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1. Introduction

The first animal genome belongs to the fruit fly, Drosophila 
melanogaster, published in 2000 (Adams et al., 2000), and 
human genome drafts followed suite in 2001 after nearly 
2 decades of sequencing (Lander et al., 2001; Venter et al., 
2001). Sequencing technologies have advanced rapidly since, 
significantly lowering cost and increasing coverage. Indeed, 
here we are in 2020 and one can generate an animal genome 
of sufficient quality that fits on a USB flash drive plugged 
into a standard laptop in less than a week (Fologea et al., 
2005). Furthermore, along with the progress in sequencing 
technology, advances in software for the biologists have 
enabled those without an informatics background to 
assemble, annotate and analyse genomes to answer basic 
biological questions (www.digitalinsights.qiagen.com). 
Together these innovations have revealed new avenues 
for industries whose business models benefit substantially 
from optimising traits of organisms (such as those in the 
agri- and aquacultural spaces), by increasing the speed and 
precision of optimisation. In some cases this means creating 
transgenic organisms by introducing the DNA sequence 
of one species into another to confer, for example, insect 
resistance on Bt corn (EPA, 1995). A more common, tried-
and-true method of trait enhancement relies on selectively 
breeding conspecific individuals carrying desirable genetic 
and phenotypic profiles to produce offspring with desirable 

traits. This practice has been carried out for a very long 
time using traditional breeding strategies (e.g. breed 
males to multiple females and observe phenotypes, and 
reciprocal crossing), but can be time-consuming, labour-
intensive, and sometimes unsuccessful without knowledge 
of the underlying traits’ genetics. With next-generation 
biotechnologies, the process can be accelerated and more 
efficient, since genotype-phenotype relationships can be 
more readily identified and can be used to formulate more 
optimal artificial selection and crossing schemes, reducing 
false leads and the number of generations required to 
increase the frequency of optimal phenotypes.

Selective breeding is not only useful to traditional crops, 
livestock and other agricultural products, but will also be 
an important tool used for the optimisation of insects as 
alternative protein sources (Van Huis, 2013; Van Huis et 
al., 2015). In this context, the main differences between 
traditional agri- and aquacultural animals, most of which 
are vertebrates, and insects, lie in the mode of reproduction. 
Most insects evolved to produce many offspring quickly 
but each with little chance of survival (i.e. the r-selected 
strategy) whereas many vertebrates produce small numbers 
of more expensive offspring with typically some parental 
care ensuring their increased survival (i.e. the K-selected 
strategy) (Pianka, 1970). Therefore, artificial selection and 
selective breeding efforts can be done more efficiently in 
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insects. However, it should be noted that the diversity of 
insect sex determination mechanisms is far more diverse 
than across vertebrate systems (Bachtrog et al., 2014), and 
may have an influence on insect management.

The modern trait-optimisation workflow may involve 
genome-wide association studies (GWAS) in which loci 
are identified as being linked to economically important 
traits (e.g. fecundity, stress resiliency, or growth rates), 
followed by genetic modifications that introduce existing 
DNA sequences from conspecifics (or heterospecifics) 
into a controlled baseline genetic background, with the 
overall goal of reducing the number of undesirable effects 
(e.g. reduced fitness) while optimising the desirable ones 
(Box 1). This review will examine known cases of artificial 
selection and selective breeding in insects, outline strengths 
(and weaknesses) surrounding these methods, and discuss 
what we see as the future for insects as food and feed.

2. Optimisation via artificial selection and 
selective breeding

Similar to its natural counterpart, artificial selection 
operates on standing heritable genotypic variation in 
a population in favour of individuals with phenotypes 
deemed desirable by the human selector. Once identified, 

the selected individuals are allowed to mate, over successive 
generations fixing the associated alleles and resulting in 
strains with particular phenotypes (Box 2). In free-ranging 
insects such as the honey bee Apis mellifera, natural 
populations serve as reservoirs for variation. Regional 
variability is well described in many subspecies (also called 
races or ecotypes) native to different parts of the world 
(Alqarni et al., 2011; Engel, 1999) which exhibit distinct 
characteristics including coloration, morphometry (Alpatov, 
1929; Alqarni et al., 2011), venom biochemistry (Palma 
and Brochetto-Braga, 1993), and behaviour (Alqarni et 
al., 2011; Winston and Katz, 1982), with new variation still 
being discovered (Sheppard and Meixner, 2003). Managed 
colonies require open ranges to forage and therefore can 
interact and intermix with feral hives, and may lead to 
a reduction in the genetic diversity of wild populations 
(Meixner et al., 2010).

On the other hand, mating of parasitoids, the black 
soldier fly Hermetia illucens, and the house cricket Acheta 
domesticus can be done in closed spaces, thus preventing 
outcrossing with wild populations. This capability 
minimises pathogen exposure and enables controlled 
breeding, but promotes mating among close kin which 
can lead to inbreeding depression. Nonetheless, genetic 
depauperation may be ameliorated by starting a colony with 

Box 1. Genetically modified organisms.

It is important to note some important differences in 
some terms used when discussing genetic selection. 
Genetically modified organisms (GMOs) is a broad 
term that describes an organism that has been 
genetically modified using technology in which 
would not have happened naturally. This broad 
term represents a wide variety of modifications, 
some of which are related to genetic selection. More 
specific are the terms transgenesis and cisgenesis. 
Transgenesis refers to the practice of using genes 
or other genetic loci from another organism, and 
this could not happen naturally as the organisms 
being considered are heterospecific with divergent 
evolutionary histories and therefore not sexually 
compatible. An example of transgenesis is the 
engineering of foods we eat such as corn (maize). 
The classic example is Bt corn, a strain of corn that 
contains a bacterial gene that confers insecticide 
resistance, or corn with increased nutritional value 
by expressing a common bacterial gene that produces 
methionine, an essential amino acid.

The alternative to this is cisgenesis, in which a gene 
is introduced using genetic engineering methods into 

an organism, but that gene comes from a sexually 
compatible organism (for example, the same species 
or a closely-related species). In this situation, the 
gene, in theory, could be introduced via mating and 
introgression, but it is unlikely to happen naturally 
perhaps due to geographical barriers preventing 
reproductively compatible populations from inter-
mixing. Examples of this include taking a gene or a 
non-coding regulatory element (e.g. promoter and 
enhancer) from the same organism by using genetic 
engineering to introduce it by itself into a background 
which contains a variety of desirable traits. Currently, 
a lot of controversy surrounds the use of genetically 
modified organisms, mostly related to transgenetics, 
and many of the regulations are based on the process 
(how genes are engineered) rather than the type of 
gene used (gene function and species of origin).

In each and every case, careful considerations of 
local regulations, the potential for environmental 
spread through the sale of live insects, and consumer 
acceptance will play a role in the selection of 
technologies and strategies outlined in this review. 
In many cases, genetic modifications can play an 
useful role in functional characterisations important 
for an overall understanding of the insects’ biology.
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sufficiently high effective population size, and occasional 
outcrossing with wildtypes or stocks from different sources. 
For instance in H. illucens, human-assisted dispersal has 
broaden the natural distribution significantly (Marshall et 
al., 2015), with cultivated populations reared in factories 
and laboratories worldwide (Dzepe et al., 2020; Kenis et al., 
2018; Sheppard et al., 2002; Zhou et al., 2013). Phenotypic 
divergence has been observed between laboratory strains 
(Zhou et al., 2013), likely driven by unintentional selection 
and local adaptation. Although challenging, it is critical 
to strike a balance between minimising the genetic load 
and preserving selected phenotypes in established strains, 
while also preventing modified organisms from escaping 
into the local ecosystem. The latter point is an obvious 
concern with small, mobile, and highly fecund insects such 
as those mentioned above.

The domesticated silkworm Bombyx mori, arguably the only 
truly domesticated insect, originated from the wild silkworm 
Bombyx mandarina through to a single domestication event 
in China with little subsequent gene flow between wild 
ancestors and the domesticated stock (Arunkumar et al., 
2006; Cheng et al., 2015; Xia et al., 2009). Therefore, wild 
B. mori does not exist, and consequently standing genetic 
variation exists solely among commercial and laboratory 
strains. Interestingly, the initial domestication bottleneck 
did not significantly reduce standing genetic variation in 
B. mori (Xia et al., 2009), enabling subsequent successful 
artificial selection. Today, existing strains number in the 
thousands (Jingade et al., 2011). A similar situation exists 
for the yellow mealworm Tenebrio molitor. A known pest 
of cereal stores, this mealworm species has evolved in 
close association with humans and presumably no truly 
wild population currently exists. It has been a popular feed 
species mostly for exotic pets and therefore produced in 
large number by the pet feed industry. T. molitor is also 
widely reared with populations maintained by hobbyists 
and at many laboratories (Morales-Ramos et al., 2019).

3. Improving traits for the production of insects: 
the old way

Principles of natural selection can be applied to artificially 
change phenotypic frequencies in insect populations. In the 
context of insect production, first, we may wish to make a 
distinction between phenotypes associated with economic 
and fitness traits. Economic traits are defined as those 
directly linked to the intrinsic commercial value of the 
insect (e.g. production rate of silk and honey). Fitness traits 
such as fecundity, immunity, and environmental tolerance 
affect how robust an insect is at surviving and reproducing 
under artificial conditions. Optimising an economic trait 
may be at the expense of a fitness trait, and vice versa.

Even without knowledge of the underlying genetic 
landscape, desirable traits can be intentionally propagated 
by selective breeding of individuals with desirable traits, 
such as what was done in early agricultural systems with 
livestock, poultry and crops. Most traits under selection are 
continuous (e.g. weight, number of eggs produced, offspring 
size) with a range of possible phenotypes expressed in 
a population. Hybridisation, the mating of individuals 
from distinct genetic backgrounds, is often used to bring 
together naturally arisen variation from reproductively 
isolated populations, to create novel genetic landscapes 
and interactions that may extend the range of selectable 
phenotypic variation. As above, this method (introducing 
genetically variable individuals to induce hybrid vigour) is 
also at the mercy of the unintended consequences for the 
possibility of the introduction of potentially positive, but 
also, detrimental phenotypes.

The typical aim of selection programs is to increase the 
prevalence of phenotypes that would increase the quantity 
or quality of the commercial product (e.g. amount of silk 
per cocoon or honey per hive, neatness and reelability of 
silk threads, etc.), decrease in the amount time to harvest 

Box 2. Strains.

Historically in entomology, a strain generally refers to 
populations, wild or captive, that possess some stable, 
consistent characteristic over multiple generations 
that enable distinguishing one population from 
another (Carpenter and Bloem, 2002; Russo et al., 
2001; Tabashnik et al., 2009; Zatsepina et al., 2001), 
such as susceptibility to insecticides (Huang et al., 
2004), stress resistance (Force et al., 1995), aggression 
(Alaux et al., 2009) and sex-specific sterility (Heinrich 
and Scott, 2000). This usage is common, for example, 
in the literature of insect pests (Argentine et al., 1992; 
Kuno, 2010; Liao et al., 2019; Liu et al., 2004; Mertz, 

1975; Pashley, 1988), Drosophila fruit flies (Arking 
et al., 2002; Cingolani et al., 2012; Seong et al., 2019; 
Zatsepina et al., 2001), and the silkworm Bombyx mori 
(Murakami and Ohtsuki, 1989; Ruiz and Almanza, 
2018; Zhou et al., 2008). Often strain, line, and breed 
are interchangeably used (Furdui et al., 2014; Seong 
et al., 2019) but occasionally distinctions are made. 
Another commonly used convention relates to colony, 
which can be a strain, line or breed, but is typically 
formed as an off-shoot from a wild or field-collected 
sample or from other colonies already established. 
For the purposes of this review, we will use strain as 
the dominant term referring to unique population, 
naturally or artificially selected for.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
00

97
 -

 F
ri

da
y,

 O
ct

ob
er

 2
9,

 2
02

1 
12

:5
5:

07
 P

M
 -

 I
P 

A
dd

re
ss

:7
2.

10
6.

61
.2

23
 



T. Eriksson and C.J. Picard

664 Journal of Insects as Food and Feed 7(5)

(e.g. growth rate, development time, voltinism), or promote 
the stability and health in artificial rearing environments 
(e.g. disease and parasite resistance, temperature tolerance, 
cannibalism reduction). In other words, it is desirable to 
optimise economic traits as much as possible without 
sacrificing fitness. Principles of genetic improvements 
and domestication of cultivated insects have been reviewed 
elsewhere (Gregory, 2009; Hoy, 1976). Below we highlight 
outstanding examples in insect-rearing history.

For millennia, humans have cultivated insects in large 
numbers for a wide range of valuable products and services 
they provide. The best documented and most widespread 
practices are the sericulture of B. mori for silk threads and 
the apiculture of A. mellifera for honey and crop pollination, 
both of which date back to about 5,000 years ago (Alqarni 
et al., 2011; Ruiz and Almanza, 2018). Also significant is 
the century-old biological pest-control industry (Mackauer, 
1972; McGugan and Coppel, 1962; Turnbull and Chant, 
1961; Van Den Bosch and Messenger, 1973) which grow 
natural enemies (e.g. the parasitoid wasps Trichogramma 
sp.) to control populations of pest insects (Greany et al., 
1984). More recently, the insect as feed and food industry 
has emerged and is rapidly growing, producing insects for 
livestock, poultry, aquaculture and pets, and to some extent, 
human food (Makkar et al., 2014; Van Huis, 2013). The 
three insects most widely produced and commercialised for 
these purposes are H. illucens, T. molitor, and A. domesticus.

Sericulture

In B. mori, the economic value of silk threads, spun as 
cocoons by larvae in preparation for pupation, has long 
directed artificial selection efforts. As previously mentioned, 
the balance between economic and fitness traits is important, 
and both were optimised. For example, while economic 
traits important for silk productions were under extensive 
selection (weight of cocoons, cocoon’s raw silk content, 
reelability, and length, size, and neatness of silk filament 
(Datta et al., 2001; Kumar et al., 1995; Shekar and Basavaraja, 
2008)), traits related to domestication and fitness were also in 
focus (e.g. flightlessness, synchronous hatching, number of 
annual generations, larval duration, survival and hardiness, 
pupation rate, egg production (Cheng et al., 2015; Moorthy 
et al., 2007; Murakami and Ohtsuki, 1989; Pradeep et al., 
2005; Shekar and Basavaraja, 2008)). Because many of these 
traits are polygenic, quantitative and interact via epistasis, 
completely disentangling one from the others is often 
challenging. Furthermore, the environment can impact the 
economics of cultivating silkworm. Environmental tolerance 
is an emerging need to expand the reach of this valuable 
insect to communities in climatically diverse localities and 
to cope with global climate change, possibly resulting in 
improved hybrids (Datta et al., 2001; Shekar and Basavaraja, 
2008). In modern sericulture, selective breeding and 
assessment of outcomes are highly quantitative, informed 

by both molecular and phenotypic data combined with 
multivariate statistical analyses and indices (Datta et al., 
2001; Hasan et al., 2011; Mano, 1993; Mirhosseini et al., 
2005; Moorthy et al., 2007; Shekar and Basavaraja, 2008). In 
fact, many reviews have been published related to modern 
methods for optimising silkworm breeding and production 
including artificial selection history (Nagaraju et al., 1996; 
Neshagaran Hemmatabadi et al., 2016), genetics (Jingade 
et al., 2011; Mizoguchi and Okamoto, 2013; Tanaka, 1953), 
silk properties (Mondal et al., 2007), diseases and immunity 
(Bhat et al., 2009; Jing et al., 2013), trait heritability (Singh et 
al., 2011; Tanaka, 1953), rearing conditions (Rahmathulla, 
2012), diet (Kanafi et al., 2007), and molecular resources 
(Goldsmith et al., 2005; Zhou et al., 2008).

Apiculture

In addition to generating valuable hive products including 
honey and wax, A. mellifera plays a critical role in crop 
pollination and food security (Carreck and Williams, 1988; 
Klein et al., 2007; Southwick and Southwick Jr, 1992). The 
honey bee’s economic importance and unusual genetic sex 
determination system have spurred basic research on many 
traits, many of which have been shown to be variable and 
heritable including parasite defence (Moritz, 1985), queen 
mating frequency (Kraus et al., 2005), foraging behaviour 
(Page Jr et al., 2000), honey production and alarm response 
(Collins et al., 1984), body size (Oldroyd et al., 1991), 
and pollen preference (Basualdo et al., 2007). A variety 
of genes and their functions and correlations to traits are 
characterised (Alaux et al., 2009; Kerr et al., 2010; Scott 
Schneider et al., 2004), including those associated with 
pollen hoarding (Hunt et al., 1995), hygiene (Lapidge et 
al., 2002), parasite defence (Spötter et al., 2016), and alarm 
behaviour (Moritz and Southwick, 1987). To improve their 
colonies, apiculturists and breeders have imposed selection 
on both economic traits including honey production 
(Guzmán-Novoa and Page Jr, 1999) and pollen preference 
(Basualdo et al., 2007; Nye and Mackensen, 1968; 1970) as 
well as vitality traits including climate tolerance (Alqarni 
et al., 2011), hygiene behaviours (Perez-Sato et al., 2009), 
parasite tolerance (Huang et al., 2014), pollen hoarding (Page 
and Fondrk, 1995). Comprehensive, standardised protocols 
for queen care, trait selection, and selective breeding are 
well established (Büchler et al., 2013; Uzunov et al., 2017).

Biological pest control

Populations of pest insects can be controlled with systematic 
releases of their natural enemies or via the release of sterile 
individuals (Greany et al., 1984; Sørensen et al., 2012; Van 
Lenteren and Nicoli, 2004). Examples of natural enemies 
include the chalcid wasps Dahlbominus fuscipennis 
(Wilkes, 1942), Aphytis lingnanensis (White et al., 1970), 
and Trichogramma sp. (Sorati et al., 1996), all of which 
are parasitoids. Insects reared for sterile release include 
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the melon fly Bactrocera cucurbitae (Miyatake, 2006) and 
the New World screwworm Cochliomyia hominivorax 
(Krafsur, 1998). The economic value of these insects is tied 
with quantity which is strongly influenced by their ability 
to survive and reproduce in artificial rearing environment. 
Therefore, artificial selection has focused on improving 
life-history traits including development rate (Miyatake, 
2006), sex ratio (Simmonds, 1947; Wilkes, 1947), and female 
fecundity (Wilkes, 1947). For example, a laboratory selection 
for productive females resulted in a 40% increase in female 
productivity, and thus ensuing in a much greater number 
of offspring generated without having to invest more on 
materials and labour, just by removing less productive females 
(Wilkes, 1947). Similar to the silkworm, environmental 
tolerance is important for pest-control insects, resulted 
in selection for temperature tolerance (White et al., 1970; 
Wilkes, 1942; 1947) and insecticide resistance (Wilkes et 
al., 1952). Cultivated strains were also under selection to 
maintain normal foraging behaviours and vitality upon field 
release (Boller, 1972; Van Lenteren and Nicoli, 2004).

Entomoculture

Unlike the aforementioned established industries, growing 
insects as feed and food alternatives is still in its infancy. 
Recent focused reviews have evaluated the nutritional 
content and suitability for animal feed (Makkar et al., 2014) 
as well as challenges to mass-rearing, genetic improvements 
and management practices (Jensen et al., 2017). Though 
many insects are reared worldwide for these purposes, 
the more promising species include the black soldier 
fly H. illucens, the yellow mealworm T. molitor, and the 
house cricket A. domesticus have been attracting the most 
attention and interest. Other noteworthy species include 
the oak moth Antherae pernyi (Li et al., 2017, 2020), the 
house fly Musca domestica (Elahi et al., 2020; Hall et al., 
2018), and the palm weevil Rhynchophorus ferrugineus 
(Chinarak et al., 2020).

In the last few decades, the black soldier fly’s potential 
as a feed alternative for livestock and aquaculture, and 
a processor of organic waste has been recognised and 
promoted (Newton et al., 1977; Sheppard, 1983; Sheppard 
et al., 1994; Wang and Shelomi, 2017). The latter is being 
actively explored for manure management (Rehman et 
al., 2017) and biofuel conversion (Elsayed et al., 2020). 
Life history (Booth and Sheppard, 1984; Cammack and 
Tomberlin, 2017; Furman et al., 1959; Zhou et al., 2013), 
distribution and diversity (Park et al., 2017; Stahls et al., 
2020), mating behaviours (Giunti et al., 2018), and response 
to variable rearing conditions (Dzepe et al., 2020; Hoc et 
al., 2019; Lalander et al., 2019; Meneguz et al., 2018; Rhode 
et al., 2020; Tschirner and Simon, 2015; Zhou et al., 2013), 
gut endosymbiont (Bruno et al., 2019; Cifuentes et al., 2020; 
Varotto Boccazzi et al., 2017), nutritional values (Makkar 
et al., 2014) and livestock feeding on these flies (Newton 

et al., 1977; Rimoldi et al., 2019; Schiavone et al., 2017) 
have all been investigated. Innovations enabling scaling 
up and industrialising H. illucens rearing are being rapidly 
developed (Liu et al., 2020; Marien et al., 2018; Zhan et al., 
2020). Although wild founders can start captive colonies, 
rapid collapse occurred within several generations, an 
outcome attributed to inbreeding (Rhode et al., 2020). Rapid 
inbreeding depression can greatly hinder selective mating 
following artificial selection, and consequently genetic 
improvement of traits, and although improvement efforts 
are undoubted underway, so far none has been published.

Another species being mass produced as feed is the 
yellow mealworm T. molitor. Its usage began with the pet 
feed industry as early as late 1900’s (Martin et al., 1976), 
and more recently being seriously considered as a viable 
alternative source of protein and lipid for livestock and 
aquaculture (Choi et al., 2018; Henry et al., 2018; Oonincx 
and De Boer, 2012; Veldkamp and Bosch, 2015) and for food 
as it is currently a part of the human diet in Africa, Asia, 
Australia and the Americas. In addition, yellow mealworms 
can also degrade mycotoxins present in crops (Van 
Broekhoven et al., 2017) and plastics (Yang et al., 2018a,b), 
and produce nitrogen-rich frass (Poveda et al., 2019), 
greatly increasing their versatility and commercial value. 
Life cycle, effects of environmental conditions and diet 
on development and fitness traits including reproduction 
and immunity (McConnell and Judge, 2018; Ribeiro et 
al., 2018; Vigneron et al., 2019), and mating behaviours 
(Worden and Parker, 2001) have been studied. Experimental 
evolution experiments successfully used artificial selection 
and selective breeding to improve important economic and 
vitality traits including body size, body weight, growth rate 
(Leclercq, 1963; Morales-Ramos et al., 2019), fecundity and 
food conversion efficiency (Morales-Ramos et al., 2019), 
and improved immunity (Armitage and Siva-Jothy, 2005). 
Hybridisation technique was successfully used to study 
segmentation patterns (Hein, 1924).

Like the yellow mealworm, the house cricket A. domesticus 
has been sold commercially as pet feed (Nakagaki et 
al., 1987). A. domesticus is also produced for human 
consumption in some parts of the world (Nakagaki and 
DeFoliart, 1991), and maintained in laboratories as a 
research model (Wilson et al., 2010). Along with other 
edible crickets, this species is being produced by tens of 
thousands of growers around the world (Halloran et al., 
2016; Wilkie, 2018). Risk profile has been investigated 
(Fernandez-Cassi et al., 2019). Mass rearing protocols are 
developed, some capable of producing 6,000 individuals 
daily (Parajulee et al., 1993). Some cooperatives can produce 
upward of 700-800 kg daily (Halloran et al., 2016). Studies 
have explored the effects of diet and abiotic conditions on 
the efficiency of farming A. domesticus at different scales 
(Clifford and Woodring, 1990; Collavo et al., 2005; Orinda 
et al., 2017). Experimental selection has produced crickets 
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with larger body sizes, a heritable trait positively correlated 
with immune function (Ryder and Siva-Jothy, 2001), by 
manipulating size of food parcels for 10 generations (Tennis, 
1985). Body size was studied in great detail in the context 
of mate choice and sexual selection (Castillo, 2005). 
Strains with increased longevity can also be selectively 
bred, resulting in long-living individuals more resilient to 
oxidative stresses induced by environmental toxins (Flasz 
et al., 2020). Natural trade-offs between immunity and 
fitness traits have been characterised in A. domesticus 
(Bascunan-Garcia et al., 2010) and other members of the 
subfamily Gryllinae (Kerr et al., 2010). However, we found 
no published record of trait improvements in the context 
of mass production.

Trait trade-offs

Generations of selection can lead to negative correlations 
between traits, or trade-offs, such as among life history 
characteristics (Stearns, 2000), and between immunity and 
reproduction (Schwenke et al., 2016). Evolutionary trade-
offs in natural populations may be viewed as a complex 
interplay of reproductive success optimisation, lineage-
specific constraints, density and frequency dependent 
selection, and short-term population-specific dynamics 
(Stearns, 2000). These forces are also present in production 
populations of cultivated insects. Selective sweeps may be a 
possible mechanism that generate negative trait correlations, 
where strong directional selection on a desirable trait brings 
along linked, deleterious alleles (Berry et al., 1991; Smith 
and Haigh, 1974) that in a closed, inbreeding populations 
manifest as undesirable phenotypes in other traits.

In mass-produced insects, trade-offs have been observed 
between economic traits and fitness traits, as well as among 
them (Neumann and Blacquiere, 2017). In B. mori, strains 
with better survival tend to be less productive (Datta et al., 
2001; Shekar and Basavaraja, 2008) and there is a negative 
correlation between cocoon weight and shell percentage 
(Mirhosseini et al., 2005). In A. mellifera, selection for 
increased pollen hoarding resulted in workers with 
smaller bodies (Page and Fondrk, 1995) and larvae with 
increased sensitivity to the nutritional environment during 
development (Linksvayer et al., 2011). Furthermore, there 
is evidence that hybrid bees are less fit than their pure-
bred parents, afflicted with reduced foraging efficiency 
(Quezada-Euán et al., 1996), lower metabolic rates, and 
increased wing shape asymmetry (Scott Schneider et al., 
2004). The importance of considering traits influencing 
bee colony fitness and population stability, and not just 
those immediately linked to economic values, has been 
advocated (Meixner et al., 2010). In fact, commercial 
values are very much dependent on long term stability of 
managed populations. For parasites reared for biological 
control, trade-offs can occur between longevity and 
fecundity (Miyatake, 2006; Nagarkatti and Nagaraja, 

1978). Mass-rearing conditions may lead to degradation 
of host acceptance (Van Bergeijk et al., 1989) perhaps due 
to inadvertent adaptation to rearing diets and conditions. 
However, host acceptance can be rescued by means of 
artificial selection (Kölliker-Ott et al., 2003). In T. molitor, 
selection for increased pupal weight unintentionally resulted 
in reduced larval survival in one example, ultimately 
impacting total biomass production (Leclercq, 1963; 
Morales-Ramos et al., 2019). In the absence of directed 
artificial selection, local adaptation by natural selection can 
maintain life history variation and phenotypic plasticity 
between strains (Urs and Hopkins, 1973).

Inbreeding

Inbreeding depression is a longstanding problem for many 
closed populations of insects, a consequence of mating 
among close relatives that is exacerbated in captive 
populations founded from a small effective population of 
founders. Prolonged inbreeding in just about any species 
quickly results in decreased genetic variation among the 
progeny (Jingade et al., 2011; Rhode et al., 2020).

In the honey bee, the negative impacts of management 
on colony fitness are of top concerns among apiculturists, 
and the positive effect of genetic diversity on colony 
wellbeing is well documented (Seeley and Tarpy, 2007). 
In some cases, loss of genetic variation is exacerbated by 
commercial queen-breeding practices that produce large 
number of offspring from relatively few matrilines, and 
the persistent non-random mating to maintain pure lines 
(Meixner et al., 2010), however, in this particular case, it 
may not be due entirely to management but rather natural 
bottlenecks caused by out-of-Africa expansions (Harpur 
et al., 2012). Therefore, protocols for queen selection and 
mating techniques have been refined to minimise depletion 
of genetic variation (Büchler et al., 2013).

A similar situation is observed among biological control 
insects. Inbred lines of a chalcid parasite were less long-
lived, likely due to inbreeding depression, but survival in 
females could be improved with selection on field stock 
(Wilkes, 1947). Inbreeding depression can take time to 
manifest, for instance, no negative changes in female 
fecundity, male mating success, and morphometry (Sorati 
et al., 1996) were observed over four generations of sibling 
mating in a Trichogramma parasitic wasp.

4. Improving traits for the production of insects: 
the new way

Genetic selection

Selection has long been used in the agriculture space. In the 
early days, this was based on the inference of heritability 
based on pedigrees and breeding programs (for example, 
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Mendel’s peas; Mendel, 1865), in which the actual genes 
responsible for the phenotypes were not known. This 
process works well, albeit, it is very slow to optimise, 
especially when the traits can only be measured after several 
months or years, especially true in domesticated agricultural 
animals. Furthermore, due to the possible presence of other 
genes which may not be entirely desirable to transmit, the 
animal may optimise in one phenotype to the detriment 
of another.

To complicate matters further for selection methods, 
many traits are not monogenetic, expressed as the result 
of more than one gene. Monogenetic traits are probably 
uncommon in nature, but some have been discovered. 
A clear example is hairlessness in certain dog breeds, 
attributed to the transcription factor FOXI3 which is 
involved in the expression of hair and teeth (Drogemuller 
et al., 2008). More commonly are quantitative or complex 
traits, in which many genes are involved, and each individual 
gene has a small effect on the phenotype. For example, 
milk protein yield in a breed of cattle is associated with 144 
single nucleotide polymorphisms (SNPs) (Daetwyler et al., 
2008), and multiple quantitative trait loci (QTL) affecting 
cocoon traits and ectoparasite defence have been identified 
in the silkworm and honey bee, respectively (Behrens et al., 
2011; Lu et al., 2004). Additionally, the environment can 
have an impact, with a continuum of phenotypic responses 
across individuals.

Genetic selection is using genetic tools to identify genes or 
genetic loci that are associated with traits, then selectively 
cross those individuals with the appropriate genetics to 
produce subsequent generations. However, most traits are 
quantitative or complex traits, meaning multiple genes/
genetic loci are responsible for producing the continuous 
variability we see (e.g. milk yield in dairy cows or clutch size 
in birds). The ability to identify/characterise the genes that 
produce phenotypic changes and that are heritable forms 
the basis of genetic selection. Unfortunately, there are many 
challenges to identifying these genes that would allow us to 
make inferences about the heritability of a particular trait 
(i.e. how much of the variation is attributable to the genes 
being studied), in part, many of the effects that are seen 
in phenotypes due to a single gene is a small effect, it is 
only the additive genetic effect that produces a large effect.

Tools and resources

Next-generation sequencing technologies have been 
leveraged for many cultivated insects to assemble nuclear 
genomes (The Honeybee Genome Sequencing Consortium, 
2006; The International Silkworm Genome Consortium, 
2008; Ferguson et al., 2020; Xia et al., 2009; Zhan et al., 
2020), transcriptomes (Cheng et al., 2015; Liu et al., 2015; 
Oppert et al., 2020; Zhan et al., 2020; Zhu et al., 2019), and 
microbiomes (Jung et al., 2014; Zhan et al., 2020).

In addition, an increasing number of individual genomic 
loci have been characterised, including genetic markers 
(Kumar et al., 2009; Solignac et al., 2003), coding genes and 
proteins (Gao et al., 2019; Giannetto et al., 2017; Lee et al., 
2016; Park et al., 2015). As an example, for T. molitor, much 
research has been done in characterising antimicrobial 
peptides, immunity-related genes, and their regulation (Jo 
et al., 2017; Johnston et al., 2014; Keshavarz et al., 2020; 
Kim et al., 1998; Lee et al., 1996; Moon et al., 1994). Other 
subjects of investigations include peptidases (Oppert et al., 
2012; Prabhakar et al., 2007), insulin (Sevala et al., 1993), 
and microsatellites (Petitpierre et al., 1988).

Multiple strategies exist for applying next-generation 
sequencing technologies in different contexts. For example, 
a GWAS as discussed above is typically done using pre-
designed arrays that allow for the quick and efficient 
genotyping of millions of SNPs, but this only works if there is 
an existing array. An alternative to discovering genome-wide 
SNPs across the genome is to genotyping by sequencing, 
wherein the genomic DNA is typically fragmented using 
a restriction enzyme, and then sequenced using massively 
parallel sequencing technologies (Elshire et al., 2011). 
Where genome-wide expression patterns are of interest, 
transcriptomes are a valuable resource. Transcriptomics 
refers to the generation and assembly of transcriptomes, or 
the coding part of the genome, that allow for the analysis of 
variation in expression across cell types and tissues or among 
organisms and strains (e.g. see if multiple genes are changing 
in response to a stimulus, how gene expression varies 
between selected strains, etc.). Transcriptomes tend to be less 
expensive and easier to assemble relative to genomes, as they 
are typically less complex, are less repetitive, and reference 
genes typically exist. In some situations, metagenomics, a 
growing field that studies the environments’ genetic material 
most often attributed to microbial and other microbiological 
material, is also relevant.

These resources are modernising genetic improvements, 
where genomic DNA can be modified precisely to bring 
together desirable genetic variances while preventing 
hitchhiking of deleterious alleles, or to design transgenic 
organisms more efficiently (Heinrich and Scott, 2000; Wen 
et al., 2010). Editing methods relying on the CRISPR/Cas 
nuclease technology (Ran et al., 2013) are being successfully 
developed for many arthropods (Sun et al., 2017) including 
A. mellifera (Hu et al., 2019; Kohno et al., 2016), B. mori 
(Ma et al., 2014; Wei et al., 2014; Xu et al., 2019), H. illucens 
(Zhan et al., 2020), and Tribolium casteneum, a close relative 
of T. molitor (Adrianos et al., 2018; Gilles et al., 2015). Some 
examples of traits manipulated successfully in CRISPR/Cas 
in experiments include silk proteins (Kojima et al., 2007; 
Xu et al., 2018), sensory systems and behaviours (Liu et al., 
2017), and expression of recombinant proteins (Acharya et 
al., 2002; Wen et al., 2010) in B. mori, and larval duration, 
body size, and flighlessness in H. illucens (Zhan et al., 2020).
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5. Methods for genetic selection and 
engineering

There are generally two approaches to identifying genomic 
loci for genetic engineering and subsequent selection. 
They may be labelled inside-out and outside-in. In the 
former, you look at a targeted list of loci that may have 
some functional association already established in other, 
often model, species. For example, in the insect world, the 
D. melanogaster database (www.flybase.org) has a wealth 
of information on well-characterised genes that have been 
experimentally associated with a wide range of biological 
and molecular processes with homology in other insects. 
Researchers can leverage such a database as a starting 
point to identify loci that affect a trait of interest in their 
focal organisms. While relevant genes may actually be 
identified from knowledge of other organisms, the amount 
of phenotypic variation observed in the focal species that 
can be attributed to those identified genes may be small, 
because traits of interest are often polygenic and may have 
divergent underlying genetics between different species, 
therefore the accounting of effector loci is often incomplete.

Instead of focusing on a handful of genes with known 
functions, the alternative outside-in approach takes a 
bird-eye view of genomic variation to establish genotype-
phenotype correlations in a large number of individuals 
displaying a range of phenotypes. Without a reference 
genome, researchers may choose to carry out a GWAS 
(see Figure 1 for a schematic diagram) to pinpoint alleles 
associate with desirable phenotypes. For example, there may 
be a variable position that is located in or near an effector 
locus, be it a gene or a non-coding regulatory element, and 
due to its close proximity and the lack of recombination it is 
an informative marker of an uncharacterised chromosomal 
location that contains a significant allele. Currently for the 
common insects reared as feed and food, nuclear genome 
assemblies are only available for the black soldier fly (Zhan 
et al., 2020) and the yellow mealworm (Eriksson et al., 
2020). While this resource has yet to exist for the other 
important feed and food insects such as crickets and the 
palm weevil, basic research goals can still be accomplished 
using published genomes of closely related species. For 
example, prior to the completion of a T. molitor reference 
genome assembly in 2020, the Tribolium castenum genome 
(Tribolium Genome Sequencing Consortium et al., 2008) 
was used to study the yellow mealworm in our laboratory.

Re-sequencing experiments become possible with a 
reference genome, where it can be used to map whole 
genome reads sequenced from multiple individuals 
exhibiting different phenotypes. Variances can then be 
called from the mappings, and their significance to traits 
can be statistically established from known phenotypic 
scores. Albeit more prone to false positives, the outside-
in strategy enables the discovery of non-coding loci 

with regulatory functions (e.g. transcription start sites, 
enhancers, promoters, silencers) and novel taxon-specific 
genes (i.e. genes only found in a single species or group). 
This method would instead allow you to discover new 
genetic loci, especially those that strongly affect phenotypes, 
and gain a better understanding of the underlying genetic 
variation attributed to a given phenotype, and allow you 
to screen a large number of individuals for these specific 
alleles, and allowing for selective mating to occur.

A genome-editing project may benefit from a combination 
of both of the approaches discussed above. Armed with an 
understanding of individual genes’ molecular functions and 
genotype-phenotype correlations among multiple strains, 
one can more accurately predict candidate loci linked to 
important traits that would cause appreciable phenotypic 
changes following genome editing.

Challenges and drawbacks

As with nearly all scientific innovation, there is a balance 
needed between the cost and the value. Spending money 
upfront to generate a large dataset could be advantageous 
in the long run, as there would likely be little need to run 
additional samples if your existing dataset contains a lot 
of data. For re-sequencing and GWAS, the number of 
samples is highly important. Although more costly, the 
greater the number of unrelated individuals across the 
phenotypes of interest, the more power the method has to 
detect actual associated genotypes. Advances in sequencing 
technology have made running larger number of samples 
more affordable, but the DNA library preparation for 
sequencing is still currently costly.

The basic design of a GWAS is to sample animals with a 
range of phenotypes of interest, and then genotype those 
animals using SNP arrays or panels. Then, complex statistical 
analyses are performed to identify SNPs linked to the trait 
while reducing the false positive rate. Admixture is a source 
of bias in many GWAS, thus it is important to account for 
in your statistical model and to select appropriate samples. 
In correlational analyses, including individuals sharing 
recent ancestry (i.e. non-independent samples, such as 
siblings, parents and offspring) risks statistically biasing 
an association between a trait and a marker. For insect 
populations, sampling a group of sufficiently unrelated 
individuals can be challenging given managed insects’ high 
reproductive outputs and lack of outcrossing opportunities, 
with some insects more challenging than others. For 
example, all extant yellow mealworm populations are in 
captivity, and to avoid sampling closely related individuals 
a GWAS would need to obtain specimens from different 
source populations (e.g. commercial suppliers, laboratories). 
This challenge also highlights the necessity of keeping 
detailed pedigrees and estimating relatedness within and 
among strains. Other insects such as the black soldier fly 
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have robust wild, geographical populations with different 
evolutionary histories, and therefore less likely to suffer 
from sampling bias. Another drawback of large-scale 
association studies is that they are often labour intensive 
and time consuming. In each case, researchers would need 
to establish separate laboratory populations using founders 
from different sources, and maintain them in conditions 
that would not skew the expression of the traits in question, 
measure a suite of phenotypes for several generations, and 
then genotype.

When designing an experiment, SNP density (i.e. how 
close the SNPs are to one another?) and location should be 

considered. If a SNP is too far away from the quantitative-
trait locus of interest, then it would not be detected as 
‘linked’ by the analysis. A dense SNP array usually improves 
the precision in detecting a linked SNP. This feature is 
sensitive to linkage disequilibrium (LD), the magnitude of 
which varies between species and even across regions based 
on genomic features as seen in the honey bee (Wallberg et 
al., 2015). The sample size of a GWAS is determined in part 
by the effect size or, the proportion of the phenotype that 
can be explained by the genotype. A single gene with large, 
obvious effects on phenotypes is easily detectable in a small 
number of animals, but those with smaller effects require 
a larger sample to detect. This in turn is all dependent on 

A

B

C

D

E

F

G

SNPs SNPs

Animal A
Phenotype 1*

(*optimal phenotype)

Animal B
Phenotype 2

Genes

AA CC

GG TT

Figure 1. Simplified design of a genome association study, in which multiple locations (red lines: single nucleotide polymorphisms 
(SNPs), represented here as a single chromosome) randomly span the length of the chromosome. A genome-wide association 
study would include multiple individuals of varying phenotypic levels, and then the association of the genotypes per phenotype 
can be assigned. Often the SNPs are not located in genes, but are physically close to genes, and inferences are possible.
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heritability of the trait, the proportion of the variation 
explained by the QTL, and LD. In the end, if you have many 
markers, and many unrelated samples, then the discovery 
of informative SNPs is likely. Since the false discovery rate 
when using a large number of SNPs is very high and that 
the SNP showed up as significant is expected by chance, 
it is often recommended to validate the detected variants 
in additional, independent sets of samples.

Relative to vertebrates, there are inherent advantages to 
using r-selected insects for selection experiments, namely 
short generation time and high fecundity. Indeed, within 
a few years of artificial selection and selective breeding, 
a population with phenotypic improvements could 
be generated. These conventional means work but are 
vulnerable to the hitch-hiking of deleterious or undesirable 
alleles in LD with desirable ones.

And finally, there are copy number and structural variants 
(large insertions or deletions, or inversions) to consider. 
These variants are much more difficult to detect using 
traditional massively parallel sequencing platforms. 
However, technology has improved to be able to address 
this. Long-read sequencing technology, offers by company 
such as PacBio, can be used to bridge these gaps, but suffers 
from higher error rates relative to short-read Illumina 
sequencing and requires computationally expensive error 
corrections. Other companies like 10x Genomics takes 
advantage of less error prone short reads and proprietary 
partitioning methods to assemble longer scaffolds, albeit 

they have discontinued this technology. And Hi-C makes 
use of library preparation protocols that link long-range 
chromosomal segments together to understand spatial 
organisation of a chromosome. Generally, 10X outperforms 
(Srikanth et al., 2020; Srivastava et al., 2020) other currently 
available long read sequencing platforms. The first insect 
to be sequenced exclusively using this platform includes 
the mealworm (Eriksson et al., 2020).

Future directions

There is little doubt alternatives to conventional ranching 
and farming will soon be needed to meet growing global 
demand for protein. Climate change, increased human 
population and antibiotic resistance are shifting the 
economics of raising traditional livestock and poultry with 
large carbon footprints. In response, the emerging insect as 
feed and food industry is rapidly scaling up capacity, taking 
advantage of insects’ natural abilities to mature rapidly, 
produce large number of offspring, tolerate crowded rearing 
conditions, and consume a wide range of feed, including 
waste. We predict that many innovations will be fuelled 
by next-generation molecular technologies, particularly 
with the CRISPR/Cas genome editing toolkit (Ran et al., 
2013). This trend is already in motion in many of the insects 
discussed, and has yielded promising results.

With generally two approaches available for the isolation 
and characterisation of genetic variants linked to particular 
(desirable or not) phenotypes, one method holds promise 

High fecundity High survivability Fast development

Other

Optimised production strain

Identify strong 
genetic 

background

Identify stress 
and disease 

resiliency

Identify 
beneficial 

bacteria and 
endosymbionts

Identify basis of 
development rate 

variation

Characterising 
‘digestome’

Metagenomics
Transcriptomics

Functional genomics
Genome sequencing GBSGWAS

Figure 2. In this simplified and non-exhaustive example, the production of optimised strains can encompass multiple areas 
(including some not included here), and can be determined using many different genetic and genomic tools (GBS = genotype by 
sequencing; GWAS = genome wide association study).
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over the other. In selective breeding strategies that focus 
on improving specific phenotypes, linked genotypes may 
be quickly identified in subsequent genomic analyses. 
The main issue with this method is that many genomic 
changes could have taken place during selection, and it 
may be not able to isolate the causative genotypes (lots 
of genetic hitchhiking). An alternative approach is to use 
population genetics to identify adaptive genes that can 
then be correlated to the phenotypes. This requires large 
samples sizes across many phenotypes, and requires native 
or wild populations to be variable across the phenotypic 
landscape, but it is more likely to yield successful outcomes 
(Ross-Ibarra et al., 2007).

Another aspect for consideration when assessing the 
functional characterisation of any significant variants 
correlated to a phenotype would include an understanding 
of the impacts of the microbial communities associated 
with these insects. Endosymbionts, such as Wolbachia, 
are well-known to manipulate biological processes from 
cytoplasmic incompatibilities (Werren and Windsor, 2000; 
Werren et al., 2008), contributions to degradation of waste 
(e.g. (Przemieniecki et al., 2020), to the potential nutritional 
mutualism (Nikoh et al., 2014). There is very little research 
of Wolbachia and other endosymbionts on the majority of 
the proposed insects discussed here (crickets, mealworms 
and back soldier flies), albeit well-known in other insects 
used for biocontrol, possibly an indication of its inexistence, 
or more likely, this is an area of needed research for the 
continuation of an understanding of the biology of the 
insects, from wild to farmed populations.

As an example of what insect farmers and researchers 
can look forward to, the first reference cattle genome was 
available in 2009 (The Bovine Genome Sequencing and 
Analysis Consortium et al., 2009), launching the practice 
of linking traits to genotypes with SNPs identified that 
were unique to different breeds of cattle. The 1000 bull 
genome project (Hayes and Daetwyler, 2019) began as a 
means to quantify the variation present in various cattle 
breeds (n=121), and to date, there are 2,703 cattle genomes. 
With each subsequent analyses the group does by adding 
new individuals, the number of SNPs increases, and for 
species with a lot of variability that number increases with 
each subsequent analysis. As opposed to species with little 
variation, that number plateaus despite the addition of new 
genomes. Most SNPs are intergenic variants (i.e. not in a 
gene) with intronic SNPs the second most common (Hayes 
and Daetwyler, 2019). This particular dataset demonstrates 
the need for additional genetic and genomic data to better 
understand the insects we wish to commercialise, while 
highlighting limitations with current agricultural processes. 
Genome editing may be able to address this problem, 
by selectively changing the genomic DNA sequence at 
single-nucleotide level, but without the basic research and 
knowledge to start from, it will remain to be seen. However, 

academic and the industry are armed with the best tools 
and resources to disrupt traditional agricultural processes 
in producing sustainable alternative protein sources.
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