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Implications

e Insect farming is expected to expand in the near future, but domes-
tication is a long and difficult process which is often unsuccessful.
Considering hits and misses from past directed domestications of in-
sects and other species, we here provide a workflow to avoid common
pitfalls in directed domestication programs.

® This workflow underlines that it is crucial to find relevant candidate spe-
cies for domestication. Candidate species must address human need/
demand and meet a set of minimal requirements that shape their domes-
tication potential. The domestication potential can be defined through
an integrative assessment of key traits involved in biological functions.

e Geographic differentiation of key traits in a candidate species and the
maintenance of adaptative potential of farmed populations should also
be considered to facilitate domestication and answer to future challenges.
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Infroduction

Domestication has irrevocably shaped the history, demog-
raphy, and evolution of humans. It is a complex phenomenon
which can be seen as a continuum of relationships between hu-
mans and nonhuman organisms, ranging from commensalism
or mutualism to low-level management (e.g., game keeping or
herd management) or, even, direct control by humans over re-
source supply and reproduction (Terrell et al., 2003; Smith,
2011; Larson et al., 2014; Teletchea and Fontaine, 2014; Zeder,
2014, 2015). This continuum should not be seen as an obliga-
tory succession of different relationships, which ultimately
always ends by human control over reproduction, for all spe-
cies involved in a domestication process. For instance, most
fish domestications do not involve initial commensal relation-
ships (Teletchea and Fontaine, 2014), and African donkey-
owners do little to manage reproduction of African wild asses
(Marshall et al., 2014). Moreover, it is worth noting that the
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domestication process 1) does not involve all populations of a
particular species (e.g., some fish populations underwent do-
mestication for aquaculture while wild conspecific populations
still occur, Teletchea and Fontaine, 2014) and 2) is not irrevers-
ible (i.e., feral populations).

The complexity of the domestication process is mirrored by
the diversity of past domestication histories. For instance, three
main patterns of domestication histories can be identified for
animal species: the “domestication pathways” (Zeder, 2012a,
2012b, 2015; Larson and Fuller, 2014; Frantz et al., 2016). The
commensal pathway (e.g., dog and cat domestications) does
not involve intentional action from humans but, as people ma-
nipulate their environment, some wild species are attracted to
parts of the human niche, and commensal relationships with
humans can subsequently arise for the tamest individuals of
these wild species (Zeder, 2012b; Larson and Burger, 2013).
Over generations, relationships with humans can shift from
synanthropic interactions to captivity and human-controlled
breeding (Larson and Fuller, 2014). The prey pathway (e.g., do-
mestications of large herbivorous mammals) requires human
actions driven by the intention to increase food resources for
humans. The pathway starts when humans modify their hunting
strategies into game management to increase prey availability,
perhaps as a response to localized pressure on the supply of
prey. Over time and with the tamest individuals, these game
management evolve in herd management based on a control
over movements, feeding, and reproduction of animals (Zeder,
2012a; Larson and Burger, 2013). At last, the directed pathway
(e.g., domestication of transport animals, Larson and Fuller,
2014) is triggered with a deliberate and directed process ini-
tiated by humans in order to control movement, food supply,
and reproduction of a wild species in captive or ranching con-
ditions (Zeder, 2012a). All pathways lead to animal population
evolution shaped by new specific selective pressures of the do-
mestication environment (Wilkins et al., 2014). The divergence
from wild ancestors further increases for species for which hu-
mans reinforce their control over population life cycle while
they decrease gene flow between populations engaged in the
domestication process and their wild counterparts (Teletchea
and Fontaine, 2014; Lecocq, 2019). This control can ultimately
result in selective breeding programs or organism engineering
(e.g., genetically modified organisms) that are developed to
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intentionally modify some traits of interest (Teletchea and
Fontaine, 2014; Lecocq, 2019).

Around 13,000 years ago, a first wave of domestication hap-
pened. It concerned mainly terrestrial vertebrate and plant spe-
cies that are those dominating the agricultural world today
(Diamond, 2002; Duarte et al., 2007). Noteworthy examples of
insects involved in this wave include the silkworm (Bombyx mori,
Lepidoptera) and the honeybee (Apis mellifera, Hymenoptera)
(see domestication histories reviewed in Lecocq, 2019). Many
insect domestication events started recently, in the 20th century
(Lecocq, 2019), concomitantly with aquatic species (Duarte et al.,
2007; Hedgecock, 2012) and some crop taxa (Leakey and Asaah,
2013), during the so-called new wave of domestication (i.e., refers
to the large number of domestication trials since the start of the
20th century). Most domestications of this new wave follow a dir-
ected pathway through planned domestication programs (Duarte
etal., 2007; Teletchea and Fontaine, 2014; Lecocq, 2019). This new
wave has been facilitated by technological advances in captive en-
vironment control and animal food production. However, the trig-
gering factor of this wave has been the emergence of new unmet
human needs. Indeed, new domestication events appear unlikely
when the human needs that could be met by targeted species (e.g.,
human food supply) are already addressed by wild or already
domesticated species (Diamond, 2002; Bleed and Matsui, 2010;
Freeman et al., 2015). For instance, many of the recent aquatic
species domestications have been triggered by the need to meet
the rising human demand for aquatic products while wild fishery
catches are no longer sufficient (Duarte et al., 2007). Similarly,
bombiculture (i.e., production of bumblebees, Hymenoptera,
Bombus spp.) is an insect example of domestication triggered by an
unmet human demand: the development of fruit production (e.g.,
tomatoes, raspberry) in greenhouses, which required importing
insects such as bees to ensure the pollination ecosystem service.
However, previously domesticated species, such as honeybees, are
quite inefficient pollinators for such crops whereas bumblebees
are ideal pollinators for these plants (Velthuis and van Doorn,
2006). This led to domestication of several bumblebee species
since the 1980s (Velthuis and van Doorn, 2006). Overall, for in-
sects, as for many other species, recent domestication programs
have been triggered by needs to produce biological control agents
(e.g., ladybugs, Coleoptera, Coccinellidae), pets (e.g., hissing cock-
roach, Blattodea, Gromphadorhina portentosa), and laboratory or-
ganisms (e.g., fruit flies, Diptera, Drosophila spp.), or for sterile
insect technique development, and raw material/food production
(reviewed in Lecocq, 2019).

New instances of insect domestication can be expected in
the near future as several authors and international organiza-
tions claim that larger, optimized, and new insect productions
will be a part of the solution to ensure human food/sanitary
security and to address new demands for pets in the next dec-
ades (van Huis et al., 2013; Gilles et al., 2014; Lees et al., 2015;
Mishra and Omkar, 2017; Thurman et al., 2017; Saeidi and
Vatandoost, 2018). Here, we speculate that these future do-
mestications will mainly follow a directed pathway as observed
for other species involved in the new wave of domestication.
These future domestication programs will be challenging since,
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despite technological developments, directed domestication is
still a long and difficult process which often ends up being un-
successful. Even when the life cycle is controlled by humans,
major bottlenecks can still hamper the development of large-
scale production. Although limited amount of information
about domestication failure rate is available in literature, past
domestication programs of species involved in the new wave
of domestication show that many new domestication programs
often lasted a couple of years before being abandoned (e.g., for
fish: Metian et al., 2019; for insect: Velthuis and van Doorn,
2006). The main causes of these failures are technical limita-
tions, socioeconomic constraints, or intrinsic species features
(Liao and Huang, 2000; Diamond, 2002; Driscoll et al., 2009).
Potential solutions to facilitate domestication have been in-
vestigated for plants and vertebrates (e.g., Diamond, 2002;
DeHaan et al., 2016; Toomey et al., 2020a). Conversely, insects
have received very little attention to date (Lecocq, 2019).

Here, we consider feedbacks from past directed domestica-
tion programs of insects and other species to provide a concep-
tual workflow (Figure 1) to facilitate future insect domestication
programs following a directed pathway (from this point, do-
mestication will refer in the text to the directed pathway). This
workflow ranges from the selection in the wild biodiversity of
biological units (at species and intraspecific levels) to start new
production to the development of selective breeding programs.
We considered that technical limitations are not a major issue
in insect domestication. Indeed, production systems (i.e.,
human-controlled environments in which animals are reared
and bred) are already available for several phylogenetically dis-
tant insect species with different ecology, physiology, and be-
havior (Leppla, 2008). Thus, future insect domestications could
likely be based, with potentially minor adjustments, on already
existing production systems. Therefore, we here focus on how
avoiding pitfalls due to socioeconomic constraints or intrinsic
species features to move forward ongoing and future directed
insect domestication programs to response to human demands.

Backing the Right Horse by Finding the Right
Candidate Species for Domestication

Domestication processes which meet needs that can be more
easily addressed by other means (e.g., wild catches or other
domesticated species), as well as productions with a low prod-
uctivity and/or profitability, are often doomed to failure (e.g.,
Diamond, 2002; DeHaan et al., 2016). Therefore, any new
planned domestication program should consider how it could
respond to an unmet human requirement with a viable and effi-
cient business model. This can be at least partially answered by
an evaluation of potential candidate species for domestication
before starting large-scale production.

First: identifying an unmet human need or
demand to define new candidate species

Human need or demand can focus on a species of interest
(species-targeted domestication). Such domestications happen
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Figure 1. A seven-step workflow to develop a fruitful insect production. 1. Identification of an unmet human demand. 2. Identifying candidate species that
could meet the demand through a multifunction and multitrait assessment jointly developed with stakeholders. 3. Decision-making rules established with stake-
holders highlight species with high domestication potential (here, one species but several species can be chosen). 4. Investigating the interest of geographic
differentiation between wild populations (prospective units) of the species, similar to steps 2 and 3 to highlight units with high domestication potential (two
units in this fictive example). 5. Creating the initial stock through pure or cross breeding strategy with attention paid to the genetic diversity of this stock (here,
a cross breeding strategy is used). 6. Initial stock improvement through selective breeding programs and/or wild introgression to minimize adverse effects and
reinforce beneficial domestication effects. 7. Production evolution according to human demand and environmental changes thanks to its adaptive potential and
methods developed in the previous step. When no adaptation can be developed, new domestication could be considered. Wild biodiversity is considered at the

species and intraspecific levels.

1) when a wild species already exploited by humans becomes
rare (e.g., for insects see Lecocq, 2019) or protected (e.g., the
European sturgeon, Actinopterygii, Acipenser sturio) in the
wild, 2) to allow reintroduction for wildlife conservation (e.g.,
for butterflies, Crone et al., 2007), or 3) to develop sterile in-
sect techniques (see Lecocq, 2019). At this stage, the species of
interest is regarded as a candidate species that must be further
studied to assess the feasibility of its domestication (Figure 1).

The need or demand for a particular ecosystem service can
also spark new species farming (service-targeted domestication,
see also DeHaan et al., 2016), as exemplified by bumblebee
domestication (Velthuis and van Doorn, 2006). Since most
ecosystem services can be ensured by numerous taxa, several

candidates for domestication could be identified. This raises
the need to highlight among available candidates those that
maximize the chance of success to go successfully through the
domestication process (DeHaan et al., 2016).

Second: the importance of an integrative assess-
ment of candidate species

Before going any further in the domestication program devel-
opment, special attention should be paid to international and
national regulations regarding sampling, transport, and use of
candidate species. Indeed, such regulations can prevent produ-
cing or trading a species in some areas (e.g., Perrings et al., 2010;
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Samways, 2018), making its domestication economically
poorly attractive or pragmatically useless. They can thus limit
the number of potential candidates or make a species-targeted
domestication unfeasible.

Wild insect species are not all suitable candidates for do-
mestication. Indeed, each species has a specific “domestication
potential” (adapted from Toomey et al., 2020a): a quantifica-
tion of how much expression of key traits is favorable for do-
mestication and subsequent production. Several behavioral,
morphological, phenological, and physiological key trait ex-
pressions have been highlighted as relevant to facilitate do-
mestication and subsequent production (e.g., for noninsects,
Diamond, 2002; Driscoll et al., 2009). By considering insect
specificities, we state that these expressions include high growth
rate, high food conversion ratio, generalist herbivorous feeder
or omnivorous, high survival rate, short birth spacing, polyg-
amous or promiscuous mating, large environmental tolerance,
high disease resistance, gregarious lifestyle, and diet easily sup-
plied by humans. This list should be completed with additional
key traits specific to the domestication purpose. For instance,
pollination efficiency is relevant for pollination-targeted do-
mestication while nutritional quality is important for edible in-
sect domestication. Moreover, expression of socioeconomical
key traits must also be considered for domestication potential
assessment such as high yield per unit, high sale value, estab-
lished appeal for consumers, and useful byproducts (e.g., for
silkworm; Lecocq, 2019). At last, potential environmental con-
sequences of future production, such as risks of biological in-
vasions associated to the development of international trade
(Lecocq et al., 2016), should be considered through the evalu-
ation of relevant traits (e.g., invasive potential, which corres-
ponds to the ability of a species to trigger a biological invasion
out of its natural range). Overall, the set of key traits can be
defined thanks to advice or expectations of stakeholders (con-
sumers, environmental managers, policy makers, producers,
and socioeconomists) (Figure 1; see similar approach for fish in
Toomey et al., 2020a).

Itis worth noting that key traits 1) are involved in different bio-
logical functions (behavior, growth/development, homeostasis,
nutrition, reproduction) and 2) are not necessarily correlated
among each other, implying that expression of a trait cannot be
inferred from other traits (Toomey et al., 2020b). This means that
species domestication potential must be assessed by a multifunc-
tion and multitrait integrative framework (Figure 1). Moreover,
species might present specificities in the wild but those might not
be maintained in production systems because expression of key
traits, as any phenotypic trait, is determined by genetic divergence
and environment, as well as the interaction between these two fac-
tors (Falconer and Mackay, 1996). Therefore, an efficient assess-
ment should be performed in experimental conditions as close as
possible to the production system. Overall, such an assessment
can be seen as heavy-going and time- and money-consuming.
However, the complexity of multifunction and multitrait assess-
ment in standardized conditions is offset by the minimization of
the risk to start a long and difficult domestication program with
the wrong candidate species.
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Third: reaching a consensus to choose relevant
candidate(s) to start domestication

Making an integrative assessment of domestication poten-
tial should not hide the fact that some key traits can be more
important than others. For instance, very low survival rate or
low reproduction rate during the assessment will certainly stop
ongoing domestication trials because they prevent the comple-
tion of the life cycle. Therefore, minimal expression threshold
(i.e., minimum threshold for a trait expression which must be
met or else the biological unit is not suitable for domestication
programs; e.g., a survival rate below which an animal produc-
tion would not be economically feasible) should be defined,
potentially by a panel of stakeholders, for the most important
traits relatively to the domestication purpose (see similar ap-
proaches in DeHaan et al., 2016; Toomey et al., 2020a). When
a species does not meet this threshold, it must be regarded to be
void of domestication potential. This threshold must be care-
fully defined, even in species-targeted domestication programs,
to avoid starting large-scale domestication programs with
issues that could be costly and slow or impossible to fix later
in the process.

When comparing key trait expressions between species, it
is likely that a candidate displays a favorable expression for a
specific key trait (e.g., best nutritional value) but not for an-
other trait (e.g., lowest survival rate). This requires making a
consensus between results of key trait assessment to identify
the best candidate species for a service-targeted domestication
or to objectively assess the relevance of a species-targeted do-
mestication (Figure 1, e.g., for noninsect species, Quéméner
et al., 2002; Alvarez-Lajonchére and Ibarra-Castro, 2013;
DeHaan et al., 2016). Scoring solutions could be used, con-
sidering weighting coefficients to integrate the potential differ-
ential levels of importance of key traits due to socioeconomic
factors, absolute prerequisites for domestication, or produc-
tion constraints. Weighting coefficients can be defined through
surveys of stakeholders’ expectations (Figure 1; see examples
in Quéméner et al., 2002; Toomey et al., 2020a). Since expect-
ations might vary across stakeholders, decision making should
be based on a consensus between all parties involved (see strat-
egies to solve complex scientific and socioeconomic issues and
consensus solutions in Hartnett, 2011; Wyborn et al., 2019;
Toomey et al., 2020a). Ultimately, weighted integrative assess-
ment of candidate species allows highlighting those that would
likely foster new fruitful domestication programs for service-
targeted domestication or confirm/infirm the relevance of a
species-targeted domestication process. These candidates are
thus called species with high domestication potential.

Getting Off on the Right Foot Thanks to
Intraspecific Diversity

Fourth: having the best infraspecific unit to start
new domestication programs

Once a new species with high domestication potential has
been identified, considering geographic differentiation between
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allopatric groups of conspecific populations (commonly ob-
served in insects; e.g., Araki et al., 2009; Uzunov et al., 2014) can
be helpful to further facilitate domestication programs (Toomey
et al., 2020a). Indeed, such population groups can present diver-
gent demographic histories, which can shape genetic and pheno-
typic specificities through 1) gene flow limitation or disruption,
2) random genetic drift, and/or 3) local adaptation (Mayr, 1963;
Avise, 2000; Hewitt, 2001; Toomey et al., 2020a). This could ul-
timately lead to differentiation in key traits and, thus, to divergent
domestication potentials between wild population groups. A few
past domestication histories show that geographic differentiation
can facilitate domestication (e.g., for fishes: Toomey et al., 2020a;
for crops: Leakey, 2012; Leakey et al., 2012). In insects, the do-
mestication of the buff-tailed bumblebee (Hymenoptera, Bombus
terrestris) is one of the few stunning examples where population-
specificity inclusion in domestication programs fostered a fruitful
economic development. The buff-tailed bumblebee displays
significant differentiation in key traits (e.g., foraging efficiency,
colony size, and diapause condition) between differentiated
groups of populations corresponding to subspecies (Velthuis
and van Doorn, 2006; Kwon, 2008; Lecocq et al., 2016). In the
early years of production, European bumblebee breeders tried
to domesticate several subspecies. Within a short space of time,
one subspecies (B. terrestris dalmatinus) proved to have superior
characteristics from a commercial point of view (i.e., largest col-
onies, efficient highest rearing success rate, high pollination ef-
ficiency) and became the dominant taxa in the bombiculture
industry (Velthuis and van Doorn, 2006). Similarly, non-African
honeybees were favored for domestication and production due
to facilitating key traits (e.g., low tendency to swarm, survival in
temperate areas, low aggressiveness) for beekeeping over African
honeybees (Wallberg et al., 2014).

Potential importance of geographic differentiation for in-
sect domestication programs raises the question about how it
should be integrated in domestication processes. To this end,
a new integrative approach has been recently developed for
fish domestication (see Toomey et al., 2020a). This approach
provides an integrative assessment of differentiated allopatric
population groups through three steps (Figure 1). The first step
aims at classifying wild populations of a targeted species in pro-
spective units through phylogeographic or systematic methods.
These units are groups of allopatric populations that are likely
differentiated in key trait expressions. The second step provides
an integrative multifunction and multitrait assessment, similar
to interspecific comparison of domestication potential but ap-
plied to prospective units. Finally, the last step highlights pro-
spective units with higher domestication potentials (so-called
units with high domestication potential, UHDP) through the
calculation of a domestication potential score through the
help/advice from stakeholders (see Toomey et al., 2020a).

Fifth: constituting the best stock to start new
domestication programs

When several UHDP are highlighted as of interest, the ques-
tion can be raised regarding which strategy should be adopted
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to constitute the initial stock (Figure 1): 1) keeping only one
UHDP or breeding several UHDP apart (“pure breeding”
strategy) or 2) mixing UHDP (“cross breeding” strategy)
(Falconer and Mackay, 1996). Pure breeding consists of
starting with one biological unit and continuously improving
it through time (e.g., for B. terrestris, Velthuis and van Doorn,
2006 or A. mellifera, Uzunov et al., 2014). It is an effective
strategy when one biological unit presents a much higher do-
mestication potential than others. In contrast, crossbreeding
could be an interesting alternative (e.g., see trials with tasar
silkworm, Lepidoptera, Antheraea mylitta, Lokesh et al., 2015)
when several units present a similar domestication potential or
complementary interests. It consists of crossing two or more
biological units aiming at having progeny with better perform-
ances than parents through complementary of strengths of the
two parent biological units and heterosis (i.e., hybrid vigor).
However, it is a hit-or-miss strategy since results are hardly pre-
dictable (e.g., negative behavioral consequences in A. mellifera
crossings, Uzunov et al., 2014). The choice regarding which
strategy should be used must made on a case-by-case basis.

Further attention should be paid to genetic diversity when
constituting the initial stock (Figure 1). If this stock is con-
stituted with a low number and/or closely related individ-
uals, the resulting low global genetic diversity of farmed
populations will quickly lead to inbreeding issues, which
can be especially damaging in some insect groups such as
Hymenoptera (Gerloff and Schmid-Hempel, 2005). It is
even more important in the pure breeding strategy which
most likely leads to a lower initial genetic diversity than cross
breeding approaches. Therefore, care should be taken that a
sufficient number of individuals/families (i.e., sufficient ef-
fective size) is considered (i.e., sampling strategy) to 1) have
a sufficient initial genetic variability and avoid to sample kin
individuals which increase risks of future inbreeding issues,
2) mitigate the risk of sampling suboptimal genotypes which
are not representative of the population group, and 3) have
a sufficient genetic variability for future selective breeding
programs (Toomey et al., 2020a).

Going Further in the Domestication Process:
The Wise Way

Sixth: improving stocks undergoing domestication

During domestication, farmed populations undergo new se-
lective pressures from the rearing environment, a relaxation of
wild environmental pressures, and other genetic processes, such
as founder effect, genetic drift, or inbreeding (Wilkins et al.,
2014). These processes lead to genetic, genomic, and pheno-
typic differentiations (Mignon-Grasteau et al., 2005; Wilkins
et al., 2014; Milla et al., 2021), which are overall poorly studied
in insects compared with other taxa (Lecocq, 2019). Yet, they
can trigger changes in key trait expressions that are often ob-
served in domesticated species (e.g., for insects: higher tame-
ness, lower aggressiveness toward humans and conspecifics
(Latter and Mulley, 1995; Adam, 2000; Krebs et al., 2001;
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Zheng et al., 2009; Chauhan and Tayal, 2017; Xiang et al.,
2018). These changes can facilitate domestication or lead to an
improvement of performances (i.e., beneficial changes) that en-
hances the profitability of the production sector (e.g., higher
silk production in silkworm; Lecocq, 2019). However, some
changes can also be unfavorable for domestication and subse-
quent production (i.e., adverse changes) as shown in other taxa
(e.g., reproduction issues in fish, Milla et al., 2021).

Selective breeding programs are widely used as a solution
to overcome adverse changes or reinforced beneficial changes
shaped by domestication (Figure 1). The efficiency of such
programs was demonstrated for several taxa (e.g., broiler
chicken, Gallus gallus domesticus, Galliformes, Tallentire et al.,
2016, Atlantic salmon, Salmo salar, Salmoniformes, Gjedrem
et al., 2012), including insects (e.g., Adam, 2000; Simoes et al.,
2007; Zanatta et al., 2009; Bourtzis and Hendrichs, 2014; Nifio
and Cameron Jasper, 2015). Despite the success of numerous
breeding programs, they can also lead to negative-side effects.
This is well known in livestock (Rauw et al., 1998) but it was
also investigated in insects (e.g., Oxley and Oldroyd, 2010).
An alternative solution to solve deleterious changes shaped
by domestication relies on introgression of wild individuals in
farmed populations (Figure 1, Prohens et al., 2017). For in-
stance, in insects, a hybridization was performed between wild
African and domesticated European 4. mellifera populations
to create an Africanized strain which would be better adapted
to tropical conditions and present a higher honey production
(Spivak et al., 2019). However, despite its efficiency for honey
production, its defensive behavior quickly became an issue and
is considered nowadays as a matter of concern in Americas
(Spivak et al., 2019). Overall, the development of selective
breeding programs or wild introgression in insect domestica-
tion could be of great interest but attention should be paid to
traits selected and to potential negative consequences.

Seventh: keeping one step ahead by maintaining
the adaptive potential of production

The relevance of an insect production depends on the
socioeconomic and environmental contexts which can change
over time. First, the triggering factor of domestication events,
the human demand/need, can change with time and/or add-
itional demands can appear aside from the original ones due to
market fluctuations, new regulations, or technological develop-
ment. Second, ongoing global changes (e.g., global warming,
pollution) can impact production systems (i.e., outdoor pro-
duction) and/or availability of important resources for farming
(Decourtye et al., 2019). This places a premium on maintaining
the adaptive potential of insect production over time, jointly
with stakeholders, through species intrinsic features, selective
breeding programs, wild individual introgressions, or new do-
mestication program developments (Figure 1).

Insect farming can face these changes thanks to species
intrinsic features such as large climatic tolerance or gener-
alist diet. In the context of global changes, the ability to cope
with environmental changes is thus a valuable information
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that should be considered early in the process, during the as-
sessment of candidate species domestication potential (see
examples of species-specific responses to climate change or abi-
otic parameters between closely related species in (Oyen et al.,
2016; Martinet et al., 2020).

Alternatively, insect productions can evolve to deal with
socioeconomic and environmental changes through selective
breeding programs (i.e., continuous adaptation) to improve
farmed populations (through trait selection or wild introgres-
sion) or create new specialized strains (Decourtye et al., 2019).
However, selective breeding programs often drive to a loss of
genetic diversity, which can trigger a lower resilience of farmed
stocks (Gering et al., 2019). Indeed, genetic variability defines
a biological unit’s ability to genetically adapt to future chal-
lenges and contributes to global species biodiversity, which
maximizes species survival chances in the long term (Sgro
et al., 2011). This appears even more important considering
that some rearing practices can quickly lead to a loss of genetic
variability (e.g., beekeepers specializing in queen breeding and
consequently a large amount of progeny originate from a few
queen mothers, Meixner et al., 2010). Moreover, genetic vari-
ability can also be important for the population fitness (e.g.,
this variability is essential for disease resistance and homeo-
stasis in A. mellifera, Meixner et al., 2010). Overall, the main-
tenance of genetic variability is capital (Figure 1) and could be
facilitated by wild introgressions (Prohens et al., 2017).

Finally, in extreme cases in which farmed stocks cannot
face/be adapted to new socioeconomic and environmental
contexts, it will be necessary to start new domestication
programs using new candidates (new wild species or popu-
lation groups).

Conclusion

Insect farming is expected to expand in the future but re-
mains challenging because of the difficulty to domesticate
new species. We proposed a conceptual workflow to avoid
major problems commonly encountered during domestica-
tion programs. We underlined the importance of 1) consid-
ering how new species production could respond to an unmet
human demand with a viable and efficient business model and
2) assessing the domestication potential of candidate species
through an integrative assessment. We argued that geographic
differentiation between wild populations of a candidate spe-
cies can be valuable. At last, we emphasized the importance of
maintaining the adaptive potential of productions to answer to
current and future challenges.

Literature Cited

Adam, B. 2000. In search of the best strains of bees. 2nd ed. Hebden Bridge,
UK: Peacock Press.

Alvarez-Lajonchere, L., and L. Ibarra-Castro. 2013. Aquaculture species se-
lection method applied to marine fish in the Caribbean. Aquaculture
408-409:20-29.

Araki, A.S., FM. Vigoder, L.G. Bauzer, G.E. Ferreira, N.A. Souza, I.B. Araujo,
J.G. Hamilton, R.P. Brazil, and A.A. Peixoto. 2009. Molecular and behav-
ioral differentiation among Brazilian populations of Lutzomyia longipalpis

Animal Frontiers



About the Authors

Thomas Lecocq—He is an asso-
ciate professor (senior lecturer) in
animal biology and ecology. He
works on functional ecology, eco-
logical niche modeling, system-
atics, and phylogeography. His
current research projects focus
on the development of integrative
and conceptual approaches to
support domestication programs.
He explores how intraspecific
diversity and interspecific inter-
actions can facilitate domes-
tication process and increase

animal production sustainability.
Corresponding author:
lecocq@univ-lorraine.fr

thomas.

Lola Toomey—After obtaining
a MSc in marine biology at
the University of Western
Brittany (France), she received
her PhD in agronomy from the
University of Lorraine (France).
Her PhD research focused on
the integration of geographic
differentiation in domestication
programs to promote aquacul-
ture diversification. Her current
research interests include popu-
lation genetics, phylogeography,
domestication, and agronomy.

(Diptera: Psychodidae: Phlebotominae). PLoS Negl. Trop. Dis. 3(1):e365.
doi:10.1371/journal.pntd.0000365

Avise, J.C. 2000. Phylogeography: the history and formation of species.
Cambridge, MA: Harvard University Press.

Bleed, P, and A. Matsui. 2010. Why didn’t agriculture develop in Japan? A consider-
ation of Jomon ecological style, niche construction, and the origins of domesti-
cation. J. Archaeol. Method Theory 17:356-370. doi:10.1007/s10816-010-9094-8

Bourtzis, K., and J. Hendrichs. 2014. Preface: development and evaluation of
improved strains of insect pests for sterile insect technique (SIT) applica-
tions. BMC Genet. 15(Suppl. 2):11. doi:10.1186/1471-2156-15-S2-11

Chauhan, T.P.S., and M.K. Tayal. 2017. Mulberry sericulture. In: Omkar,
editor. Industrial entomology. Singapore: Springer; p. 197-263.

Crone, E.E., D. Pickering, and C.B. Schultz. 2007. Can captive rearing promote
recovery of endangered butterflies? An assessment in the face of uncer-
tainty. Biol. Conserv. 139:103-112. doi:10.1016/j.biocon.2007.06.007

Decourtye, A., C. Alaux, Y. Le Conte, and M. Henry. 2019. Toward the
protection of bees and pollination under global change: present and fu-
ture perspectives in a challenging applied science. Curr. Opin. Insect Sci.
35:123-131. doi:10.1016/j.c0is.2019.07.008

DeHaan, L.R., D.L. Van Tassel, JA. Anderson, S.R. Asselin, R. Barnes,
G.J. Baute, D.J. Cattani, SSW. Culman, K.M. Dorn, B.S. Hulke, et al.
2016. A pipeline strategy for grain crop domestication. Crop Sci. 56:917.
doi:10.2135/cropsci2015.06.0356

Diamond, J. 2002. Evolution, consequences and future of plant and animal
domestication. Nature 418:700-707. doi:10.1038/nature01019

Driscoll, C.A., D.W. Macdonald, and S.J. O’Brien. 2009. From wild animals
to domestic pets, an evolutionary view of domestication. Proc. Natl. Acad.
Sci. U. S. A. 106(Suppl. 1):9971-9978. doi:10.1073/pnas.0901586106

Duarte, C.M., N. Marba, and M. Holmer. 2007. Ecology. Rapid domestication
of marine species. Science 316:382-383. doi:10.1126/science.1138042

Falconer, D.S., and T.F.C. Mackay. 1996. Introduction to quantitative genetics.
4th ed. England: Longman.

Frantz, L., E. Meijaard, J. Gongora, J. Haile, M.A. Groenen, and G. Larson.
2016. The evolution of Suidae. Annu. Rev. Anim. Biosci. 4:61-85.
doi:10.1146/annurev-animal-021815-111155

Freeman, J., M.A. Peeples, and J.M. Anderies. 2015. Toward a theory of
non-linear transitions from foraging to farming. J. Anthropol. Archaeol.
40:109-122. doi:10.1016/j.jaa.2015.07.001

Gering, E., D. Incorvaia, R. Henriksen, D. Wright, and T. Getty. 2019.
Maladaptation in feral and domesticated animals. Evol. Appl. 12:
1274-1286. doi:10.1111/eva.12784

Gerloff, C.U., and P. Schmid-Hempel. 2005. Inbreeding depression and family
variation in a social insect, Bombus terrestris (Hymenoptera: Apidae).
OIKOS 111:67-80. doi:10.1111/3.0030-1299.2005.13980.x

Gilles, J.R., M.F. Schetelig, F. Scolari, F. Marec, M.L. Capurro, G. Franz, and
K. Bourtzis. 2014. Towards mosquito sterile insect technique programmes:
exploring genetic, molecular, mechanical and behavioural methods of sex
separation in mosquitoes. Acta Trop. 132(Suppl.):S178-S187. doi:10.1016/].
actatropica.2013.08.015

Gjedrem, T., N. Robinson, and M. Rye. 2012. The importance of selective
breeding in aquaculture to meet future demands for animal protein: a re-
view. Aquaculture 350-353:117-129. doi:10.1016/j.aquaculture.2012.04.008

Hartnett, T. 2011. Consensus-oriented decision-making : the CODM model
for facilitating groups to widespread agreement. Gabriola Island, Canada:
New Society Publishers.

Hedgecock, D. 2012. Aquaculture, the next wave of domestication. In:
Gepts, P, R. Bettinger, S. Brush, A. Damania, T. Famula, P. McGuire, and
C. Qualset, editors. Biodiversity in agriculture: domestication, evolution,
and sustainability. Davis, CA: Cambridge University Press. doi:10.1017/
CBO09781139019514.033

Hewitt, G.M. 2001. Speciation, hybrid zones and phylogeography—
or seeing genes in space and time. Mol. Ecol. 10(3):537-549.
doi:10.1046/j.1365-294x.2001.01202.x

Krebs, R.A., S.P. Roberts, B.R. Bettencourt, and M.E. Feder. 2001. Changes
in thermotolerance and Hsp70 expression with domestication in Drosophila
melanogaster. J. Evol. Biol. 14:75-82. d0i:10.1046/j.1420-9101.2001.00256.x

Kwon, Y.J. 2008. Bombiculture: a fascinating insect industry for
crop pollination in Korea. Entomol. Res. 38(Suppl. 1):S66-S70.
doi:10.1111/).1748-5967.2008.00176.x

Larson, G., and J. Burger. 2013. A population genetics view of animal domesti-
cation. Trends Genet. 29:197-205. doi:10.1016/j.tig.2013.01.003

Larson, G., and D.Q. Fuller. 2014. The evolution of animal domes-
tication. Annu. Rev. Ecol. Evol. Syst. 45:115-136. doi:10.1146/
annurev-ecolsys-110512-135813

Larson, G., D.R. Piperno, R.G. Allaby, M.D. Purugganan, L. Andersson,
M. Arroyo-Kalin, L. Barton, C. Climer Vigueira, T. Denham, K. Dobney,
et al. 2014. Current perspectives and the future of domestication studies.
Proc. Natl. Acad. Sci. U.S. A. 111:6139-6146. d0i:10.1073/pnas. 1323964111

Latter, B.D., and J.C. Mulley. 1995. Genetic adaptation to captivity and
inbreeding depression in small laboratory populations of Drosophila
melanogaster.  Genetics  139:255-266.  http://www.ncbi.nlm.nih.gov/
pubmed/7705628

Leakey, R.R.B. 2012. Participatory domestication of indigenous fruit and
nut trees: new crops for sustainable agriculture in developing countries.
In: Gepts, P, T.R. Famula, R.L. Bettinger, S.B. Brush, A.B. Damania,
PE. McGuire, and C.O. Qualset, editors. Biodiversity in agriculture: domes-
tication, evolution, and sustainability. Davis, CA: Cambridge University
Press. doi:10.1017/CB0O9781139019514.029

Leakey, R.R.B., and E.K. Asaah. 2013. Underutilised species as the back-
bone of multifunctional agriculture—the next wave of crop domestica-
tion. Acta Hortic. 979:293-310. doi:10.17660/ActaHortic.2013.979.31

Leakey, R.R.B., J.C. Weber, T. Page, JP. Cornelius, FK. Akinnifesi,
J.M. Roshetko, Z. Tchnoudjeu, and R. Jamnadass. 2012. Tree domestication
in agroforestry: progress in the second decade (2003-2012). In: Nair, P., and
D. Garrity, editors. Agroforestry—the future of global land use. Dordrecht,
Netherlands: Springer; p. 145-173. doi:10.1007/978-94-007-4676-3_11

May 2021, Vol. 11, No. 3 75


https://doi.org/10.1371/journal.pntd.0000365
https://doi.org/10.1007/s10816-010-9094-8
https://doi.org/10.1186/1471-2156-15-S2-I1
https://doi.org/10.1016/j.biocon.2007.06.007
https://doi.org/10.1016/j.cois.2019.07.008
https://doi.org/10.2135/cropsci2015.06.0356
https://doi.org/10.1038/nature01019
https://doi.org/10.1073/pnas.0901586106
https://doi.org/10.1126/science.1138042
https://doi.org/10.1146/annurev-animal-021815-111155
https://doi.org/10.1016/j.jaa.2015.07.001
https://doi.org/10.1111/eva.12784
https://doi.org/10.1111/j.0030-1299.2005.13980.x
https://doi.org/10.1016/j.actatropica.2013.08.015
https://doi.org/10.1016/j.actatropica.2013.08.015
https://doi.org/10.1016/j.aquaculture.2012.04.008
https://doi.org/10.1017/CBO9781139019514.033
https://doi.org/10.1017/CBO9781139019514.033
https://doi.org/10.1046/j.1365-294x.2001.01202.x
https://doi.org/10.1046/j.1420-9101.2001.00256.x
https://doi.org/10.1111/j.1748-5967.2008.00176.x
https://doi.org/10.1016/j.tig.2013.01.003
https://doi.org/10.1146/annurev-ecolsys-110512-135813
https://doi.org/10.1146/annurev-ecolsys-110512-135813
https://doi.org/10.1073/pnas.1323964111
http://www.ncbi.nlm.nih.gov/pubmed/7705628
http://www.ncbi.nlm.nih.gov/pubmed/7705628
https://doi.org/10.1017/CBO9781139019514.029
https://doi.org/10.17660/ActaHortic.2013.979.31
https://doi.org/10.1007/978-94-007-4676-3_11
mailto:thomas.lecocq@univ-lorraine.fr?subject=
mailto:thomas.lecocq@univ-lorraine.fr?subject=

Lecocq, T. 2019. Insects: the disregarded domestication histories. In:
Teletchea, F., editor. Animal domestication. London, UK: IntechOpen;
p. 35-68. doi:10.5772/intechopen.81834

Lecocq, T., P. Rasmont, A. Harpke, and O. Schweiger. 2016. Improving inter-
national trade regulation by considering intraspecific variation for invasion
risk assessment of commercially traded species: the Bombus terrestris case.
Conserv. Lett. 9:281-289. doi:10.1111/conl. 12215

Lees, R.S., J.R. Gilles, J. Hendrichs, M.J. Vreysen, and K. Bourtzis. 2015. Back
to the future: the sterile insect technique against mosquito disease vectors.
Curr. Opin. Insect Sci. 10:156-162. doi:10.1016/j.c0is.2015.05.011

Leppla, N.C. 2008. Rearing of insects. In: Capinera, J.L., editor. Encyclopedia of
entomology. Dordrecht, Netherlands: Springer Netherlands; p. 3101-3108.
doi:10.1007/978-1-4020-6359-6_3306

Liao, I.C., and Y.S. Huang. 2000. Methodological approach used for the do-
mestication of potential candidates for aquaculture. In: E. Chioccioli,
editor. Recent advances in Mediterranean aquaculture finfish species diver-
sification Cahiers Options Méditerranéennes. Zaragoza, Spain: CIHEAM;
p. 97-107. http://om.ciheam.org/om/pdf/c47/00600609.pdf

Lokesh, G., A. Srivastava, P. Kar, and M. Sinha. 2015. Influence of cross
breeding of wild and semi-domestic populations of tropical tasar silkworm
Antheraea mylitta D on Grainage and silkworm rearing traits. Int. J. Sci.
Res. Publ. 5:81-87.

Marshall, F.B., K. Dobney, T. Denham, and J.M. Capriles. 2014. Evaluating
the roles of directed breeding and gene flow in animal domestication. Proc.
Natl. Acad. Sci. U. S. A. 111:6153-6158. doi:10.1073/pnas.1312984110

Martinet, B., S. Dellicour, G. Ghisbain, K. Przybyla, E. Zambra, T. Lecocq, M.
Boustani, R. Baghirov, D. Michez, and P. Rasmont. 2020. Global effects

of extreme temperatures on wild bumblebees. Conserv. Biol., cobi.13685.

doi:10.1111/cobi.13685

Mayr, E. 1963. Animal species and evolution. Cambridge, MA: Harvard
University Press. doi:10.4159/harvard.9780674865327

Meixner, M.D., C. Costa, F. Hatjina, M. Bouga, E. Ivanova, and R. Biichler.
2010. Conserving diversity and vitality for honey bee breeding. J. Apic. Res.
49:85-92. doi:10.3896/IBRA.1.49.1.12

Metian, M., M. Troell, V. Christensen, J. Steenbeek, and S. Pouil. 2019.
Mapping diversity of species in global aquaculture. Rev. Aquac., 12:1090—
1100. doi:10.1111/raq.12374

Mignon-Grasteau, S., A. Boissy, J. Bouix, J.M. Faure, A.D. Fisher, G.N. Hinch,
P. Jensen, P. Le Neindre, P. Morméde, P. Prunet, et al. 2005. Genetics of
adaptation and domestication in livestock. Livest. Prod. Sci. 93(1):3-14.
doi:10.1016/j.livprodsci.2004.11.001

Milla, S., A. Pasquet, L. El Mohajer, and P. Fontaine. 2021. How domestication
alters fish phenotypes. Rev. Aquac. 13(1):388-405. doi:10.1111/raq.12480

Mishra, G., and Omkar 2017. Insects as food. In: Omkar, editor. Industrial
entomology. Singapore: Springer; p. 413-434.

Nifio, E.L., and W. Cameron Jasper. 2015. Improving the future of honey bee
breeding programs by employing recent scientific advances. Curr. Opin.
Insect Sci. 10:163-169. doi:10.1016/j.c0is.2015.05.005

Oxley, PR., and B.P. Oldroyd. 2010. The genetic architecture of
honeybee breeding. Adv. Insect Phys. 39:83-118. doi:10.1016/
B978-0-12-381387-9.00003-8

Oyen, K.J., S. Giri, and M.E. Dillon. 2016. Altitudinal variation in bumble bee
(Bombus) critical thermal limits. J. Therm. Biol. 59:52-57. doi:10.1016/j.
jtherbio.2016.04.015

Perrings, C., S. Burgiel, M. Lonsdale, H. Mooney, and M. Williamson.
2010. International cooperation in the solution to trade-related
invasive species risks. Ann. N. Y. Acad. Sci. 1195:198-212.
doi:10.1111/5.1749-6632.2010.05453.x

Prohens, J., P. Gramazio, M. Plazas, H. Dempewolf, B. Kilian, M.J. Diez, A. Fita,
E J. Herraiz, A. Rodriguez-Burruezo, S. Solver, et al. 2017. Introgressiomics: a
new approach for using crop wild relatives in breeding for adaptation to climate
change. Euphytica 213:158. doi:10.1007/s10681-017-1938-9

Quéméner, L., M. Suquet, D. Mero, and J.L. Gaignon. 2002. Selection method
of new candidates for finfish aquaculture: the case of the French Atlantic,
the Channel and the North Sea coasts. Aquat. Living Resour. 15:293-302.
doi:10.1016/S0990-7440(02)01187-7

76

Rauw, WM., E. Kanis, E.N. Noordhuizen-Stassen, and F.J. Grommers. 1998.
Undesirable side effects of selection for high production efficiency in farm
animals: a review. Livest. Prod. Sci. 56:15-33.

Saeidi, Z., and H. Vatandoost. 2018. Aquatic insect from Iran for possible use
of biological control of main vector-borne disease of malaria and water
indicator of contamination. J. Arthropod. Borne Dis. 12:1-15.

Samways, M. 2018. Insect conservation for the twenty-first century. In:
Shah, M.M., and U. Sharif, editors. Insect science-diversity, conservation
and nutrition. London, UK: IntechOpen. doi:10.5772/intechopen.73864

Sgro, C.M., A.J. Lowe, and A.A. Hoffmann. 2011. Building evolutionary
resilience for conserving biodiversity under climate change. Evol. Appl.
4:326-337. doi:10.1111/j.1752-4571.2010.00157.x

Simdes, P, M.R. Rose, A. Duarte, R. Gongalves, and M. Matos. 2007.
Evolutionary domestication in Drosophila subobscura. J. Evol. Biol.
20:758-766. doi:10.1111/j.1420-9101.2006.01244.x

Smith, B.D. 2011. A cultural niche construction theory of initial domestica-
tion. Biol. Theory 6:260-271. doi:10.1007/s13752-012-0028-4

Spivak, M., D.J.C. Fletcher, and M.D. Breed. 2019. The “African” honey bee.
Boca Raton (FL): CRC Press. doi:10.1201/9780429308741

Tallentire, C.W., 1. Leinonen, and I. Kyriazakis. 2016. Breeding for efficiency
in the broiler chicken: a review. Agron. Sustain. Dev. 36:1-16. doi:10.1007/
$13593-016-0398-2

Teletchea, F., and P. Fontaine. 2014. Levels of domestication in fish: impli-
cations for the sustainable future of aquaculture. Fish Fish. 15:181-195.
doi:10.1111/faf.12006

Terrell, JE., JP. Hart, S. Barut, N. Cellinese, A. Curet, T. Denham, C. M.
Kusimba, K. Latinis, R. Oka, J. Palka, et al. 2003. Domesticated landscapes:
the subsistence ecology of plant and animal domestication. J. Archaeol.
Method Theory 10:323-368. doi:10.1023/B:JARM.0000005510.54214.57

Thurman, J.H., D.W. Crowder, and T.D. Northfield. 2017. Biological control
agents in the Anthropocene: current risks and future options. Curr. Opin.
Insect Sci. 23:59-64. doi:10.1016/j.c0is.2017.07.006

Toomey, L., P. Fontaine, and T. Lecocq. 2020a. Unlocking the intraspecific
aquaculture potential from the wild biodiversity to facilitate aquaculture
development. Rev. Aquac. 12:2212-2227. doi:10.1111/raq.12430

Toomey, L., T. Lecocq, Z. Bokor, L. Espinat, A. Ferincz, C. Goulon, S. Vesala,
M. Baratgabal, M.D. Barry, M. Gouret, et al. 2020b. Comparison of single- and
multi-trait approaches to identify best wild candidates for aquaculture shows
that the simple way fails. Sci. Rep. 10:11564. doi:10.1038/s41598-020-68315-5

Uzunov, A., C. Costa, B. Panasiuk, M. Meixner, P. Kryger, F. Hatjina, M.
Bouga, S. Andonov, M. Bienkowska, Y. Le Conte, et al. 2014. Swarming,
defensive and hygienic behaviour in honey bee colonies of different gen-
etic origin in a pan-European experiment. J. Apic. Res. 53:248-260.
doi:10.3896/IBRA.1.53.2.06

van Huis, A., J. van Itterbeeck, H. Klunder, E. Mertens, A. Halloran, G. Muir,
and P. Vantomme. 2013. Edible insects—future prospects for food and feed
security. Rome, Italy: Food and Agriculture Organization of the United
Nations.

Velthuis, H.H.W., and A. van Doorn. 2006. A century of advances in bumblebee
domestication and the economic and environmental aspects of its commer-
cialization for pollination. Apidologie 37:421-451. doi:10.1051/apido:2006019

Wallberg, A., F. Han, G. Wellhagen, B. Dahle, M. Kawata, N. Haddad,
Z.L. Simdes, M.H. Allsopp, I. Kandemir, P. De la Rua, et al. 2014. A world-
wide survey of genome sequence variation provides insight into the evolu-
tionary history of the honeybee Apis mellifera. Nat. Genet. 46:1081-1088.
doi:10.1038/ng.3077

Wilkins, A.S., R.W. Wrangham, and W.T. Fitch. 2014. The “domestication syn-
drome” in mammals: a unified explanation based on neural crest cell be-
havior and genetics. Genetics 197:795-808. doi:10.1534/genetics.114.165423

Wyborn, C., A. Datta, J. Montana, M. Ryan, P. Leith, B. Chaffin, C. Miller,
and L. van Kerkhoff. 2019. Co-producing sustainability: reordering the
governance of science, policy, and practice. Annu. Rev. Environ. Resour.
44:319-346. doi:10.1146/annurev-environ-101718-033103

Xiang, H., X. Liu, M. Li, Y. Zhu, L. Wang, Y. Cui, L. Liu, G. Fang, H. Qian,
A. Xu, et al. 2018. The evolutionary road from wild moth to domestic silk-
worm. Nat. Ecol. Evol. 2:1268-1279. doi:10.1038/s41559-018-0593-4

Animal Frontiers


https://doi.org/10.5772/intechopen.81834
https://doi.org/10.1111/conl.12215
https://doi.org/10.1016/j.cois.2015.05.011
https://doi.org/10.1007/978-1-4020-6359-6_3306
http://om.ciheam.org/om/pdf/c47/00600609.pdf
https://doi.org/10.1073/pnas.1312984110
https://doi.org/10.1111/cobi.13685
https://doi.org/10.4159/harvard.9780674865327
https://doi.org/10.3896/IBRA.1.49.1.12
https://doi.org/10.1111/raq.12374
https://doi.org/10.1016/j.livprodsci.2004.11.001
https://doi.org/10.1111/raq.12480
https://doi.org/10.1016/j.cois.2015.05.005
https://doi.org/10.1016/B978-0-12-381387-9.00003-8
https://doi.org/10.1016/B978-0-12-381387-9.00003-8
https://doi.org/10.1016/j.jtherbio.2016.04.015
https://doi.org/10.1016/j.jtherbio.2016.04.015
https://doi.org/10.1111/j.1749-6632.2010.05453.x
https://doi.org/10.1007/s10681-017-1938-9
https://doi.org/10.1016/S0990-7440(02)01187-7
https://doi.org/10.5772/intechopen.73864
https://doi.org/10.1111/j.1752-4571.2010.00157.x
https://doi.org/10.1111/j.1420-9101.2006.01244.x
https://doi.org/10.1007/s13752-012-0028-4
https://doi.org/10.1201/9780429308741
https://doi.org/10.1007/s13593-016-0398-2
https://doi.org/10.1007/s13593-016-0398-2
https://doi.org/10.1111/faf.12006
https://doi.org/10.1023/B:JARM.0000005510.54214.57
https://doi.org/10.1016/j.cois.2017.07.006
https://doi.org/10.1111/raq.12430
https://doi.org/10.1038/s41598-020-68315-5
https://doi.org/10.3896/IBRA.1.53.2.06
https://doi.org/10.1051/apido:2006019
https://doi.org/10.1038/ng.3077
https://doi.org/10.1534/genetics.114.165423
https://doi.org/10.1146/annurev-environ-101718-033103
https://doi.org/10.1038/s41559-018-0593-4

Zanatta, D.B., JP. Bravo, JF. Barbosa, R.E. Munhoz, and
M.A. Fernandez. 2009. Evaluation of economically important
traits from sixteen parental strains of the silkworm Bombyx mori
L (Lepidoptera: Bombycidae). Neotrop. Entomol. 38:327-331.
doi:10.1590/s1519-566x2009000300005

Zeder, M.A. 2012a. Pathways to animal domestication. In: Gepts, P.,
R. Bettinger, S. Brush, A. Damania, T. Famula, P. McGuire, and C.
Qualset, editors. Biodiversity in agriculture—domestication, evolu-
tion, and sustainability. Davis (CA): Cambridge University Press;
p. 227-259.

Zeder, M.A. 2012b. The domestication of animals. J. Anthropol. Res.
68:161-190. d0i:10.3998/jar.0521004.0068.201

Zeder, M.A. 2014. Domestication: definition and overview. In: Smith, C.,
editor. Encyclopedia of global archaeology. New York (NY): Springer;
p. 2184-2194. doi:10.1007/978-1-4419-0465-2_71

Zeder, M.A. 2015. Core questions in domestication research. Proc. Natl. Acad.
Sci. U. S. A. 112:3191-3198. doi:10.1073/pnas. 1501711112

Zheng, H.-Q., S.-H. Jin, E-L. Hu, and C.W.W. Pirk. 2009. Sustainable mul-
tiple queen colonies of honey bees, Apis mellifera ligustica. J. Apic. Res.
48:284-289. doi:10.3896/IBRA.1.48.4.09

May 2021, Vol. 11, No. 3 77


https://doi.org/10.1590/s1519-566x2009000300005
https://doi.org/10.3998/jar.0521004.0068.201
https://doi.org/10.1007/978-1-4419-0465-2_71
https://doi.org/10.1073/pnas.1501711112
https://doi.org/10.3896/IBRA.1.48.4.09

