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Introduction

Beginning with dogs over 15,000 years ago, the domestication of plant and animals has played a
key role in the development of modern societies. The importance of domestication for archeology,
biology, and humanities, means that it has been studied extensively. Over the past decades, new
conceptual models of animal domestication have emerged from the archeological literature that are
trying to break away from anthropocentric view of domestication. These models describe
domestication as a gradual process, but also question the ubiquity of human intent during the early
stages of the process (Ervynck et al. 2001, Vigne 2011, Zeder 2011). Under this view,
domestication is thought as continuous the process by which a species alter, voluntarily or
involuntarily, the phenotype of an other and assumes a significant degree of influence over its care
and reproduction (Zeder 2015). These models stand in stark contrast with the traditional views that
involve intent and strong directed breeding from humans (Bokdnyi 1989, Clutton-Brock 1992,
Larson and Fuller 2014).

This view of domestication also refrains from generalising a process that might be highly species
specific (Vigne 2011). This is done by broadly defining three pathways to domestication:
commensal, prey and directed pathway, each with different varying degree of intent (Zeder 1982).
Under the commensal pathway, for example, domestication is most diffuse and involve little intent
while under the directed domestication is fully intentional with human directed breeding starting
during early phases of domestication. In the latter model, humans apply a strong dichotomy
between what is considered wild and domestic.

The striking morphological and behavioral changes associated with the process of domestication
also makes it an excellent model to study evolution. Understanding the broad mechanisms that
allow for fast evolution in domestic taxa is a central question in evolutionary biology. In contrast
with species specific pathways to domestication advocated by some archeologists, biologists,
however, are often more interested in drawing conclusions that are globally applicable to the
process than species specific. For example, multiple studies have focused on understanding
common biological features (e.g. developmental processes) underlying a general “domestication
syndrome” in both plants (Sakuma et al. 2011, Allaby 2014) and animals (Wilkins et al. 2014,
Sanchez-Villagra et al. 2016). This is an interesting contrast between an “archeological” and a
“pbiological” views of domestication.

Genetics have been instrumental in studying biological aspects of domestication. For simplicity,
however, genetic studies generally model domestication as a process involving strong bottlenecks
(also called founder events), reproductive isolation between wild and domestic and strong artificial
selection. These models provide a great framework for geneticists to address questions such as
geographic origin, strength of selection and demography of domestication (Frantz et al. 2015). This
view of domestication, however, implies strong control of the breeding of domestic species as well
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as strong artificial selection that also stand in contrast with the archaeological view of
domestication as a more fluid process.

Armed with new DNA sequencing technologies, geneticists are now able to sequence and analyse
large scale genetic information from both modern and archeological samples. These genomes
provide an ever greater resolution to address fundamental questions about domestication, and in
particular to test the veracity of recent theories. Here we first discuss how genetics can provide key
information to test various models of domestication and then review the degree to which genetic
evidence supports these models.

Models of domestication and their expectations

Conceptual models of domestication based on the idea of intent involve a combination of key
characteristics 1) a founder effect (also called a bottleneck see Figure 1a) as only a few individuals
are domesticated (Eyre-Walker et al. 1998, Doebley et al. 2006, Larson and Burger 2013) 2)
strong artificial selection for traits that define domestic species (e.g. behaviour; Figure 1a) (Trut
1999, Trut et al. 2009) 3) reproductive isolation enforced between wild and domestic population to
facilitate trait differentiation (e.g. keep animal tame; Figure 1c) (Marshall et al. 2014) 4) simpler
genetic architecture of traits (Andersson 2013). While these characteristics provide a great
framework for geneticists to study domestication, as key events (e.g. geographical origin and
timeframe of domestication) they do occasionally contradict the expectations associated with the
more diffuse models of domestication proffered by archeologists (Vigne 2011, Zeder 2011,
Marshall et al. 2014).

The first and maybe most obvious difference between these models of domestication is the
expected strength of bottlenecks. Figure 1a is a schematic of a model in which a wild population
undergoes a “domestication” bottleneck as a result of a human-directed domestication. In this
example, the wild population prior to domestication has two alleles (blue and red). After
domestication, however, only the black remains, as the result of a founder effect (since the
founding population possessed only the black allele). While drastic, this example highlights one
major expectation of a directed model with human intent: a severe bottleneck resulting in a
significant loss of genetic diversity. Bottlenecks can, as we will see later in this chapter, also result
from directed breeding (for example during the formation of a specific breed) as highlighted in
Figure 1b. In a more diffuse model, however, in which domestication proceeds unintentionally, the
expectation is that a domestication bottleneck will be less severe (or even absent). This is because
the process will happen somehow more “naturally” and thus more individuals will be involved in the
founding of the domestic population and will have more chance to capture an equal number of
black and white alleles.

Conscious selection by humans for specific traits is also expected to reduce genetic diversity. In
our example in Figure 1a, the white allele could be represented by aggressive individuals. Strong
“artificial” selection would be applied against these individual in a domestic population. On the
other hand, if domestication proceeds unintentionally, selection is not expected to be as strong
simply because individuals that are, for example, aggressive (or simply less tame) will not be
directly selected against. The expectations of a directed model of domestication, as opposed to a
more diffuse model with no intent, are rather similar to the one of severe/mild bottlenecks:
differential level of genetic diversity (Figure 1a&b).



Another expectation of directed models of domestication is the maintenance of reproductive
isolation (prevent breeding between wild and domestic population). As we show in Figure 1c,
gene-flow (exchange of genetic material) between wild and domestic populations can increase
genetic diversity. If conscious selection is applied on a domestic population people might have
imposed strict reproductive isolation from wild populations. Preventing gene-flow from wild animals
would provide a framework for faster selection of domestic traits (Frantz et al. 2015). On the other
hand, without conscious selection, domestication proceeds similarly to parapatric speciation
models which can (and often do) involve gene flow (Vigne 2011, Larson and Fuller 2014, Frantz et
al. 2015). By taking advantage of modern DNA sequencing, geneticists are now able to generate
the necessary data, including genomes from modern and archeological samples, to test these key
expectations underlying intentional models of domestication.

Domestication, genetic diversity, bottlenecks and breed formation

Genetic studies of domestication often assume a domestication bottleneck in both plants (Zhu et
al. 2007, Xu et al. 2011) and animals such as dogs (Freedman and Wayne 2017)(Frantz et al.
2016) (Lindblad-Toh et al. 2005), cattle (Bollongino et al. 2012) (Scheu et al. 2015) (Beja-Pereira
et al. 2006)(MacLeod et al. 2013), goats (Gerbault et al. 2012), and rabbits (Carneiro et al. 2014).
The idea of a domestication bottleneck is so embedded in the genetic literature that it is often
taken as prior knowledge (Bollongino et al. 2012); (Scheu et al. 2015); (Gerbault et al. 2012). For
at least some species, genetic data has supported the idea of a lower genetic diversity in domestic
populations especially dogs (Marsden et al. 2016), cattle (Bollongino et al. 2012, MacLeod et al.
2013) and rabbits (Carneiro et al. 2014). Dogs are the most drastic example, especially as breed
dogs are significantly more inbred than wolves (Frantz et al. 2016); (Marsden et al. 2016).

Interestingly, in dogs, most of genetic diversity is thought to have been lost during severe
bottlenecks linked to breed formation (Wang et al. 2013, 2014) and therefore may not reflect
processes that took place during domestication itself. Domestication may have induced a reduction
of genetic variation of less than 20% (Wang et al. 2014). Recent breeding efforts in purebred dogs
have thus resulted in more severe bottlenecks than domestication itself, as indicated by the higher
level of genetic diversity observed in free living dogs (village dogs (Marsden et al. 2016). This
more recent and drastic bottleneck, however, does not explain all differences between wolf and
dogs, suggesting that a milder bottleneck took place during domestication (Marsden et al. 2016).
The exact timing of this earlier bottleneck and therefore its association with domestication has yet
to be tested with ancient DNA (see below).

While reduced genetic diversity is a clear pattern common to multiple domestic species it is not
generally applicable to all domestic animals. Indeed, recent studies of pigs (Bosse et al. 2014,
Frantz et al. 2015) bees (Wallberg et al. 2014), chickens (Rubin et al. 2010) and yaks (Qiu et al.
2015) found no reduction of genetic diversity in domestic populations, suggesting that no
domestication bottlenecks has taken place in these species. Pigs and chickens, are thought to
have been domesticated via a commensal pathway (Zeder 2011, Larson and Fuller 2014). Under
this pathway, early stages of domestication are thought to be fully unintentional. The lack of a
bottleneck in these species might reflect the specificity of this pathway. Multiple factors, however,
complicate the interpretation the genetic diversity level in pigs, chickens and bees, especially their
propensity to interbreed with wild stock (Eriksson et al. 2008, Wallberg et al. 2014, Frantz et al.
2015). Outbreeding with wild populations could indeed inflate genetic diversity as pictured in Figure
1c.
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Another factor that complicates interpretation of these findings is the genetic diversity in wild
populations. Indeed, most analyses inferring bottlenecks often rely on comparing genetic diversity
with wild counterparts. This, however, can be problematic if wild populations have themselves
undergone recent bottlenecks, or, in more dramatic cases have gone extinct as it is the case for
aurochs. This is an issue for many species such as wolves (Freedman et al. 2014, Fan et al.
2015), wild boars (Bosse et al. 2012, Frantz et al. 2015) or wild horses (Jonsson et al. 2014,
Schubert et al. 2014). Understanding the dynamics in wild populations is therefore key to
characterize the severity of bottlenecks during domestication.

Reproductive isolation

Archeologists have suggested that interbreeding between wild and domestic forms may be an
important feature of most domestication processes (Marshall et al. 2014). The consequences of
interbreeding are numerous. Firstly, as mentioned above (and as shown in Figure 1c) gene flow
can increase the level of genetic diversity in a population. Indeed, if gene flow from a wild
population into a domestic population takes place after a (domestication) bottleneck, genetic
diversity will be restored to some degree (depending on the number of wild individuals that
contribute to the domestic population). Gene flow from wild stock can also affect the phenotypic
evolution of a domestic species. This is because gene-flow can have homogenising effect - in
other words, gene flow could prevent the domestic population from sustaining divergent
phenotypes. By reducing gene flow it is therefore possible to accelerate the process of phenotypic
differentiation (e.g. behavioural) between wild and domestic. Similarly, the establishment of barrier
to gene flow is thought to be an important process during speciation, especially when
differentiated, yet closely related species/subspecies occur in parapatric conditions (Feder et al.
2012).

The processes that reduce gene flow between differentiated populations also enforce reproductive
isolation. The characteristics and types of reproductive isolation have been studied extensively in
wild populations (Seehausen et al. 2014). Reproductive isolation can be classified roughly into
three categories: extrinsic postzygotic / prezygotic and intrinsic (Seehausen et al. 2014). Two
species are intrinsically isolated if they cannot reproduce due to intrinsic biological specificity or
genetic incompatibility (e.g. difference in ploidy). On the other hand, two species might be partially
isolated due to, for example, behavioural differences (extrinsic prezygotic isolation) or due the low
fertility of their offspring (extrinsic postzygotic isolation). In general, while in many cases
permeable, these barriers to gene flow are a key aspect of speciation as they are necessary for
two species to maintain their different phenotype.

Just as in speciation, the maintenance of reproductive isolation is key for domestication (Price
2002). This is particularly true under a model in which domestication is intentional (Marshall et al.
2014). Under this scenario, reproductive isolation in domestic animals can be imposed by humans
(in domestic populations, though this is not always the case) and by natural selection (in wild
populations). These barriers to gene flow can be seen as an extrinsic prezygotic (domestic) and
postzygotic (wild) and will assist in the maintenance of domestic traits. In domestic populations,
humans can act as an extrinsic prezygotic isolation mechanism by preventing mating with wild
individuals. In wild populations, however, mating is not necessarily prevented, but the fithess of a
cross between wild and domestic offspring might be lower (due to relaxed selection in domestic
population). This can be seen as postzygotic isolation.



Maintaining reproductive isolation between wild and domestic populations, however, varies
dramatically among species. Many plant species have and continue to interbreed with their wild
relative, including banana and plantain (Andersson and de Vicente 2010), barley (Baum et al.
1992), cassava (Duputié et al. 2007), maize (da Fonseca et al. 2015), pearl millet (Miura and
Terauchi 2005), potato (Scurrah et al. 2008), sorgho (see Garine this volume) and apples (Cornille
et al. 2012). Levels of outcrossing are, however, highly variable among species (Andersson and de
Vicente 2010). Many species have also formed partial intrinsic reproductive barrier with their wild
progenitor, often as a result of changes in level of ploidy such as in cotton and sweet potato
(Andersson and de Vicente 2010). A recent review, however, suggested that only 38% of all
cultivated plants are partially or fully reproductively isolated from their wild ancestor (Dempewolf et
al. 2012). Outcrossing between wild and domestic also seem common in domestic animals,
including cattle (Park et al. 2015), pigs (Frantz et al. 2015), dromedary camels (Almathen et al.
2016), cats (Ottoni et al. 2017) and horses (Lippold et al. 2011).

Armed with whole genome sequences, geneticists are now able to evaluate the degree of gene
flow between wild and domestic populations in greater detail. Taken together, these studies have
demonstrated how the rate of genetic exchange varies among species. In pigs and dogs, for
example, levels of genetic exchange are dramatically different. Besides widespread gene-flow from
dogs into wolves populations (see Lescureux in this volume; (Fan et al. 2015)) and a few examples
of deliberate crossing between wolf and dogs (e.g. Sarloos breed; (Morris 2008)), global dog
populations form a genetically homogeneous cluster with little evidence for outbreeding with
wolves (Freedman et al. 2014, Fan et al. 2015, Frantz et al. 2016, Wang et al. 2016). The lack of
outbreeding with wolves is not solely a recent phenomenon as demonstrated by ancient DNA
studies demonstrating that Neolithic dogs from Europe (>5,000 years old) also show little evidence
of interbreeding with wild canids (Thalmann et al. 2013, Frantz et al. 2016, Botigué et al. 2017).
Pigs, on the other hand, show a drastically different pattern with high level of outcrossing between
wild and domestic populations (Frantz et al. 2015). While it is clear that outcrossing has taken
place within the last few hundred years (since formation of some breeds), this phenomenon is
likely to have taken place for thousands of years as suggested by ancient DNA analysis (Larson et
al. 2007). Interestingly, the direction of interbreeding between wild and domestic forms seem to be
reversed in pigs and canids. In canids, interbreeding takes place most often from domestic dogs
into wolves populations (see Lescureux in this volume) and from wild boars into domestic pigs
(Frantz et al. 2015).

The ubiquity of outcrossing raises the question of how the highly derived phenotypic characteristics
associated with domestication are maintained in the face of gene flow. One possibility is that
recurrent strong artificial selection for domestic traits (e.g. behaviour) reduced the effects of gene
flow which would otherwise prevent the domestic traits from increasing in frequency (Larson and
Fuller 2014, MacHugh et al. 2017). Speciation theory suggests that this should leave footprints of
selection in region of the genome that control for the phenotypic differences between two species
(Turner et al. 2005). These regions have coined “Islands of speciation”. In pigs, while the
domestic/wild status of an individual is virtually impossible to determine within most of the genome,
some regions show a clear pattern of genetic homogeneity among domestic pigs (Frantz et al.
2015). One of these regions, for example, is linked to the higher number of vertebrae found in
domestic pigs. This provides an interesting similarity between the process of domestication and
speciation, suggesting the potential existence of “Islands of domestication” in the genomes of
domestic species (Frantz et al. 2015).



It is thus clear that outcrossing must have pervasive effects on phenotypes that differentiate
domestic and wild populations (e.g. behaviour). It is interesting to note that such mechanisms may
be responsible for the limited amount of gene-flow from wolf to dogs suggested above. Gene flow,
however, may also be beneficial in some cases, for example for traits that are highly variable
among breeds (e.g. coat colour). As such, gene-flow may provide novel genetic variation in
domestic populations and enhance the potential for breeders to diversify traits. In addition, gene
flow from wild populations may also provide the means for domestic populations to adapt to novel
environments, such as in high altitude dogs (Miao et al. 2017, vonHoldt et al. 2017) or by
augmenting immune capability (Vila et al. 2005) or by providing novel coat colours (Fang et al.
2009, Linderholm et al. 2016).

While our understanding of outcrossing between wild and domestic populations is still rudimentary,
its clear association with domestication suggests some interesting parallels with the process of
speciation. As for speciation, gene-flow between domestic and wild population appears to be
variable among species, suggesting that domestication is highly species specific. Gene flow is also
suggestive that the modern dichotomy between wild and domestic populations may be something
relatively recent suggesting that intent might not be an important feature of domestication (Larson
and Fuller 2014).

Artificial and relaxed selection

As for bottlenecks and reproductive isolation, strong and deliberate artificial selection is also often
associated with intentional domestication as a means to select for traits that differentiate domestic
populations from their wild progenitors. Strong artificial selection can affect overall genetic diversity
during bottlenecks (Figure 1a) and leaves specific footprints in the genome (localised reduction of
genetic diversity, also know as a selective sweep). These can be detected and used to identify
genes under selection (Vitti et al. 2013). The application of these methods, combined with recent
sequencing technologies, have revealed many regions under selection in the genome of domestic
plants including rice, tomato and maize (Lai et al. 2010, Xu et al. 2011, Lin et al. 2014) and animals
including chickens, rabbits, dogs, and horses (Rubin et al. 2010, 2012, Axelsson et al. 2013,
Carneiro et al. 2014, Frantz et al. 2015, Librado et al. 2017). Genetic mapping (also known as
linkage mapping) has also been employed to characterise the genetic architecture of traits that
differentiate within domestic populations (Schoenebeck et al. 2012, Andersson 2013)). Although
less common, this method has also been applied to compare wild and domestic populations
(Andersson-Eklund et al. 1998).

Scans for the footprints of selection are often conducted by comparing genomes derived from
modern populations (Girdland Flink et al. 2014). While selection can often be reasonably well
identified, these methods do not possess little power to infer the time at which selection occurred
(Peter et al. 2012). This is problematic because comparing modern genomes does not provide the
means to disentangle selection that happened recently (e.g. breed improvement) from selection
that took place during the early phases of domestication (Larson and Fuller 2014), especially given
that selection during early phases are not necessarily expected to lead to strong morphological
differentiation (Zohary et al. 1998, Vigne 2008).

The recent generation of ancient DNA (aDNA) sequences is starting to provide clues regarding the
importance of artificial selection in the past, including the type of traits that were and were not
selected early on. In chickens, for example, two recent aDNA studies (Girdland Flink et al. 2014,
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Loog et al. 2017) demonstrated that the selection for an allele involved in seasonal reproduction
that differentiate modern chickens and Red Jungle fowls (Rubin et al. 2010), only began driving the
allele to fixation about 1,000 years ago. Similarly, alleles linked to better starch digestion in dogs, a
phenotype that strongly differentiate them from wolves (Axelsson et al. 2013) only arouse >7,000
years after they were domesticated (Ollivier et al. 2016).

Artificial selection is not the only type of selection expected during domestication. By moving plants
and animals from natural to different environments (e.g. introduction of wild boars to Cyprus),
especially to anthropogenic niches (Zeder 2016), humans may have relaxed natural selection
constraints on domestic species. Relaxed selection is an interesting proxy to study domestication
from a genetic perspective due to some relatively well understood and expected outcomes
(MacHugh et al. 2017). Relaxation of selective constraints predicts that more deleterious mutations
(mutations that have a negative impact on an individual) would segregate within domestic than wild
populations. These deleterious mutations are also expected to be more common in populations
that have undergone recent bottlenecks. Studying relaxed selection therefore provides an ideal
proxy to test the importance that human directly played during early stages of domestication
because deleterious alleles would be expected to increase gradually as animals or plants are
moved from natural to anthropogenic ecosystems and/or because of bottlenecks.

Studies of horses and dogs have shown that these species carry more deleterious mutations as
expected under the relaxed selection hypothesis (Marsden et al. 2016, Librado et al. 2017). This,
however, does not generally apply to all domesticated species (Moray et al. 2014). In addition,
issues such already low level of deleterious mutations in wild progenitors (e.g. Przewalski’s
horses) can also complicate inference of relaxed selection. Nevertheless, a recent study of ancient
horse genomes demonstrated clear patterns that can be associated with relaxed selection by
showing that modern horses have accumulated more deleterious mutations in their genome than
early domestic populations (Librado et al. 2017).

Relaxed selection, as measured via deleterious load can also be difficult to disentangle from other
mechanisms. For example, the frequency of deleterious mutations can increase together with other
other alleles that are under positive selection (increasing in frequency) - a process called genetic
hitchhiking. Lastly, populations that are not at an equilibrium (e.g. that underwent recent expansion
or bottleneck) will have skewed frequency of neutral variants (Brandvain and Wright 2016) which
can affect methods that compare the frequency of neutral and deleterious variation in a population.
Future research is needed to investigate how to over these challenges.

The rise of ancient genomes

Using modern genetic data alone, domestication can appear to be an abrupt process during which
a species has been drastically altered relative to its wild progenitor. Modern data, however, only
provides a snapshot of what archaeologists showed to be a long and continuous process. In many
cases, modern genomes can only inform us about the recent past (e.g. selection scan and genes
linked to improvement). Recent technological advances in DNA sequencing and methods to
recover DNA from bones provide the means to solve these issues. Through sequencing of ancient
genomes of domestic and wild species, it is possible to obtain direct measurements of genetic
diversity, relaxed/artificial selection and gene flow in ancient populations. By comparing these
measurements through time, it is possible to assess how gradual the process of domestication has
been.



Besides a few examples, ancient DNA studies have yet to tackle fundamental questions about the
process of domestication. This can be mostly attributed to the prohibitive cost of associated with
generating a high quality nuclear genome from ancient DNA. Genome sequencing effort of ancient
horses (Schubert et al. 2014, Librado et al. 2017), dogs (Frantz et al. 2016), and maize (da
Fonseca et al. 2015) have, nevertheless, generated sufficient information to draw some interesting
conclusions about the process of domestication in these species by demonstrating, for example, a
sharp reduction of genetic diversity in both modern dogs and horses and a sharp increase of
genetic load in the latter.

Conclusions

Even the most recent studies have only begun to scratch the surface of the enormous potential of
genomes as a window into domestication. An interesting trend is nevertheless emerging:
domestication is highly species specific. Bottlenecks, reproductive isolation, and strong selection
are by no means ubiquitous features but rather linked to species (and even region) specific
pathways of domestication. The process of domestication in animals such as dogs, pigs, chickens,
bees and many others plant and animal species affected their genomes in dramatically different
ways. This probably reflects specific human-animal/plant relationships during domestication as has
been suggested by numerous archaeologists. Like speciation, domestication comes in many
forms, parapatric or allopatric, with intrinsic and/or extrinsic reproductive isolations, strong or
diffuse selection. Interestingly, this highly taxon specific depiction of domestication that is emerging
from field such as genetics and archeology provide a scientific basis for the sociologists that
question the usefulness of imposing a general wild/domestic dichotomy in wildlife conservation
(see Lescureux in this volume).

Genome-wide information, especially ancient genomes, offers an incredible tool to study
domestication. For example, studying relaxed selection through time, but especially during early
stages, will provide critical evidence for the importance that selection and intent played in specific
domestication processes but also for our understanding of fundamental evolutionary questions
(Brandvain and Wright 2016). Understanding past genetic diversity in domestic taxon will not only
allow us to understand the importance that genetic variability played during domestication, but also
to understand the future and potential sustainability of our farming systems.
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Figure 1: Schematic of various models of domestication and their effect on genetic
diversity. Black and white dots represent alleles at an hypothetical locus in the genome of a
domestic species. Ne is the effective population size: the number of breeding individuals in an
idealised population (different from the census population size). Ne is directly related to genetic
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diversity. In these schematics, population size increases and decreases due to various events (e.g.
bottlenecks) over time. This has an effect of overall genetic diversity. a) Basic model involving a
founder effect and/or strong selection b) A model involving a mild domestication bottleneck and a
strong bottleneck during breed formation - this illustrates that the genetic diversity of the modern
population under this model and a model in Figure 1a are the same, yet the models are different c)
this last panel represent the effect of gene-flow from a wild to a domestic population following a
bottleneck. We can see in this schematic how genetic diversity can increase in the domestic
population as a result of gene-flow.
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