S1).
Zooarchaeological research indicates a long
and complex process, possibly involving two
different but related stages: initial commensalism followed by direct human involvement/control and resultant selection (10).
Morphometric studies at early Neolithic sites
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with subsequent incorporation of many
different wild lineages into domestic stocks
(28). Horse herds grow slowly and are
subject to die-offs in severe storms, so the
hardiness of wild horses is advantageous to
herders. Accordingly, it has been argued
that difﬁculties in maintaining domestic
horse herd sizes during pastoral migrations
led directly to restocking through the capture of wild females (25, 28).
Another transport animal subject to longterm gene ﬂow is the Bactrian camel. Evidence is sparse, but ancient populations related to Camelus ferus are thought to have
been domesticated in cold desert regions of
Central Asia (Table 1 and Fig. S1). The
presence of Bactrian camels found outside
their likely wild range suggests domestication ca. 6000–4000 B.P. (29), with a geographically restricted domestication indicated
by genetic data (30, 31). Extinction of their
closest wild relatives (30) is thought to have
resulted from both hunting and introgression with domestic camels (32). Historically
herders have relied heavily on the strength of
domestic Bactrian-dromedary crosses (33).
Possibilities for increased strength and resilience may also have led nomads to encourage breeding of early domestic and wild
camels, with chance admixture more likely
occurring within their natural range (34).
The domestication of a related camelid—the
dromedary—also indicates both intentional
and chance breeding of domestic and wild
camels. Dromedaries are adapted to hot
deserts and were domesticated in Arabia
(35). Their wild ancestor (Camelus sp.) is
now extinct (36) but increased frequencies
of dromedaries at archaeological sites suggest domestication ca. 4000 B.P. (36, 37).
Ethnographic data show that herders select
bulls based on factors including size, color,
family milk yields, and environmental
adaptations (38), but all females are bred.
Culling takes place at low levels and principally affects males, therefore directed selection is low. In contrast, high environmental
selection on domestic camel herds is indicated by camelid genetics (30, 35). As shown
by Bactrian-dromedary crosses, strength and
hardiness were important to ancient herders
and admixture is thought to have played a
role in wild camelid extinctions.
There is also strong evidence for wild–
domestic admixture and weak directed selection among domestic South American
llama and alpaca and their wild relatives, guanaco (Llama guanicoe) and vicuña (Vicuna
vicuna). These camelids are adapted to
Andean high-altitude environments (Table
1 and Fig. S1). Zooarchaeological research
suggests multiple processes of domestication

dating to 9500–8600 B.P. in eastern Anatolia
(10) and central China (48) indicate at least
two separate domestications of Sus scrofa.
Genetic research over the last decade on
both ancient and modern Sus reveals at least
six phylogeographically distinct wild boar
lineages have contributed mtDNA to domestic pig populations across the Old World,
as well as clear evidence for out-crossing of
domestic pigs and wild boar. Evidence also
exists for the introduction and dispersal
throughout Europe of several Near Eastern
mtDNA S. scrofa haplotypes with early
Neolithic farmers (49). Subsequent recruitment of European wild boar mtDNA lineages
into these introduced domesticated swineherds led to the rapid replacement of Near
Eastern lineages, ﬁrst in Europe and then,
during the late Bronze Age/Early Iron Age,
eastwards across Anatolia (49, 50).
The story of pig domestication in East and
Southeast Asia is quite different from that
of southwestern Asia and Europe. Here,
mtDNA from both ancient and modern
S. scrofa show that most contemporary Chinese lineages were never incorporated into
domestic herds, nor exterminated as a result
of hunting or introgression with feral pigs
(51), suggesting control (even penning) of
pigs from an early stage in the domestication
process. Early agriculturalists moving into
southeastern Asia deliberately or accidentally
recruited local wild boar lineages into their
domestic stock, with the result that ancient
mainland and island southeastern Asian,
New Guinea, and remote Oceanic domestic
pigs share their maternal ancestry with lineages recruited from southeastern Asian wild
boar populations (49, 52–54), and not with
the earliest central Chinese domestic pigs.
However, neutral markers, such as mtDNA,
can themselves be rapidly replaced during the
hybridization process between incoming domestic and local wild stock (53). The nuclear
genome retains introgression signatures over
longer evolutionary timescales and is now
the principal focus for ancient DNA research (53).
These new Eurasian datasets for S. scrofa
reveal signiﬁcant introgression and gene ﬂow
between wild boar and domestic pig populations after domestication, indicating a
rather different domestication process than
traditionally purported: one involving initial domestication of a limited number of
wild boar from discrete local populations,
leading to a degree of genetic isolation. Extensive and mobile swineherding practices,
along with subsequent migration/dispersal of
early stock-keepers, led to introgression with
new local wild boar lineages, which rapidly
replaced “founding” lineages.
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Historical and modern-day ethnographic
observations of traditional pig keeping in,
for example, the Mediterranean and Europe,
point to the common practice of rather loose
and extensive management of domestic pigs,
along with long-distance mobility patterns
linked with the search for summer and
winter feeding (55). Such traditional pig
husbandry was likely to have been the norm
across Europe millennia earlier than the
historical period, and in such circumstances
it is likely that out-crossing of domestic pigs
with wild boar was common.
Sheep, Goats, and Cattle. Unlike pigs,

domestic bovids were widely used for meat,
milk, and ﬁber. Ancient populations of Capra
aegagrus and Ovis aries are the southwestern
Asian ancestors of domestic goats and sheep
(Table 1 and Fig. S1). Zooarchaeological data
document early culling or managed herds of
both species by settled hunter-gatherers and
early cultivators in eastern Anatolia and the
Zagros mountains ca. 11,000–10,000 y ago
(56, 57), with goats already displaying morphological changes by ca. 9400–8900 B.P.
(11, 58). Compared with pigs, sheep and goat
produce only one or two offspring at a time,
altering the dynamics of herd management
and culling. Traditional pastoralists today
manage sheep and goats principally for
growth, maximizing females in herds with
male-offtake sustained up to 8–16% a year
(59). Herders’ decisions regarding males
spared for breeding or new stock acquisition
(male or female) are informed by family histories of growth potential, color, milk production, and resilience (60–62). Nevertheless,
acting primarily on males, directed selection
remains weak.
Six wild bezoar lineages found in domestic
goats suggest long-term recruitment of wild
females to domestic herds (63). Long-distance
pastoral movements of ﬂocks through the
Zagros provided continual opportunities for
unintentional admixture within the natural
range of sheep and goats. Morphological
change, traditionally associated with domestication, may not have occurred in ancient
goats until gene ﬂow was reduced by the
dispersal of managed herds outside the range
of their wild relatives (58). Any decline in
domestic herd size would have provided
incentives for wild-capture with periodic
weather events, drought, and disease strongly
inﬂuencing pastoral herd dynamics and viability (59). Similar instability is implied in the
case of pigs and goats introduced to Cyprus
during the mid-11th millennium B.P. (13, 64).
Once secondary products—such as milk or
wool—became important, domestic traits,
such as productivity and docility, would have

become highly desirable, increasing the inﬂuence and intensity of directed selection.
Because of their large size, diverse use, and
broad environmental adaptations, relations
between humans and cattle differ greatly
from those of sheep and goats. Cattle, native
to temperate or semiarid subtropical environments, were principally used for meat,
and at times depended on heavily for milk,
traction, and ceremonial use. Bos primigenius,
ancestral to taurine cattle, was domesticated in
Anatolia 10,500–10,000 B.P. (65–67), whereas
Bos namadicus, ancestral to zebu cattle, was
domesticated in South Asia by ca. 8000–
7500 B.P. (68, 69) (Table 1 and Fig. S1). The
size of cattle, low growth, and culling rates,
as well as early use for milk (70) or traction,
implies lower levels of directed selection
than even those experienced by pigs or
sheep and goat. When selecting herd bulls
today, African pastoralists consider similar
factors to those discussed for camels, sheep,
and goats (59, 71), although cattle are seldom culled at higher than 4–8%. Productive
females are not culled, multiple bulls are
kept, and natural mortality is often higher
than that resulting from culling (72), which
results in weak directed selection and
strong environmental selection. Slow herd
growth promotes gene ﬂow, as does lightly
supervised grazing.
The zooarchaeological record indicates a
protracted process of domestication of taurine cattle (66) but genetic data suggest
small numbers of wild cattle contributed to
initial domestication in Anatolia (73), and
that diverse wild populations were not incorporated into domestic herds. In contrast
to pigs, there is no genetic support for interbreeding of domestic taurine cattle with
wild cattle as herders moved across Europe
(74), the one exception being data from Italy,
where ancient mtDNA suggests female aurochs may have been recruited into domestic
herds. The picture is different for South Asia,
where high autosomal diversity indicates repeated crossing of domestic zebu cattle with
wild males and females (75). Multiple mitochondrial lineages represent either two separate domestications or, again, recruitment of
wild animals into domestic zebu herds (68).
This variability highlights the roles of regional differences in management practices
or herd viability in promoting gene ﬂow.
The debate over the question of local domestication of cattle in northeast Africa (76) versus
interbreeding of Near Eastern cattle with
African wild cattle indicates the extent to which
scholars are grappling with the signiﬁcant role
of gene ﬂow in patterning genetic data.
Despite differences in environments, biology, and husbandry practices between taxa,
Marshall et al.

Implications of Widespread Gene Flow

Because the role of gene ﬂow in the domestication of large herbivores has, until now,
largely been considered minor or peripheral
to more dominant processes, drivers of gene
ﬂow have not been systematically investigated. Ethnographic and ethnoarchaeological
data clearly demonstrate that admixture is
not simply an occasional or accidental process. Recent and historic herders intentionally captured wild relatives of their
domestic animals and encouraged directed
breeding between them. Both herders’ goals
and unintended circumstances inﬂuenced
the extent of gene ﬂow between wild and
domestic animals (Table S1). At the same
time as discounting gene ﬂow as a significant component of early domestication
history, the primacy of strong directional
selection in the process has often been
assumed (15). It appears that under most
historic and prehistoric management regimes, weak directed selection was driven
primarily by culling or castration of male
surplus to the growth needs of herds. Environmental selection was also a key factor for
domestication histories in human-inﬂuenced
environments.
These ﬁndings have signiﬁcant implications
for our interpretation of the archaeological
record, determinations of the timing and
location of initial domestication, and interpretations of genetic data on domestication.
Trends in the extent of directed selection
and in gene-ﬂow potentials reinforce many
of the distinctions proposed among commensal, prey, and directed pathways to
domestication (11, 13), and point to additional selective mechanisms that differentiate
them. Culling rates were lower and outcrossing potentials higher for larger transport
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animals, horses, donkeys, camelids, and yaks.
Correspondingly, higher rates of culling, and
therefore of directed selection characterized
sheep, goats, and pigs, or more rapidly maturing animals domesticated and managed in
less extreme environments.
Interbreeding among domestic, feral,
and wild animals, augmented by the opportunities afforded by migrations and
trade, has created long and complex evolutionary and domestication histories that
challenge assumptions regarding genetic
isolation and long-held deﬁnitions of domestication. Given differences of degree
between domestic and wild animals, some
might question whether domestication
remains a useful concept. We consider it is
essential to treat changing human–animal
relations as a continuum, specifying domestication traits that vary with taxon and
context—animal–human relationship, place,
and time—rather than focusing on general
expectations or arbitrary boundaries. This is
the direction in which recent archaeological
research has been moving (11, 13, 77).
Current assumptions regarding severe domestication bottlenecks and monophyletic
origins have complicated attempts by zooarchaeologists and geneticists alike to study
the domestication histories of animals such
as South American camelids (41), or to interpret coalescence data and estimate domestication time-frames for cats (15). Recurrent
gene ﬂow makes wild and domestic animals
more similar and the perceived time of
divergence more recent. The same assumptions have resulted in widespread (mis)interpretation of mitochondrial variability in
terms of multiple instances of domestication.
Recognition of the extent of long-term gene
ﬂow within and between wild and domestic
animals better reconciles archaeological and
genetic data for many species and suggests
longer and more complex domestication
processes (53). Long-term gene ﬂow also
undermines the ability of modern genetic
data derived from highly developed modernday breeds to shed light on the earliest phases
of domestication (78).
If gene ﬂow resulting from breeding between wild and domestic animals was common during domestication and has not ceased
until recent historic times, it raises many fascinating questions regarding ways in which
behavioral and phenotypic domestication traits
were maintained, and just what a domestic
population was. To address these issues, we
need better characterization of animal–
human relationships through time, including

better integration of multiple scales of analysis: from the molecular level, to whole animals, to the social contexts and landscapes
within which domestication occurs. Diverse
zooarchaeological, biochemical, and geoarchaeological approaches to documenting
changes in herd sizes, penning, milking and
feeding strategies, as well as culling and castration across ancient sites, offer promise for
eliciting temporal and site-speciﬁc data on
selection processes and gene ﬂow. We need to
know, for example, exactly where and when
out-crossing was common or directed selection high before we can begin to evaluate
the respective importance of these processes in the domestication of particular
species or to understand regional variability. Other questions, such as the amount of
gene ﬂow required to counter directed selection at different levels of culling or natural mortality in human environments, are
amenable to modeling (79).
We identify environmental selection under
human management as an important force in
animal domestication, an area that genomic
studies are currently exploring (4) (Table S2).
Understanding epigenetic mechanisms, such
as patterns of DNA methylation that cause
genes to express themselves differently in human compared with wild settings or under
varying management regimes (e.g., under
stress), promise to provide new insights into
ways in which selection was maintained (80,
81). Finally, landscape genetic studies of how
small-scale social and biological processes,
such as household mobility and exchange
or captive animal breeding rates affect movement, interbreeding, and gene ﬂow at large
scales, have the potential to integrate anthropological, behavioral, and genetic data (82).
Instead of assuming strong intentional and
directional selection during the early stage of
animal domestication, the challenge is to investigate sources of selection more critically,
bearing in mind the complex interplay of
human and environmental selection and the
likelihood of long-term gene ﬂow from the
wild. These insights on gene ﬂow and unintentional breeding provide new perspectives on early animal domestication, alter
current sets of assumptions and questions,
and enhance our understanding of domestication as a complex biocultural process.
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there is strong evidence for gene ﬂow between
pigs, sheep, goat, and cattle and their wild
relatives in areas of common distribution.
Set against the whole history of domestication, complete separation between wild and
domestic populations was relatively late and
region-speciﬁc. Regional variability in gene
ﬂow is demonstrated for pigs and cattle,
which took several domestication “pathways”
with different degrees of admixture in western, southern, and eastern Eurasia. These
patterns of gene ﬂow suggest regionally different approaches to management, with animals closely herded or provisioned in some
settings and extensively ranging in others.
Variability in herd size and viability was a
contributory factor leading to admixture in
some—but not all—regions.
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The domestication of plants and animals marks one of the most
significant transitions in human, and indeed global, history. Traditionally, study of the domestication process was the exclusive
domain of archaeologists and agricultural scientists; today it is an
increasingly multidisciplinary enterprise that has come to involve
the skills of evolutionary biologists and geneticists. Although the
application of new information sources and methodologies has
dramatically transformed our ability to study and understand domestication, it has also generated increasingly large and complex
datasets, the interpretation of which is not straightforward. In
particular, challenges of equifinality, evolutionary variance, and emergence of unexpected or counter-intuitive patterns all face researchers attempting to infer past processes directly from patterns
in data. We argue that explicit modeling approaches, drawing upon
emerging methodologies in statistics and population genetics, provide a powerful means of addressing these limitations. Modeling
also offers an approach to analyzing datasets that avoids conclusions steered by implicit biases, and makes possible the formal integration of different data types. Here we outline some of the
modeling approaches most relevant to current problems in domestication research, and demonstrate the ways in which simulation
modeling is beginning to reshape our understanding of the domestication process.
model

At least five major sets of questions tend to reoccur in the
domestication literature. The first three are demographic: (i)
When, where, and in how many geographic locations was a given
species domesticated? (ii) What were the dispersal routes from
the original domestication centers? (iii) To what extent did hybridization between domesticates and local wild relatives occur?
The remaining questions relate to adaptation: (iv) To what extent, and how rapidly, were domestic traits fixed? (v) How well
did domesticates adapt to diverse anthropogenic environments?
Most of these questions can be at least partially addressed
using population genetic data from both ancient and modern
samples. This is because variation across the genome is shaped
by—and thus reflects—past demography, whereas genetic variation in and around particular genes determining key phenotypic
traits is shaped by adaptation history. These principles, in combination with the availability of increasing quantities of ancient
and modern genetic data, have led to a profusion of studies on
particular domestication scenarios (e.g., refs. 10 and 11). However, the relationship between genetic data and the demographic
or adaptation history that shaped it is noisy and often difficult to
predict. This difficulty is primarily because: (i) in any evolving
system that includes stochastic processes, patterns in genetic (or
archaeological) data could have been generated under a range of
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T

he emergence of agriculture beginning some 10,000 y ago
marked more than a change in human patterns of subsistence.
The beginnings of food production ushered in an era of radically
new relationships between humans and other species, dramatic
new evolutionary pressures, and fundamental transformations
to the earth’s biosphere. The evolutionary process of plant
and animal domestication by humans led to morphological,
physiological, behavioral, and genetic differentiation of a wide
range of species from their wild progenitors (1, 2). The selection
pressures that were placed on such species continue today,
sometimes through direct genetic modification, and both the
processes and their outcomes are accordingly of significant
broader interest. Domestication is also part of a cultural evolutionary process (3, 4), and some human genes have evolved in
response to cultural innovations (5–8), much as the genes of
domesticated species have changed under the impact of human
artificial selection. The study of domestication today is a multidisciplinary enterprise in which archaeologists and agricultural
scientists have been joined by evolutionary biologists and population geneticists (2, 9).
www.pnas.org/cgi/doi/10.1073/pnas.1400425111

Our knowledge of the domestication of animal and plant
species comes from a diverse range of disciplines, and interpretation of patterns in data from these disciplines has been
the dominant paradigm in domestication research. However,
such interpretations are easily steered by subjective biases that
typically fail to account for the inherent randomness of evolutionary processes, and which can be blind to emergent patterns in data. The testing of explicit models using computer
simulations, and the availability of powerful statistical techniques to fit models to observed data, provide a scientifically
robust means of addressing these problems. Here we outline
the principles and argue for the merits of such approaches in
the context of domestication-related questions.
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different histories (equifinality); (ii) any particular history can
potentially give rise to a wide range of different patterns in data
[evolutionary variance (12)]; and (iii) certain demographic or
adaptation histories can give rise to counter intuitive patterns in
data (emergence) (e.g., refs.13–16).
Evolutionary histories are rarely directly “revealed” by looking
only at patterns in data, such as the distribution of particular
markers (e.g., morphological traits, material culture, genetic
variants). This is because such data may be only weakly constrained by those histories; many different histories may explain
the same data equally well. Thus, instead of simply providing
narratives based on interpretations, implicit assumptions, and
preconceived ideas, domestication histories need to be tested to
identify those scenarios that best explain observed data; to do
this, domestication histories must be modeled explicitly. We
outline a range of modeling techniques that can be used in domestication research and provide examples that illustrate their
utility. Although most of the discussion and examples given in
this paper are based on population genetic data, most of the
principles and approaches can also be applied to other datasets
used to explore domestication processes.
Types of Modeling Approaches
A model is an explicit and simplified representation of the underlying causative mechanisms in a system and is used to make
predictions about the observed outcomes (data) of that system.
We consider two classes of models: discriminative models, which
fit directly observed data to predicted relationships (e.g., linear
regression), and generative models, which are intended to capture the main real-world mechanisms that generate data, and are
typically used to produce artificial datasets. Discriminative models
make assumptions, sometimes but not always explicitly, on the
ways aspects of the data are correlated without specifying the
actual mechanisms that generate those correlations (e.g., refs.
17–21). Generative models aim to explicitly replicate key hypothesized (i.e., assumed) processes that generate the data. Because
all evolutionary processes include stochastic elements, a range
of different outcomes—or patterns in empirical data—can be
generated from any particular scenario or model. For this reason,
when using generative models, it is often necessary to produce
many datasets by simulation.
In population genetics, a powerful means of simulating data is
the “retrospective” approach of coalescent simulation (22), where
the joining (or coalescence) of lineages is simulated backward in
time under specific assumptions about such variables as population size, structure, migration, and admixture. This approach
is highly efficient because it only simulates the lineage history of
the sample, not of the whole population, so simulation can be
very fast. However, coalescent approaches are limited in the
demographic and selection scenarios that can be modeled, and
some researchers instead favor a more flexible, but computationally demanding forward-in-time simulation (e.g., ref. 23), or
simulations with a combination of forward- and backwardin-time elements (e.g., ref. 24).
Generative models can be agent-based, whereby agents with
prescribed interaction behaviors are simulated as individual
units. However, agent-based models tend to be computationally
demanding, so their application is usually restricted to revealing
some emergent, sometimes counter-intuitive, properties of a modeled system (e.g., ref. 25) rather than making inferences by fitting
to existing data (e.g., ref. 26). An additional level of resolution in
evolutionary modeling can be achieved through spatially explicit
simulation, sometimes reducing continuous space to a number of
cells (or “demes”) with defined neighbor relationships. These
spatial refinements can be computationally challenging, particularly when geographic features (e.g., elevation, climate) or
population dynamics (e.g., varying carrying capacities) are
introduced.
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A shared characteristic of these modeling approaches is that
they are made up of a number of components reflecting the
real-world processes that are hypothesized to have shaped the
data. These components can be explicitly modified and combined with one another.
Models and Data
To be useful in evolutionary inference, models should be fitted to
observed data. Often the most important aspect of model-fitting
is deciding how to deal with unknown parameters, such as migration rates or selection coefficients.
Frequentist approaches to hypothesis testing or estimation treat
the unknown parameters as fixed; the model specifies imaginary
random repetitions of the data generation process (e.g., refs. 13,
25, 27, 28). There is therefore no probability distribution for the
parameters, but instead statements are made about the frequency of future datasets satisfying certain conditions given assumed parameter values. Often the data are reduced to summary
statistics (e.g., means, variances) intended to capture the most
important information about the processes modeled. One of the
simplest forms of inference is to consider the distribution of a
summary statistic under a given model in comparison with the
observed value of that statistic. This procedure can be used to
reject models or parameter values as implausible, but is not
useful for more quantitative comparisons.
Given some assumed—or known—model of the processes at
play, the parameter values that maximize the probability of observing the data can be obtained (maximum likelihood). The
main requirement of maximum-likelihood approaches is a likelihood function: a mathematical formula that specifies the probability of the data as a function of the parameter values. This
function can be used in a frequentist setting, but is more commonly used directly to identify ranges of plausible parameter
values (e.g., refs. 29, 30). Likelihood-based (and full-Bayesian,
see below) approaches usually use the full information content of
data and not just some aspect of it, such as summary statistics.
However, (i) the likelihood function can be difficult to formulate
for anything but the simplest models, (ii) if there are many
parameters, maximizing the likelihood can be computationally
demanding, and (iii) there can be multiple maxima of the likelihood function.
Full Bayesian methods also make use of the likelihood function but they allow the incorporation of “prior information”
about the model parameters, which can help to focus on the most
plausible regions of parameter space. Computational techniques,
such as Markov chain Monte Carlo (MCMC), have made Bayesian
methods more tractable and more popular. A wide variety of
MCMC techniques exist. They are all “samplers” because they
sample parameter values at random from their prior or posterior
(i.e., target) distributions. More specifically, the aim of MCMC
techniques in Bayesian inference is to use prior probabilities and
the likelihood function to condition a random walk through
parameter space. This process results in the distribution of parameter values “visited” numerically approximating the posterior
distribution (i.e., the updated knowledge of the parameters given
the data). However, for large parameter spaces MCMC can still
be computationally very expensive (31, 32).
Because likelihood functions are only workable for relatively
simple models, there can be a tension between fitting more elegant and powerful statistical methods assuming simplistic models, and assuming more general models that only permit crude
modes of inference. For example, in population genetics a likelihood-based method may only be available for a single population model (e.g., ref. 33), and researchers may accept this
limitation uncritically even when the data are clearly from multiple populations, or subsets of the data are selected to fit the
model [e.g., selecting DNA sequences from only one branch of
a phylogeny (34, 35)]. This uncritical acceptance will lead to
Gerbault et al.

Modeling Domestication History
Explicit modeling-based studies of domestication are relatively
new and mostly confined to inference from population genetic
data, but have nonetheless begun to transform our understanding of the five major domestication questions outlined above.
Here we highlight some examples in which initial inference about
domestication processes based on direct interpretation of patterns in data were later demonstrated problematic when tested
using modeling approaches.
When, Where, and in How Many Geographic Locations Was a Given
Species Domesticated? A common but questionable interpretation

of lineage divergence date estimates for Y chromosome or mitochondrial DNA (mtDNA) data are that they represent founding
events in species or populations. However, the choice of which
lineages to estimate divergence dates for can be arbitrary, and
there is little reason to expect demographic processes, such as
domestication, to correlate with lineage ages, unless those founder
events involved very small numbers of individuals; population
genetic models show that lineage coalescent dates can predate
major demographic episodes. This finding is well-illustrated with
domestic dogs; an early estimate of 135,000 y for the coalescence
age of the major mtDNA lineage (clade I, see ref. 48) was interpreted as indicating a domestication founding event around
that time. More recently, modeling approaches based on diffusion
approximations (45) and the generalized phylogenetic coalescent
sampler (49), both conditioned on whole-genome sequence data,
estimated domestic dog-wolf divergence between 32,000 y ago
(50) and 11,000–16,000 y ago (51). Although these model-based
Gerbault et al.

What Were the Dispersal Routes from the Original Domestication
Centers? Traditionally, investigating the geographical origin and

subsequent dispersal pathways of a domesticate rely heavily on
identifying the genetically closest wild progenitor populations.
However, shifts through time in the location of such ancestral
populations, extinctions, and undersampling can all weaken
such an approach. Although application of modeling techniques to the delineation of pathways of dispersal is in its infancy, preliminary geospatial modeling has been conducted to
infer the dispersal of maize in the Americas (20). This approach
accounted for landscape, radiocarbon dates of crop remains, and
genetic diversity. The model-fitting was performed by multiplecriteria regression analysis over archaeobotanical and genetic
data. This allowed tensions between archaeological and genetic data to be explicitly modeled and explored, and points
the way forward for the more systematic and statistically
informed examination of dispersal pathways, particularly in
domesticates like rice, for which the geography of both domestication and subsequent dispersal remains a source of significant debate (63, 64).
PNAS | April 29, 2014 | vol. 111 | no. 17 | 6161
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date estimates differ (most probably because of the assumed
evolutionary rate), they have concordance with those from fossil
canids currently considered morphologically more similar to
dogs than wolves (e.g., refs. 52 and 53).
Goat domestication has also been reevaluated. mtDNA sequences in domesticated goat have been assigned to five major
haplogroups (54), the first three of which have expansion age
estimates in the range of 10,000–841 y ago, based on DNA sequence mismatch distributions (55). The coalescent date estimates between these haplogroups are considerably older (103,000
and 597,800 y ago) (54). Initially, these haplogroups were interpreted as representing independent domestication events (34, 55),
and the overall patterns of mtDNA divergence as only being
consistent with an implausibly high number of initial domesticates [38,000–82,000 females (55)]. However, application of
coalescent simulation and ABC fitting to published ancient and
modern mtDNA data indicated that these data could be equally
well explained by a single domestication episode of smaller size, or
successive founding events as domestic goat populations expanded into Europe (56).
The extraordinary phenotypic range of the common bean
(Phaseolus vulgaris) has made it a particularly interesting target
for domestication research (57). A range of genetic studies (e.g.,
ref. 58) indicates two highly diverged gene pools, one hypothesized to originate in Mesoamerica and the other in the Andes.
Within the Mesoamerican gene pool, random amplified polymorphic DNA (59) and chloroplast data (60) have been interpreted as indicating independent domestication events. However,
using coalescent simulation and ABC, Mamidi et al. (57) showed
that single domestication episodes for both the Mesoamerican
and Andean gene pools, with strong bidirectional gene flow
between domesticated and wild species, provided the best fit to
data on 13 loci.
Modeling approaches have also altered our views of the domestication of rice (30). Previous genetic studies had inferred
that rice was domesticated twice, in China and in India, giving
rise to the japonica and indica cultivars, respectively (61). When
demographic modeling using a diffusion approximation-based
approach (45) was applied to SNP data from three rice chromosomes, however, only one domestication was indicated. In
conjunction with archaeological data, a more nuanced view of
rice domestication has emerged, suggesting that japonica was
domesticated in China, and that indica arose possibly as a result
of subsequent introgression of japonica into wild rice or protoindica populations in India (62).
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misleading inferences unless the data-selection step is incorporated in the model specification.
The difficulty of computing likelihoods for all but the simplest
models has led to the development of a family of techniques
known as approximate Bayesian computation (ABC) (36, 37). In
its simplest form, ABC works by simulating data from a generative model with parameter values chosen at random from their
prior distributions. A simulation is accepted if the simulated data
resemble the observed data, and rejected otherwise, where the
“resemblance” of datasets is measured using one or more summary
statistics. The proposed parameter values that are accepted in this
algorithm form a sample from an approximation to the posterior
distribution. Thus, the approach is very similar to MCMC, with the
exception that the latter samples are from the true posterior distribution. Several variants of this process have been developed to
improve accuracy and computational efficiency (38–40). ABC
provides a framework for estimating parameters of interest and
comparing relative support for different models based on the same
data (37, 41).
The big advantage of ABC is modeling flexibility because almost any generative model can be used, but this comes at the
cost of only approximate answers, because ABC does not use all
of the information in the data. In addition, the accuracy of the
resulting approximation is hard to assess and choosing appropriate summary statistics can be difficult (42, 43). Although the
development of full-likelihood Monte Carlo methods, particularly those addressing issues of statistical intractability, continues
apace (e.g., ref. 44, 45), ABC provides a useful adjunct to these
approaches (e.g., ref. 46), permitting currently intractable problems to be side-stepped, even if only temporarily. In addition,
methodologies such as ABC allow for the integration of distinct
sources of data (47). This integration will become increasingly
important as new types of data (e.g., paleoclimatic, archaeological,
genetic) accumulate and demand statistically informed comparison and integration. Given the many factors that are important in
shaping data patterns in domesticates, ABC provides the most
promising means of democratizing simulation modeling for the
domestication research community.

To What Extent Did Hybridization Between Domesticates and Local
Wild Relatives Occur? Gene flow from wild populations can

have important effects on patterns of genetic variation. Low Y
chromosomal diversity in modern horses has been interpreted
as the result of a single geographically restricted area of domestication (65), whereas the high diversity and low phylogeographic
structure in mtDNA has been interpreted as support for multiple
origins of domesticated horses (66, 67). Using a spatially explicit
forward simulation model, conditioned on autosomal genotype
data using ABC (68), the Western Eurasian steppe has been
identified as the most likely origin for modern horses, with a model
of repeated introgression from local wild to domesticated horses
offering the best fit to observed patterns of diversity.
Genetic interactions can be particularly complex when introgression between domesticates and several related wild taxa is
possible. The cultivated apple (Malus domestica), for example,
has been proposed to derive from multiple wild relatives: most
notably Malus sieversii and Malus sylvestris, with potential contribution of other taxa, such as Malus orientalis. A recent study
used demographic modeling with ABC to compare the introgression scenarios between the different taxa (69). Results supported M. sieversii as the primary source of the domesticated
apple, but also with frequent and widespread introgression from
M. sylvestris, potentially contributing characters relevant for the
adaptation to novel environments and human use. In this case
modeling was essential to disentangle the biological complexity
of the domestication process, which involved at least two different species and repeated hybridization events over a long
period (69).
To What Extent, and How Rapidly, Were Domestic Traits Fixed?

Monophyletic patterns in phylogenetic analyses of genome-wide
markers, such as amplified fragment-length polymorphisms, have
been interpreted as indicating a rapid fixation of domestication
traits and spread of domesticates from one center (11, 70). Rapid
fixation once seemed to find confirmation in experimental field
studies (71). Increasingly, however, the archaeological record
reveals that some traits require centuries or millennia to reach
fixation (19, 72), as would be expected if those traits were determined by dominant advantageous alleles. These monophyletic
patterns were investigated using an individual-based modeling
approach conditioned on amplified fragment-length polymorphism data from crops (13). Researchers found that both multiple and single origins of domestic crops could explain the data,
and that the multiple-origin model produced the monophyletic
signal more rapidly. Simulation also demonstrated that a monophyletic signal alone need not indicate rapid fixation.
How Well Did Domesticates Adapt to Diverse Anthropogenic
Environments? An additional area of interest in domestication

studies has been how outbreeding plant systems have adapted to
the human environment in situations when there is continuous
gene-flow between wild and domesticated populations (73). Le
Thierry d’Ennequin et al. (74) used an individual-based model to
demonstrate the increased number of genes likely to be under
selection with linkage because of genome architecture and mating
strategy. Thus, some genome architectures may be more adaptable
to the domesticated environment than others. Artificial and natural selection can pull traits in opposite directions [e.g., seed size
(75)], resulting in weak selection in net effect. Such adaptation
complexity is consistent with the large number of genes (i.e., 27–70
genes) thought to underlie domestication traits in wheat, maize,
and sunflower (76–79). Furthermore, because the number of
genes that can be under selection simultaneously is constrained
(80), it is necessary to consider gene interactions in models of
adaptation (75, 81). A case in point is the adaptation of crops to
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higher latitudes as they were moved out of their location(s) of
origin (82–84). A reduction in crop adaptability may have led
to population collapse in mid-Holocene Europe (85), resulting into regional agricultural abandonment (86).
In addition to looking at the adaptation of domesticates to
anthropogenic environments, researchers interested in the cultural impact of the domestication process can also use models to
evaluate human response to culturally determined selection
pressures (87). The dietary changes, population growth, increased sedentism, and new diseases that accompanied the domestication of plants and animals appear to have triggered a
wave of genetically based adaptations in our own immune and
digestive systems (5, 88). The rapid increase in the availability of
human gene-sequence data are making model-driven data analysis
increasingly feasible and attractive in studies of human cultural
and genetic response to agriculture-associated innovations (e.g.,
ref. 47).
Concluding Remarks
Model-based statistical approaches are an essential tool in domestication research. When inferring past processes, explicit
models are particularly important as, typically, data are the result of a single experiment (the past), and it is necessary to explore a landscape of hypotheses to test which could have given
rise to those observed data. Because the hypothesis landscape is
effectively infinite, it will always be the case that some unjustifiably complex model can be found to explain the data well
(overfitting), so it is necessary to make explicit assumptions, to
consider simple models first, and to penalize complexity (89, 90).
These requirements are often seen by nonstatisticians as key
drawbacks of modeling approaches. However, assumptions are
always present when inferring past processes, and making them
explicit enables their recognition and evaluation. In addition, the
advantages of using simplified explicit models—particularly statistical tractability and the avoidance of overfitting—outweigh
their drawbacks. Furthermore, simple does not mean easy. To
quote George Box (91): “Just as the ability to devise simple but
evocative models is the signature of the great scientist so overelaboration and overparameterization is often the mark of
mediocrity.”
Because of the central role clear hypothesis formulation and
testing play in scientific research, we suggest that the arguments
presented here apply not only to the field of domestication research or population genetics, but to any discipline involving
historical inference (85, 92). Modeling is not the only way to
proceed and does not guarantee the right answers [indeed,
“models are always wrong, and sometimes useful” (91)]. Likewise, interpretative approaches can be valuable in the scientific
process and may lead to the correct, or nearly correct, explanation. However, interpretative inference is better thought of as
a means of generating hypotheses (storytelling), whereas explicit
models permit those hypotheses (or stories) to be tested. With
advances in statistical modeling techniques and increases in
computer power, the approaches discussed in this article are set
to transform our understanding of domestication processes.
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region of domestication of this pepper. Loaiza-Figueroa et al. (7)
used allozyme similarity to identify putative wild ancestral populations for chili pepper in a larger collection of wild and domesticated populations. They narrowed the likely domestication
area to the eastern Mexican states of Tamaulipas, Nuevo León,
San Luís Potosí, Veracruz, and Hidalgo. Since these investigations, others have sought to determine genetic relationships
among wild and domesticated populations of chili pepper (8, 9).
The oldest macroremains unambiguously identified as Capsicum pepper were retrieved from preceramic strata of dry caves in
two states of Mexico: Puebla (Tehuacán Valley; refs. 10, 11) and
Tamaulipas (Ocampo caves; ref. 12) (Fig. 1A). These were found
with macroremains of maize (Zea mays), squash (Cucurbita spp.),
and other species used by humans, all of which, at both sites,
were indirectly dated through associations in archaeological
strata, suggesting a rough date for the chili pepper macroremains
of around 9000–7000 B.P. (13). Subsequently, remains of maize
from Tehuacán were dated directly by AMS and found to be
more recent, 5600 y calibrated B.P. (14). AMS dating applied to
bottle gourd and squash from Ocampo also yielded more recent
ages, 6400–6000 y calibrated B.P. (15). Whereas no AMS dates
Significance
The novelty of the information of this manuscript resides in the
addition of species distribution modeling and paleobiolinguistics data, combined with genetic and existing archaeobotanical data, to trace back the geographic origin of a crop,
namely domesticated pepper, Capsicum annuum. Furthermore,
the utilization of a geographic framework of reference for the
four types of data has allowed us to combine these independent data types into a single hypothesis about the origin of
this crop. Our results suggest that food crops in Mexico had
a multiregional origin with chili pepper originating in central-east Mexico, maize in the Balsas River Basin and common bean in the Lerma–Santiago River Basin, resembling
similar finds for the Fertile Crescent and China.

T

he analysis of plant macroremains, morphological variation
in crop varieties, and identification of wild progenitor species
(as determined through their ability to hybridize with the crop)
constitute traditional methods for studying crop origins (1, 2).
Currently, analysis of microremains such as starch grains, accelerator mass spectrometry (AMS) 14C radiocarbon dating,
along with biochemical and molecular genetic analyses of wild
and domesticated populations are also used to date and locate
geographic areas of domestication (3, 4).
This set of approaches is extended here with two additional
methods, species distribution modeling and paleobiolinguistics,
integrating these in a comprehensive study of the origin of domesticated chili pepper, Capsicum annuum L., the world’s most
widely grown spice. C. annuum is one of five domesticated
pepper species, which also include Capsicum baccatum L.,
Capsicum chinense Jacq., Capsicum frutescens L., and Capsicum
pubescens Ruiz & Pav. The ∼30 species of Capsicum are all
native to the Americas (5). Comparing karyotypes of wild and
domesticated C. annuum (var. glabriusculum and var. annuum,
respectively), Pickersgill (6) identified Mexico as the general
www.pnas.org/cgi/doi/10.1073/pnas.1308933111
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The study of crop origins has traditionally involved identifying
geographic areas of high morphological diversity, sampling populations of wild progenitor species, and the archaeological retrieval of
macroremains. Recent investigations have added identification of
plant microremains (phytoliths, pollen, and starch grains), biochemical and molecular genetic approaches, and dating through
14
C accelerator mass spectrometry. We investigate the origin of
domesticated chili pepper, Capsicum annuum, by combining two
approaches, species distribution modeling and paleobiolinguistics, with microsatellite genetic data and archaeobotanical data.
The combination of these four lines of evidence yields consensus
models indicating that domestication of C. annuum could have
occurred in one or both of two areas of Mexico: northeastern
Mexico and central-east Mexico. Genetic evidence shows more
support for the more northern location, but jointly all four lines
of evidence support central-east Mexico, where preceramic macroremains of chili pepper have been recovered in the Valley of
Tehuacán. Located just to the east of this valley is the center of
phylogenetic diversity of Proto-Otomanguean, a language spoken in mid-Holocene times and the oldest protolanguage for
which a word for chili pepper reconstructs based on historical
linguistics. For many crops, especially those that do not have
a strong archaeobotanical record or phylogeographic pattern, it
is difficult to precisely identify the time and place of their origin.
Our results for chili pepper show that expressing all data in similar distance terms allows for combining contrasting lines of evidence and locating the region(s) where cultivation and domestication
of a crop began.

ANTHROPOLOGY
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Fig. 1. Possible area of Mexico for Capsicum annuum domestication based on (A) archaeological, (B) paleoclimatic, mid-Holocene, (C) linguistic, and (D)
genetic data. In addition to the strength of evidence (between 0 and 1), the maps show: (A) Location of the oldest archaeological remains of chili: Romero
Cave, Ocampo, Tamaulipas; Coxcatlán Cave, Tehuacán Valley, Puebla. (C) Location of the homeland of Proto-Otomanguean (dotted circle) and of the four
subgroups of current Otomanguean languages (see Fig. S5 legend and Table 1; for a more detailed view of the subgroup distribution, see Fig. S5). Open circles
represent approximate locations of protolanguages with a reconstructed word for chili. (D) Open circles indicate the location of the wild chili samples used in
the genetic distance analysis (29). For explanation of values, see Materials and Methods.

have been recorded for the Tehuacán and Ocampo remains of
chili pepper, remains from Guilá Naquitz and Silvia’s Caves in
the arid eastern valley of Oaxaca state were dated indirectly by
AMS to 1400–500 B.P. (16). Rock shelters in the seasonally dry
tropical forest of the Central Balsas watershed (state of Guerrero) have produced phytoliths and starch grain residue for domesticated maize and squash (Cucurbita sp.) dated by association
to around 9000 B.P. (17). However, no remains of Capsicum
pepper have been found at that site.
Species distribution modeling (SDM) can be used to predict
areas that are environmentally suitable for a species from the
sites where it is known to occur (18). In SDM, locations of the
known current distribution of a species are compiled; values for
climatic predictor variables at these locations and a large set
of random (background) locations are extracted from spatial
databases; and the climatic values are used to fit a model that
estimates the similarity of the climate in any location to climatic
conditions at known occurrence locations, using a machinelearning algorithm such as MaxEnt (19). The model is then used
to predict the climatic suitability for a species across an area of
interest. This prediction can be made using current climate data,
but the model can also be “transferred” in time, by using past or
future climate data simulated by global climate models (GCMs).
This approach has been used for many purposes, including to
predict the effect of climate change on the geographic distribution of crop wild relatives (20) and to successfully locate unknown Capsicum populations (21).
Crop origins can also be studied using paleobiolinguistics
(PBL), which employs the comparative method of historical
linguistics to reconstruct the biodiversity known to human groups
of the remote, unrecorded past (22–24). By comparing words for
a species in modern languages, terms for plants and animals in
6166 | www.pnas.org/cgi/doi/10.1073/pnas.1308933111

ancestral languages can be retrieved. The presence of words for
a species in an ancestral language is an indication of the species’
significance to speakers of that language (25, 26), if not their
status as domesticated plants. PBL uses Automated Similarity
Judgment Program (ASJP) chronology for estimating the latest
date at which a protolanguage was spoken based on lexical
similarity (27). Lexical similarity found among related languages
is calibrated with historical, epigraphic, and archaeological divergence dates for 52 language groups. In addition, the general
area in which an ancestral language was spoken, i.e., the protolanguage homeland, can be approximately determined by locating the area where its modern descendant languages are
found to be most diverse (28).
In this paper, we complement existing archaeobotanical data
with ecological, paleobiolinguistic, and molecular diversity data
to identify the region of initial intensification of human interest
in chili pepper that led to crop domestication. The novelty of our
approach resides in the addition of SDM and PBL to this type of
analysis and the expression of all lines of evidence in comparable
spatially explicit units (distance to the area of origin) that allows
for their integration into a single prediction.
Results
Archaeological Evidence. The remains from Tehuacán and Ocampo

constitute at present the oldest macrobotanical evidence for
preceramic chili pepper in the New World. Although these chili
specimens cannot be identified as cultivated or domesticated,
their archaeological association with domesticated remains of
important crops, such as maize and squash, is strongly suggestive
of ancient intensive human interaction with chili in these areas.
Based on this evidence, we assumed that the nearer a place may
be to either of these sites, the more likely the location was part of
Kraft et al.

the ancestor of domesticated C. annuum (6), is a perennial shrub
that produces dozens of erect, globular, pea-sized fruits. The
fruits are consumed and dispersed by frugivorous birds, which
pass the seed through their digestive system. Generally found in
the northern half of Mexico, the wild chili pepper is associated
with a nurse plant—often a hackberry (Celtis pallida Torey),
a mesquite (Prosopis sp.), or columnar cacti. As one moves further southwards, wild chili pepper is found more frequently in
human-disturbed landscapes—fence rows, home gardens, and
roadsides (29). Based on our own collecting localities and those
of herbarium specimens and gene bank accessions (29), we estimate that wild chili peppers grow currently in environments with
a median annual average temperature of 24 °C and between 20 °C
and 26 °C for 90% of the locations. The coldest locations with
known wild pepper populations are mostly in the central Mexican
highlands, the warmest locations in the southern coastal regions
of Mexico and Guatemala. The median annual rainfall of these
locations is 907 mm, and between 495 and 2,253 mm for 90% of
the locations, with the driest locations in the northwestern part of
the distribution (e.g., Baja California and the Sonoran Desert)
and the wettest locations in southeastern Mexico.
The MaxEnt species distribution model had an internal (training) fit area under the curve (AUC) of the receiver operating
characteristic (ROC) curve of 0.89. The average cAUC (bias
corrected) obtained with fivefold cross-validation was 0.80, which
suggests that the model has very good predictive power (30). The
two most important predictor variables (based on permutation

vocabularies of 30 protolanguages of Mesoamerica (southern half
of Mexico and northern Central America) and abutting areas for
terms for 41 different crops, including chili pepper. His survey
presented for each protolanguage the estimated date it was
spoken at the latest, making it possible to stratify reconstructed
words for crops chronologically (Table 1) (27, 28).
Proto-Otomanguean is the oldest (∼6500 B.P.) protolanguage
of the New World for which a word for chili pepper reconstructs
(31). All daughter languages of Proto-Otomanguean, as defined by
Kaufman (32), show reconstructed terms for chili pepper (Table
1). Given that estimated dates are to be understood as the latest
dates at which ancestral languages were spoken, it is plausible that
speakers of Proto-Otomanguean actually had a word for chili pepper
hundreds, if not thousands, of years before ∼6500 B.P. The oldest
protolanguage of Table 1 not belonging to the Otomanguean family
is Proto-Totozoquean (∼4300 B.P.), for which a term for chili
pepper does not reconstruct. Non-Otomanguean languages for

Table 1. Reconstruction of terms for Capsicum in selected protolanguages of Mesoamerica and abutting areas
Protolanguage†

Reconstructed word
for chili‡

Location of modern
descendant languages

6591
5976
5498
5357
4542
4274
4018

Otomanguean
Eastern Otomanguean
Popolocan-Zapotecan
Amuzgo-Mixtecan
Mixtecan
Totozoquean
Uto-Aztecan

*ʔki3
*(h)saH3, *ki
*ki
*nʔsah3
*(H)yaʔ, Hyah, Hθaʔ2
NR
NR

3654
3472
3434
3149
3036
3000
2774
2576
2445
2400
2220
1935
1865
1737
1587
1509
1435
1407

Otopamean
Southern Uto-Aztecan
Kiowa-Tanoan
Zapotecan
Popolocan
Lencan
Misumalpan
Northern Uto-Aztecan
Chiapanec-Mangue
Sonoran
Mayan
Chinantecan
Yuman
Numic
Takic
General Aztec
Totonacan
Mixe-Zoquean

*(m)ʔi
NR
NR
*ki:ʔnaʔ
*hña
NR
kuma
NR
*ni:-ngiʔ
*koʔokoLi
*i:hk
*ʔuHL
NR
NR
NR
*ci:l
*pi’n
*ni:wi

Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
US Southwest, Mexico,
Central America
Mexico
Mexico, Central America
US Southwest
Mexico
Mexico
Central America
Central America
US Southwest
Mexico
Mexico
Mexico, Central America
Mexico
US Southwest
US Southwest
US Southwest
Mexico
Mexico
Mexico

Years before present

Genetic affiliation
Otomanguean
Otomanguean
Otomanguean
Otomanguean
Otomanguean
Totozoquean
Uto-Aztecan
Otomanguean
Uto-Aztecan
Kiowa-Tanoan
Otomanguean
Otomanguean
Lencan
Misumalpan
Uto-Aztecan
Otomanguean
Uto-Aztecan
Mayan
Otomanguean
Yuman
Uto-Aztecan
Uto-Aztecan
Uto-Aztecan
Totozoquean
Totozoquean

NR, not reconstructable.
Sources for each language are listed in SI Materials and Methods under Paleobiolinguistics.
Explanations for phonetic representation of pepper words are listed in SI Materials and Methods under Paleobiolinguistics.

†
‡
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Ecological Evidence. Wild chili pepper (C. annuum var. glabriusculum),

importance) were mean temperature of the coldest quarter
(53%), followed by annual precipitation (14%).
Under the climate conditions of the mid-Holocene (about
6000 B.P.), the regions predicted to be most suitable for wild
chili pepper include areas along the western and eastern coasts
of Mexico, southeast Mexico and northern Guatemala (Fig. 1B).
The central highlands were clearly unsuitable for this species
during this period. The correlation coefficient between the predicted suitability for the current climate (Fig. S1) and the midHolocene climate was 0.92. Despite this overall similarity, there
were important differences between these predictions, with areas
in the southeast of Mexico more suitable and areas in the
northeast less suitable during the mid-Holocene (Fig. S2).

AGRICULTURAL
SCIENCES

the region where the crop was first grown and domesticated
(Fig. 1A).

which a term for chili pepper reconstructs are Proto-Misumalpan
(∼2800 B.P.), Proto-Sonoran (∼2400 B.P.), and Proto-Mayan
(∼2200 B.P.). Thus, the earliest non-Otomanguean dates for
Capsicum in Mesoamerica and abutting regions are over 3,700 y
more recent than the oldest date, suggesting that speakers of
a prehistoric Otomanguean language or languages may have
been among the first cultivators or domesticators of chili pepper.
Note that the current word—chili—is derived from the General
Aztec language, Nahuatl, which reconstructs to a much more
recent date (∼1500 B.P.; Table 1).
The area of maximum diversity of a language family has been
viewed traditionally by linguists as suggestive of the location of
a family’s ancestral language (e.g., ref. 28).We use this phylogenetic diversity information in locating the Otomanguean homeland by identifying where languages of the four subgroups of the
family—Mazatecan-Zapotecan, Amuzgo-Mixtecan, TlapanecanChorotegan, and Otopamean-Chinantecan (32)—are currently
spoken in closest proximity (Fig. 1C).
Genetic Evidence. During the fall of 2006 and 2007, expeditions
were conducted in the southern United States and throughout
Mexico to sample populations of wild C. annuum (29). This
provided the most complete set of wild C. annuum from Mexico
available to date. Based largely on this set, 139 wild types distributed over the entire exploration area were chosen as were 49
domesticated types that are endemic landraces (ancho, puya, and
guajillo) (33). This collection was screened with 17 simple sequence repeat (SSR) DNA markers (34, 35). These markers were
chosen for this study because of their consistency of amplification
and polymorphism within our sample. For each wild plant, a distance was calculated to the domesticated group based on the average proportion of shared SSR alleles. These distances were then
spatially interpolated to produce in each grid cell an estimated
genetic similarity between wild pepper populations (if any occurred in the cell) and the group of domesticated chili peppers
(regardless of where they occurred). This molecular-marker–based
analysis of genetic similarity between wild and domesticated types
revealed a broad area of high similarity in the northeastern
quadrant of Mexico (Fig. 1D), including the states of Tamaulipas,
Nuevo León, San Luís Potosí, and Veracruz. In contrast, genetic
similarity between wild and cultivated types was generally low in
southern and northwest Mexico, confirming earlier results (7).
Consensus Model. The four lines of evidence—archaeological,

ecological, paleobiolinguistic, and genetic—were all expressed as

a spatial model and they can therefore be combined into a single
consensus model represented geographically through mapping.
Each type of evidence has its particular strengths and weaknesses,
discussed below, which need to be taken into consideration when
producing a consensus model. Because these merits and demerits are difficult to quantify (some are simply unknown),
assigning differential weights to each line of evidence is problematic. Our solution is to present a number of different consensus maps based on several different weighting combinations
(Fig. 2 and Fig. S3).
The first map, Fig. 2A, was established using equal weighting
for each type of evidence (each weighted as making a 1/4 contribution). According to this model, areas in central-east Mexico
and northeastern Mexico are the most likely area of origin of
chili pepper. The second model assigned a high weight to genetic
evidence (weighted 1/2) and equal but lower weights to the other
three lines of evidence (each weighted 1/6). This assumes that
genetic data might be superior to one or more of the other lines
of evidence used because, for example, it might suffer less from
sampling bias. This results in primary support for northeastern
Mexico and only secondary support for central-east Mexico (Fig.
2B). The third approach assigned a low weight to archaeology (1/
10) and equal higher weights to the other three lines of evidence
(each weighted 1/3). This weighting was motivated by the observation that the current archaeological data are assembled
from macroremains of only two sites in Mexico. This weighting
produces a consensus model resembling the equal weighting of
Fig. 2A because both central-east Mexico and northeastern
Mexico result as equally plausible geographic candidates for chili
pepper domestication (Fig. 2C). Additional information, from
other sites and microremains, yet to be discovered, would justify
a stronger weighting for archaeobotanical data.
Another weighting strategy produces different models based
on randomly assigning combinations of weights for the four types
of evidence. This approach allows us to explore the universe of
possible weight combinations given different interpretations of
the individual lines of evidence. Fig. S3 shows the percentile distribution obtained for this approach. The resulting maps suggest
again that either central-east Mexico or northeastern Mexico or,
conceivably, both areas were locations of the domestication of
C. annuum.
Discussion
We have embraced the template of multidisciplinary approaches
to study crop origins proposed first by de Candolle (36) and later

Fig. 2. Consensus models of the likelihood that cultivated chili pepper originated in an area. The models were obtained by combining the four lines of
evidence for the origin of domesticated chili pepper (Fig. 1). (A) equal weights; (B) genetics 1/2, all others 1/6 weight; and (C) archaeology 1/10, all others 1/3
weight. After combining, the values were scaled between 0 and 1 and then squared to give more weight to the higher values.
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Materials and Methods
Archaeology. We used two locations for which there is evidence of the earliest
use of chili: Romero’s Cave (near Ocampo, Tamaulipas) and Coxcatlán Cave
(Tehuacán Valley, Puebla) (Fig. 1A). We connected these locations by their
shortest path, and then computed the distance d (in kilometers) to this path
for cells on a raster with 1-km2 spatial resolution. We truncated the distances
at 1,000 km and used an inverse squared distance decay function, scaled
between 0 and 1, (1 − (d/1,000)) as a measure of the likelihood that chili was
domesticated in a location (grid cell).
Species Distribution Modeling. We used SDM to assess spatial variation in
suitability for wild C. annuum var. glabriusculum, the ancestor of domesticated C. annuum (6), during climatic conditions of the mid-Holocene (about
6,000 y ago) (Fig. 1B). Locations where wild Capsicum populations currently
occur were from collections made in the fall of 2006 and 2007 (Dataset S2,
Coordinates_w_SSR info) (29) and from additional records obtained from the
Global Biodiversity Information Facility (GBIF) (Dataset S3, Coordinates GBIF).
We used the SDM algorithm MaxEnt (19) to predict suitability during the midHolocene according to nine global climate models (SI Materials and Materials).
Paleobiolinguistics. The different languages considered are listed in Table 1
and the respective information sources are compiled in SI Materials and
Methods. Protolanguage dates (Table 1) were calculated through use of
ASJP chronology (27). The center of phylogenetic diversity of Otomanguean
languages was located from the distribution of places where Otomanguean
languages are currently spoken (50), by determining the area where languages spoken in close geographic proximity to one another are found to be
affiliated with the largest number of major divisions of the family.
Genetic Distance Analysis. Genetic distance between 139 wild and 49 domesticated pepper accessions (Datasets S2 and S3, Coordinates GBIF) were assessed
PNAS | April 29, 2014 | vol. 111 | no. 17 | 6169
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reconstruction of words for a range of plants, including staple crops
such as maize and squash, but also other crops such as avocado and
nopal (22). Plausibly, then, the saliency of chili pepper among
Proto-Otomanguean speakers reflects cultivation and perhaps incipient domestication and not merely use of a wild plant species.
When analyzed separately, our four lines of evidence do not
all suggest the same geographic area as being the most likely
place of chili pepper origin. Nevertheless, we identify centraleast Mexico as a likely region of initial cultivation or incipient
domestication because that interpretation most parsimoniously
reconciles all evidence (Fig. 2A). This area extends from southern Puebla and northern Oaxaca to southern Veracruz and
encompasses the valley of Tehuacán (Fig. 2A). The Coxcatlán
Cave from which preceramic macroremains of chili pepper have
been recovered (13) is situated in this valley. Species distribution
modeling shows that many parts of the identified area were suited
for the wild progenitor of C. annuum around the time of first
cultivation or domestication in the mid-Holocene and there are
currently populations of wild chili pepper that are genetically similar to the domesticated species (Fig. 1D). Near to the valley is the
likely center of the Otomanguean homeland. Proto-Otomanguean,
spoken in mid-Holocene times some 6,500 y ago, is the oldest ancestral language of the New World for which a term for chili pepper
reconstructs. Speakers of contemporary Otomanguean languages
live in or close to the region. Otomanguean people, then, may have
been the first in the New World to transform wild chilies into the
domesticated spice and condiment so widely enjoyed today.
By expressing all data as a distance, whether geographical
(archaeological and linguistic data), climatic, or genetic, we have
developed a method to bring together different lines of evidence
about crop origins into a single framework of analysis. This approach has led to the discovery that the origin of domesticated
chili peppers may have been located further south than previously
thought (7) and in different regions of Mexico than proposed for
common bean (46) or maize (47). Thus, our data do not suggest
a single, nuclear area for crop domestication in Mesoamerica, but
rather a multiregional model as suggested also for the Southwest
Asian (48) and Chinese (49) centers of agricultural origins.
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by Harlan and de Wet (37). Confidence in a crop-origin hypothesis is increased when supported by multiple, independent
lines of evidence, and improved understanding comes from new
evidence in each field and concomitant predictions in other
fields (38). Our multidisciplinary approach depends on the independence and strength of evidence from the different fields,
each of which has its strengths and weaknesses.
Current archaeobotanical data for chili pepper is mainly based on
macroremains from only two sites. In addition to the identification
of ancient chili remains at additional sites, our understanding could
benefit from the investigation of microfossil data such as starch
grains (39) in Mesoamerican sites. Availability of microfossils
may provide information on the more ancient distribution and
importance of chili peppers and potentially also help distinguish domesticated from nondomesticated remains (as in the
case of maize) (40).
The quality of species distribution models depends on having
a representative sample of the current distribution of the wild
species, the quality of climate data, particularly the modeled past
climate data, and the algorithm used. Our sample size was large
and the species is widespread, suggesting that the SDM approach
should work well (41), as confirmed by a high cAUC score (30).
Backcasted climate data for the mid-Holocene is, of course, uncertain; furthermore, we did not consider climate variation during
that period. Nevertheless, because we use an ensemble of climate
models (Fig. S4), our predictions should be relatively robust (42).
Utilization of linguistic data assumes an understanding of language development, including information relating to language origin, dispersal, and diffusion of traits across languages that is still
emerging as new computer approaches are increasingly applied in
linguistic analysis (43, 44). PBL provides an assessment of when
species acquired substantial salience for prehistoric groups, whether
they were merely harvested, cultivated, or eventually domesticated.
If a word for a biological species reconstructs for a protolanguage,
this is evidence that the species was known to and probably of
considerable importance to speakers of the language as shown by
Berlin et al. (25) for two closely related Mayan languages, Tzeltal
and Tzotzil (Tzeltalan) and by Balée and Moore (26) in a study of
plant names in five Eastern Amazonian Tupi-Guaraní languages.
Genetic data are generally based on the analysis of contemporary populations of the wild ancestor of the crop. The wild populations included in this study constitute the largest and most
widespread sample used in genetic analyses for this species (29).
However, we do not know to what extent the distribution and genetic structure of these populations have changed over the past
6,000 y. Hence, we modeled the past distribution of wild chili
peppers based on the assumption that their climatic requirements
are the same as today’s wild chili pepper population. Correlation
between the suitability scores for ancient and current distributions
is high (0.92), suggesting that, whereas climate change over the past
6,000 y has likely shifted the species distribution, for the most part,
the historical and current ranges of this species overlap. Another
potentially confounding factor is gene flow between domesticated
and wild chili peppers, which may cause similarities that are not
due to ancestor–descendant relationships (45). However, this
would not seem very important for chili peppers because they are
mostly a self-fertilizing species with minimal outcrossing, which is
confirmed by the high levels of homozygosity observed for wild chili
pepper populations analyzed here Dataset S1, Microsat info).
The concept of origin of C. annuum used in this study encompasses wild plant protection, management, cultivation, and domestication. Within this continuum of increasingly close interaction
between humans and plants, distinguishing among these four stages
for most crops is difficult. However, with respect to chili pepper, the
fact that a Proto-Otomanguean word for the crop was retained in
daughter languages attests to its high salience for speakers of the
protolanguage. Furthermore, Proto-Otomanguean speakers may
have been actively engaged in cultivation, as suggested by the
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with data from 17 microsatellite markers (SSRs) developed before this study as
described in Dataset S1, Microsat info).
Consensus Model. All four data sources were used to create a spatial model
on a common raster. All models had values between 0 and 1, with higher
scores indicating that a location is more likely to be the area where domestication occurred. We combined these four sources of data into a single
consensus model by assigning weights to each indicator. To get a more
pronounced differentiation between sites, we squared the values, after
first rescaling them between 0 and 1.
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The introduction of new analytic methods and expansion of research into previously untapped regions have greatly increased the scale and
resolution of data relevant to the origins of agriculture (OA). As a result, the recognition of varied historical pathways to agriculture and the
continuum of management strategies have complicated the search for general explanations for the transition to food production. In this
environment, higher-level theoretical frameworks are sometimes rejected on the grounds that they force conclusions that are incompatible
with real-world variability. Some of those who take this position argue instead that OA should be explained in terms of local and historically
contingent factors. This retreat from theory in favor of particularism is based on the faulty beliefs that complex phenomena such as agricultural
origins demand equally complex explanations and that explanation is possible in the absence of theoretically based assumptions. The same
scholars who are suspicious of generalization are reluctant to embrace evolutionary approaches to human behavior on the grounds that they
are ahistorical, overly simplistic, and dismissive of agency and intent. We argue that these criticisms are misplaced and explain why a coherent
theory of human behavior that acknowledges its evolutionary history is essential to advancing understanding of OA. Continued progress
depends on the integration of human behavior and culture into the emerging synthesis of evolutionary developmental biology that informs
contemporary research into plant and animal domestication.
evolutionary theory

| behavioral ecology

Over the last decade there has been a major
expansion of knowledge regarding the timing
and socioecological context of plant domestication and emerging agricultural systems.
This wealth of data is due in large part to
methodological innovations (e.g., in genetics
and paleogenomics, in the analysis of plant
micro- and macroremains and biological residues, and in the physical and biogeochemical
analyses of anthropogenic sediments), reexcavations of some important archaeological
sites, and the expansion of archaeological research into regions whose record of agricultural origins has been until recently poorly
known [such as New Guinea (1, 2), lowland
areas of Mesoamerica and northern South
America (3–7), and northern and southern
China (8–13)]. These research activities have
enriched both the scale and resolution of the
data relevant to agricultural origins worldwide. One result of this welcome enhancement of the empirical record is wider
acknowledgment of the variability in the historical pathways taken by emerging food production systems across space and time. The
dichotomy between foraging and food production has been discarded in favor of a continuum of landscape, plant, and animal
management strategies that sometimes resist
classiﬁcation. However, for some scholars (2,
14), the richly detailed records of change
seem to have dampened the appeal of general
explanations for the transition to agriculture.
www.pnas.org/cgi/doi/10.1073/pnas.1308938110

This trend, coupled with the critical stance
toward hypothetico-deductive science currently inﬂuential in archaeological thought
(15), has motivated many archaeologists to
favor interpretive modes of explanation. In
origins of agriculture (OA) research, one
result of this changing climate has been a
proliferation of historical narratives that
highlight local events and processes and
downplay general principles. Although we
recognize the value of empirical rigor, we
argue that the progress of OA research is
signiﬁcantly hampered by the denial of
explanations derived from a systematic
program of theoretically driven hypothesis
testing. We also reject assertions that evolutionary theory is teleological, needlessly
reductionist, ahistorical, and therefore irrelevant to understanding human behavior.
Without a coherent theory of human behavior, arguments about agricultural origins
must rely on assumptions that are often intuitive, unstated, and largely implicit. Coupled with the increasing emphasis on
human exceptionalism, the erosion of scientiﬁc method is troubling because it creates
a rift between researchers in biology and archaeology whose collaboration is essential to
advancing understanding of OA. To address
these weaknesses, we contend that evolutionary theory (broadly construed to include cultural as well as biological processes) must
play a central role in OA research.

In arguing for the systematic use of theory
as a tool for the advancement of knowledge,
we are not making the claim that evolutionary theory is the only possible realm from
which to choose. However, neo-Darwinism
has withstood repeated challenges to its core
elements, having earned status as an overarching framework for explaining the diversity of life. For this reason, evolutionary
theory is central to understanding the root
causes of human behavior and indeed culture
itself (16). An even stronger case for the evolutionary perspective on human behavior can
be made now that the distinctive features of
cultural transmission and evolution are becoming more fully incorporated into the synthesis (e.g., refs. 17–20).
We divide our discussion of these issues
into three sections. The ﬁrst elaborates upon
some of the weaknesses of particularism in
OA research. Next, we sharpen the focus
to respond to critiques of evolutionary
approaches to human behavior [particularly
the research program of human behavioral
ecology (HBE) and one of its tools, optimal
foraging theory (OFT)]. We argue that recent
calls to abandon HBE or OFT are misguided,
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and we explain why the particularist alternatives might provide more explanatory
depth and power when situated within
a program of behavioral ecology. Finally,
we assess the prospects for a synthetic
evolutionary research program for the
study of domestication and agriculture.
Limitations of Particularism in OA
Research and the Need for Theory

The research trend that we critique in this
paper shares several characteristics with the
approach labeled historical particularism by
historians of anthropology (21). Most closely
associated with Franz Boas and his students,
historical particularism emphasized the collection and compilation of ethnographic data
without the distorting effects of theory. Boas
and his adherents, weary of unsubstantiated
theorizing unsupported by rigorous ﬁeldwork, viewed theory as an obstacle to scientiﬁc investigation. Generalizations about
culture were suspect because exceptions to
them could always be found. Any reliable
generalizations would be derived inductively
from large bodies of data. Similar recommendations and concerns have been voiced
in the OA literature (14, 22–24), with the
important difference that current expressions
of particularism, rather than disavowing theory, embed it in arguments without explicit
acknowledgment or relegate it to a minor role
that prioritizes empirically based inference.
We argue that the retreat from theory and
the embrace of particularism are not only
unwarranted but also counterproductive.
Particularistic approaches that reject generalization fail to treat inductive inferences as
hypotheses to be tested and substitute appeals
to agency for a consistent theory of human
behavior. These strategies are problematic for
reasons we detail below.
Particularistic Approaches Reject General Principles in the Mistaken Belief
That They Imply Universal Causes and
Ignore History. In the current climate, it is

not surprising that some OA researchers call
for a more particularistic approach to understanding why human groups became involved in plant cultivation and animal
husbandry. Among the reasons given for
rejecting generalizations about causality is
that contradictory cases can be answered
only by adding qualiﬁers (ref. 2, p. S380).
Some investigators conﬂate universal explanations (i.e., “prime movers” like environmental change, population pressure, or
divine inspiration), which imply that all
transitions to agriculture conform to the
same causal sequence, with the principles
and assumptions of HBE, which do not
6172 | www.pnas.org/cgi/doi/10.1073/pnas.1308938110

(23). The result is a rejection of both universal causation and general principles in
favor of “frameworks of explanation that
pay close and careful attention to existing
relevant archaeological information, that
are scaled at the regional level, and that
focus on the complex interplay of a range of
different environmental and social preconditions, prompts, and factors of various
kinds” (ref. 23, p. 681).
We agree that no single cause explains all
instances of transition from foraging to food
production (25–27); this observation is true
but trivial. An explanation that claims universal validity loses its universality when
exceptions are found to exist. However, its
remaining components—variables, processes,
and assumptions— often remain relevant at
a more modest level of generality. The fatal
ﬂaw in the prime mover arguments is not
that they rely on overarching laws or
assumptions, but rather that they are applied at an inappropriate scale. Following
the same logic, the optimization assumptions
used heuristically in many HBE models
should not be confused with a claim that
economic optimization explains all transitions to agriculture (ref. 23, p. 682).
We agree that multiple broad-scale and
local factors are involved in any agricultural
transition (25, 26). However, this is a commonsense observation about the world, not
a template for explanation (ref. 23, p. 681). In
fact, complex phenomena such as OA must
be simpliﬁed to be understood. A theoretical
framework is needed to guide this process to
ensure that explanations are not fashioned
from a hodgepodge of factors and variables
selected at the discretion of the researcher.
For this reason, we advocate an approach to
understanding OA that examines theoretical
assumptions before interpreting data. Such
assumptions always exist, acknowledged or
not. Brought to the forefront, they serve to
anchor observations to bodies of knowledge
that have withstood repeated testing. Such
high-level bodies of general theory inform
middle- and lower-level theories that in turn
generate testable hypotheses (16, 28). The
explanatory relevance of broadly applicable
principles does not conﬂict with the observation that domestication of any plant or
animal is a particular, local, and historically
contingent process. If it did, evolutionary
theory could not be said to explain the diversity of life without implying that all evolutionary lineages follow the same path.
To be clear, we applaud the attention being
paid to accurate reconstructions of the trajectory and context of agricultural transitions
at regional and local scales. Detail-oriented
analysis of observations and data yield rich

historical accounts of OA (see, for example, refs. 25 and 29-32). However, to the
extent that they purport to engage in explanation, such accounts often rely on
inductions that are expected to stand on
the strength of available evidence alone.
Although we recognize that the prioritization of data is often intentional and explicitly
stated (e.g., ref. 33), we disagree that it is
a good idea to abandon the iterative process
of hypothesis testing, revision, and retesting
that drives incremental advances in scientiﬁc
understanding.
Particularistic Explanations Lack a General
Theory for the Evolution of Human Behavior
Yet Rely on a General Theory of Evolution
for All Other Organisms. There is little dis-

agreement that change in the frequency of
attributes in populations of humans, animals
and plants under domestication is inherently
coevolutionary. Understanding this process
requires a general theory that links change in
one population to change in another. Certainly, humans possess a unique mode of
inheritance and an unusual degree of behavioral ﬂexibility. However, cultural inheritance and the mechanics of human
learning that enable it are constrained (at
least, in the long run) by processes that
constrain the evolution of other organisms.
Far from being an obstacle to evolutionary
analysis, human uniqueness offers one of the
most important justiﬁcations for using it.
By not interpreting human behavior as
a product of natural selection, particularistic
approaches miss the opportunity to explore
commonalities in human behavior that enable comparative analysis of agricultural origins in starkly different contexts. Nothing
about an evolutionary perspective suggests
that natural selection generates a predetermined template for human behavior,
nor does it claim to explain everything that
humans do. Human social learning has its
own distinctive processes that inﬂuence patterns of behavior at the population level.
However, human abilities (including the
capacity for communication, learning, and
choice—all components of cultural inheritance) are products of natural selection,
and human culture is a function of those
abilities (16, 34–36). Because agriculture has
been adopted (or inherited) by nearly all
human groups and because it was invented
separately by many, the process will be understood best by looking at change in the
history of human adaptation as a function of
attributes shared by all humans, rather than
looking at novel attributes unique to a few.
Because they lack a general theory for
human behavior, particularistic approaches
Gremillion et al.
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analysis than the simple arithmetic required
to ﬁnd optimal solutions to foraging problems (for example) and is even farther removed from the practical heuristics (e.g.,
rules of thumb, tacit or explicit learning, rational calculation, etc.) that people actually
use to make those decisions. By contrast,
simple agency in foraging models is one of
individual decision making, but does not
imply (and does not require) long-term
teleological self-determination.
The Evolutionary Approach Is a Robust,
Flexible, and Practical Avenue for an
Incrementally Better Understanding of
Human Behavior and Cultural Change

Whereas evolutionary biologists seldom have
to confront the question of human exceptionalism, the issue is a central one in anthropology and archaeology. The application
of evolutionary theory to human behavior
has been criticized for excessive adaptationism, reductionism, positivism, and materialism (e.g., refs. 43 and 44). These criticisms
have been taken up by many advocates of
interpretive archaeology, who question the
exclusive claim of science to the production
of useful knowledge (many examples appear
in ref. 45; see also ref. 24).
Some archaeologists who do embrace
evolutionary concepts in their OA research
remain uncomfortable with their application
to human behavior. Particularly heavy criticism has been leveled at evolutionary ecology
(EE), deﬁned as the “study of evolution and
adaptive design in ecological context” (ref. 46,
p. 3), especially the subdiscipline of HBE and
its optimal foraging models. These critiques
target either the basic assumptions of EE
(many of which are shared by other evolutionary approaches) or elements of HBE or
OFT speciﬁcally (14, 22, 23). Although the
objections are numerous, they commonly
revolve around the following themes: (i)
explanations based on evolution by natural
selection are “covering law” explanations
that fail to account for the particular historical circumstances of their social and
biological contexts; (ii) simple models are
inappropriate for complex phenomena;
(iii) the use of multiple simplifying models
is compromised when one or more models
fail to explain or predict the phenomena at
hand; (iv) models do not explain human
subsistence (or any other) behavior; (v) explanatory, predictive models deny human
agency and are therefore dehumanizing; and
(vi) some models do not account for environmental change and are therefore inappropriate for historical or evolutionary
analysis. We ﬁnd these critiques unwarranted
and explain our reasoning below.

The Study of Evolution Is a Historical
Science. Evolutionary theory is not covering

law science (ref. 23, p. 681). It is a scientiﬁc
approach to history (47) that views change as
both cause and consequence of the immediate and long-term ﬁtness implications of
inherited and acquired variation. Although
focused on the processes of change, nothing
about these processes, or the analysis of them,
is deterministic, teleological, or scripted. The
context and consequences of one case might
be completely different from the next (i.e.,
both historical and particular), but the foundations of evolutionary analysis are unifying.
At the same time, it is ﬂexible enough to deal
with the hyper-variability of human behavior,
which, for a variety of evolutionarily sound
reasons, evolves and diversiﬁes rapidly (48).
In part, this ﬂexibility comes from the application of a wide range of models that
isolate speciﬁc aspects of behavioral and
evolutionary phenomena.
Simple Models of Complex Phenomena
Are Useful Even When They Fail. Recent

reactions to the use of OFT’s simplifying
models in hunter–gatherer and OA research
(14, 49, 50) take their cue from older critiques
in biology and ecology (e.g., refs. 51 and 52)
but differ on the issue of culture. For many
social science scholars, models that isolate
speciﬁc aspects of individual behavior in a
ceteris paribus world (53) are impractical
because (i) the ceteris paribus world doesn’t
exist, and (ii) individuals perform in a
complex, indivisible milieu that can be understood only in its holistic totality. For
many, the practice of methodological isolation and analytical simpliﬁcation has
“reduced human actors to disemboweled
humans who no longer have cultural
anchors” (ref. 54, p. 59). They complain that
evolutionary models isolate individuals from
populations and remove both from the thing
that binds them, which is culture.
Reservations about heuristic models are
welcome (indeed these reservations and
the resulting critiques may lead to better
models); outright rejection of them is not.
Unfortunately, and in many cases, rejection
of simple, heuristic models is based on an
idealized (but often unstated and unsupported) view of how the world works and
on the complaint that too many people take
the modeled predictions as fact, with or
without empirical backing (14). Such critiques mistakenly conclude that the optimization assumptions used heuristically in
many HBE models constitute a claim that
optimal resource use explains all transitions
to agriculture (ref. 23, p. 682).
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rely on diverse and often conﬂicted principles
to account for the decision-making behavior
of human agents. In some cases, they retain
the rational-actor optimization logic of HBE
(e.g., that people will act in their own best
interest with regards to survival-related utility);
in other cases, they rely on creative or arbitrary
combinations of a “bounded rationality”
(sensu refs. 37 and 38) drawn opportunistically from ethnographic or contemporary
observations; still others seem to gather
principles of behavior from social theory
(39, 40). Such principles are seldom made
explicit; in some cases they are revealed by
references to undeﬁned or vaguely conceptualized properties or goals [e.g., “resourcerich,” “intensiﬁcation of resource manipulation,” “rich array of plant and animal species,” “enrichment,” “stable and sustainable,”
“stress,” etc. (23)]. Such terms betray embedded assumptions about the ecological
situations that humans prefer and presumably strive for. Consistent theory that
illustrates how and why these organizing
principles emerge in the ﬁrst place is
essential for explaining the outcomes of
diverse motivations in the distant past,
particularly when these outcomes are visible
today only in the aggregate records of archaeology and population biology.
Researchers who reject general theories of
human behavior and cultural evolution as
overly deterministic sometimes invoke human
agency as an alternative causal mechanism.
Agency is a contested term in archaeology,
and the OA literature seems to have adopted
one sense of it to the exclusion of others.
Advocates use the common reading of
agency (refs. 15 and 41, p. 67) to illustrate
how individual choice and creativity explain
cultural change, including the transition to
agriculture (ref. 29, p. 44). Although we acknowledge the role of human creativity and
innovation in OA, we are not convinced that
appeals to agency have much explanatory
power, simply because they sidestep the
problem of identifying the evolutionary basis
of the beliefs and preferences that guide human action (42). In contrast, HBE generates
hypotheses about why humans behave the
way they do and evaluates whether or not
these hypotheses about agency explain the
material remains of those behaviors. We
agree that human agency is a critical component of evolutionary change, but we do not
see it as having an equally important role in
the scientiﬁc explanation of change.
Another problem with explanation by
agency is that it often implies that decision
makers have complete information about the
long-term consequences of their actions. This
feat would require far more involved data

The use of simple models (like those used
in OFT) does not imply that the predictions
of the models must be true. All things being
equal (in the ceteris paribus world), the models
should explain the behavior of organisms
foraging optimally to maximize reproductive
success. In the absence of data, the modeled
predictions are simply that, and if the
assumptions are correct, the predictions
simply ought to be true. When data do exist
but do not ﬁt the model, either all things are
not equal (e.g., the assumptions are incorrect), the model is inappropriately applied (e.g., the scale or resolution of the
behaviors does not match those of the
resulting data and/or the currency of the
model is inappropriate), or the organism
simply doesn’t conform to expectation.
Observations of the ﬁnal type can also be
productive by leading to further hypothesis testing built on related versions of EE
developed speciﬁcally to explain the proliferation and persistence of suboptimal or
maladaptive behavior (17, 55–58).
The criticism that HBE models sometimes
fail to yield accurate predictions when tested
misses the point that the exploration of the
model’s vulnerability can itself be a source of
insight. Models are productive means for
“eliminating problematic answers and identifying and pursuing more promising ones”
(ref. 59, p. 171). In other words, failure is an
option. For example, when empirical tests of
the diet breadth model (DBM) failed to show
a good ﬁt of data to model predictions for
agricultural transitions in the eastern United
States, the ﬁndings led to a better grasp of the
variables and tradeoffs (such as travel and
processing costs) that most inﬂuenced subsistence strategies (e.g., refs. 60 and 61).
Piperno and Pearsall (62) also discussed how
OFT models, whose predictions conformed
to Neotropical empirical data on the emergence of food production, were unlikely
to address subsequent agricultural intensiﬁcation satisfactorily, which evoked
other explanations. Others (63–65) have investigated the failure of simple foraging
models such as the DBM to capture important inﬂuences on agricultural decision
making, such as yield variability and labor
investment. These studies counter claims
that applications of OFT demand idealistic
purism or seek perfection in model/data ﬁt
(14, 50).
Simple, well-used models of OFT like the
DBM (66) outline the logic of individual,
time-sensitive decisions, and, because individuals make decisions in different contexts,
the model anticipates behavioral variation.
The extent of this variation in time and space
is exactly what we ﬁnd interesting, and relev6174 | www.pnas.org/cgi/doi/10.1073/pnas.1308938110

ant to OA research. Aggregate patterns of
individual behavior are what we see in the
archives of the past. Therefore, the study of
the past requires evaluation of models
against data aggregated over different scales.
The DBM is one model that makes this
procedure possible. It is not the only model,
and there is no reason to expect it to explain
all data on all scales of time or space. However, in combination with related models, it is
a very powerful analytical tool.
A Challenge to One Model Does Not
Negate the Others. One critique of the

evolutionary program is that it shifts arbitrarily between models that isolate and address different aspects of phenomena staged
at different scales of time, space, or number
(e.g., ref. 67). The observation is fair, but the
critique is not. Indeed, what makes EE so
versatile is that it draws from a “family of
models” to address the tradeoffs between
generality, realism, and precision inherent to
any approach to scientiﬁc inquiry (68–70).
The important point here is that we draw on
models rooted in a uniﬁed body of theory,
even if some of the models fail to explain the
existing data, or if the models explain the
data on different scales or levels of analysis.
Models of EE Often Generate Accurate
Predictions of Human Subsistence Behavior, Including OA. As previously noted,

OFT is one class of models with a reasonable
purchase in the explanatory realm, and one
that has provided a number of insights for
biologists and archaeologists. A review of the
past few years of biological literature ﬁnds
persistent employment of OFT models, with
empirical data often showing good ﬁts with
their predictions in a variety of organisms
(e.g., refs. 71–74). OFT applications in human research also continue apace with
valuable insights on varied topics (e.g., refs.
75–78).
A particularly important and well-studied
example of subsistence change associated
with OA and one that has been a focus of
OFT applications is the “broad spectrum
revolution” (BSR) (79). The BSR describes
the expansion of human diets and the intensiﬁcation of plant and animal exploitation that preceded agricultural beginnings in
many parts of the world. Investigations of the
BSR with OFT typically use the diet breadth
model (DBM) and have shown a good ﬁt of
model predictions with empirical data from
archaeological sites in southwest Asia, the
Neotropics, and elsewhere (e.g., refs. 6, 62,
and 80–87). Research shows that dietary
shifts from higher- to lower-ranked plant and
animal resources, or a more even dependence

on small-sized dietary items, occurred as
a result of climate- and/or human-driven
factors, depending on the region involved.
Examples include terminal Pleistocene faunal extinctions and vegetational change
(Neotropics) and increasing human demographic pressure leading to resource
depression (southwest Asia). It is important to reiterate (88) that ethnographic
datasets on foraging efﬁciency from around
the world support the ranking of general
categories of resources such as small and
large game according to their energetic return
rates (net energy obtained per unit time
spent). Although exceptions occur, most
plant foods and small and medium-sized
mammals are ranked lower than most large
game, and nuts and seeds are often the lowest-ranked of all (80, 88). It would be counterproductive for investigations of cultural
developments through time, such as agricultural origins, to ignore those associations.
The collective archaeological data clearly
underline how dietary diversiﬁcation and
intensiﬁcation of plant use by foragers and
incipient farmers probably occurred in an
environmental milieu of shifting energetic
return rates. Arguments that DBM predictions for the BSR are frequently invalidated by the archaeological data (14) are
difﬁcult to reconcile with the results of these
studies. As a number of scholars have
pointed out, the DBM is particularly suited
for studying major directional changes in
subsistence through time because of its ability
to make robust, qualitative predictions of
prey choice and dietary diversity. Using the
model does not require that every past or
present resource ranking set be in perfect
order with respect to the general category of
resource, package size, and the energetic
return rates of individual items.
Ecological Models Accommodate Human
Agency. Rejection of models like the DBM

in favor of explanation by agency echoes
a long-standing debate in evolutionary biology over the levels of causation (89–93). In
behavioral science, ultimate explanations view
behavior as a product of natural selection
(cultural and biological) whereas proximate
explanations attempt to understand how
individuals identify challenges, make decisions, and initiate action (this being the realm
of agency). The former have been caricatured
as evolutionary “why” questions whereas the
latter have been equated with questions of
“how.” Many see the conﬂation of these
issues as a general challenge to evolutionary
theory (93) whereas others recognize that both
are important to understanding the structure
Gremillion et al.

Ecological Models Accommodate Environmental Change. Some critics of OFT

suggest that it assumes an unchanging environment (refs. 14 and 50, p. 257). They argue
that OFT models do not account for change
in the environment of selection that creates
domestic plants and animals and suggest
that they should be discarded in favor of
Gremillion et al.

explanations drawn from niche construction
theory (NCT) (94). NCT highlights the
multiple kinds of feedback that ﬂow to the
niche constructor and to other populations
whose environments its niche-constructing
activity inﬂuences (e.g., ref. 95). In doing so,
NCT makes it possible to better characterize
the ecological context in which optimality
must be assessed. That hunter–gatherers did
(and do) modify landscapes and resources for
calculated gain is inarguable (96–98); however, the extent and scope of this practice
are a matter of considerable debate (49). In
the case of domestication and agriculture,
landscape modiﬁcation has long been recognized as an important phenomenon (99–
101). However, we do not agree with the
contention that OFT models cannot accommodate dynamic environments and argue
that EE is well-positioned to support and
complement NCT.
Although environmental stasis might be
necessary to some aspects of model building
(e.g., the contingency of the DBM assumes
a static prey ranking), the simple models of
foraging theory are equally applicable to dynamic environments (102–104). For example, the decision contingency of the DBM
(66) is based on the marginal rate of return
established by two important inputs: encounter rate (a function of prey abundance)
and postencounter return rate (a function of
prey value offset by the costs of acquiring and
processing it). Data for the latter deﬁne the
ranking of different prey, which is ﬁxed until
either the size (or total nutritional value) of
the prey changes, or the energetics of capturing and processing it do. Thus, for each
decision contingency there might be a different prey ranking, and, if so, the “optimal” diet
in that instance may be different from during
the previous instance. The standard logic of
the DBM is that lower-ranked prey enter the
diet as the abundance of higher-ranked prey
declines; increasing abundance of lowerranked prey has only a minimal effect on the
decision to include them in the diet (105,
106). However, environmental modiﬁcation
may affect more than just absolute abundance and rates of encounter: change in the
distribution of taxa also affects postencounter
return rates that, in turn, affect the ranking of
different prey taxa. Harvesting and replanting
can raise the density of plants within a patch,
which can alter the ranking of the resource
(by reducing the costs of collecting the seeds)
and boost its dietary importance (which may
have been constrained initially by scarcity)
(107). In other cases, selective, intensive harvests may reduce the body size of the average
individual prey, again affecting the prey
ranking and therefore the optimal decision.

EE offers a systematic way to evaluate the
motivations for niche-construction activities
such as landscape management and its intensiﬁcation. In fact, applications of behavioral ecological models in archaeology often
highlight the active role of humans in shaping their habitats (62, 80, 97, 108). Assertions
to the contrary (50) neglect a substantial
amount of literature on the subject. Critically,
HBE permits an evaluation of the overall
return rates associated with resource acquisition, which must include the costs of
investing in land management as well as
the returns of a managed landscape. EE
(including HBE and OFT) can be useful
for understanding the evolution of landscape management practices and other
forms of niche construction and for evaluating the relationship between land, labor, and resource productivity.
We see a problem with using NCT as
a “single unifying approach for integrating
consideration of human and non-human
modiﬁcation of ecosystems” (ref. 50, p. 265)
because it does not systematically address
how or why humans alter their resourceacquisition patterns. There is little doubt that
intensive human activity modiﬁes ecosystems
in diverse ways that nonetheless follow a
limited set of pathways (50). However, a
more intriguing question is why altered
ecosystems engender or permit novel behavioral strategies in some cases but not
others. Indeed, if hunter–gatherer landscape modiﬁcation (including intentional
enhancement of resource abundance) is a
common feature of hunter–gatherer adaptive systems, why do so few cases generate
the environment of selection that yields
domestic plants and animals? Clearly, more
is at work than the pervasiveness of niche
construction: insights from NCT require the
evolutionary logic of human decision making in tandem with a tighter consideration
of the interactions between multiple taxa in
novel settings to explain the origins of agriculture. Without a theory of organismal
behavior, such as HBE, the alternatives imply
either (i) that humans invented agriculture
and its long-term consequences knowingly
(as some advocates of human agency would
have us believe), or (ii) that agriculture
emerged almost randomly as a function of
dynamic feedbacks between genes, environment, and the interactions between them
(according to the strict version of NCT).
Integration of Evolutionary Frameworks

Evolutionary theory as applied to archaeological questions such as OA remains diverse,
as expected for a relatively new but maturing
ﬁeld. However, the various approaches share
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of biological, cultural, and socio-ecological
change (42, 92).
HBE models, speciﬁcally the contingency
models such as the DBM, seek ultimate
explanations by identifying optimal solutions
to immediate problems. They assume that
organisms possess an evolved general capacity to achieve these optimal solutions, at least
on average. Although it is true that models
like the DBM rest heavily on ultimate rather
than proximate explanation, this trait is no
reason to reject them. Indeed, users of the
model regularly acknowledge that it is silent
about proximate causes while recognizing
that many such causes exist. Both proximate
and ultimate causes shape evolution, and the
study of evolution must be able to identify
where and when the feedbacks between
“hows” and “whys” are reciprocal (92). The
HBE modeling format makes this step possible by being agnostic about proximate
causes, and testing hypotheses premised on
ultimate causation. This agnosticism does not
deny human agency but notes that agency,
practice, and habitus (for example) are ultimately constrained by natural selection, at
least over time. Because the models are not
absolute covering-law statements, they can
accommodate feedbacks between proximate
and ultimate causes when, for example, natural selection (the ultimate cause) shapes the
way people make decisions (the proximate
cause), and those decisions further shape the
environment of selection.
Whether or not the domestication of plants,
animals, people, or landscapes entails morphological, genetic, or associational change, by
design (i.e., “agency”) or by accident, abruptly
or gradually, understanding the process on the
human side of things requires an archaeology
that tracks change in human behavior. Archaeological data typically say little about
individuals but speak volumes about individuals in aggregate. HBE provides the theoretical
foundation for understanding aggregate patterns as the product of individual decisions.
Indeed, archaeological data are best viewed as
the products of traits most common across
a population of individuals; change in the
spatial and temporal patterns of archaeological data reﬂects change in the distribution or
frequency of traits within and among populations, through space and time.

a commitment to evolutionary explanation
even though they emphasize different processes, questions, and types of causation. EE
(inclusive of HBE and OFT) (61, 64, 109),
niche construction theory (19, 26), and
models of cultural transmission and gene–
culture coevolution (19, 110–112) all have the
potential to link empirical ﬁndings to a wellestablished body of knowledge, but they target different implications of selection. OFT
predicts how organisms might mobilize
evolved decision-making mechanisms to
maximize utility in the face of conﬂicting
needs; niche construction theory asks how
environmental engineering sets up pathways
of ecological inheritance that affect the ﬁtness
of the organism and its descendants; cultural
transmission theory asks how patterns of
social learning peculiar to our species generate patterns of descent and divergence in
cultural lineages.
Debates over the relative utility of these
approaches have been helpful in distinguishing between fundamental incommensurabilities and superﬁcial differences, thereby
moving us closer to synthesis. We agree with
Bettinger and Richerson that “Darwinian
theory accommodates a virtually limitless
range of interesting, fruitful projects. It is
perhaps this diversity that causes us sometimes to forget the basic commonalities that
unite the Darwinian enterprise”(ref. 112, p.
222). To declare that any of these theoretical
perspectives is fatally ﬂawed (14, 45) closes
the door on potentially productive alliances
among them.
For example, we believe that NCT can
continue to move forward by joining forces
with other evolutionary programs. Complementarity between NCT and EE has already
been illustrated in case studies of New World
hunter–gatherers and agriculturalists (108).
Broughton et al. (ref. 108, p. 371) note that
EE “focuses on how behavioral adjustments
to changing socio-ecological conditions create novel selective pressures that in turn drive
other changes in morphology and behavior”
and therefore “draws on the same evolutionary logic that underlies niche construction theory.” Others (e.g., ref. 113) illustrate
how NCT-based hypotheses can explain
technological change across the transition to
agriculture. O’Brien and Laland (19) make
a strong case that gene–culture coevolution
theory and NCT strengthen and support
explanations of adaptive complexes related to
agriculture, such as adult lactose tolerance
and persistence of sickle-cell disease.
Conclusions

We believe strongly that the most signiﬁcant
archaeological contributions to our under6176 | www.pnas.org/cgi/doi/10.1073/pnas.1308938110

standing of domestication will be those that
acknowledge that humans are subject to the
forces of evolution. We ﬁnd little justiﬁcation
for the argument that, of all species, only
Homo sapiens is capable of transcending
these forces. We also advocate the use of
theoretical frameworks that serve to link
testable hypotheses to ultimate explanations
for human behavior. However, we also wish
to make it clear that, in doing so, we are not
advocating any approach that ignores the
distinctiveness of cultural evolution or the
great behavioral plasticity that characterizes
human interactions with the natural world.
Nor are we in favor of glossing over historical
particulars in the interests of advancing
general theories of change.
Calls to purge OA research of HBE or
OFT fail to distinguish between levels of
theory and their respective epistemological
roles. In OA research, certain core elements
of Darwinian evolutionary theory (as advanced and amended by the neo-Darwinian

synthesis and, more recently, evolutionary
and ecological developmental biology) have
earned the status of basic assumptions. The
reality of evolution by natural selection is
such a core idea, arguably the most important
one for OA research. It uniﬁes approaches
that use different analytic tools and methods
and target different kinds of questions.
The research programs that cluster under
the umbrella of evolutionary theory have
generated, and continue to generate, testable
hypotheses that contribute to our understanding of OA. Of these, HBE and OFT
have a longstanding record of productivity,
and, more recently, models of cultural inheritance have begun to show considerable
promise. Although there is no way of predicting which evolutionary perspectives will
prove most useful in the long run, one thing
is certain: a retreat from theory in favor of
particularism will ensure that none of them
achieve their full potential.
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Domestication is a multifaceted evolutionary process, involving
changes in individual genes, genetic interactions, and emergent
phenotypes. There has been extensive discussion of the phenotypic characteristics of plant domestication, and recent research
has started to identify the speciﬁc genes and mutational mechanisms that control domestication traits. However, there is an apparent
disconnect between the simple genetic architecture described for
many crop domestication traits, which should facilitate rapid phenotypic change under selection, and the slow rate of change reported
from the archeobotanical record. A possible explanation involves
the middle ground between individual genetic changes and their
expression during development, where gene-by-gene (epistatic)
and gene-by-environment interactions can modify the expression
of phenotypes and opportunities for selection. These aspects of
genetic architecture have the potential to signiﬁcantly slow the
speed of phenotypic evolution during crop domestication and improvement. Here we examine whether epistatic and gene-byenvironment interactions have shaped how domestication traits
have evolved. We review available evidence from the literature,
and we analyze two domestication-related traits, shattering and
ﬂowering time, in a mapping population derived from a cross
between domesticated foxtail millet and its wild progenitor. We
ﬁnd that compared with wild progenitor alleles, those favored
during domestication often have large phenotypic effects and are
relatively insensitive to genetic background and environmental
effects. Consistent selection should thus be able to rapidly change
traits during domestication. We conclude that if phenotypic evolution
was slow during crop domestication, this is more likely due to cultural
or historical factors than epistatic or environmental constraints.

|

QTL genotype-by-environment interactions
domestication syndrome

occur rapidly. Many domestication alleles segregate as Mendelian
loci with large effects (7), and the rate of self-pollination in many
crops is high, allowing for the expression of both recessive and
dominant domestication alleles even when initially at low frequencies in populations. However, archeobotanical evidence
from the major cereal crops rice and wheat (10, 13) and some
population genetic simulations (9, 14) suggest that genetic modiﬁcations underlying phenotypic change may only slowly be
translated into geographically widespread domestication phenotypes. Scenarios to explain this apparent discrepancy have focused
on the strength of selection during domestication, mediated by the
ability of early farmers to recognize and use favorable mutations,
as well as population genetic processes such as introgression from
wild populations (15). It is also possible that the vagaries of human
history, including wars, epidemics, and other interruptions to food
production (16), may have led to protracted domestication rates.
There has been much debate as to whether the slow increase in
domesticated phenotypes is real or a preservation artifact and
what assumptions can be made about the botanical knowledge of
early farmers (9–12, 17). Here we explore whether background
effects such as gene-by-gene interactions (epistasis) and gene-byenvironment (G × E) effects can affect the efﬁcacy of selection on
domestication alleles. In theory, this middle ground between
molecular genetic change and its expression during development
could have signiﬁcantly slowed the process of phenotypic evolution during crop domestication.
Epistasis refers to genetic interactions between loci, which
may be either biallelic or higher order in nature. The term has
been deﬁned in a number of different ways [reviewed by Phillips
Signiﬁcance

| G × E | Setaria |

Recent archaeological studies of crop domestication have suggested a relatively slow spread and ﬁxation of some key
domestication traits, such as the loss of seed shattering. In
contrast, genetic studies often indicate that domestication
traits have a fairly simple genetic basis, which should facilitate
their rapid evolution under selection. Here we examine previously underexplored factors that could account for this apparent disconnect: the roles of gene-by-gene interactions
(epistasis) and gene-by-environment effects in shaping the rate
of phenotypic evolution during domestication. Analysis of a
Setaria mapping population, together with a review of evidence
from the literature, suggests that these genetic factors, although
important, are unlikely to have played a major role in constraining
the rate of phenotypic evolution during domestication.

D

omestication is a process of evolutionary change that leads
to increased dependence and associated phenotypic modiﬁcations in both domesticator and domesticated. Much is known
about the phenotypes that change during plant domestication,
including the so-called domestication syndrome described from
annual crops, which emphasizes retention of seed on the seed
head, reduction in lateral branching, reduction in seed dormancy, and increase in seed size (1). Other phenotypic changes
occurring during domestication and improvement, such as shifts
in ﬂowering time and grain composition, have also been extensively studied (2–4). Recent molecular research has begun to
identify and functionally characterize a growing number of the
major-effect domestication and crop improvement genes (5–8).
However, there is disagreement over the speed of phenotypic
evolution during domestication, with an apparent disconnect between the relatively simple genetic architecture of many domestication-related traits, which should facilitate rapid change, and the
protracted length of time seen in the archeobotanical record for
some domestication phenotypes to become widespread (9–12).
The genetics of domestication traits generally suggest that
phenotypic changes during crop domestication could potentially
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Fig. 1. Three sets of phenotypic outcomes that could result from biallelic
epistatic interactions between two loci. Circles and stars represent genotypes
homozygous for alleles that affect a domestication trait, where higher trait
values are selectively favored during domestication. Pink genotypes have
alleles from the domesticated population. Blue genotypes have alleles
drawn from a population of close wild relatives. (A) No interaction. Additive
effects of alleles explain all of the phenotypic variation. (B) Interaction such
that domestication alleles at one or the other locus give trait values close to
the domesticate double homozygote. (C) Less than additive interaction such
that the wild–domesticate gene pair combinations have genotypic values
lower than wild or domesticate double homozygotes.
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Epistasis Affects Domestication and Crop Improvement Traits
Both domestication traits (i.e., traits that distinguish a crop from
its wild ancestor) and crop improvement traits (i.e., agronomic
traits that vary among landraces or varieties of a crop) can be
affected by epistatic interactions, and epistasis has long been
recognized as an important component in the genetic architecture of crop plants. An extreme example is demonstrated by the
maize opaque7 mutant, which produces opaque, soft, and ﬂoury
kernels. In the inbred dent corn line in which it was discovered
(W22), the recessive allele o7 segregates in a simple Mendelian
fashion (25). However, in testcrosses with other maize varieties
grown in similar environments, F2 and backcross populations
segregate for the opaque7 phenotype with greatly reduced frequencies (25). Among 139 genotypes tested, 118 showed signiﬁcant deviations from the expected 3:1 segregation of normal to
opaque kernels. A single F2 population could have as few as 3.1%
opaque kernels. This wide phenotypic variation thus suggests that
the visibility of the opaque7 phenotype for selection during crop
breeding would strongly depend on the genetic background in
which it arose.
A number of quantitative trait loci (QTL) analyses of domestication traits from biparental populations derived from
wild × domesticated plant crosses have reported that the combined
effect of two (or more) alleles signiﬁcantly differs from the sum
of the separate allelic effects. In a study of vegetative architecture in an F2:3 mapping population derived from a cross between
domesticated foxtail millet and its wild ancestor green millet, 10
highly signiﬁcant epistatic interactions between loci were found,
with the proportion of variance explained ranging from 16% to
41% (26). Three interactions were between QTLs that had signiﬁcant additive effects; two were between a QTL and a marker
in another part of the genome, and the remaining ﬁve involved
loci that showed no signiﬁcant additive effects (26). Other studies
have also identiﬁed epistatic interactions between loci that have no
signiﬁcant main effects and between QTL and other loci. A study
on epistatic interactions controlling domestication and improvement traits in a backcrossed doubled haploid population of wild
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Such phenotypic stability would facilitate selection, enabling the
spread of domesticated crops away from their native environments
into other climates and latitudes (24).
Here we investigate whether epistasis and/or G × E interactions could help explain the apparent contradiction between
the genetic simplicity of many domestication-related traits (both
domestication and improvement traits) and the slow rate of phenotypic progress observed for some crops in the archeobotanical
record. We review studies of epistasis and show that a number of
genes affecting domestication-related traits are epistatic in segregating populations containing wild and domestication alleles.
In many cases, domestication alleles have more stable effects in
diverse genetic backgrounds than do ancestral alleles, suggesting
that selection for these “robust” alleles would be effective in
creating rapid phenotypic change. Similarly, the effects of domestication alleles differ across environments but are often less
sensitive to environmental variation than wild (predomestication) alleles. As a complement to the literature review, we also
examine the effects of epistasis on shattering and the effects of
epistasis and G × E on ﬂowering time in a cross between domesticated foxtail millet (Setaria italica) and its wild progenitor,
green millet (Setaria viridis). We ﬁnd loci of major-effect and
epistatic and G × E interactions that signiﬁcantly explain phenotypic variation. Major-effect loci appear to be less inﬂuenced
by genetic background than are minor-effect loci. We suggest that
for many domestication-related traits, wild populations segregate
for alleles that are sensitive to genetic background and environment but that the process of domestication has favored relatively
insensitive loci that have large effects on traits and are highly
responsive to selection. Thus, the simple genetic architecture
observed for many domestication-related traits may be the evolutionary outcome of successful selection for alleles that are relatively insensitive to background effects.

EVOLUTION

(18)]; here we restrict our use to describe the phenomenon
whereby the phenotypic effects of a given allele at a gene can
vary depending on the allelic composition of the other loci that
make up an individual’s genotype. This deﬁnition has been described as “compositional epistasis” (18) and is synonymous with
“physiological epistasis” as used by Cheverud and Routman (19)
and “functional epistasis” as used by Carter et al. (20). Epistasis
has been shown to contribute to additive genetic variances and
covariances, thereby affecting the response to selection; depending
on the direction of these effects in morphospace, it may dramatically change the response to selection in only a few generations
(20). In the context of domestication genetics, various outcomes
are possible for any pair of loci, from complete lack of gene interaction, with only additive effects explaining the phenotype (Fig.
1A), to the effects of wild and domestication alleles differing across
genetic backgrounds (Fig. 1 B and C).
The geographical distribution and population structure of
many crops and their wild relatives may predispose these species
to epistatic effects. Both crop species and their wild progenitors
are often characterized by substantial population genetic structure, with distinct genetic subpopulations that are geographically
separated and evolutionarily diverged (21, 22). This is especially
true for inbreeding species, where local adaptation is not easily
homogenized by introgression from other populations and where
local variants can readily become established and persist through
time. If adaptive differentiation among populations has led to
evolutionary divergence in gene regulatory networks, a domestication allele that was initially selected upon in one population
could, in theory, have very different phenotypic effects when
introgressed into a population growing in a different region.
G × E interactions refer to situations in which the relative
effects of alleles change across environments. The visible morphological traits selected during domestication, such as branching,
inﬂorescence development, and seed size, are strongly affected by
the environment (23), and the phenotypic effects of favorable
domestication alleles may have been difﬁcult for early farmers to
consistently detect. If we assume that early agriculturalists, like
those today, sought to reduce the impacts of both predictable and
unpredictable environmental variation on crops, a resulting expectation is that domestication alleles would be less sensitive to
environmental changes than predomestication, ancestral alleles.

barley (Hordeum vulgare ssp. spontaneum) and domesticated
barley (H. vulgare L.) revealed that a signiﬁcant proportion of
phenotypic variation was explained by interactions between loci
that did not show signiﬁcant main effects (27). Such ﬁndings are
disconcerting given that many studies have failed to consider
epistatic effects altogether.
The impact that genetic interactions have on domestication
traits can be most clearly observed in lines where wild alleles
have been individually introgressed into the genetic background
of a modern cultivar, followed by crossing of different introgressed lines. A particularly well characterized example of epistasis is that involving the teosinte branched1 (tb1) locus in maize,
which affects apical dominance and lateral inﬂorescence (ear)
development (28, 29). These are key domestication traits that
distinguish maize (Zea mays L. ssp. mays) from its wild ancestor,
teosinte (Z. mays L. subsp. parviglumis), and there has been
strong selection at this locus during maize domestication (30).
The tb1 locus, on chromosome 1, interacts with another locus on
chromosome 3 to affect the sexuality of the inﬂorescences (31),
and the allelic state of the chromosome 3 gene has a dramatic
impact on tb1 effect size. In teosinte, the lateral branches terminate in male inﬂorescences (tassels), whereas in maize they
terminate in female inﬂorescences (ears). When maize is introgressed with teosinte alleles at either locus, both teosinte alleles
have little effect on inﬂorescence sex, with either allele only
changing ∼20% of the spikelets from female to male. However,
when both loci are homozygous for the teosinte alleles, the inﬂorescence produces up to 90% male spikelets (31). The maize tb1
allele is known to segregate in teosinte populations (30), although
these alleles are likely currently under strong negative selection
(32). One would expect that rare teosinte plants homozygous for
maize alleles would exhibit strongly feminized inﬂorescences.
The maize–teosinte tb1 example illustrates a common theme
in wild–domesticate systems, where the ancestral allele is sensitive to other modifying ancestral alleles but the domestication
allele is insensitive. This pattern is well documented in other
crop species such as barley, where there are two genes that
control shattering, Btr1 and Btr2. Wild alleles of both genes are
required to confer shattering, but domestication alleles at either
locus convert the inﬂorescence to nonshattering, regardless of
the allelic state of the other locus (33–35) (Fig. 1B). Similarly,
investigation of domestication-related traits in a wild × domesticated barley population found that for several traits controlled
by interacting loci (heading date, plant height, and yield), the
wild phenotype was only generated with the introgression of both
wild alleles into an introgression line (27). Independence of
a major domestication locus from its genetic background was
also found by Gu et al. (36) for the qSD12 locus that controls
∼50% of the variation in seed dormancy in rice, whereas minor
loci showed multiple epistatic interactions. Similar genetic architectures exist for vegetative architecture in maize and foxtail millet
(26, 37) and shattering in sorghum, wheat, and rice (35, 38, 39).
When introduced into domesticated germplasm, epistatic
interactions may mean that the effects of interacting pairs of wild
alleles are less than the sum of the effects of single wild alleles
(Fig. 1C). For example, working in tomato, Eshed and Zamir
(40) reported frequent less-than-additive epistasis in which the
effect of double heterozygotes of wild and domestication alleles
was smaller than the sum of the effects of single heterozygotes.
They suggest that such effects are indicative of interacting loci in the
same genetic pathway. Von Korff et al. (27), in their investigation of
heading date, plant height, and yield in a wild × domesticated barley
population, also found less-than-additive epistatic effects.
Alleles that are relatively insensitive to genetic backgrounds
within cultivated populations can regain sensitivity within wild
populations. For example, the rice sh4 locus accounts for a large
proportion of shattering variation in populations derived from
crosses between domesticated Oryza sativa and its wild progenitors,
the annual species O. nivara (41) and perennial species O. ruﬁpogon
(42). However, in some genetic backgrounds, wild rice plants can
be homozygous for the sh4 domestication allele and yet still show
6180 | www.pnas.org/cgi/doi/10.1073/pnas.1308940110

a shattering phenotype (43). Similarly, weedy rice strains in the
United States are almost entirely ﬁxed for the sh4 domestication
allele, yet are highly shattering (44). It is possible that novel modiﬁers of sh4 have evolved within weedy rice.
Not all studies report signiﬁcant epistatic interactions for domestication-related genes. In some cases, mapping studies do not
explicitly examine epistatic interactions (e.g., ref. 42), or they
only compare them between signiﬁcant QTL (e.g., ref. 45). In
QTL mapping approaches, ﬁrst-order effects are commonly ﬁtted before second- and higher-order (epistatic) effects, making it
difﬁcult to statistically detect epistasis (46). Even when epistasis
is tested for among all possible pairs of loci (47), statistical and
genetic factors can interfere with successful detection. For example, recent simulation studies have suggested that incomplete
linkage disequilibrium (LD) between causal variants and observed SNPs will erode estimates of epistatic variance, leading to
inﬂation of the size and relative importance of additive effects
(48). This phenomenon may explain the scarcity of epistatic
interactions found in association and multiparental mapping
studies such as the nested association mapping (NAM) maize
population studies on ﬂowering time, inﬂorescence architecture,
plant height, leaf architecture, and disease resistance (2, 49–52).
In general, epistatic interactions have been reported more often
in inbreeding species such as rice and Arabidopsis than in outcrossing species such as maize, consistent with the larger LD
exhibited by inbreeding species (46). Another potential reason
for the lack of signiﬁcant epistatic interactions detected in the
NAM maize studies may be the very high statistical stringency
required to control for false positives, given the large number of
pairwise marker comparisons required.
Environmental Interactions with Domestication Genes
As with alleles with stable effects across genetic backgrounds,
alleles with consistent effects across environments are easier and
more stable selection targets than those whose effects are sensitive to environmental variation. Domestication may thus have
been marked by the selection of alleles with a lack of sensitivity
to environmental variation. For example, teosinte is strongly
affected by crowding, so that when a wild tb1 allele from teosinte
is introgressed into maize, it produces a highly branched phenotype in uncrowded growing conditions but results in repressed
lateral branches resembling domesticated maize in high-density
growing conditions (28). In contrast, a tb1 domestication allele in
maize produces an unbranched phenotype regardless of whether
plants are grown in high- or low-density environments. The effect
of a teosinte tb1 allele on the percentage of staminate ﬂowers
also varies between densities, with plants at low densities having
∼20% staminate ﬂowers and those at high densities having only
∼5% staminate ﬂowers (31). This is in contrast to the complete
insensitivity of the maize tb1 allele, where plants grown under both
densities produce no staminate ﬂowers. The environmental sensitivity of the wild allele may have weakened selection by early agriculturalists when plants with either wild or domesticated alleles
were grown together as a crop because the two alleles would have
produced similar phenotypes when grown at high densities (31).
In maize plants homozygous with teosinte alleles of both tb1
and the locus on chromosome 3 (see above), the percentage of
staminate ﬂowers rises to over 90% at low densities but only to
∼50% at high densities (31). Thus, the phenotypic outcome of
the epistatic interaction between these two loci is also signiﬁcantly affected by differences in planting density.
G × E effects are also important for crop improvement traits,
especially as cultivation of early-domesticated crops spreads
them into new habitats. For example, the genetic control of
ﬂowering time must be modiﬁed to reconcile changing photoperiod cues with the plant’s reproductive cycle as plants are
moved north and south from their center of origin (53). The
spread of domesticated crops can lead to selection for insensitive
alleles at ﬂowering time genes. For example, teosinte is a tropical
short-day plant and will not ﬂower in the longer days of higher
latitudes. The major gene affecting photoperiod response in Z. mays,
Doust et al.

Genetic Control of Shattering and Flowering Time in Setaria
Previous work on shattering by Devos and coworkers (38, 54)
established that there are two QTL that control shattering in
foxtail millet. We have conﬁrmed this using an F7 recombinant
inbred line (RIL) mapping population derived from a cross between domesticated foxtail millet (S. italica) and its wild ancestor, green millet (S. viridis) (55). We ﬁnd two signiﬁcant QTL:
QTL1 (closest marker U30) that contributes over 35% of the
phenotypic variation and QTL2 (closest marker U372) that
contributes ∼8%. There are no signiﬁcant interactions at the
Bonferroni-corrected genome-wide P < 0.05 level (P < 10−7 for
each interaction). However, when we used the more liberal signiﬁcance level recommended by Holland (47) (P < 0.0014 for
each interaction), there were 23 signiﬁcant interactions, of which
three were between the minor QTL (QTL2) and other loci
without main effects. Notably, the other 20 interactions were
between loci where neither had a main effect. There was no
signiﬁcant interaction between the major locus QTL1 and any
other locus, congruent with the theme that domestication alleles
at major-effect QTL are often insensitive to genetic interactions
(Fig. 1B). The combined effect of the wild and domestication
alleles of the two QTL loci is demonstrated in Fig. 2A, where the
degree of shattering in plants with a wild green millet allele of
QTL1 is in part a function of the allele at the minor-effect locus,
QTL2, whereas shattering in plants with the domesticated foxtail
millet allele at QTL1 is unaffected by QTL2. In contrast, Fig. 2B
shows the domesticated allele of QTL2 to be more sensitive to
the state of an interacting locus without a signiﬁcant main effect
(U283) than is the wild allele.
Flowering time in Setaria is strongly affected by environmental
variation, including both photoperiod and temperature (56, 57).
We searched for QTL and epistatic interactions for ﬂowering
time across eight trials that differed in environmental conditions,
including photoperiod differences from short day (12 h light and
dark) to long day (16 h light and 8 h dark) (58). We had previously reported stable QTL associations across trials, together
with evidence of QTL × environment interactions (58) (Figs. S1
and S2). Of the eight QTL shared across at least two trials, four
had signiﬁcant epistatic interactions with other non-QTL loci.

Fig. 2. Epistatic interactions for shattering in a cross between foxtail millet
and green millet. The x axis represents the genotypes of homozygous RILs at
one locus, and the color of the lines represents the different genotypes of
a second locus. The y axis represents values of the shattering trait (SH,
shattering; Int, intermediate shattering; NonSH, nonshattering). (A) Interaction between QTL2 (chromosome V) and QTL1 (chromosome IX) (P <
0.05 for single test; nonsigniﬁcant at the multiple test corrected signiﬁcance
level of P < 0.0014). (B) Signiﬁcant interaction (P < 0.0014) between QTL2
and U283, a locus without a signiﬁcant main effect. Percentages after each
locus name and after interaction term reﬂect percent variance explained.
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Conclusions
One of the main ﬁndings of our review, supported by our analysis
of shattering and ﬂowering time in foxtail millet, is that the
phenotypic effects of major domestication alleles are notably less
affected by genetic background than are wild alleles, whereas for
minor-effect loci, other segregating alleles affect expression. The
relative independence of major-effect loci indicates that selection is likely to have favored alleles with large and stable effects.
The control of shattering in foxtail millet follows this trend, with
a robust major-effect locus and a minor-effect locus that is involved in interactions with several other loci. Similarly, the
alleles that control ﬂowering time in domesticated millet often
have more stable effects than alleles in the wild relative, across
different genetic backgrounds. As with genetic background, the
literature review suggests that the effect of the domestication allele
is generally more stable than the wild allele across diverse environments, although it is clear from the study of ﬂowering time in
Setaria that this phenomenon depends on the trait under selection.
Our principal ﬁnding, that major domestication alleles are less
sensitive to environmental changes and different genetic backgrounds than are wild alleles, suggests that selection on those
alleles should be effective and that phenotypic change could
therefore be rapid during domestication. This does not accord
with archeobotanical observations of a protracted period of
phenotypic change for characters such as shattering. How can we
explain this apparent paradox? Patterns of crop use, such as the
harvesting of grain while still green or the continued harvesting
of wild species, may partially explain this paradox (10). For some
traits, an additional genetic possibility may involve the limited
availability of robust domestication alleles early in the domestication process. Phenotypic change would initially be slow if selection acted on domestication alleles with low phenotypic
stability; the rate of evolution would subsequently increase if the
early selected alleles were later displaced by more favorable
PNAS | April 29, 2014 | vol. 111 | no. 17 | 6181
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We used analysis of variance to explore the effects on ﬂowering
time of wild and domesticated alleles of QTL and their interacting loci across trials (Table 1 and Tables S1 and S2). For all
QTL analyses, variation among trials was signiﬁcant. QTL main
effects were signiﬁcant in all but one case, that of QTL III-1,
where only the interaction between QTL III-1 and another locus
was signiﬁcant. In the other three epistatic interactions, both the
QTL main effect and the interaction effect accounted for signiﬁcant proportions of the ﬂowering time variation.
Signiﬁcant G × E effects were observed for three QTL and for
one locus interacting with QTL VII-1. Three QTL also showed
signiﬁcant interactions between pairs of epistatic loci and environment. When compared across trials, 15 interactions were
found in common across two trials, 5 across three trials, and 2
across four trials (Table S2). Resampling analyses suggest that
those interactions found in at least three trials are unlikely to
have occurred by chance (P < 0.001). Each shared interaction
displayed the same direction of effects in the trials in which they
occurred (e.g., examples in Fig. S3).
We assessed whether the ﬂowering time data support the
theme that domestication alleles of major-effect loci are more
robust to genomic or environmental context than wild alleles.
Using Levene’s test for homogeneity of variance (59), we found
that ﬂowering time varied signiﬁcantly more among genotypes
with QTL alleles derived from the wild relative than among
genotypes with QTL alleles derived from the domesticate, supporting the view that major-effect loci are robust to genetic background (Table 1). This was true when assessed across genotypes or
across both genotypes and trials. However, when assessed across
just trials, there was no consistent trend in whether ﬂowering time
variances differed between the genotypes with wild or domestication alleles. This is in contrast to the effect of density reported
above on maize and teosinte branching and staminate ﬂower
production, perhaps because consistent timing of ﬂowering has
been under selection not only in the crop, foxtail millet, but also in
the wild species green millet, which is now a weed of cultivation.
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ZmCCT, has teosinte alleles highly sensitive to day length but less
sensitive or insensitive maize alleles (24). The reduction in sensitivity allows many temperate maize varieties to ﬂower in longerday photoperiod regimes than can tropical maize or teosinte.

Table 1. ANOVA of ﬂowering time in a foxtail by green millet cross, using QTL, interacting loci (if any), and trial

QTL

QTL marker
(locus 1)

Interacting
marker
(locus 2)

II-1
III-1
IV-1
V-1
V-2
V-3
VII-1
VIII-1

66.00***
0.65 n.s.
297.27***
114.52***
62.88***
72.53***
131.89***
73.06***

12.07**
0.55 n.s.
–
–
–
–
104.58***
0.02

Trial

Locus 1
× locus 2

Locus 1
× trial

Locus 1
× trial

Locus 1 ×
locus 2 × trial

QTL allele
variance
[epistasis]

QTL allele
variance
[trial]

QTL allele
variance
[overall]

23.05***
63.3***
104.35***
76.59***
71.33***
62.66***
65.89***
81.11***

71.5***
36.69***
–
–
–
–
114.50***
70.83***

3.48**
0.16
42.54***
1.53
0.97
0.62
6.33***
1.28

0.80
0.71
–
–
–
–
3.65**
1.08

2.11*
0.33
–
–
–
–
3.50**
2.35*

n.s.
<*
n.s.
<***
<*
n.s.
<***
<**

n.s.
n.s.
<**
>***
n.s.
n.s.
>***
<*

n.s.
n.s.
n.s.
<***
<*
n.s.
<***
n.s.

Each QTL is represented by the map marker closest to the peak of that QTL (Table S1). Locus 2 represents the interacting locus as identiﬁed from the
Epistacy analysis (Materials and Methods). Columns 2–8 give ANOVA results for each QTL, interacting locus (if any), trial, and relevant interaction terms.
Values in these columns are F values, and asterisks denote signiﬁcance level: *P < 0.05, **P < 0.01, and ***P < 0.001. The last three columns give the results
from Levene’s test for homogeneity of variance for each QTL. Terms in square brackets in column headings denote variation included in analysis: [epistasis],
variation after removing trial effect; [trial], variation after removing genotypic effect; [overall], variation with both trial and genotypic effect included.
Signiﬁcant results signify that one allele has signiﬁcantly more or less variation in ﬂowering time than the other. The direction of the angle bracket signiﬁes
whether the domestication allele had less (<) or more (>) variation than the wild allele. n.s., not signiﬁcant.

robust alleles. This reasoning has been followed by Zhang et al.
(60), who suggested that the sh4 locus controlling reduced
shattering in rice arose relatively late in the domestication process, with initial selection acting on other loci with less favorable
phenotypic effects. This explanation could reconcile the differences between the strong genetic signature for selection on sh4
and the protracted time for the domesticated phenotype to
predominate in the archeobotanical record. However, this explanation needs to be tested, for example, by estimating the
relative time of appearance during the domestication process of
the various loci that control a domestication trait. Such investigations will require more complete genome information to accurately assess epistatic interactions. As advances in population and
quantitative genetics continue to expand our knowledge of majorand minor-effect genes, we will have a greater ability to assess the
pervasiveness of epistatic and G × E effects on the process of crop
domestication and the history of domestication alleles.
Materials and Methods
Plant Materials and Phenotyping. F7 RILs were produced by single-seed descent from an F2 mapping population derived from a cross between foxtail
millet (S. italica variety B100) and green millet (S. viridis A10) (55). A set of
182 RILs were grown for phenotyping in eight ﬁeld, greenhouse, and
growth chamber trials. Two ﬁeld, two greenhouse, and one growth chamber trial were performed at Oklahoma State University; two ﬁeld trials took
place at the University of Georgia (Athens, GA); and one growth chamber
trial was at the Boyce Thompson Institute (Ithaca, NY). Trials varied in
photoperiod, seed pretreatment, light intensity, time of year, and experimental design (58). All eight trials were phenotyped for ﬂowering time (58);
one ﬁeld trial (F2_OK, ﬁeld, OK) was phenotyped for seed shattering.
Flowering time was measured as the time from germination to ﬁrst emergence of the culm inﬂorescence (58). Shattering was measured on a qualitative scale, with 1 being nonshattering, 2 being intermediate, and 3 being
shattering. Shattering was assessed by measuring the ease with which seeds
were detached from the rachis by either pulling or bending with tweezers
under a dissecting microscope, so that the nonshattering outcomes of
breaking of the rhachilla above the glumes or along the length of the
rachilla could be contrasted with shattering where the grain and glumes
separate cleanly from the rhachilla along an abscission zone under the
glumes. Intermediate shattering referred to those situations where some
seeds separated at the abscission zone and some did not. The distinction
between shattering and nonshattering closely parallels the method for analyzing shattering reported for the related panicoid grass, sorghum (38).

1. Harlan JR (1973) Comparative evolution of cereals. Evolution 27(2):311–325.
2. Buckler ES, et al. (2009) The genetic architecture of maize ﬂowering time. Science
325(5941):714–718.
3. Xue WY, et al. (2008) Natural variation in Ghd7 is an important regulator of heading
date and yield potential in rice. Nat Genet 40(6):761–767.
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Twenty seeds were assessed for each of four replicates of each RIL, and
measurements were repeated by a second observer.
Map Construction and QTL Analysis. Map construction used 684 SNP, simple
sequence repeat, and sequence-tagged site markers (58). QTL analyses were
performed in QTLCartographer, using composite interval mapping (CIM) and
joint CIM with signiﬁcance levels established by permutation (58).
Epistasis. Pairwise epistatic interactions were calculated using the program
Epistacy (47), initially with a pairwise signiﬁcance level of P < 2.3 × 10−7
(creating a Bonferroni-adjusted genome-wide signiﬁcance level of P < 0.05)
(58) and subsequently with a pairwise signiﬁcance level of P < 0.0014, following the adjustment for multiple testing advocated by Holland (47). Partial R2 terms for locus main effects and their interaction were calculated in
Statistical Package for the Social Sciences (SPSS) version 19 by dividing the
partial (type III) sum of squares by the corrected total sum of squares (47).
Statistical Tests and Data Visualization. SPSS version 19 (SPSS Inc.) was used for
statistical analysis and to create graphs of phenotypic means and 95%
conﬁdence intervals for epistatic interactions. Tests for effect of genetic
background on QTL allele variation for ﬂowering time were analyzed using
Levene’s test for homogeneity of variances (59), after removing trial variation in an initial ANOVA analysis. Tests for effect of environment on QTL
allele variation for ﬂowering time were similarly analyzed after removing
genotype (RIL) variation in an initial ANOVA analysis. Heat maps of epistatic
interactions between all marker pairs were created in R version 2.13.2 (61).
To more easily visualize colocalized interactions between trials in the heat
maps, markers were grouped into threes along each chromosome, and the
most signiﬁcant P value for each group of three was chosen to represent
that group. MATLAB version 8.1 (The MathWorks, Inc.) was used to write
a resampling program to calculate the probability of trials sharing epistatic
interactions between the same pairs of loci, given the number of signiﬁcant
interactions observed in each trial. Each trial was run for 1,000,000 replicates, and the 2.5 and 97.5 percentiles were calculated.
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Modern domestic plants and animals are subject to human-driven
selection for desired phenotypic traits and behavior. Large-scale
genetic studies of modern domestic populations and their wild
relatives have revealed not only the genetic mechanisms underlying speciﬁc phenotypic traits, but also allowed for the identiﬁcation of candidate domestication genes. Our understanding of the
importance of these genes during the initial stages of the domestication process traditionally rests on the assumption that robust
inferences about the past can be made on the basis of modern
genetic datasets. A growing body of evidence from ancient DNA
studies, however, has revealed that ancient and even historic populations often bear little resemblance to their modern counterparts. Here, we test the temporal context of selection on speciﬁc
genetic loci known to differentiate modern domestic chickens
from their extant wild ancestors. We extracted DNA from 80 ancient chickens excavated from 12 European archaeological sites,
dated from ∼280 B.C. to the 18th century A.D. We targeted three
unlinked genetic loci: the mitochondrial control region, a gene associated with yellow skin color (β-carotene dioxygenase 2), and
a putative domestication gene thought to be linked to photoperiod and reproduction (thyroid-stimulating hormone receptor,
TSHR). Our results reveal signiﬁcant variability in both nuclear
genes, suggesting that the commonality of yellow skin in Western
breeds and the near ﬁxation of TSHR in all modern chickens took
place only in the past 500 y. In addition, mitochondrial variation
has increased as a result of recent admixture with exotic breeds.
We conclude by emphasizing the perils of inferring the past from
modern genetic data alone.
selective sweep
cultural history

coat mutation found in Selkirk Rex cats (9), none of which are
thought to have been present during early domestication.
Some causative mutations, however, underlie traits found in
numerous, distantly related breeds. Alleles that are ﬁxed in domestic variants—and often presumed to have been under selection at the outset of domestication—are referred to in both
the plant (2) and animal (3) domestication literature as “domestication loci” (or domestication genes). In some cases, including gray coloring (10) and altered gaits in horse breeds (11),
brachycephaly in dogs (12), and muscle growth in pigs (13), no
hypotheses have been proposed for the time-frame of ﬁrst appearance of these traits. In others, however, the commonality of
both small size (14, 15) and chondrodysplasia (16) across modern
dog breeds and the widespread occurrence of pea-combs in
chickens (17), led the authors of these studies to suggest that the
genetic mutations underlying these characteristics were selected
for during the early stages of the domestication process. More
recently, a whole-genome resequencing study that compared
variation in 14 unrelated dog breeds and wolves identiﬁed 36
regions potentially targeted during early domestication and included 10 genes that allowed dogs to better digest starches (18).
Because increased amylase activity was ubiquitous in dogs but
Signiﬁcance
Recent studies have identiﬁed the genetic basis of numerous
traits that differentiate modern domestic species from their
wild counterparts. In both plants and animals, traits (and the
genes underlying them) found ubiquitously in modern breeds
are often presumed to have been selected early during the
domestication process. Here, by determining genetic variability
in ancient European chickens over the past 2,000 years, we
show that a mutation thought to be crucial during chicken
domestication was not subjected to strong human-mediated
selection until much later in time. This result demonstrates that
the ubiquity of mutations, which differentiate modern wild
and domestic taxa, does not necessarily imply ancient origins.

| breed formation | animal domestication | Gallus gallus |

T

he resolution afforded by multiple genetic loci and—more
recently—complete genomes has led to an increased understanding of the pattern and process of plant and animal domestication (1, 2). More speciﬁcally, genetic analyses have
uncovered selective sweeps, quantitative trait loci, and even
causative mutations underlying a wide range of behavioral and
morphological traits, some of which deﬁne speciﬁc breeds, and
others that differentiate domestic plants and animals from their
wild ancestors (1, 3, 4).
Because many of these traits are present in either single or
relatively few closely related modern breeds, the earliest occurrences of speciﬁc phenotypes (and the underlying causative
mutations) are presumed to have occurred well after the initial
domestication process. These phenotypes are referred to (at
least in the plant genetic literature) as “improvement genes” (2).
In animals, these traits include hairlessness in Mexican and
Peruvian dogs (5), dorsal hair ridges in Vietnamese, Thai, and
Rhodesian Ridgebacks (6), excessive skin folds in western SharPeis (7), double muscling in two cattle breeds (8), and a curly
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Results
For each ancient individual, we attempted to amplify a 58-bp
fragment surrounding the candidate missense (Gly > Arg) SNP
in the TSHR gene (29), a 51-bp fragment surrounding a SNP in
the BCDO2 gene associated with the yellow skin allele (SNP B in
table 1 of ref. 25), and a 201-bp fragment of the mtDNA CR
(33). Overall, 55 of 80 (69%) ancient chicken remains provided
reproducible results for at least one of three loci (Fig. 1, Fig. S1,
and Table S1). We observed allelic drop out in a number of
heterozygous specimens for both TSHR and BCDO2. However,
we estimated the probability of falsely assigning a true heterozygous individual as a homozygote to <0.01. In addition, external
replication on 12 samples yielded identical mtDNA CR and
TSHR sequences (SI Materials and Methods).
Among the 44 specimens from whom the TSHR locus was
successfully genotyped, 8 individuals were homozygous for the
derived (domestic) sweep allele, 14 were homozygous for the
wild-type allele, and 22 specimens were heterozygous (Fig. 1 and
Table S1). The results of a Fisher’s exact test revealed that the
sweep allele was signiﬁcantly less frequent in the ancient sample
than in modern chickens (P < 0.0001). A binomial probability
test demonstrated that observing these frequencies among the
ancient samples, assuming the frequencies of the modern samples (Fig. S2 and Table S2) (29), is very unlikely (P < 0.0001). In
addition, a χ2 test on TSHR genotype frequencies derived from
the second to third century A.D. Quintana/Künzing Roman
population (Fig. 1 and Tables S1 and S3) revealed that the observed frequencies are consistent with Hardy–Weinberg equilibrium (P > 0.95, χ2 = 0.004, df = 1), although one group had
fewer than the recommended minimum number of expected
genotypes/individuals.
Of the 25 ancient specimens successfully genotyped for the
BCDO2 locus, 20 were homozygous for the white skin allele
(found in Red Junglefowl) and ﬁve individuals were heterozygous (Fig. 1 and Table S2). Because only one functional copy of
the BCDO2 gene is necessary to effectively cleave carotenoids,
the yellow skin phenotype can only be expressed in chickens that
are homozygous for the yellow skin allele and consume sufﬁcient
carotenoids in their diet. Of the 25 successfully genotyped
chicken samples, none could express the yellow skin phenotype.
Because genotype/phenotype frequencies reported previously
were selected on the basis of their phenotypes (nonrandom
sampling) (25), we did not carry out statistical comparisons of
allele frequencies between ancient and modern populations.
The targeted mtDNA CR fragment was successfully sequenced in 38 individuals (Table S1). The topology of a maximum-likelihood tree constructed from an alignment of 201-bp
haplotypes matched the neighbor-joining tree generated by Liu
et al. (19), conﬁrming previous observations that this speciﬁc
201-bp fragment is sufﬁcient for recovering the major clades
present in the chicken mitochondrial tree (Fig. 2 and Fig. S3)
(33, 34). We identiﬁed a total of three haplotypes among the
ancient specimens, all of which clustered within the E clade on
the chicken mitochondrial tree (19, 35) (Fig. 2 and Table S4).
The E3 (n = 1) and E6 (n = 2) haplotypes (19) were present only
in Medieval and post-Medieval chickens from England (Tables
S1 and S4), whereas the remaining 35 individuals possessed
a 201-bp haplotype corresponding to haplotypes E1, E5, E12,
E15, or E16 described using a 519-bp fragment (Table S4) (19).
We ﬁnd a signiﬁcant difference in haplogroup frequencies
(pooled into two groups of chickens: those belonging to haplogroup E and those belonging to haplogroup A–D) between the
ancient and modern datasets (Fisher’s exact test, P < 0.002)
(Table S5). Assuming the frequency reported for modern European chickens (Table S5) (i.e., ∼15% of modern European
PNAS | April 29, 2014 | vol. 111 | no. 17 | 6185
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gene pool, and that haplogroup E is historically associated with
European chickens (32).

ANTHROPOLOGY

absent in wolves, the authors concluded that this change must
have occurred when early dogs began adapting to a starch-rich
diet provided by early farmers.
Recent genetic and archaeological research has also shed light
on domestic chickens and their primary ancestor, the Red Junglefowl (Gallus gallus) (19). Based on archaeological bones
identiﬁed from Neolithic sites in the Yellow River basin, chickens were thought to have been domesticated as early as 6000 B.
C. (20). This conclusion has recently been questioned, however,
because bones presumed to originate from chickens in the
original faunal analysis (21, 22) have since been shown to be
pheasants (23, 24). As a result, a reevaluation of all of the early
ﬁnds is necessary to establish the true chronology and geography
of chicken domestication.
Genes that differentiate modern domestic chickens from Red
Junglefowl include those that underlie the yellow skin phenotype
present in the vast majority of Western, commercial chicken breeds,
as well as numerous geographically restricted and fancy breeds.
Yellow skin is caused by a recessive allele of the BCDO2 (β-carotene dioxygenase 2) gene (25). BCDO2 encodes the β-carotene
dioxygenase 2 enzyme that cleaves colorful carotenoids into colorless apocarotenoids (26). Although the expression of the dominant allele in skin tissue results in white skin color, the recessive
allele possesses one or more cis-acting and tissue-speciﬁc regulatory mutations that inhibit expression of BCDO2 in skin tissue.
Provided that sufﬁcient carotenoids are available in the diet,
the recessive allele reduces carotenoid cleavage and allows them
to be deposited in skin tissue, leading to yellow skin (25). This
recessive BCDO2 allele is thought to have been acquired through
hybridization with the Gray Junglefowl (Gallus sonneratii) in
South Asia (25). Red and Gray Junglefowl are known to hybridize
in contact zones in the Indian subcontinent (27, 28), and it is
possible that domestic poultry engaged in the same behavior after
they were introduced from Southeast Asia. Given the ubiquity
and genomic signatures of strong human-driven selection of the
yellow skin trait in modern, Western commercial chickens (29),
Eriksson et al. (25) suggested that this trait was favored by humans
after chickens acquired the trait in South Asia, but before the
ﬁrst wave of domesticated chickens arrived in Europe between 900
and 700 B.C. (30, 31).
In addition, a recent analysis of pooled wild and domestic
chicken samples revealed strong selection signatures across
a number of loci, as well as a missense mutation in the thyroidstimulating hormone receptor (TSHR), a locus possibly linked to
shifts in seasonal mating (29). Given its ubiquity in domestic
breeds (264 of 271 birds representing 36 global populations were
homozygous for the sweep allele; the remaining 7 were heterozygous) and the general absence of the derived allele in Red Junglefowl, the authors of that study concluded that the TSHR locus
may have played a crucial role during chicken domestication (29).
Here, we investigate whether the TSHR gene was selected for
during the early stages of chicken domestication (29), and if early
poultry keepers favored the BCDO2 gene that underlies yellow
skin in chickens soon after it was acquired from the Gray Junglefowl (25, 29). To do so, we genotyped SNPs linked with the
sweep alleles in both TSHR and BCDO2 in 80 ancient European
chickens dating from ∼280 B.C. to the 18th century A.D. (Table
S1 and SI Materials and Methods). If TSHR played a critical role
during the domestication process, all of the samples analyzed
here should have been ﬁxed for the derived TSHR allele, as has
been demonstrated in worldwide modern chicken populations
(29). Similarly, if BCDO2 and the yellow skin phenotype was
favored and maintained soon after its introgression from Gray
Junglefowl, a signiﬁcant proportion of the ancient European
individuals should also possess this phenotype. Finally, we assess
the hypothesis that the presence of mitochondrial DNA (mtDNA)
control region (CR) haplogroups A–D has resulted from the
recent introduction of East Asian chickens into the European

Fig. 1. (A) A map showing the locations and chronology of archaeological sites (black dots) from three different European regions where ancient chicken
remains analyzed in this study were excavated (see also SI Materials and Methods and Fig. S1). The pairs of colored boxes adjacent to each region show which
of two alleles of two nuclear genes (TSHR and BCDO2) were present in each genotyped individual (Table S1). (B) Pie charts showing the differing allele
frequencies of all (pooled) ancient samples (from 290 B.C. to the 18th century A.D.) (Table S2). Allele frequencies found in modern chicken populations at the
TSHR locus were derived from ref. 29 and at the BCDO2 locus from ref. 25.

chickens possess haplotypes from clades A–D), a binomial test
revealed that the probability of observing only the E haplogroup
in 43 ancient specimens (the unique 38 sequences combined with
previously published data) (Table S5) is <0.001.
Discussion
TSHR Domestication Locus. The locus encoding TSHR on chromosome 5 in domestic chickens has recently been shown to have
undergone a massive selective sweep (29). A nonconservative
amino acid substitution (a missense mutation Gly558Arg) was
identiﬁed as a potential causal and target mutation for the selective sweep. Although the function (and corresponding phenotype) associated with the derived allele remains unknown, it is
possible that this gene variant affects photoperiod control and
the absence of strict seasonal reproduction, a trait commonly
found in domestic animals but rare or absent among their wild
relatives (29). Because 264 of 271 modern birds representing 36
globally distributed populations were homozygous for the derived sweep allele (the seven remaining were heterozygous), and

Fig. 2. (A) Two pie charts showing differences in mtDNA haplogroup frequencies between ancient and modern European chickens. The ancient
sample consists of specimens sequenced in this study (n = 38) and from
a previous publication (n = 5) (34) and the modern data was compiled from
(19, 32, 39) (Table S5). The colors in A correspond to haplogroups depicted in
a phylogenetic tree in B. (B) A maximum-likelihood phylogenetic tree constructed using 519-bp haplotypes deﬁned in ref. 19. White (or colorless)
clades were not identiﬁed in either modern or ancient European chickens. A
more detailed maximum-likelihood tree, including detailed description of
methods and results (including nodal support values), is described in the SI
Materials and Methods (see also Fig. S3).
6186 | www.pnas.org/cgi/doi/10.1073/pnas.1308939110

because the Red Junglefowl individuals that also possessed the
mutation were thought have acquired it from domestic chickens,
Rubin et al. (29) suggested that TSHR was a domestication locus.
If this selective sweep occurred during the early phase of domestication, all ancient chickens that postdate this event (and are
located outside the natural distribution range of Red Junglefowl,
thus eliminating the potential for backcrossing with wild birds)
should also possess the derived allele.
The results presented here, however, demonstrate that although the derived allele was present in European chickens
dated to ∼280 B.C. to the 16th–18th century A.D., it was only
found on 43% of the typed chromosomes and the wild-type allele
persisted at intermediate frequencies until at least the 16th–18th
century AD (Fig. 1 and Tables S1 and S2). These results suggest
that the TSHR mutation was neither a prerequisite, nor critical in
the immediate aftermath of chicken domestication. Although the
strength of the selection pressure that drove the sweep haplotype
in modern populations is not in doubt (29), the data presented
here suggest that the ﬁxation of the derived allele in European
chickens was likely much closer to the present-day and certainly
within the last 500 y, possibly commensurate with the improvement of farmyard animals that began during the industrial revolution (27).
In one possible scenario, the sweep allele was ﬁxed in Western
Europe and spread across the world with newly synthesized
commercial breeds that emerged during the second half of the
19th century (27). This hypothesis seems overly simplistic, however, given that the TSHR allele was found to be ﬁxed (or nearly
so) in modern Egyptian Fayoumi chickens and Silkie, Cochin,
and Hua-Tung chickens from China (29) that are unlikely to
have been strongly inﬂuenced by European commercial breeds.
It is therefore possible that the TSHR sweep allele became ﬁxed
in populations originating outside Europe well before the creation of modern breeds, and that these birds in turn replaced the
initial populations introduced into Europe. This narrative is
supported by the observation that the Classical Greek chickens
(Kassope) were the only population analyzed in this study that
was ﬁxed for the sweep allele (Fig. 1 and Table S1). Although the
earliest Central European chickens that arrived north of the
Alps ∼600–400 B.C. likely descended from founder populations
Girdland Flink et al.

The BCDO2 Yellow Skin Locus. The study that discovered the TSHR

sweep (29) also conﬁrmed a selective sweep encompassing the
BCDO2 locus. Unlike TSHR, however, BCDO2 is only ﬁxed in
a limited number of (often commercial and geographically
widespread) breeds (25). The yellow skin phenotype was previously shown to result from the presence of a BCDO2 allele that
domestic chickens acquired not from their primary ancestor—
the Red Junglefowl—but from introgression between domestic
chickens and Gray Junglefowl indigenous to South Asia (25).
The data presented here reveal that although the yellow skin
allele was present on ∼10% of chromosomes in ancient European chickens, not a single ancient bird was homozygous for the
Gray Junglefowl allele (and therefore capable of expressing the
yellow skin phenotype) (Tables S1 and S2). This ﬁnding is consistent with 17th–19th century records suggesting that a number
of widespread, proliﬁc, and economically important breeds raised
in western and southern Europe, including the Dorking, Houdan,
Sultan, Spanish, or B/W Bantams, clearly had white legs, but the
Hamburgh, Polish, Turkish, and Crève Cœur breeds had leg colors
ranging between slate blue and dark leaden-blue (27, 37). However, some 17th century European breeds, including the Padua,
did possess yellow legs (37) and the trait was explicitly mentioned
in relation to heavy, fast-growing types, including Cochin, Brahma,
and Malay breeds imported by sea (and therefore named Captain’s birds) from the Far East into Europe and the United States
during the 1820s–1850s (27). It is therefore possible that the rise in
frequency of the yellow skin phenotype occurred only after recent
introductions of foreign birds to Europe and the breed formation
process that consequently led to the creation of modern, widespread, commercial broiler, and egg-laying breeds. Tegetmeier (27),
for example, noted the remarkable rapid growth and great size
attained by crossbred birds produced by mating Cochins with the
large traditional French Crève Cœur, La Flèche, and Houdan
breeds. The ubiquity of the yellow skin phenotype in commercial,
modern, and some rare, geographically restricted breeds can,
therefore, be explained by rapid worldwide spread of newly synthesized commercial chickens. This suggestion is further supported
by the fact that the yellow skin phenotype appears infrequently or
is completely absent in rare breeds, such as the Friesian Fowl,
Houdan, and Westfälischer Totleger (25).
The Mitochondrial Control Region. The mtDNA control region is
a widely used locus in chicken genetic studies and has frequently
been used to investigate domestication, admixture, and migration (19, 34, 35, 38). Although previous studies have concluded
that modern European chickens (and Western commercial
breeds) primarily possess mitochondrial haplotypes belonging to
the E clade (19, 35), additional studies (32, 39) have demonstrated that haplogroups A–D are also present in a wide variety
of breeds, most likely as a result of the intentional importation
and hybridization of East Asian breeds into Europe during breed
formation and breed improvement over the past 500 y (32).
Although a recent study of complete mtDNA chicken genomes
revealed the existence of 14 mitochondrial clades found worldwide
Girdland Flink et al.

Conclusions
A variety of genetic techniques and analytical approaches have
led to the identiﬁcation of selective sweeps and causative
mutations that differentiate populations of domestic plants and
animals from their modern wild counterparts. The ubiquity of
sweep alleles across numerous breeds has often been used as an
argument to infer their ancient origins, and as an argument that
the SNPs and associated traits were selected for during the early
phases of domestication (4, 14, 17, 18, 40). The patterns of allelic
diversity presented here, however, challenge the hypothesis that
modern variation can be directly mapped onto the past. Instead,
the allelic variability within TSHR in ancient chickens demonstrates that this locus was not crucial for the early development
of domestic chickens, and that the ﬁxation of the derived allele
(at least in European chickens) took place only in the past few
hundred years. Similarly, although the yellow skin allele was
present in ancient European chickens, the phenotype was very
rare in the past. In addition, the ﬁxation of the BCDO2 allele in
numerous modern chicken breeds was likely also a recent occurrence, possibly coincident with recent breed formation instigated during the industrial revolution (27), and the subsequent
development of modern commercial chicken breeds. This pattern demonstrates the ease with which we can underestimate the
potential of alleles to become ubiquitous through rapid strong
selection leading to ﬁxation, followed by geographic proliferation
through human-assisted migration.
This result is consistent with most ancient DNA studies that
have revealed the hazards of assuming that modern genetic data
can be used to draw accurate conclusions about past population
variability. For example, a mutation in the NAM-B1 gene, associated with increased grain size in wheat, was thought (on the
basis of ﬁxation in modern cultivars) to have been selected for
during the early phases of domestication (40). A genetic survey
of 19th century historical seeds, however, revealed that ﬁxation
of the modern, sweep allele occurred only recently during crop
improvement (41). A similar study of ancient maize concluded
that, although two genes (tb1 and pbf) had been ﬁxed for the
domestic variant by ca. 4,000 y ago, one gene (su1) still possessed
signiﬁcant variability as long ago as ca. 2,000 y ago (42). Similarly, a number of studies of ancient mtDNA have shown that
lineage replacement (often rapid and geographically widespread)
was common among both domestic (43, 44) and wild (45, 46)
populations.
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(35), all 38 ancient chickens sequenced in this study, and ﬁve archaeological Spanish chickens typed in a previous study (34),
possessed exclusively E-clade haplotypes (which represent 3 out of
the 14 major clades in ref. 35) (Tables S1 and S5). These results
ﬁrst demonstrate that chickens initially introduced to Europe
possessed a small fraction of the variability present in Southeast
Asia, where chickens were originally domesticated. Second, these
results demonstrate that all haplotypes belonging to other haplogroups therefore represent recent introductions. Interestingly,
because all but three ancient European chickens possessed a single haplotype (probably corresponding to the common E1 haplotype) (19) (Table S4), the presence of haplotypes E3 and E6 in
Medieval and post-Medieval contexts from the United Kingdom
may imply secondary introductions.
Finally, although the nuclear loci typed in this study show
a dramatic reduction in variability between ancient and modern
populations, the mitochondrial signatures reveal an initial uniformity followed by an increase in haplogroup diversity in
modern birds. These seemingly divergent genetic patterns reﬂect
different human goals over the last two centuries, including not
only intensive selection for traits associated with behavior, production (TSHR), and skin color (BCDO2), but also for phenotypic variability in fancy breeds achieved through the importation
of East Asian varieties (32).
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present in eighth to ﬁfth century B.C. Greek settlements on the
Mediterranean coast, the ﬁrst century B.C. chicken population
from Kassope could have arrived as part of a secondary introduction of chickens. During the Achaemenid (550–330 B.C.)
and Hellenistic (323–31 B.C.) periods, the Aegean region was
a commercial hub that drew trade from most of the Near and
Middle East, including the Indus Valley (36). Such trade networks could have been linked to the introduction of chicken
populations that had undergone a selective sweep at the TSHR
locus. Crucially, however, none of the Greek individuals possessed the introgressed Gray Junglefowl BCDO2 allele (Fig. 1),
suggesting these two loci were selected for and ﬁxed at different
times and places.

The processes of recent breed formation, coupled with strong
directed selection and admixture with exotic breeds, have rapidly
and radically shaped the gene pools of modern domestic plants
and animals, often distorting their deeper genetic history (47).
As a result, hypotheses regarding past population dynamics
drawn solely from modern datasets require veriﬁcation through
direct observation. This need is especially true where zooarcheological or historical records suggest recent origins for some
traits. As mentioned at the outset, conclusions drawn from the
genetic variability in modern samples suggest that small size (14,
15) and chondrodysplasia (16) in dogs, and pea-combs in chickens
(17), occurred early during domestication. However, small dogs
(<30-cm shoulder height) do not appear in the Eurasian archaeological record until after the ﬁrst millennium B.C. (30), the
earliest reported evidence for chondrodysplasia is found in
Egyptian tomb art dating to the late third millennium B.C. (48),
and the peacomb trait in chickens was still rare in mid-19th century English fowl (27).
These lines of evidence alone do not undermine claims for
much earlier appearances of these and other domesticationrelated traits, but they do suggest that modern genetic data should
be considered cautiously and within a broader context that
includes an appreciation for the potential of rapid and widespread demographic shifts. Future studies that investigate ancient genetic variability in loci known to underlie behavioral,
dietary, and phenotypic differences between wild and domestic
plants and animals will help to reveal the ﬁrst appearance and
timing of selection pressures. These data will lead to the establishment of a signiﬁcantly more robust geographic and temporal
interpretative framework to more fully understand the early
patterns and processes of domestication.

DNA extraction was performed in dedicated ancient DNA laboratories at
Durham University and Uppsala University following stringent laboratory
procedures according to commonly applied guidelines (49, 50). The work was
carried out by laboratory personal wearing protective laboratory coats and
overshoes, or coveralls and dedicated laboratory clogs, and double pairs of
gloves (with the outer pairs of gloves changed in between every step of the
preparation/extraction procedure). All equipment and work surfaces are
routinely cleaned before and after each use with a dilute solution of bleach
[5–10% (wt/vol) active sodium hypochlorite] followed by rinsing with ddH2O
and ethanol [70–99% (vol/vol)]. A strict one-way system for entering the
laboratories is in use to avoid carry-over of post-PCR contaminants.
DNA extractions were performed as previously described (44) (see SI
Materials and Methods for a detailed account of experimental procedures).
To authenticate the results, 12 chickens were independently replicated for
the CR and TSHR SNP at Uppsala University (Table S1). CR sequences were
ampliﬁed using previously published PCR primers GG144F-GG387R (33), and
PCR and sequencing primers for TSHR and BCDO2 were designed in PSQ
Assay Design (Qiagen) (Table S6). CR sequences were Sanger-sequenced in
both directions at the DNA sequencing facility at Durham University. TSHR
and BCDO2 PCR amplicons were genotyped on the Q24 (Qiagen) pyrosequencer in the Department of Archaeology at Durham University, United
Kingdom, or on a PSQ 96MA (Biotage) pyrosequencer at Uppsala University.
Full PCR cycling conditions and sequencing methods are presented in detail
in the SI Materials and Methods.
MtDNA CR sequence data were analyzed and assembled in Geneious v.5.4
(51) and manually edited in Se-Al (http://tree.bio.ed.ac.uk/software/seal).
Reference sequences were compiled from previous publications (19, 32) and
aligned with the unique sequences deposited into GenBank (KF753251KF753289).

Ancient chicken specimens were selected to represent three geographical
locations and two major time bins (ﬁrst, Late Iron Age, Late Hellenistic and
Roman contexts, dating to ∼280 B.C. to the ﬁfth century A.D., and second,
Medieval and post-Medieval contexts, dating to approximately the 10th to
18th century A.D.) (Table S1). The majority of chicken bones come from
closed contexts that have been dated either through stratigraphic (cultural)
association or direct radiocarbon dating (SI Materials and Methods).
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Rice (Oryza sativa) is one of the most important cereal grains in the world today and serves as a staple food source for more than half of the
world’s population. Research into when, where, and how rice was brought into cultivation and eventually domesticated, along with its
development into a staple food source, is thus essential. These questions have been a point of nearly continuous research in both archaeology
and genetics, and new information has continually come to light as theory, data acquisition, and analytical techniques have advanced over
time. Here, we review the broad history of our scientiﬁc understanding of the rice domestication process from both an archaeological and
genetic perspective and examine in detail the information that has come to light in both of these ﬁelds in the last 10 y. Current ﬁndings from
genetics and archaeology are consistent with the domestication of O. sativa japonica in the Yangtze River valley of southern China. Interestingly, although it appears rice was cultivated in the area by as early 8000 BP, the key domestication trait of nonshattering was not ﬁxed
for another 1,000 y or perhaps longer. Rice was also cultivated in India as early as 5000 BP, but the domesticated indica subspecies currently
appears to be a product of the introgression of favorable alleles from japonica. These ﬁndings are reshaping our understanding of rice
domestication and also have implications for understanding the complex evolutionary process of plant domestication.
Oryza ruﬁpogon

| Oryza nivara | domestication gene

widespread use of ﬂotation (7–9) in East and subsequent domestication are increasingly
Archaeological Evidence for Rice
Domestication and Development of Rice and South Asia has resulted in the retrieval seen as being considerably more separated
of rich macrobotanical remains of rice in time than once thought, as a horizon of
Agriculture
Given the broad importance of domesticated
rice as a food source, its origin and development from the wild species Oryza ruﬁpogon have driven much of the interest and
research in archaeology in East and South
Asia during the last century. An early focus
was the geographic origin of domesticated
rice. Several areas were proposed, including
India (1), South China (2), the Yangtze River
area in China (3), the so-called “belt region”
with its great diversity of Oryza species along
the southern slope of the Himalayas (4), and
coastal swamp habitats in Southeast Asia (5).
However, there were comparatively few serious studies on the chronology of rice domestication, which was presumed to have
occurred about 10,000 y ago, probably because previous research showed that the
origins of agriculture in the other parts
of world, such as western Asia, took place
∼10,000 y ago (6). During the last 10 y, research into rice origins and dispersal has
beneﬁtted, as has domestication research in
other regions of the world (papers in this
volume), from the generation of a considerable amount of new empirical data from
archaeological sites, itself driven by the
application of new methodological procedures that can better detect Oryza and follow its early history. For example, the recent

grains and husks from some important
sites (10–15). Phytolith analysis has also
proved useful for identifying microscopic
remains of plants to the genus level, including in very early (e.g., Pleistocene) deposits where grains and husks are not present. This advance has allowed identiﬁcation
of presumably domesticated, or at least cultivated, rice occurring beyond the areas of
wild Oryza distribution with enough accuracy to separate the two major subspecies of
Oryza sativa (indica and japonica) from each
other (16–18).
Many scholars now accept that the Yangtze River area in China is the place where rice
was originally domesticated as a consequence
of these newer ﬁndings (11, 19–23). However, as discussed elsewhere in this paper,
whether indica and japonica had single or
multiple origins is a question under active
research in the genetic and archaeological
arenas, and there is little consensus of opinion with regard to the available genetic evidence (24). The resolution of this question
depends to a large extent on archaeological
research, which has revealed separate cultivation origins for indica and japonica. Current arguments in archaeology are also
focused on fundamental questions of when
rice cultivation began in China and how long
the domestication process took. Cultivation
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what’s termed “predomestication cultivation” sometimes lasting thousands of years is
being increasingly documented in the Old
World (see Introduction in this volume),
and this also appears true for rice. Moreover,
recent studies suggest that there is no clear
boundary line between hunting-gathering
and agriculture and that the transformation between the two is not a revolutionary
change but rather a slow process of qualitative
and quantitative shifts that may have taken
thousands of years (6, 11). These questions, in
turn, are related to theories of agricultural
origins in China and around the world that
are currently of great interest in anthropology
and archaeology (25). Accordingly, we now
focus on new archaeobotanical data bearing
on these issues and the subsequent spread
of rice into Korean Peninsula, the Japanese
archipelago, and India.
Archaeobotanical Data from China. In

recent years, ﬂotation of archaeological sediments for recovery of macrobotanical remains
of plants has been carried out on more than
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Fig. 1. Locations of the sites with early rice remains in the Yangtze Rivers areas: (1) Yuchanyan; (2) Pengtoushan; (3)
Bashidang; (4) Jiahu; (5) Xianrendong/Diaotonghuan; (6) Shangshan; (7) Kuahuqiao; (8) Xiaohuangshan; (9) Hemudu/
Tianluoshan.

100 archaeological sites throughout China,
and numerous charred plant remains have
been retrieved for study (Fig. 1). They are
from a variety of crop species including
rice (10, 11). The earliest rice remains recovered in China have been reported from
three archaeological sites: Xianrendong and
Diaotonghuan in Jiangxi Province (26) and
Shangshan in Zhejiang Province (27). The
cultural remains of these sites are dated to
around 10,000 BP (all dates are in calibrated years), although it should be noted
that the cultural deposits in the Xianrendong cave site have a very long sequence;
the lower layer was recently dated to
about 20,000 BP (28). This information
suggests that a new date might also be
needed for the rice remains found in the
upper layers of this site.
Shangshan is an early Neolithic settlement
with house and pit features, and artifactual
remains that include pottery and stone tools.
The cultural assemblage recorded can be divided into two periods: the Shangshan culture dated to ∼11,000–9000 BP, and the
Kuahuqiao culture dated to 8000–7000 BP
(29). Although more than 400 soil samples
were ﬂoated, only 10 charred rice grains and
a few rice spikelet bases were recovered. Most
of these belong to the Kuahuqiao cultural
horizon. A few rice grains were recovered
from the Shangshan culture horizon. Rice
remains were also found by other methods.
For example, rice husks can be easily idenGross and Zhao

tiﬁed in the paste of pottery sherds, and they
were commonly found in sherds dating to
both of the two periods. Heaps of rice husks
were also found in burnt soil blocks from the
early period layers of the site. The combined
evidence indicates that Shangshan people
intensively exploited rice.
The Shangshan rice was believed to be in
an early stage of domestication, based on
grain size and morphological characteristics
(e.g., length-to-width ratios) (27). However,
others note that grain size and shape may
exhibit considerable variability in wild and
domesticated populations, some of which is
probably inﬂuenced by plant responses to
environmental factors and therefore may not
be a reliable indicator of early domestication
(30, 31). In light of the abundance of rice
husks in the pottery and other site contexts, it
seems that Shangshan people had a high
demand for rice, and the cultivation of rice
may have begun at that time (11). Further
work is required to unequivocally establish
rice cultivation; if it occurred, it could be
interpreted as being primarily an attempt to
improve the yield of wild rice.
In China, the time around 8,000 y ago
appears to have been critical for agricultural
origins, not only for rice in the Yangtze River
area, but also for millet agriculture in the
Yellow River system of northern China.
For example, several archaeological sites
exhibiting the characteristics of early rice
farming have all been dated to around 8000
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BP. They are Pengtoushan and Bashidang in
Hunan Province (32), Kuahiao and Xiaohuangshan in Zhejiang Province (33, 34), and
Jiahu in Henan Province (35).
Jiahu was a permanent village dated by
dozens of radiocarbon determinations to a
period between 9000 and 7800 BP. Flotation
work was carried out on a total of 125 soil
samples, and a large number of charred plant
remains were recovered, including several
hundred rice grains (36). Other plant remains
include soybean (Glycine sp.), water chestnut
(Trapa sp.), lotus roots (Nelumbo nucifera),
and acorn (Quecus sp.). Zhao’s research on
the Jiahu rice indicates that it may well
be domesticated, as its grain phenotypic
characteristics, including size and shape,
are much like modern domesticated rice. A
discussion has ensued about these characteristics (37, 38). For example, it has been
suggested that Jiahu rice might belong to
a wild rice species because the grains are
remarkably small (31). Alternatively, it has
also been argued that the Jiahu rice grains
are not small but characterized by a great
variation in size, based on measurements
of hundreds of rice grains recently recovered from Jiahu (38). Another factor that
should be considered in establishing the
status of the Jiahu rice is the abundance of
weedy grasses, which may represent weeds of
cultivation (e.g., Digitaria and Echinochloa
spp.). Furthermore, the location of the Jiahu
site is far from the natural distribution of
wild rice today. All of these factors indicate
that domesticated rice and rice agriculture
were established at the site 8,000 y ago.
It should also be noted that the rice remains at Jiahu were accompanied by a large
amount of wild food resources, such as lotus
and water chestnut, along with ﬁsh bones
and shells. Quantitative analysis of the plant
remains showed that rice was not the dominant plant in the remains (36). It appears that
rice did not play a dominant role in the
subsistence of the Jiahu people and that the
overall subsistence economy was a mixture of
plant cultivation, ﬁshing, and other wild resource procurement. This type of mixed
subsistence is a pattern coming to light in
other regions of the world where early agriculture was established.
The discovery of the Hemudu site in the
1970s resounded throughout the world. Because of the waterlogged condition of the site,
organic materials were well preserved (39). A
huge number of plant remains have been
recovered, among which the most noticeable
were rice. Some scholars accordingly suggested
that the Hemudu people might have had
a very mature agricultural economy based on
rice (40). However, little was known about the

phenotypic characteristics of the rice that could
reveal if they were morphologically still wild or
domesticated. Another unresolved problem
was whether the rice was indeed the main food
resource at Hemudu, especially considering
that a signiﬁcant number of other edible
wild plant remains were found during the
excavation.
The Tianluoshan site, discovered in 2004,
afforded a chance to answer these questions.
Its location is only 7 km from Hemudu, and
the cultural deposits of the two sites are almost identical (41). A systematic sampling
strategy was applied during the excavation
to recover plant remains, including water
screening and ﬂotation. More than 200 soil
samples have been processed thus far, and
a tremendous number of plant remains have
been found, including rice, water chestnut,
acorns, bottle-gourd, Euryale ferox, Ziziphus
jujube, Diospyros sp., and various weed seeds.
The most important study of the Tianluoshan data are a systemic analysis of the
rice spikelet bases carried out by Fuller et al.
(42). The results show that the Tianluoshan
rice consists of a high proportion of shattering, WT spikelets, which suggests that the
process of rice domestication was not yet
complete in the Hemudu period, i.e., sometime about 6500 BP. However, the quantitative analysis of the plant remains suggested
that rice was one of the most important food
resources at Tianluoshan and that the Tianluoshan people probably engaged in rice
farming activities. Nonetheless, rice farming
did not replace hunting-gathering as the
dominant economy of the Tianluoshan residents or even probably the Hemudu culture.
Wild resources such as acorns were still important foods at that time.
Liu et al. (38) published additional research
that analyzed the morphological characteristics of both grains and spikelet bases from
early occupations at Shangshan, Kuahuqiao,
and Hemudu. They also presented new measurements of rice grains recovered from
Jiahu. They argued based on all of the data
that the process of rice domestication began during the early Holocene at about
9000 BP with the “management of phenotypically wild plants.” Fuller et al. (37)
counter argued that the new metric data of
Liu et al. were still insufﬁcient to determine
the wild or domesticated status for rice
remains from the early sites. Analyses of
spikelet bases unearthed from the early
sites in the lower Yangtze River region,
such as Kuahuqiao, Luojiajiao (Majiabang
period), and Tianluoshan, show few signs
of domestication.
Loss of shattering is a key characteristic of
domesticated cereal crops that distinguishes
6192 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

them from their wild ancestors (31). Furthermore, domestication is a long and slow
process in which the proportion of shattering
forms should be high in the beginning and
then decrease gradually until nonshattering
types dominate populations. Before or during
this transition, wild or cultivated rice that
shattered at maturity may have been harvested at an immature stage to prevent resource loss. Therefore, the study and detection
of “immature rice” is a strong conceptual advance and will become a key for understanding
the process of rice domestication, as emphasized by Fuller. However, the accurate identiﬁcation of immature rice is still at issue (43).
Broadly speaking, the distinctive characteristics
of immaturity, shattering, and nonshattering
states based on spikelet bases has the potential
to be reliable, whereas characters relating to
grain morphometrics and their diagnostic
power for domestication need further study.
As can be seen, major questions relating to
when rice cultivation ensued and how it can
be identiﬁed, together with how domestication should be determined, currently surround issues of rice cultivation in China. On
the basis of current data, two signiﬁcant patterns in agricultural origins and development can be identiﬁed. First, as shown by the
percentages of nonshattering grains through
time, the ﬁxation of nonshattering grains
under cultivation was a slow process that occurred over a few thousand years. The comprehensive study of the early sites (e.g.,
Shangshan) suggests that a predomestication
cultivation horizon may have existed for
rice before domestication and that cultivation
probably began 9,000–8,000 y ago. Second,
the transition to rice agriculture from hunting and gathering was not a clear-cut revolutionary change but a slower evolutionary
process. During this long-term process, hunting and gathering gradually waned, whereas
rice agriculture slowly achieved a dominant
position and ﬁnally became the major subsistence practice. This slow process is a pattern
emerging in many other areas of the world.
Archaeobotanical Data from Korea, Japan,
and India. Korea. Oryza is not native to the

Korean peninsula; thus, rice research focuses on diffusion from China and possible routes by which the plant may have
spread. It was conventionally thought that
rice farming spread from China to the
Korean peninsula during the Early Mumun
period (3400-2800 BP). Some studies suggested that rice may have arrived in Korea
as early as the Chulmun period (7500-4000
BP) (13). Recent archaeobotanical studies
have clariﬁed this issue.

Macrobotanical evidence now indicates that
Chulmun subsistence, especially the MiddleLate Chulmun, was clearly based on an
agricultural economy. However, Chulmun
agriculture was a dry-land farming system
based not on rice, but apparently on millets, including both foxtail (Setaria italic)
and broomcorn millet (Panicum miliaceum),
legumes such as soybean (Glycine max),
adzuki bean (Vigna angularis), and other
crops (14). No Chulmun rice remains have
been found through macrobotanical analysis. Nevertheless, rice presence is indicated
by phytoliths found in pottery shards dating to the Chulmun period. Future work
will address further aspects of rice at this site.
Analysis of plant remains conﬁrmed that
rice agriculture was indeed a major part of
the subsistence economy of the Mumun period and also suggested that paddy rice
farming occurred. This fact suggests that rice
agriculture appeared in the Korean peninsula
as an already developed rice farming system (13, 14), indicating that rice agriculture
diffused into the Korean peninsula. The
route of spread is still under active research
and debate.
Japan. As with the Korean peninsula, wild
rice does not occur in Japan today and
probably never did. It is therefore generally
agreed that rice agriculture diffused to Japan,
and it is thought this occurred during the
Yayoi period, which began ∼2800 BP (44).
Very similar to the situation in the Korean
peninsula, early rice farming in Japan appears
to have involved paddy rice farming. Although a highly productive rice agriculture
probably began in the Yayoi period, it is increasingly likely that domesticated rice was
introduced into the Japanese archipelago
earlier, during the late Jomon period, some
time around 4000 BP. Rice seed impressions
on Jomon period pottery documented through
scanning electronic microscopic study (45)
appear to establish that domesticated rice
was introduced into Japan before the Yayoi
period, although it is not clear how large
a part of the subsistence base rice was at that
time. This rice appears to have been a part
of a dry-land agriculture system, as other
crops of dry-land farming have been found
in sites dating to the late and middle Jomon,
including various millets such as barnyard
millet (Echinochloa utiliz) and legumes (soybean and adzuki beans).
It is interesting to see the similarity between
the Korean peninsula and Japan regarding the
early development of agriculture. First, the
beginning of agriculture in these two areas
was characterized by a dry-land farming
system with the major crops being millets
and beans. Second, rice agriculture diffused
Gross and Zhao

Summary. A subject that is as important as

the origins and spread of domesticated Oryza
and that is increasingly informed by multiple
empirical databases from genetics and archaeology has naturally given rise to a number of controversies. Points of disagreement
include how and when cultivation began and
domesticated varieties emerged, how this can
be documented in rice’s major center of origin in China, and when archaeological rice
Gross and Zhao

remains can be associated with an economy
partly or fully dependent on rice as a staple
food. These issues have done much to inspire
and advance methodological aspects of rice
domestication research and make it ever
clearer that establishing accurate and feasible
criteria for distinguishing domesticated and
wild species is of prime importance in agricultural origins research.
Methodological techniques will continue
to evolve. For example, recent work by Zhao
and Gu (48) demonstrates that identiﬁcation
of spikelet bases has its limitations, despite
the fact that pertinent qualitative features
have a clear tendency of polarization between
wild and domesticated rice. Wild rice spikelet bases have a shallow and round abscission scar and a small distinct vascular pore,
whereas domesticated spikelet bases display
irregular-shaped and deeper scars. Although
this would seem to make them easy to distinguish, the irregular morphology of domesticated rice spikelet bases and their small
size can make microscopic measurements very
difﬁcult. Applying qualitative criteria alone
may introduce perceptual differences and
variability in how different scholars evaluate
the same features and make repeatability
and comparisons between sites difﬁcult.
Ongoing examinations of other traits such
as rice embryo characteristics (48) may
provide additional data on domestication
that will independently, or in combination
with other criteria, provide more precise
identiﬁcations of wild and domesticated
rice. Productive discussions of theoretical
issues are also dependent on such advances.
Genetic Evidence for Rice Domestication

Just as physical remains provide evidence of
the presence and transformation of wild rice
into domesticated rice in the archaeological
record, the genomes of wild and domesticated rice preserve a record of the evolutionary forces they have been subject to over
time. These records include information ranging from the possible geographical origin(s)
of extant domesticated rice as a whole to the
origin and assembly of individual alleles that
combine to create the domestication phenotype (e.g., loss of shattering, increase in
grain size and number, change in grain color
and plant growth stature). Combined with
complimentary information from archaeology and ethnobotany, this information can
be essential to understanding the process of
rice domestication. What has genetic information from wild and domesticated rice
yielded to date? Lately, the answer seems to
be that genetics has told us a constantly
changing story. Although this is not necessarily surprising, given the rapid advances in

genetic technology over the last 20 y, it has
had the effect of both expanding our understanding of the origin and evolution of
domesticated rice and stirring strong feelings about the history of one of the world’s
most important food crops.
The two major Oryza sativa subspecies are
differentiated by a number of morphological and physiological characters, along with
a substantial (although incomplete) sterility
barrier (49, 50). All genetic analyses have
conﬁrmed the distinctiveness of the subspecies and further conﬁrmed the existence
of recognized subgroups within these groups
(i.e., temperate and tropical japonica along
with aus) (51). The consistent genetic and
phenotypic distinctiveness has long been considered an indicator that indica and japonica might have distinct origins. However,
genetic distinctiveness alone is not enough
to establish independent origins. Multiple
origins of a single domesticated species is
most convincingly demonstrated when varieties or subspecies within the species show
genetic afﬁliations to existing wild populations with distinct geographic and genetic
provenance. What, then, prevents us from
quickly identifying the genetic and geographic source populations that gave rise to
domesticated rice, given its obvious socioeconomic importance and the extensive genetic resources for the Oryza system? After
all, the likely geographic origin of the extant
maize lineage was pinpointed more than 10 y
ago (52, 53), whereas arguments for and
against multiple origins of rice have appeared
in the literature on a nearly annual basis.
There are three main complicating factors
that have made the history of domesticated
rice difﬁcult to read based on the patterns in
its genome. These factors include (i) a paucity of genetic markers; (ii) a paucity of
samples from the wild relative of domesticated rice; and (iii) difﬁculty resolving the
relationship between gene genealogies for
domestication genes and gene genealogies for
neutral genes. Below, we will describe the
progress of rice domestication genetics with
these three factors in mind and discuss how
the ﬁeld might be advanced in the future.
Neutral Markers. Many authors have docu-

mented evidence consistent with independent origins of the japonica and indica subspecies based on molecular markers ranging
from allozymes to retrotransposons (54–57).
However, to a large extent, the recent exchange of papers identifying a single vs.
multiple origins of domesticated Asian rice
began in 2006, with the publication by
Londo et al. showing that phylogeographic
evidence was consistent with separate origins
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to these two areas at a relatively late time,
but with a paddy rice farming system. This
new farming system quickly replaced the
indigenous dry-land farming system. It can
be suggested this change was one of the reasons for the cultural transitions that took
place; i.e., from Mumun to Chulmunin the
Korean peninsula and Jomon to Yayoi in
Japan. Third, sporadic rice remains were
also found in the periods before the occurrence of paddy rice farming system in these
two areas. This early arriving rice presumably had little impact on the indigenous
dry-land farming system, but more evidence
is needed to study its signiﬁcance.
India. The prehistory of indica and japonica
in India presents one of the more interesting stories of domestication, long distance
spread, and subsequent interactions of cultivars within a single genus of plants. Both
O. ruﬁpogon and another close wild relative,
Oryza nivara, are native to India and well
distributed there today, and probably were
present since the Pleistocene (46). The
country has a number of long archaeological
sequences with good plant records including those in the Ganges River valley in the
north where rice, likely wild O. ruﬁpogon and
O. nivara, is documented by 9000 BP (46,
47). It is now recognized that the Indian
subcontinent was probably an independent
center of agricultural origins with important
regions in the Ganges plain and to the south
on the Deccan Plateau. Native plants that
were cultivated or domesticated before crops
were introduced from elsewhere include
mung bean and small-seeded grasses, among
others (47). The question of an origin of
indica rice in India has been under active
discussion, and recent research has done
much to clarify and resolve the issue. It now
appears that an independent origin of cultivation of ancestral indica or proto-indica rice
took place in the Ganges plains, but that
the plant was completely domesticated only
when domesticated japonica arrived from
China and hybridized with it about 4,000 y
ago (47). Indica consumption began early, by
8400 BP, and the plant was cultivated and
appears to have been a staple food by 5000
BP (47).

of indica and japonica (58). This paper
surveyed only three sequenced loci, but its
strength lay in the relatively broad sampling of both domesticated and wild Asian
rice (203 O. sativa and 129 O. ruﬁpogon),
with a strong effort to sample across the
range of the wild species. In particular, this
paper included many ﬁeld-collected samples of O. ruﬁpogon from China; these
samples were particularly important because
they include one of the potential geographic
origins of domesticated rice. The phylogenetic patterns detected in this paper suggested two likely origins of domesticated
rice, with indica originating in eastern India
and japonica originating in southern China.
The possibility that the O. sativa subspecies had unique origins was subsequently
bolstered by the analysis of Caicedo et al.
(59). Although this paper did not include
a phylogeographical component (it was focused on the effects of selection on the patterns of genetic variation in domesticated
rice), the large number of sequenced regions
(111 gene fragments) provided a strongly
supported phylogenetic tree indicating that
indica and japonica were not just genetically
distinct but also that each subspecies was
more closely related to a separate set of
O. ruﬁpogon than to the other subspecies. In
contrast to the Londo et al. analysis, however, this analysis included a relatively small
number of O. ruﬁpogon samples (21 total),
the majority of which were from China or
Nepal. Indeed, the phylogenetic tree presented in the paper would seem to indicate
that all subspecies of domesticated Asian rice
arose from wild populations similar to those
found in modern-day China. Overall, the lack
of samples from other countries makes it
impossible to draw conclusions about the
geographic origin of rice (and, indeed, the
paper’s authors do not try to). A complementary study published in the same year,
using 22 sequence-based markers, also showed
patterns consistent with independent origins
of the two subspecies (60). The level of sampling, however, was still too low (at 30 samples) to pinpoint a possible geographical
origin of either subspecies.
Shortly thereafter, an analysis using 60
microsatellites conducted by Gao and Innan
suggested “nonindependent” origins of the
two subspecies (61). The authors of this paper
took the interesting approach of evaluating
evidence for bottlenecks at corresponding
loci in the genomes of the two subspecies.
The logic was that the stochastic nature of
a domestication bottleneck would reduce
diversity at some neutral loci to a greater
extent than other loci, but that levels of
diversity at a given locus would not be
6194 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

correlated across subspecies if they were
domesticated independently (assuming an
absence of parallel selective pressures acting on these loci and limited gene ﬂow
between independent origins). The authors
found a signiﬁcant, positive correlation
when they compared the subspecies, consistent with a single origin or extensive
recent gene ﬂow. The samples used in this
study included 92 individuals, 35 of which
were O. ruﬁpogon, all sampled from within
China (61, 62). Whether this wild reference
population was the most appropriate comparison for indica varieties that may or may
not have been domesticated in that geographical area is not addressed in the paper.
Domestication Genes. This succession of

papers coincided with the ﬁrst set of domestication genes being cloned and characterized in Asian domesticated rice, both of
which controlled shattering (sh4, qSH1) (63,
64). Although the qSH1 domestication allele
was conﬁned to a subset of japonica varieties,
analyses of sh4 revealed that the mutations
associated with the nonshattering phenotype
had a single origin and that a single allele was
now distributed across japonica and indica
(despite the sterility barrier between them)
(65, 66). The single origin of a gene underlying this major domestication trait prompted researchers to consider possibilities of interactive domestication scenarios such as the
“snowballing model” and the “combination
model” proposed by Sang and Ge (65, 67).
These models attempt to reconcile the divergence at neutral loci with the similarity at
domestication loci through various scenarios
involving gene ﬂow, although multiple origins were still favored based on the deep divergence between the subspecies (57, 68).
Following the shattering genes, the Rc gene,
underlying a change in pericarp color from
red in wild rice to white in domesticated rice,
was cloned and its origin was characterized
in a diverse collection of more than 400 rice
cultivars (69, 70). Much like sh4, the rc allele
(causing white pericarps) was found to be
common across both indica and japonica.
The survey also clearly indicated that the
domestication allele originated in japonica
and spread to indica.
All three of the genes mentioned thus far
can be classiﬁed as domestication genes, in
that they either control a trait that is critical
to a domesticated condition (loss of shattering) or they are found in a large majority of
domesticated varieties (white pericarps). The
Waxy (Wx) gene, which was characterized at
the molecular level over a number of years
(71–74), is best described as an improvement or diversiﬁcation gene: it is selected in

response to cultural preferences in some areas
of the world but not uniformly favored. The
majority of indica varieties have the fully
functional Wxa allele, whereas japonica varieties generally carry the Wxb allele (resulting
in a stickier grain), or its derivative, the waxy
allele, which results in fully glutinous rice.
The waxy allele has spread out of japonica
and into some indica varieties when the
glutinous phenotype was favored (71). This
example conforms again to an emerging
pattern at this point in rice domestication
genetic research: domestication and improvement alleles are either restricted to the
japonica subspecies (e.g., qSH1, Wxb), or
they originated there and subsequently spread
to indica (e.g., rc, waxy) (75). Again, the
common origin of important domestication
genes might seem to indicate that O. sativa
was domesticated only once, but this scenario
was inconsistent with the deep genetic divergence between the subspecies based on
neutral loci. The combination model, suggesting that the domestication process
was initiated multiple times and that this
was followed by extensive introgression of
strongly selected domestication alleles, was
considered to be most consistent with the
data at this point (75).
These four loci represented an early view
into the future of rice domestication genetics
based on functional genes: following the
identiﬁcation of these domestication and improvement genes, new genes were identiﬁed at a rapid rate (76, 77). In general, when
surveys included a broad sampling of rice
varieties, the allele associated with a domesticated state showed one of three patterns: (i)
the allele was unique to japonica (78, 79), (ii)
the same allele was found in a subset of both
japonica and indica (80, 81), or (iii) the same
allele was found in the majority of japonica
and indica varieties (82, 83). These results
revealed the genetic complexity of rice domestication; alleles underlying domestication
phenotypes can have different origins and
different distributions depending on their
desirability and dispersal across the range of
domesticated rice. However, in every case
where the survey included an evolutionary
component, the origin of the domestication
allele was found to be the japonica subspecies
(80, 81). As a result, the phylogenies generated from domestication genes showed
japonica and indica as a monophyletic group
(69, 84), consistent with a single origin for
allele controlling a domestication trait. In
contrast, neutral loci generally recovered a
polyphyletic relationship (51, 59), and analyses that included O. ruﬁpogon showed that
japonica and indica were more closely related
to different populations of the wild species
Gross and Zhao

Genomic Patterns. These common patterns

for domestication genes vs. neutral loci were
challenged in a publication by Molina et al.
(86), where 630 gene fragments were sequenced in 20 O. ruﬁpogon, 20 indica, and 16
japonica sampled from throughout the native
range of wild and domesticated rice. When
methods of demographic inference (using
∂a∂i) were applied to this dataset (87), the
results indicated that a single origin for domesticated rice was signiﬁcantly more likely
than multiple origins. The authors found that
a single origin was more likely even when
they excluded regions that showed evidence
of selective sweeps; i.e., gene fragments that
looked the most like domestication genes
were not inﬂuencing the analysis. The paper
also included a reanalysis of previously published sequence data using pBEAST (88), a
Bayesian approach that generates a species
tree based on heterogeneous gene trees: this
removes the need for concatenation and
potentially provides a more accurate phylogeny. Although the smaller datasets indicated a lack of monophyly, larger datasets
(>5,000 bp, ﬁve or more loci) were strongly
supportive of a single origin for domesticated
rice. Overall, the paper is consistent with
a single origin of O. sativa in the Yangtze
Valley of China, and this corresponds to the
majority opinion based on archaeological
research. Although it has been pointed out
that the modeling component of the analysis
was inﬂuenced by the assumption of no
structure in O. ruﬁpogon (89), a situation
that appears to be unlikely based on subsequent studies (90, 91), this paper opened
many questions about genetic research into
the origins of domesticated rice (were previous phylogenetic analyses wholly inaccurate? how should the contrasting results
from the same starting data be interpreted?).
In addition, the study served as a harbinger
of a return to a focus on data from neutral
loci in addition to domestication genes.
At nearly the same time, an analysis using
an almost identical sampling strategy (22
samples each from O. ruﬁpogon, indica,
and japonica from throughout the native
range of wild rice) applied whole-genome
resequencing to evaluate the evolutionary
history of domesticated rice (92). In contrast
Gross and Zhao

to the methods of Molina et al. (86), He et al.
(92) used a coalescent-based approach that
showed strong support for separate origins of japonica and indica based on the
majority of the genome, but also found that
regions of low diversity (possibly indicative
of a selective sweep) displayed a pattern
that was most consistent with a single origin. Overall, the data were consistent with
unique origins of japonica and indica accompanied by extensive gene ﬂow between
the subspecies at domestication loci. Clearly,
given the similarities of these two studies, it
would be optimal to see each analysis (∂a∂i vs.
coalescent modeling) applied to each dataset.
As it currently stands, it is difﬁcult to say
whether the different results are due to the
differences in the type of data (gene fragments
vs. whole genomes), the analytical methods,
or the identity of the samples chosen in each
case. The unique ﬁndings of Molina et al. have
not yet been recovered in other studies, despite their potential importance for our
understanding of rice domestication.
The large genetic datasets but relatively
small sample sizes in these studies were
countered in a study focusing ﬁrmly on the
neutral genetic variation in O. ruﬁpogon (90).
The study used 42 gene fragments and 180
accessions (108 of which were O. ruﬁpogon);
this represented the largest combined genetic/sample size at the time (93). Analysis
indicated that O. ruﬁpogon showed strong
population structure and fell into two groups;
this corresponds well to previous studies.
However, in a surprising ﬁnding with no
precedent in the literature, the results also
showed that indica was most closely related
to wild rice from southern China, a location

that is usually associated with the origin
of japonica rice. Even more surprisingly,
japonica samples showed no close afﬁnity
to either of the O. ruﬁpogon groups. These
results open many questions about the origin of domesticated Asian rice and its relationship with its closest wild relative. The
results have yet to be replicated, but indicate that a greater emphasis on sampling
O. ruﬁpogon may reveal unexpected patterns.
The use of resequenced rice genomes as
a tool to understand the evolutionary origins
of domesticated Oryza has expanded most
recently with the publication and analysis of
446 resequenced O. ruﬁpogon genomes and
1,083 japonica and indica genomes (91). This
analysis provides one of the most extensive
datasets exploring the genetic structure of
O. ruﬁpogon, which is critical for understanding the evolution of domesticated rice.
The analyses based on genomewide variation indicated a close relationship between
japonica and O. ruﬁpogon from far southern
China (in the Pearl River valley rather than
the Yangtze River valley), and a similarly close
relationship between indica and O. ruﬁpogon
from eastern India. When phylogenetic analyses were conducted based on variation at
55 regions that showed evidence of selective
sweeps under domestication, both indica and
japonica were most closely related to populations in the Pearl River valley. The authors
therefore suggest a single origin of domesticated rice in far southern China, followed by
dispersal to Southeast Asia and hybridization
with local O. ruﬁpogon. This study corresponds well to archaeological evidence relating to the origin of indica, but differs in that
archaeological research has not indicated the

Fig. 2. Possible scenarios for the origin of japonica and indica from a genetically diverse O. ruﬁpogon population,
with genetic differentiation represented by different colors. Possible timing for the movement of domestication alleles
from japonica into indica via hybridization is shown with dashed lines. Colors in the ﬁnal domesticated indica circle
represent the contributions from the original O. ruﬁpogon populations (blue) and introgression from japonica (red).
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than to each other, consistent with multiple
origins. It should be noted that the discordance in phylogenetic trees is expected under
a scenario of introgression at loci controlling
domestication traits (76) and illustrates the
difference between gene trees and species trees
(85), but the question of how to interpret the
origins of indica and japonica in light of these
conﬂicts was still an open one.

Pearl River as a location for the domestication
of japonica. One item to note about this paper
is that, although the dataset is very impressive,
the authors did not take advantage of powerful coalescent or other model-based techniques that could yield more precise of the
population history of the domesticated and
wild species (e.g., population size and timing
of domestication).
Summary. Considering these recent studies,
especially in light of the factors that might
complicate our understanding of rice domestication, we can see real progress in some
areas. As is the case for many other biological
systems, the number of genetic makers in
a given study has increased by orders of
magnitude, so that limited sampling of genetic variation is no longer a concern. Sample
size and diversity has not increased as steadily;
indeed, there has been a trend toward decreasing sample sizes with an increasing
number of molecular markers. Although
necessary in some circumstances, this trend
can hopefully be avoided in future studies of
rice domestication, because sampling sparsely
from a large geographical range is bound to
introduce error in the form of missing populations and diversity. Finally, the integration
of patterns seen at domestication genes and
neutral loci is still being resolved. Although
the possibility of introgression between indica
and japonica is clearly well accepted, along
with the genealogical discordance this can
cause across different loci, it is still unclear
how to relate this directly to the origin of
indica and japonica (Fig. 2). In particular,
should we conclude that there were two origins of domesticated rice and that phylogenetic incongruity is caused by introgression
of domestication genes (92)? Or should we
conclude that there was a single origin, with
indica being brought to a domesticated state
through a series of hybridization events between japonica and O. ruﬁpogon populations
(91)? The former scenario would suggest
that some domestication alleles might have
arisen in indica, but that these alleles were replaced by more desirable alleles from japonica.
The later scenario would suggest that all domestication alleles arose exclusively in japonica. Which scenario is more likely currently
remains unresolved, but the answer seems
much closer now than it has in the past.
Conclusions

Domestication is not a single event, but
a continuum, within which there are different
degrees of codependence between humans
and plants (94). Rice has moved far along the
continuum (becoming a major food source
for humans) and has been extensively modiﬁed
6196 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

in this process, so that it now differs from its
closest wild relative for a suite of traits that
encompass life history, breeding system, morphology, and physiology. Given the exciting
accumulation of new information from both
archaeology and genetics about when and
where Oryza sativa started along this continuum and how domestication traits eventually arose across the range of the species,
how can the two ﬁelds better inform each
other to answer key questions about the origin of indica and japonica?
Both ﬁelds offer unique approaches to
identifying the geographical origin of rice
domestication, and the bulk of studies indicate that japonica originated in the Yangtze
River valley, whereas indica originated in the
Ganges plains (although there are counter
examples with interesting alternatives). Archaeological research indicates that appearance of one of the most iconic domestication traits (loss of shattering) was later than
originally thought and that it was potentially
not complete even by 6500 BP, although
other traits (more difﬁcult to detect from
physical remains) may well have followed a
different trajectory. Genetic approaches have
shown that domestication traits are controlled by the same alleles in japonica and
indica and that these alleles often originated
in japonica, but that the subspecies are divergent at neutral loci. These ﬁndings from
archaeology and genetics have been combined to suggest the independent origins of
rice cultivation in China and India, followed
by the introgression of domestication traits
from japonica into proto-indica cultivated

plants to result in the establishment of the
domesticated indica subspecies (47). This
scenario, a type of “domestication by hybridization” for which there is increasing evidence from other plant and animal domesticates (95), is consistent with both the deep
divergence between the subspecies at neutral
loci and allele sharing at loci controlling key
domestication genes.
One question about the domestication
process with strong synergistic potential for
the two ﬁelds deals with the process of domestication and the preferential spread of
some domestication alleles over to others.
For example, while the most common allele
resulting in white rice grains (rc) originated
in japonica and spread to indica, there are
independent mutations resulting in an identical phenotype found in both the aus subspecies of O. sativa (closely related to indica)
and the African domesticate O. glaberrima
(69, 96). This pattern may indicate the incipient development of domestication traits
in some populations, with further spread or
development stopped by the arrival of a variety with more favorable characteristics. Although genetic surveys of extant lineages can
provide some indication of the frequency of
this type of phenomenon, archaeological evidence of the presence of domestication traits
(e.g., shattering and grain shape) are required
to complete our understanding of the history
of rice domestication.
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