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Potential food shortages, human health challenges and environmental concerns, all thematically linked to grow-
ing and aging global populations, drive the search for alternative and sustainable food sources. Insects, which
have been part of the human diet since antiquity though not currently widely consumed in Western societies,
are rich in high quality proteins and nutrients and bioactives. Accordingly, insects could make a significant con-
tribution to the global food supply chain in the future. This review explores the potential of entomophagy in an
integrated global food network and focuses on practical approaches for transforming insect biomass into con-
sumer food products. Carefully regulated breeding, rearing, harvesting and processing of insect bioresources
are critical for realising the concept of “edible insects for human well-being”.
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1. Introduction

The discovery of new and sustainable approaches for growing foods
and efficiently utilizing biomass resources is a global priority, with the
Technology, No. 381, Wushan

aterhouse).
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human population on Earth predicted to reach 9 billion in 2050. To
achieve this, more sustainable farming practices need to be developed
for food production, together with conservation of ocean, water and en-
ergy resources. Growing consumer awareness of diet-disease relation-
ships and longer life spans suggest that we need to address potential
food shortage challenges as well as human preferences for foods that
are both nutritious and palatable. Moreover, there is a currently signifi-
cant change occurring in consumer purchasing behavior worldwide.
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http://dx.doi.org/10.1016/j.foodres.2016.10.001
mailto:g.waterhouse@auckland.ac.nz
Journal logo
http://dx.doi.org/10.1016/j.foodres.2016.10.001
http://www.sciencedirect.com/science/journal/09639969
www.elsevier.com/locate/foodres
http://dx.doi.org/10.1016/j.foodres.2016.10.001


2 D. Sun-Waterhouse et al. / Food Research International xxx (2016) xxx–xxx
Foods that are perceived as healthy or marketed health-promoting are
attracting increasing demand (Ali, Alam, & Ali, 2015).

Insects in nature form a significant biomass resource distributed
across aquatic, forest and agricultural ecosystems (New, 2009). Insects
are important for all terrestrial ecosystems and livelihoods, due to
their fast reproduction rates and many benefits in human/animal food
and nutrition, medicines, therapies and organic matter recycling
(often the roles of insects in our everyday lives are overlooked or
underestimated). Insects produce dyes, silk and wax as well as food
products with broad spectrum nutritional and functional benefits such
as bee honey, propolis and royal jelly. Insects are able to convert plant
proteins to insect proteins very efficiently (with a much higher yield
than other animals, especially mammals) (Deroy, Reade, & Spence,
2015). For example, the conversion of plant biomass to animal biomass
by caterpillars was 10 times greater than that of cattle, requiring much
less land and with a smaller environmental footprint (Schabel, 2010).
Livestock accounts for approximately 8–18% of anthropogenic green-
house gas emissions (Herrero et al., 2015). To achieve the same protein
yield, crickets require one twelfth and a quarter the feed of cattle and
sheep, respectively, and around one half the feed of pigs or chickens
(Deroy et al., 2015). Further, insects can be raised efficiently using vari-
ous bio-waste streams. On average, every two kilograms of biomass can
yield one kilogram of cricket biomass (Collavo et al., 2005). This allows
the transformation of under- or non-utilised biowaste and organic side
streams into high value human foods or animal feeds (Veldkamp et al.,
2012). Thus, mass production of insects is economically viable and may
satisfy rising demand for nutritious, protein rich alternatives to conven-
tional staple meat sources such as beef, chicken, pork and fish (Finke,
2002; Kinyuru, Kenji, & Njoroge, 2009). Directly or indirectly (as live-
stock feed), insect proteins could complement animal proteins to ad-
dress the food challenge of feeding 9 billion people in 2050.

Edible insects have been a part of the human diet, especially in trop-
ical countries, for thousands of years (Bodenheimer, 1951). Insects com-
monly consumed include ants, bees, beetles, cicadas, corn borer, cotton
bollworm, crickets, flies, grasshoppers, grubs, holcocerus, sorghum
borer strip and tabaniformis, although the consumption of these is
now uncommon inWestern societies. Insect proteins possess nutrition-
al advantages in total protein level and/or essential amino acid profiles
over plant proteins such as cereal, legumes, beans, lentils or soybean
(Rumpold & Schlüter, 2014; Bukkens, 2005). Insects may also possess
advantages over animal meats because of their high levels of quality
proteins (~50–85%) and significant amounts of other nutrients such as
lipids, vitamins and minerals including n-3 and n-6 fatty acids in
favourable ratios (e.g. 1:17) (Makkar, Tran, Heuzé, & Ankers, 2014;
Rumpold & Schlüter, 2014; Tzompa-Sosa, Yi, van Valenberg, van
Boekel, & Lakemond, 2014; Bukkens, 2005). Accordingly, edible insects
are anticipated to emerge as potential value-added functional ingredi-
ents/materials in the fast growing wellness food sector. Besides safety,
pleasure and sensation are factors that influence significantly consumer
acceptance and preference. Consumer preference fuels technological in-
novation in the food sector and drives global development of associated
legislative frameworks.

This review aims to showcase the potential of edible insects in the
food value chain as sustainable resources for consumer daily foods
and value-addedwellness foods. This review focuses on addressing cur-
rent knowledge gaps in relation to the biological, ecological and nutri-
tional characteristics of edible insects, the barriers related to consumer
acceptance and food choice, as well as the role of innovative technolo-
gies in rearing and processing insects into human wellness foods. The
need to stimulate and create consumer demand for edible insects as
natural foods or food ingredients is emphasized. The design of insect-
based foods and associated processing should maximize the retention
of the nutrients and bioactives in the edible insects while eliminating
the human perceived “disgusting” factors and potential allergens,
through employing efficient insect rearing and processing technologies
supported by appropriate labeling andmarketing of insect-based foods.
Please cite this article as: Sun-Waterhouse, D., et al., Transforming insect
national (2016), http://dx.doi.org/10.1016/j.foodres.2016.10.001
2. Advantages and disdvantages of edible insects as food sources

2.1. Biology and ecology characteristics

There are about 1500–2000 insect species and other invertebrates
that are consumed by humans across 3000 ethnic groups and 113 coun-
tries in Asia, Australia, and Central and South America (but not con-
sumed in significant quantities in Europe and North America)
(Jongema, 2015). Entomophagy is heavily influenced by cultural, social
and religious factors (more details available in Section 3). Insects are
consumed at different life stages including eggs, larvae, pupae or adults.
The insect species consumed the most worldwide are beetles (Coleop-
tera, 31%), butterflies and moths (Lepidoptera, 18%), bees, wasps and
ants (Hymenoptera, 14%), grasshoppers, locusts and crickets (Orthop-
tera, 13%), cicadas, aphids, honeyants, leafhoppers, plant hoppers,
scale insects and true bugs (Hemiptera, 10%), termites (Isoptera, 3%),
dragonflies (Odonata, 3%) and flies (Diptera, 2%) (Jongema, 2015). Lep-
idoptera, Coleoptera and Diptera are commonly consumed in the larval
stage, while Orthoptera, Hymenoptera, Hemiptera and Isoptera are
mainly consumed in the adult stage (Hanboonsong, Jamjanya, & Durst,
2013). Table 1 provides some examples of edible insects.

Coleoptera (beetles): There aremany kinds of edible beetles, includ-
ing 78 edible aquatic beetles from the Dytiscidae, Gyrinidae and
Hydrophilidae families (Ramou, Pino, & Martinez, 2009). Beetles can
easily be raised using a wide range of plant materials including cereals
(e.g. wheat, oats andmaize), fruits and vegetables (e.g. carrots, potatoes
and lettuce), and animal and microbial products (e.g. meat waste,
feathers and yeast) (Ramos-Elorduy, Gonzalez, Hernandez, & Pino,
2002; Veldkamp et al., 2012). Mealworms, the larvae of beetles, are an
excellent protein source. The development of mealworm larva typically
requires three months. Mature larvae weigh 130–160 mg and have a
light yellow-brown colour and a body length of 20–32 mm.

Lepidoptera (caterpillars): Approximately 27 caterpillar species are
consumed in Chiapas, Mexico (Makkar et al., 2014). The mopane cater-
pillar (Imbrasia belina) is one of the most economically important and
commonly harvested caterpillars in Southern Africa (FAO, 2003;
Ghazoul, 2006), and the bamboo caterpillar (Omphisa fuscidentalis:
Pyralidae) is widely consumed in Asia (Yhoung-Aree & Viwatpanich,
2005). Under suitable conditions such as 29–31 °C, 50–70% humidity,
and appropriate diets (e.g. organic waste) and adequate oxygen, these
caterpillars grow rapidly (e.g. at a rate of 25–500 mg fresh weight per
day) (Hardouin & Mahoux, 2003; van Huis et al., 2013).

Hymenoptera (wasps, bees and ants): Hymenoptera species differ
vastly in size, from 0.2 mm (the family Trichogrammatidae) to larger
than 5 cm (the Asian giant hornet). Bees have a size from 2 mm to
39 mm (females of the largest species Megachile pluto), while ants
range in size from 0.75 to 60 mm (the queen of largest species, the pre-
historic Titanomyrma giganteum) (Shattuck, 1999; Schaal, 2006). These
insects can survive under a broad spectrum of environmental condi-
tions. Important rearing conditions include diet, temperature and
relative humidity, and vary with species and growing stages. Diets
include freshly killed or live insects, fallen fruit, seeds or nectar
(Stabentheiner, Kovac, & Brodschneider, 2010). Hymenoptera are con-
sumed in many countries. The State Food and Drug Administration
(FDA) and State Health Ministry of China have approved N30 ant-con-
taining health products since 1996. In some regions of Japan, the larvae
of yellow jacket wasps (Vespula and Dolichovespula spp.; hebo) are con-
sumed as a popular delicacy.

Orthoptera (locusts, grasshoppers and crickets): There are over
27,000 Orthoptera species worldwide. They exhibit large variations be-
tween species in size, food preference, habitat types, reproduction rates
and behaviours. Their body lengths may be as small as 2 mm (ant-
inquiline crickets, Myrmecophilidae) or as big as 567 mm (the longest
phasmid Phobaeticus chani). Most Orthoptera eat plants including
grasses, except for the Sand Groper (Family Cylindrachetidae) as an oc-
casional pest of wheat crops (Vickery & Kevan, 1985; Hoell, Doyen, &
biomass into consumer wellness foods: A review, Food Research Inter-
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Table 1
Some insects and their characteristics.

Insect Available
month*

Protein content (%) Lipid
content (%)

Specific lipids in total fat Other distinct nutrients Reference

Weaver ant Mar-May 26–48.5 dry wt 10–25%
fresh wt

Cholesterol 4.4–11.7% of total fat P, Mg, Na, Zn, Ca, Fe; Vit B1, B2, B3;
Fibre.

Borgohain et al. (2014), Mu et al. (2011), Rumpold and Schlüter (2014), Van
Huis et al. (2013), Sribandit, Wiwatwitaya, Suksard, and Offenberg (2008)

Melon bug Mid-June-early
Nov

27.0 dry wt 45% dry wt Cholesterol 1.4 & sterol 17 mg/100 g
oil; 46.5% oleic acid, 3.4% linoleic acid,
44.2% palmitic acid and trace linolenic
acid

Tocopherol 0.3 mg/100 g oil Mustafa et al. (2008), Van Huis et al. (2013), Mariod (2013)

Stink bug Feb, Apr.-June 33–36 dry wt 50–63 dry
wt

Oleic acid, (Z)-9-hexadeaenoic acid,
linoleic acid, (Z)-9-octadecanoic acid,
octadecanoic acid,
(Z,Z)-9,12-octadecadienoic acid,
myristoleate

P, K, Ca, Na, Mg, Fe, apeginin,
quercitin, luteolin, rutin; neutral and
acid detergent fibres

Teffo (2006), Van Huis et al. (2013), Musundire et al. (2016)

Palm weevil
beetle

March-Dec.,
esp. Apr.-July

7–36 fresh wt;
Some 40 dry wt

54 dry wt
delicious
due to
elevated fat

Palmitoleic acid 38%, linoleic acid 45% Vit E FAO (2012), Fasoranti and Ajiboye (1993), Cerda et al. (2001), Womeni et al.
(2009), Bukkens (2005), Van Huis et al. (2013)

Mealworm
larvae of
beetles

Jan-Dec 14–25 fresh wt; 47–64 dry
wt; High glutamic acid;
methionine limited

31–43 dry
wt

Oleic acid 38%, linoleic acid 27%,
palmitic acid 21%.

Zn, Fe, Cu, Mn, K, P, Vit B12; retinol &
β-carotene (Vit A); Neutral
detergent fibre 12%, acid detergent
fibre 6.5%

Bukkens (2005), Barker, Fitzpatrick, and Dierenfeld (1998), Finke (2002),
Jones, Cooper, and Harding (1972), Klasing, Thacker, Lopez, and Calvert
(2000), Martin, Rivers, and Cowgill (1976), Li et al. (2008), Van Huis et al.
(2013)

Mopane
caterpillar

Nov-Jan.,
Mar.-May

48-80dry wt. 16–20
(maybe
fresh wt)

40% (maybe fresh wt) Fe, Ca, Zn, K, P, Mg Glew et al. (1999), Headings and Rahnema (2002), Bukkens (2005), Van Huis
et al. (2013)

Ground
cricket

May-Dec 48–67 dry wt; low in Lys,
Met, Cys; high glutamic
acid

b5- N 20
depending
on species
type

Palmitoleic acid 20–25%, linoleic acid
36–40%, stearic acid 9–32%, with some
having palmitic acid 50%

Vitamin B12; fibre 8.7–18%; risk of
lead contamination; Fe, Zn, Cu

FAO (2012), Bukkens (2005), Barker et al. (1998), Finke (2002), Van Huis et al.
(2013), Chakravorty et al. (2014)

Grasshopper Jan, Apr.-Oct 13–28 fresh wt or 57–69
dry wt; low Lys & Met;
High glutamic acid &
glutamine

3–67 dry wt Palmitoleic acid 28%, linoleic acid
16–46%, linolenic acid 16–25%, oleic
acid 21%, palmitic acid 17.2%, stearic
acid 12.4%

Crude fibre 8.5–12.5%, neutral
detergent fibre 22%, acid detergent
fibre 10%; Zn, Fe, Mn, Cu, Ca, P.

FAO (2012), Womeni et al. (2009), Adeyemo, Longe, and Lawal (2008),
Alegbeleye et al. (2012), Anand, Ganguly, and Haldar (2008), Ojewola, Okoye,
and Ukoha (2005), Van Huis et al. (2013), Chakravorty et al. (2014), Ghosh et
al. (2016)

Black soldier
fly

Jan-Dec., esp.
warm July

40–44 dry wt; lysine rich 15–49 dry
wt.
depending
on diet

Lauric acid 21–43%, palmitic acid
11–16%, oleic acid 12–32%, omega-3
fatty acids 0.2–3%

Mn, Zn, Ca, P; Crude fibre 7% dry wt Arango Gutierrez et al. (2004), Newton et al. (1977), Newton et al. (2005),
St-Hilaire et al. (2007)a,b, Van Huis et al. (2013)

Termites Jan-Dec. esp.
Mar.-June

32–38 dried, some 64
(fresh wt, rich in Trp;
13–28 fresh wt

49 dry wt Palmitic acid 30%, oleic acid 48%,
stearic acid 9%, linoleic acid 34–43%
fresh wt

Fe, Ca Nkouka (1987), Santos Oliveira, Passos de Carvalho, Bruno de Sousa, and
Madalena Simao (1976), FAO (2012), Womeni et al. (2009), Van Huis et al.
(2013), Chakravorty et al. (2013)

Silkworms Jan-Dec 10–17 fresh wt; or 52–76%
dry wt.High in Lys, Met
and Cys

37 High polyunsaturated fatty acids, esp.
linolenic acid (18:3) 11–45%

Vit E; Acid detergent fibre 6–12% dry
wt, low Ca

FAO (2012), Tong et al. (2011), Finke (2002), Rao (1994), Ioselevich, Steingaß,
Rajamurodov, and Drochner (2004), Usub et al. (2008), Coll et al. (1992), Göhl
(1982), Fagoonee (1983a, b), Gowda Ramana et al. (2004), Hossain, Islam, and
Alim (1993), Hossain, Nahar, and Kamal (1997), Jintasataporn (2012),
Longvah, Mangthya, and Ramulu (2011), Narang and Lal (1985), Van Huis et al.
(2013)

Note: *Availability varies considerably with country, region, climate, type and life stage of species.
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Purcell, 1998). Many cricket species are commercially available
(Weissman, Gray, Pham, & Tijssen, 2012), and they can survive over a
wide temperature range with 32–35 °C generally preferred (Kvassay,
2014). Locusts can be easily reared with any green produce, grass and
wheat bran in terrariums (preferably in large wire enclosures with suf-
ficient air flow, low humidity (b30%) and warm temperatures between
31 and 35 °C). Orthoptera species are part of human diets in South
America (e.g. different regions of Mexico), Asia (e.g. Thailand, North
and South Korea) and Africa (e.g. Niger), although attention should be
paid to potential contaminants such as lead (Yhoung-Aree &
Viwatpanich, 2005; Handley et al., 2007; Cohen, Sánchez, &
Montiel-ishinoet, 2009; Alegbeleye, Obasa, Olude, Otubu, & Jimoh,
2012; Meyer-Rochow, 2013).

There aremanymore edible insects reared for dietary purposes such
as red palm weevils (Rhynchophorus ferrugineus, which are consumed
all over the tropical world), Homoptera (cicadas, leafhoppers,
planthoppers and scale insects, which are for direct intake or processed
into food products e.g. the E120 carmine dye and crystallized secretion
lerpare) (Yen, 2005). Hemiptera are popular foods and provide oil for
cooking in sub-Saharan Africa and Mexico (van Huis & Motte-Florac,
2003; Ramos-Elorduy, 2006). Isoptera (termites) are consumed all
over the world as a delicacy as a main or side dish, and their oils are
used for food processing in many countries (Costermans, 1955;
Kinyuru et al., 2009). A typical example offlies (Diptera) is the black sol-
dier fly (H. illucens Linnaeus 1758), which is not consumed directly by
humans but is instead used as an animal feed (Hardouin & Mahoux,
2003; Diclaro & Kaufman, 2009).

2.2. Nutrients and bioactives

Increasing pressures on food supply chains worldwide necessitate
large scale production of proteins and oils. Insects are efficient pro-
ducers of protein, unsaturated fat and other important bioactive sub-
stances such as carbohydrates, minerals, antioxidants and vitamins
(Table 1). For example, by weight yellow mealworm larvae (Tenebrio
molitor, L.) have significantly higher contents of linoleic acid, isoleucine,
leucine, valine, tyrosine, alanine and vitamins (except for vitamin B12)
Fig. 1. Comparison of the content of essential amino acids (g/100 g dry weight) among fou
Hymenoptera (bees, wasps and ants), and Orthoptera (grasshoppers, locusts). Cysteine (de
amino acids” (after Ladron de Guevara et al., 1995; Ramos-Elorduy et al., 1997).

Please cite this article as: Sun-Waterhouse, D., et al., Transforming insect
national (2016), http://dx.doi.org/10.1016/j.foodres.2016.10.001
compared with beef (Finke, 2002; Finke & Oonincx, 2014). Further,
the nutritional and bioactive profiles of edible insects are highly variable
and affected by factors such as insect species, castes of the same species,
metamorphosis phase/stage, season, habitat (including host plant and
geographic location), insect diet, as well as preparation, processing
and handling methods applied prior to consumption. All these
enable the tailored use and manipulation of insect foods for human
well-being.

Insects generally have higher protein contents (up to about 50–80%
dryweight) thanmost plants ormany animal products such as eggs and
meat. Typical protein contents are 26% for Ephemeroptera larva, 40–65%
for Odonata larva, 40–57% for Homoptera larva and eggs, 42–73% for
Hemiptera, 23–66% for Coleoptera larva and 20–70% for Lepidoptera
(Table 1) (Comby, 1990; Ramos-Elorduy & Pino, 1990; DeFoliart,
1992; Yang, 1998; Chen, Feng, & Chen, 2009; Makkar et al., 2014). In
particular, Orthoptera species such as Melanoplusfemurrubrum,
Sphenariumhistrio andMelanoplusmexicanus contain up to 60–80% pro-
tein (Ramos-Elorduy, Pino-M, & Correa, 1998; Julieta et al., 2007). The
proteins in edible insects are considered superior because of their high
digestability (up to 75–98%), relative to other protein sources (e.g. cere-
al proteins are low in lysine and sometimes lack tryptophan and threo-
nine) and compliance with human needs (e.g. containing 46–96%
essential amino acids including tryptophan and lysine) (Table 1,
Fig. 1) (Finke, Defoliart, & Benevenga, 1989; Ramos-Elorduy et al.,
1997; Bukkens, 2005; Verkerk, Tramper, van Trijp, & Martens, 2007;
Finke, 2008; Cerritos, 2009; Agbidye, Ofuya, & Akindele, 2009;
Schabel, 2010; Mitsuhashi, 2010; Wei & Liu, 2001; Chakravorty,
Ghosh, Jung, & Meyer-Rochow, 2014). Nine essential amino acids
were found in the edible stink bug Encosternumdelegorguei including ly-
sine, tryptophan and methionine (which are often missing in cereal/le-
gume-based diets) (Musundire, Osuga, Cheseto, Irungu, & Torto, 2016).
Therefore, edible insects can serve as a meat substitute in regions lack-
ing reliable protein sources (e.g. in some Asia and Africa countries) and
as food supplements for certain populations who require specific
proteins and amino acids (e.g. histidine and arginine for children)
(Ladron de Guevara, Padilla, Garcia, Pino, & Ramos-Elorduy, 1995; Tan
et al., 2015; Ghosh, Haldar, & Mandal, 2016).
r groups of edible insects: Coleoptera (beetles), Lepidoptera (butterflies and moths),
rived from methionine) and tyrosine (derived from phenylalanine) are “semi essential

biomass into consumer wellness foods: A review, Food Research Inter-
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Fat accounts for the second largest portion (~10–50%) of the nutri-
ents contained in edible insects, with an average ratio of saturated to
unsaturated fatty acids ranging from 0.43–0.79 (Table 1) (Chen &
Feng, 1999; Durst, Leslie, & Shono, 2008). The larvae of P. triangularis
(Lepidoptera) have a very high fat content (up to 77%) (Ramos-
Elorduy et al., 1998). The edible stink bug Encosternum delegorguei con-
tains unsaturated fatty acid derivatives including oleic acid,
hexadecenoic acid, linoleic acid, 9-octadecenoic acid, octadecanoic
acid, 9,12-octadecadienoic acid and myristoleic acid (Musundire et al.,
2016). Some species such as the desert Locust Schistocerca gregaria (Or-
thoptera: Acrididae) contain important phytosterols including β-sitos-
terol, campesterol and stigmasterol (Cheseto et al., 2015; Ramos-Buen,
González Fernández, Sánchez Muros Lozano, García Barroso, & Guil
Guerrero, 2016). The total amount and individual concentrations of
fats in insects are affected by factors such as developmental stages,
caste and season. Using Oecophylla smaragdina (the weaver ant) as an
example (Borgohain, Borkotoki, & Mahanta, 2014), the total lipid con-
tent is 10–25% for queen larva, 10–23% for queen pupa and 10–20%
for queen adults. The cholesterol level is relatively high in the pupal
stage (15.22 mg/g for worker pupa and 10.95 mg/g for queen pupa).
The triglyceride level of worker pupa is generally low (47.75 mg/g) in
January. Moreover, diet can alter the lipid profile of insects. Feeding in-
sects with a diet rich in specific omega-3 fatty acids can increase the
concentrations of these fatty acids in the insect products. For example,
the fat content of black soldier fly larvae is diet-dependent i.e. feeding
with cow manure alone or a combination of 50% fish offal and 50%
cow manure led to 21 and 43% lauric acid, 16 and 11% palmitic acid,
32 and 12% oleic acid, and 0.2 and 3% omega-3 fatty acids, respectively
(Arango Gutierrez, Vergara Ruiz, & Mejia Velez, 2004; St-Hilaire et al.,
2007).

Carbohydrates occur at a relatively low level (typically 1–18%) in ed-
ible insects, with black ants from China Polyrhachis vicina and the moth
larvae of Latebraria amphipyrioides having very high carbohydrate con-
tents (~29%) (Ramos-Elorduy et al., 1997; Bhulaidok, Sihamala, Shen, &
Li, 2010). The amount and type of carbohydrates vary with species and
stage of insect development. Insects contain significant amounts of fibre
(mostly in the form of chitin) i.e. 2.7–49.8 mg/kg fresh weight or 1.6–
137.2 mg/kg dry weight (Muzzarelli, Terbojevich, Muzzarelli, Miliani,
& Francescangeli, 2001; Finke, 2007). Some bioactive carbohydrates in
insects such as polysaccharides like chitinwere recently found to exhib-
it immunity-enhancing, wound-healing and defense effects on parasitic
infections or allergy (He, Tong, Huang, & Zhou, 1999; Sun et al., 2007).

Edible insects have significant amounts of desired micronutrients
and antioxidants such as vitamins A, B1, B2, B5, B6, B7, B9, C, D, E and
K, carotenoids and flavonoids, although these substances vary consider-
ably with insect species and feed (Table 1). One hundred grams of
ground and freeze-dried silkworm moth (Bombyx mori L.) larvae fed
on mulberry leaves and stem lettuce leaves contained almost 10 mg vi-
tamin E (Tong, Yu, & Lui, 2011). Edible stink bug Encosternum
delegorguei has significant amounts of flavonoid antioxidants such as
apeginin, quercitin, luteolin and rutin (Musundire et al., 2016). A wide
range of nutritive elements such as potassium, sodium, calcium, copper,
iron, zinc, manganese and phosphorus naturally occur at significant
levels in edible insects (Chen & Feng, 1999; Gowda Ramana, Prasad, &
Khub Singh, 2004; FAO, 2012). The mopane capterpillar and locusts
(Locustamigratoria) have 31–77 and 8–20mg iron per 100 g dryweight,
respectively, and the palm weevil larvae (Rhynchophorus phoenicis)
have 26.5 mg zinc per 100 g dry weight, in comparison with beef
(~6 mg Fe and 12.5 mg Zn in 100 g of dried beef) (Bukkens, 2005;
Oonincx et al., 2010).

Recently, the bioactive components in insect-based products and
their potential as therapeutic agents to provide desired health function-
alities have been in the spotlight. Traditionally, insect secretions,
certain parts/tissues and ground-up bodies have been used in various
medicinal applications including the prevention or treatment of
Acquired Immune Deficiency Syndrome (AIDS), cancer, inflammation
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and infectious diseases (Pemberton, 1999; Feng, Zhao, He, Chen, &
Sun, 2009; Dossey, 2010; Gomes et al., 2011; Chakravorty, Ghosh, &
Meyer-Rochow, 2013). Aspongopus chinensis from Southern China
exhibits desired efficacies in pain relief, nephropathy treatment and po-
tent anti-tumor and anti-bacterial activities (which have been associat-
ed with its protein, fat and chitin contents) (Liu & Yu, 2008; Li, 2010;
Ratcliffe, Mello, Garcia, Butt, & Azambuja, 2011; Chakravorty, Ghosh, &
Meyer-Rochow, 2011). Bioactive proteins and peptides derived from in-
sects such as silkworm and bumblebee exhibit significant antioxidant
capacity (Guo, Zhang, Guimei, & Liu, 2011; Yang et al., 2013), angioten-
sin-І converting enzyme (ACE) inhibitory activity (Dai, Ma, Luo, & Yin,
2013;Wu, Jia, Yan, Du, & Gui, 2015), antimicrobial or antibacterial func-
tions (Rees, Moniatte, & Bulet, 1997; Vonkavaara et al., 2012; Hu et al.,
2013; Yi, Chowdhury, Huang, & Yu, 2014; Rahnamaeian et al., 2015)
and mineral bioabsorption-enhancing effects (Sasaki, Yamada, & Kato,
2000). Bioactive lipids from insects were also found beneficial to
human health, e.g. the therapeutic potential of the fatty acids in meal-
worm larvae for Alzheimer's disease (Youn et al., 2014), and the sterols
and derivatives in the desert locust (Schistocerca gregaria) and the
sericin from silkworm for high blood cholesterol and cardiovascular dis-
eases (Limpeanchob et al., 2010; Cheseto et al., 2015).

2.3. Potential safety hazards including food allergenicity, intolerance and
toxicity

Not all insects are safe to eat. Microbial, chemical, physical, allergen-
ic, parasitical and toxicological risks should be considered when insects
are selected for human consumption. Minimizing such risks must re-
main an imperative throughout the whole process from processing,
handling and eventually consumption. As with other substances for
human intake, monitoring potential microbial contamination is the
first concern for edible insects, given the nature of their habitats and
rapid reproduction rates (Klunder, Wolkers-Rooijackers, Korpela, &
Nout, 2012; Opara, Sanyigha, Ogbuewu, & Okoli, 2012). Only a few in-
vestigations have been reported to date addressing the microbiological
safety of edible insects and these studies provide some recommenda-
tions on hygiene management during insect handling and processing
(Klunder et al., 2012). For example, Allomyrina dichotoma, a beetle spe-
cies well-known in East Asia for its therapeutic effects on diabetes
mellitus and liver disease, has a NOAEL (No Observed Adverse Effect
Level) of 2500 mg powder (freeze-dried)/kg/day or more in both
sexes of Sprague-Dawley rats (Noh et al., 2015). Besides the microbial
threat, parasitical hazards such as dipterous larvae, flukes, hydatid
cysts, nematodes, protozoa and trypanosomes, deserve high attention
(otherwise, serious infection or even death could occur) (Wilson,
Lorente, Allen, & Eberhard, 2001; Sehgal et al., 2003; Graczyk &
Knight, 2005; Molavi, Massoud, & Gutierrez, 2006; Chai, Shin, Lee, &
Rim, 2009; Pereira et al., 2010).

Intrinsic toxicity or allergenicity, detrimental interference (by sub-
stances such as some proteins, hormones and enzymes), and external
contamination are other factors that require critical consideration
prior to insect consumption. Physical hazards such as glass, stones, plas-
tic andmetal fragmentsmay be present in insects. Chemical hazards in-
clude those naturally occurring (e.g. scombrotoxin, ciguatoxin,
tetrodoxin, mycotoxins, patulin, phtyohaemmagglutinin, pyrrolizidine
alkaloids, and paralytic, diarrhetic, neurotoxin and amnesic shellfish
toxins), those synthesized and accumulated by insects, or those added,
imparted or leached during food processing (e.g. allergens, sulfiting
agents, nitrites/nitrates, niacin, pesticides, fungicides, fertilizers, insecti-
cides, antibiotics, growth hormones, lubricants, cleaners, sanitizers,
paints, mercury, copper and lead). The Code of Federal Regulations
(CFR) provides guidance on naturally occurring poisonous or deleteri-
ous substances (e.g. Title 21 CFR Parts 109 Unavoidable Contaminants
in Food for Human Consumption and Food Packaging Material, and
184 Direct Food Substances Affirmed as Generally Recognized as Safe).
Some insects have repellants or toxic chemicals (DeFoliart, 1992),
biomass into consumer wellness foods: A review, Food Research Inter-
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while some contain cross-reactive allergens that might induce allergic
responses somewhat similar to those associated with shellfish or mol-
lusks (Auerswald & Lopata, 2005; Yen, 2010; Barre et al., 2014).
Prawn-allergic patients likely exhibit allergic reactions to edible insects
such as field crickets (Gryllus bimaculatus), as insects may contain their
own specific allergens (e.g. hexamerin1B (HEX1B)) as well as the aller-
gens commonly found in crustaceans (e.g. Arginine kinase (AK))
(Srinroch, Srisomsap, Chokchaichamnankit, Punyarit, & Phiriyangkul,
2015). Insects can produce poisons including anti-nutritional sub-
stances, enzymes, phenolics and steroids (as part of their defensemech-
anisms against enemies), and accumulate heavy metals at different
levels from their environment (Nishimune, Watanabe, Okazaki, &
Akai, 2000; Brown, Doyen, Moore, & Lawrence, 2007; Handley et al.,
2007; Zagrobelny et al., 2009). Insects may contain nutrient absorp-
tion-interfering substances including enzymes such as thiaminase e.g.
consumption of the African silkworm pupae would cause thiamine de-
ficiency or even seasonal ataxic syndrome) (Nishimune et al., 2000).
There may be different forms of pollutants or contaminants in insects
e.g. the carcinogen aflatoxin might contaminate edible stink bugs
if the insects were stored in traditonal wooden dung smeared baskets
or gunny bags previously used to store cereals (Adamolekun,
McCandless, & Butterworth, 1997; Musundire et al., 2016). The
genotoxic and oxidative potentials of edible insects should be assessed,
along with analyses of the allergenic and toxicogenic substances, heavy
elements and other chemical species (Türkez, İncekara, & Erman, 2010;
Koç, İncekara, & Türkez, 2014).

Food allergens as food safety hazards always draw special attention
because of the increasing number of food allergy sufferers (e.g. over 17
million in Europe). Up to 2.5% of the general population suffer shellfish
allergies, and the incidence depends on factors such as degree of con-
sumption, species, age and geographic location (i.e. much lower in chil-
dren than in adults, and lower in Western countries than in Asian
countries) (Woods et al., 2001; Sicherer, Munoz Furlong, & Sampson,
2004; Chiang et al., 2007). Allergic reactions can be grouped into
two kinds of responses that may or may not be mediated by
Fig. 2. Potential adverse reactions developed through food ingesti
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immunoglobulin E (IgE) (Fig. 2). Food allergies refer to an abnormal im-
mune response to food and are divided into IgE- and IgG- (or non IgE
mediated) reactions. IgE is synthesized against antigens inwhich the re-
lease of mast cell mediators is triggered when food allergen binds to IgE
antibodies already bound to the mast cell (Olivier, 2013). Food intoler-
ance (non-immune-mediated and non-allergic food hypersensitivity)
can mimic allergic inflammation and refers to any abnormal response,
often delayed, to one or more specific food(s), food additive pharmaco-
logical compounds, enzymatic deficiency (i.e. lactose intolerance), or
food substances that produce symptoms in one or more body organs
and systems without involving immunologic mechanisms. Typical
symptoms of food allergy may include skin itchiness, tongue swelling,
vomiting, diarrhea, hives, breathing difficulty and/or low blood pres-
sure. Foods such as cow milk, eggs, some fruits, maize, rice, peanuts,
shellfish, soy, spices, tree nuts, some seeds (e.g. sesame and poppy
seeds), wheat, buckwheat and some vegetables have been found closely
associated with food allergies (Leung et al., 1998; Yu, Lin, Chiang, &
Chow, 2003; Sicherer & Sampson, 2010; Han, Kim, & Ahn, 2012). The
risk of allergies caused by edible insects varies considerably due to the
vast differences in their biological and ecological characteristics as
well as individual farming and processing practices. Substances causing
allergic reactions are some intrinsic proteins (like tropomyosin), carbo-
hydrates (like chitin) and other yet to be identified components (Rop,
Mlcek, & Jurikova, 2009).

Allergenicity of edible insects might resemble that of shellfish, and
the potential allergenicity of insects could be associated with the so-
called arthropods and invertebrates allergy (which is caused by body
components such as the haemolymph and cuticle, as well as body
parts including exuviae, hairs, setae and scales) (Santos et al., 1999;
Pérez-Pérez et al., 2000). Edible insects are somewhat similar to certain
seafoods and nuts in composition, rich in proteins, unsaturated fatty
acids, fibre, vitamins, minerals and sterols. Accordingly, the co-occur-
rence of allergenic proteins in significant amounts (with hydrophobic
fractions) and certain interactive components (e.g. lipid fraction
and ions like Cu2+) might trigger an allergic response in humans
on (after Bruijnzeel-Koomen et al., 1995; Boyce et al., 2010).
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(Rundqvist et al., 2012; Vadivel, Kunyanga, & Biesalski, 2012; Van Bilsen
et al., 2013; Broekman et al., 2015). The protein-type food allergens in-
clude enzymes (e.g. proteases and pectate lyases), albumins, tropomyo-
sins, bexpansins, profilins, ligand-binding proteins, calcium-binding
proteins, pathogenesis-related proteins, trypsin inhibitors, lipid transfer
proteins and storage proteins (Chapman, Pome's, Breiteneder, &
Ferreira, 2007). Proteins possessing higher thermal stability, resistance
to proteolysis, binding capacity and interactive potential with lipids
and/or ions like Cu2+ (especially high stability under the acidic and pro-
teolytic conditions in the digestive tract), typically exhibit greater aller-
genicity (Breiteneder & Mills, 2005). Tropomyosin and paramyosin
have been identified as major protein panallergens or allergens in
shellfish, while subtle structural differences of tropomyosin between
shellfish species are responsible for discrepancies between in vitro
cross-antigenicity and clinical cross-allergenicity studies (Leung
et al., 1996). Arginine kinase, myosin heavy chain, myosin light
chain kinase, haemocyanin, amylase and sarcoplasmic calcium
binding protein are other allergens that may be present in certain in-
sect species (Yu et al., 2003; Garcia-Orozco, Aispuro-Hernandez,
Yepiz-Plascencia, Calderon-de-la-Barca, & Sotelo-Mundo, 2007;
Taylor, 2008; Ayuso et al., 2008 and 2009).

Different responses to allergens, especially shellfish allergens, have
been found between Western and Eastern consumers, between the
populations in developed and developing countries (even between
urban and rural areas in the same country), and between the children
and adults (Sicherer & Sampson, 2014). The underlying cause of higher
prevalence of food allergy in developed countries or urban regions,
compared to the developing countries or rural area, is complicated. It
is postulated that increased exposure to pathogens in developing coun-
tries, especially helminths, might alter the intestinal microbes and stim-
ulate the development of regulatory cells thereby improving the
immune system to allergies (Boye, 2012). Age may lead to different re-
sponses to shellfish allergens, which is likely associatedwith the level of
specific IgE antibody resulting in different extents of binding to food
peptides and epitope diversity (Sampson, 2004; van Der Poel, Chen, &
Penagos, 2009; Ayuso et al., 2010). It is recommended during food for-
mulation to include food proteins that have low allergenicity and also
tominimize theuse of food additives and substances that induce allergic
sensitivity such as sulfites, mono-sodiumglutamate and tartrazine. Al-
ternatively, one can include some specific enzymes (e.g. proteases),
minerals and phytochemicals (which possess not only desirable health
benefits but could also alter the allergenic status through imparting an-
tioxidant and anti-inflammatory effects) (Philpott, Mackay, Ferguson,
Forbes, & Skinner, 2007; Sun-Waterhouse et al., 2009). Section 4.2 pro-
vides detailed information about the feasibility of using appropriate
processing technologies to alter insect food protein allergenicity.

Consumerswith food allergies rely heavily on information contained
on food labels to avoid food allergens. Thismeans that the identification,
characterization and management of the potential allergens in insect-
based foods “from farm to fork” is a critically important part of the Leg-
islation Framework for insect products. Legislative rules resembling the
Food Allergen Labeling and Consumer Protection Act and the Code of
Fig. 3. Edible insects and the animal fe
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Practices are needed to guide the establishment of allergen-free in-
sect-based foods. Mandatory labeling is also expected to indicate the
presence of allergenic ingredients in insect-based foods or the potential
of cross-contact between the insect foods and extrinsic allergenic sub-
stances duringprocessing and handling. Legislative authorities and soci-
eties should continuously update the list of food allergens that need to
be disclosed on food packaging. Worldwide harmonised guidelines
and strategies for the prevention, diagnosis, treatment and manage-
ment of food allergies caused by eating insects are required to avoid po-
tentially life-threatening allergic reactions like anaphylaxis. Section 5
provides more information on this topic.

2.4. Environmental, economic and ecological impacts

The benefits of switching to insect-based foods lay not only the nu-
tritional value of insects, but also the positive environmental, economic
and ecological impacts. Compared with conventional livestock farming
approaches, farming insects has many other advantages including in-
creased feed-conversion efficiency, decreased greenhouse gas emission
(by up to 100 times), reducedwater pollution, and smaller area land use
with low environmental contamination (Fig. 3). Among insect species,
only cockroaches, termites and scarab beetles produce methane (CH4

results from bacterial fermentation byMethanobacteriaceae in the hind-
gut) (Hackstein & Stumm, 1994; Egert, Wagner, Lemke, Brune, &
Friedrich, 2003). Insects' widespread distribution, high reproductive
rates and short reproduction cycles are further advantages that under-
pin their economic potential (Schabel, 2010). Insect production is ad-
vantageous as it does not require a large area. The land area required
to yield the same quantity of protein is about 1 ha for mealworm, 2–
3.5 ha for pig or chicken, and 10 ha for cattle (Oonincx & de Boer,
2012). Insects can be raised on a wide range of foods, including agricul-
tural biowastes and even humanwastes, abattoir blood and foodwastes
(Katayama et al., 2008), thus representing an economically attractive
protein source.

Insects can be raised to provide an indirect food source for humans
(i.e. in the form of feeds for animals such as pigs, poultry and fish) or
to support the growth of some valuable health foods such as
Ophiocordyceps sinensis (a medicinal mushroom also called “caterpillar
fungus” that parasitizes larvae of ghost moths through germinating in
the living larva and then killing and mummifying it) (Halpern &
Miller, 2002; Shrestha, Weimin, Yongjie, & Xingzhong, 2010; Wang &
Yao, 2011). Compared to the direct use of insects as human foods,
such indirect approaches may be less efficient in terms of energy and
mass conversion but are likely to be more widely accepted (Parent &
Thoen, 1977; Farina, Demey, & Hardouin, 1991; van Huis, 1996). Insects
such as black soldier flies, common house fly larvae, silkworms, yellow
mealworms, grasshoppers and termites are promising alternatives to
traditional protein-rich animal feeds like soy or fishmeal.

It is worth noting the impact of commercial development on the
preference for edible insects and the sale price of insect-based products
(Césard, Komatsu, & Iwata, 2015). Some insects such as bees, beetle lar-
vae, flies, ants and termites play positive roles in plant reproduction,
ed and human food value chains.
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waste biodegradation and the human food supply chain. Other insects
are considered pests and can cause considerable damage to plants
(e.g. preventing rice grain formation), animals and humans (e.g. trans-
mitting diseases), especially when the number of these insects grossly
outnumber that of their natural predators or if the insects predate on
other beneficial species. Accordingly, consumption of pest insects
should be advocated from both an environmental and nutritional per-
spective (i.e. reducing the pressure of pest control, whole produce dam-
age and pesticide usage while increasing human intake of high quality
protein along with desired minerals and lipids) (Akinnawo & Ketiku,
2000). Market surveys revealed that the wholesale or retail price of
some edible insects could exceed traditional animalmeat products if ed-
ible insects are solely collected from the wild (e.g. grasshoppers in
Uganda are marketed at prices 40% higher than beef) (Agea,
Biryomumaisho, Buyinza, & Nabanoga, 2008). Therefore, industrial-
scale insect production aided by sustainable insect breeding, farming
and processing technologies could alleviate the constraints of insect
availability while decreasing the sale price of edible insects.

3. Consumer perception and cultural and metabolic differences in
human populations

Despite the nutritional, environmental and economical benefits of
insect consumption, the growth potential of insects as everyday foods
for humans in all parts of the world is still not clear (Srivastava, Babu,
& Pandey, 2009). Widespread consumer acceptance of insects as an al-
ternative food resource remains a concern. Consumer perception to-
wards the inherent unsanitariness of insects represents the biggest
barrier. An increasing number of studies are appearing based on the
concept “the use of insects for foods”, however, only a few have been
aimed at consumer acceptance and product preference for insect-
based foods. The development and globalisation of the insect-based
foods would face stiff barriers due to the current very low consumer de-
mand compared with the normal (non-insect) foods (the development
of the latter is highly consumer-driven). Recognition of the interplay be-
tween individual preferences, cultural and/or social influences, and pro-
motion of the existing positive role of entomophagy in indigenous
communities will be critical for overcoming prejudices and adoption
of the concept. Perhaps the biggest push towardswidespread consump-
tion of edible insects will be economic, driven by the urgent need for
westernized societies to reduce their environmental footprint (caused
by high protein consumption from livestock).

3.1. Cultural and traditional taboos

Entomophagy clearly exhibits cultural, traditional and regional char-
acteristics (Nonaka, 2009). Different ethnic groups, populations, regions
and nations tend to have completely different attitudes towards insect-
based food products. The spectrum covers “daily intake” versus “totally
reluctant”, and “consumed as part of healthy diet/delicacy/favourite
foods” versus “consumed only as an emergency or non-conventional
food of low prestige”. Some species, which are eaten in one nation, re-
gion or society, are not consumed in other countries, regions or societies
due to reasons like traditional taboos (e.g. grasshoppers and locusts
are not eaten in Australia, whereas are commonly consumed
elsewhere) (Henrikson, Yohe, Newman, & Druss, 1998; Yen, 2005;
Meyer-Rochow, 2009). Even in the insect-eating continents such as
Africa, Asia and America, opposing attitudes exist among the residents
i.e. “sustainable traditional use” versus “complete movement away
from insect eating” (Ramos-Elorduy, 2005). Further, there are huge dif-
ferences in perception, acceptance and willingness to experiment with
new foods between Western and Eastern countries, and also between
the rural and urban societies. Rural regions (subsistence farmers) and
Eastern societies have traditionally utilised insects as foods thereby
recognising the nutritional, ecological and economical benefits of ento-
mophagy (Yen, Hanboonsong, & van Huis, 2013). In comparison, there
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exists public aversion towards consuming insects in Western societies
where insect intake is not deeply rooted in their traditional diet and in-
sects are generally perceived as “unclean”, “mere pests”, “disgusting
nuisances” or “disease-transmitters” (Pimentel, 1991; Kellert, 1993;
Looy, Dunkel, &Wood, 2014). A study exploring options formeat substi-
tution in the Netherlands found the lowest ratings in “attractiveness”
and “likelihood of preparation” for meals containing locusts or fried
mealworms (Schösler, de Boer, & Boersema, 2012). A very recent
study on a traditional meat-eatingWestern society revealed that youn-
ger males with a more openmind to novel foods, a weak attachment to
meat and a strong interest in environmental impact associated with
food choices were the most likely and earliest adopters of insects as a
sustainable protein source (Verbeke, 2015). The same study also re-
vealed that Western meat lovers would be very unlikely eat insects. A
cross-cultural comparison (German adults (n = 502) and Chinese
adults (n = 443)), based on the willingness to consume insect-based
processed foods (cookies made from cricket flour) and unprocessed
foods (crickets), showed that Chinese adults adopted more favourable
attitudes towards the consumption of insects (especially processed in-
sects). Food neophobia, however, influenced the willingness of insect
consumption equally for all the participants of both countries, while
the insect-based foods with insects incorporated into familiar food for-
mats tended to succeed easier in Western societies (Hartmann, Shi,
Giusto, & Siegrist, 2015).

The Fertile Crescent's original agriculture and subsequent domesti-
cation of plant and animal production in Europe imparted a long-lasting
influence on the food sources of European consumers, causing the dom-
inance of plants and domesticated animals in the diet and the persistent
perception of insects as a nuisance or threat to food production inWest-
ern societies (DeFoliart, 1999; Diamond, 2005). Insects, however, are
valued as important and delicacy foods in Eastern countries because of
the recognition of insects' nutritional and health properties and low
availability of conventionalmeat sources (including beef,fish and chick-
en). Further, urbanization is more extensive in Western countries, and
has led to the wider consumption of bulk processed foods thereby in-
creasing the “shock factor” of entomophagy (DeFoliart, 1999; Amar,
2003; UN, 2012). Increasing urbanization over time also leads to a re-
duction in the number of edible insects for consumption due to the hab-
itat reduction and damage. As a result, insect's food potential is lower in
Western and urban societies compared with Eastern and rural
communities.

Many insect species are traditionally eaten as foods. In Thailand, ed-
ible insects such as wasps, bamboo caterpillars, crickets and locusts are
eaten by the rural people (Yhoung Aree, Puwastien, & Attig, 1997) and
served as premium dishes or snacks to local people and foreign tourists
(Bristowe, 1932; Durst et al., 2008; Yen, 2015). In China, eating insects
such as ants, bamboo insects, bee larva, silkworm chrysalis and wasp
larvae dates back N3000 years and there are over 1000 species served
in restaurants or used for Chinese medicines (Zhou, 1982; Chen et al.,
2009). In Japan, N117 insect species are traditionally consumed as
food (Mitsuhashi, 1997, 2008), considered as “nostalgic” or “homeland
foods” (kyoudo-shoku) and marketed as souvenirs (e.g. zazamushi)
by local people mainly to domestic tourists (Mitsuhashi, 1997; Césard
et al., 2015). Insects are sold year-round packed in cans, glass bottles
or punnets in boutiques that specialize in regional products (meibutsu).
Exceptions to the persistent perception of insects as a nuisance or threat
can be found in some Western countries. In France the palm worm
(Rhynchophorus palmarum) was once considered as the highlight of a
luxurious meal (Smeathman, 1781).

Western societies should be taking the lead advocation role given
their general phobias and abhorrence to eating insects. Western socie-
ties are proven front runners for globalisation of universal cultural sys-
tems related to customs and habits (DeFoliart, 1999), thus, other
cultures will soon follow ifWestern societies practice entomophagy. In-
deed, there has been a recent increasing interest in entomophagy in
Western societies because of the growing awareness of insects'
biomass into consumer wellness foods: A review, Food Research Inter-
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Table 2
Consumer studies on insect-based foods and food ingredients.

Target Research
method

Consumer or population variables Factor influencing acceptance Experience of entomophagy Consumer attitude Reference

Insect/entomophagy Questionnaire 363 Norwegians (67.5% women, 32.5% men; 37.5%
18–35 yr, 39.9% 35–55 yr, 22.6% N 55 yr; N 64.5% married;
57.3% higher education)

Nutrition; Ease of preparation & cooking;
Environmental friendliness

/ Positive Neves (2015)

Insect/entomophagy Questionnaire 303 Portuguese (59.4% women, 40.6% men; 46.5%
18–35 yr, 29.4% 35–55 yr, 24.1% N 55 yr; 56.1% married;
47.9% higher education)

Nutrition; Ease of preparation & cooking;
Environmental friendliness

/ Positive Neves (2015)

Mealworms (Tenebrio molitor
L.) and house crickets
(Acheta domesticus)

Questionnaire 189 Belgian (55.6% men, 44.4% women; 9.5% b 13 yr, 30.2%
13–18 yr, 16.9% 19–25 yr, 26.5% 26–45 yr, 16.9% N 45 yr);

Age; Gender; Preparation; Legislation;
Traditional cognition

Knowledge on entomophagy
increases with age; few b18 yr
informed about entomophagy

61.9% respondents
knew entomophagy,
46.6% negative; 77.7%
willing to eat insects

Caparros
Megido et al.
(2014)

Insect/entomophagy Email
questionnaire

Total 209 people completed survey incl. 75 Australian and
134 Dutch participants

Price & quality, health benefits, naturalness,
consumer need & convenience; attitude &
culture

73 participants had eaten insects
before and 134 had not.

Before survey, neither
agree nor disagree;
After survey, positive

Lensvelt and
Steenbekkers
(2014)

Insects (meat substitute):
deep fried
silkworm/cricket, cricket
cookies, cricket cookies
choco chip, silkworm drink

Questionnaire 502 Germany and 443 Chinese (most 20–69 yr; half men,
half women; N 60% Germany are middle educated, 80%
Chinese highly educated)

Gender, age, education, consume insects
before, food neophobia, nutritional value,
familiarity, taste, social acceptance

13.3% Germany and 67.7% Chinese
had eaten insects before.

Germany negative and
Chinese relatively
positive

Hartmann et
al. (2015)

Edible insect (almost 200
species consumed in
Thailand)

Interviews +
collection of
published
research
articles &
reports

26 Provinces in northern, northeastern, central & southern
Thailand (60 farmers + 12 farmer groups from 17
northeast provinces; 7 farmers from 4 south provinces
about palm weevil farming; 20 collectors from north +
northeast, 12 edible insect entrepreneurs/distributors in
Kalasin, Rong Kluea, Klong Toey, Jatujak & Talad Thai
markets)

/ / Positive Hanboonsong
et al. (2013)

Insects: Ant larva, bigbutt
ant, grasshopper, giant
water bug, bambooworm,
mealworm, mopane worm,
witchetty grub

Focus group
interview

8 Focus groups (each 6–8 participants of similar
insect-eating experience but varied gender, age, education
& occupation) — 4 Wageningen/Netherlands, and 4 in
Sakon Nakhon, Thailand; 54 participants (19 men, 35
women, 20–65 yrs., mean 38 yr)

Experiences & knowledge of insects as food;
Species; Interest & concerns; Product
properties & expectation; Preparation
appropriateness; Insect visibility; Product
sensoryliking

For Dutch insects available for
consumption in specialty shops &
events but not recognized as food;
Insect consumption is part of local
culture for Thai

Dutch participants,
positive in trying new
food incl. Insect; Thai,
positive in consuming
insects

Tan et al.
(2015)

Insect Web-based
survey

368 meat consumers in Flanders, Belgium during Dec.
2013 (61% female, age 18–79 yr, mean age 42 yr)

Age, convenience, familiarity, food
neophobia, gender, meat-related attitude,
environmental food choice motive, future
meat intake intention

/ Younger males, more
open to trying insect
as food

Verbeke
(2015)

Insect Questionnaire 1100 consumers in 11 small-to-large cities (incl. Beijing &
Shanghai, along China's eastern coast); 1005 usable
sample data collected (Beijing 200, Shanghai, 200,
Shandong 200, Jiansu 205, Zhejiang 200)

Gender, age, education, household size,
monthly per capita disposable income,
residing city, occupation, Role of food
shopping, awareness of biotech foods,
health condition

Two-thirds of respondents had
heard of biotech foods

Relatively positive &
neutral

Lin,
Somwaru,
Tuan, Huang,
and Bai
(2007)

Note: “/” indicates information unavailable.

9
D
.Sun-W

aterhouse
etal./Food

Research
Internationalxxx

(2016)
xxx–xxx

Please
cite

this
article

as:Sun-W
aterhouse,D

.,et
al.,Transform

ing
insectbiom

ass
into

consum
er

w
ellness

foods:A
review

,Food
Research

Inter-
national(2016),http://dx.doi.org/10.1016/j.foodres.2016.10.001

http://dx.doi.org/10.1016/j.foodres.2016.10.001


10 D. Sun-Waterhouse et al. / Food Research International xxx (2016) xxx–xxx
nutritional and environmental advantages. It is worth noting that the
consumption of insects is not always driven by nutritional and environ-
mental benefits but by taste and sensation (as with any kind of food,
poor flavour and texture result in rejection) (Meyer-Rochow &
Changkija, 1997). This implies that consumer acceptance could be in-
creased if the sensory characteristics of insect-based products please
consumers and consumers understand the intrinsic nutrients and bioac-
tives contained in insect foods or ingredients. Appropriate food formu-
lations and processes could facilitate insect incorporation into normal
consumer foods e.g.masking the presence of insects in foods, or creating
insect food ingredients with particular flavour/texture for specific
dishes or processed foods (Ahn, Ahnert, Bagrow, & Barabási, 2011)
(more discussion on this aspect is provided in Section 4.2).

3.2. Consumer perception, acceptance and preference

Consumers' attitudes towards novel foods vary considerably and are
driven by factors such as gender, age, food familiarity, food neophobia,
convenience, environment and food choice motives (Dovey, Staples,
Gibson, & Halford, 2008). Consumers' initial perceptions and societal
perceptions of a new food dictate their willingness to consume
(Martins & Pliner, 2005). The challenge of convincing an insect phobic
culture to recognize the value of insects in sustainable ecosystems and
sustainable food supply chains is not just about raising, processing and
transporting edible insects but also about creating consumer demand
and increasing acceptance of such “minilivestock” (Bharucha & Pretty,
2010; vanHuis, 2013). It is difficult to overcome consumer aversions to-
wards insects (aversions seeded and propagated by contemporary
media, proverbs and even scientific publications on insect pests and
their unhygienicness or disease transfer) (Meyer-Rochow, Okui,
Henshall, & Brook, 2000). In particular, the United States has a history
of public, political and scholarly resistance to entomophagy (DeFoliart,
1999 and 2012). Examination of the attitudes of different populations
towards insect-based foods is a must. Through education consumers
will slowly appreciate the short term (good nutrition and food supply
security) and longer term (environmental conservation) benefits of
consuming insects.

To our knowledge, only a limited number of studies have been con-
ducted on the general willingness of insect consumption and product
likeability of insect-based foods. Very few studies have quantified the
evolution and interplay of consumer perception, demand, acceptance
and preference of edible insects as foods using systematic methods
such as random utility theory, stated choice experiments or latent
class model (Table 2). A recent study on Belgian populations consisting
of five age groups (0–12, 13–17, 18–25, 26–45, 45+ years) indicated an
opportunity to introduce entomophagy in the form of mealworm and
house cricket processed foods into Western European diets, based on
participants' overall acceptance and willingness (Caparros Megido et
al., 2014). A Kenyan study conducted between December 2014 and
January 2015 via face-to-face interviews, used photo representations
of two insect food formats (i.e. fried and salted whole or processed ter-
mite powder) and engaged 611 consumers with different levels of edu-
cation (from minimal to tertiary education) and from five counties of
Kenya (Kisumu, Siaya, Kakamega,Machakos andNairobi). This study re-
vealed that most consumers adopted a pro entomophagy attitude with
less food neophobic traits, and generally preferred termite-based food
products due to their high nutritional value, high food safety control
and high official recommendation. There were no stark differences in
taste preference for the Kenya consumers between the two formats of
insect foods (though the potential uncertainty or distrust with proces-
sors caused some food safety concerns) (Alemua, Olsena, Vedela,
Pambob, & Owinoc, 2015). A comparative study between the adults in
China and Germany implied that elicitors of rejection could vary with
insect species especially for the Chinese consumers, while the west-
erners might treat all insects as one single category of ‘bugs’ carrying
threats (Looy et al., 2014; Hartmann et al., 2015). A cross-cultural
Please cite this article as: Sun-Waterhouse, D., et al., Transforming insect
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qualitative study involving eight focus groups (i.e. 4 in Thailand where
entomophagy is part of local food culture; 4 in the Netherlands where
insects are generally not recognized as foods) was carried out via
stage-wise group discussions using images with descriptions of insect-
based products (e.g. sweet vs savoury; insect visible, covered vs invisi-
ble), to explore consumer rationales behind the acceptance and rejec-
tion of insects as foods. Results revealed that consumers would likely
make judgments based on their expectations (which vary with their
cultural background and individual experience) and their perception
varies with their knowledge, and that Dutch consumers might be will-
ing to try an insect product but not accept it as a food if the product
does not meet expectations (Tan et al., 2015). Much work remains to
be done to fill knowledge gaps on the major acceptance determinants,
impact of a specific determinant such as a sweet or savoury flavour on
willingness-to-eat insect-based foods, the relationship(s) between he-
donic scores and emotional responses to insect-based foods, difference
in willingness to consume a whole meal with insects or to consume in-
sects as an independent dietary component (e.g. a snack), or difference
in the impact on insect consumption brought by the selling point of
“possessing potent biological effect on a prevalent health problem” as
compared to the selling point of “possessing a high protein content”.

Many factors influence consumer food choice including 1) biolog-
ical factors such as hunger, satiety and palatability; 2) economic fac-
tors such as cost, accessibility/availability, income, education and
knowledge; 3) physical factors such as access and skills (e.g.
cooking) and time; 4) social determinants such as culture, family,
peers, social and family norms, context or setting; 5) psychological
determinants such as mood, stress, guilt, family and history influ-
ences; 6) meal attributes such as meal patterns, convenience and fa-
miliarity; 7) attitudes, beliefs, tendency of optimistic bias, previous
experiences, knowledge about food, dietary preferences and restric-
tions (Steiner, 1977; Dewberry & Ussher, 1994; Stubbs, van Wyk,
Johnstone, & Harbron, 1996; De Almeida, Graca, Lappalained, &
Kearney, 1997; Anderson et al., 1998; Clarke, 1998; Feunekes, de
Graaf, Meyboom, & van Staveren, 1998; Oliver & Wardle, 1999; De
Irala-Estevez et al., 2000; Donkin, Dowler, Stevenson, & Turner,
2000; Kearney, Jearney, Dunne, & Gibney, 2000; Faugier, Lancaster,
Pickles, & Dobson, 2001; Dibsdall, Lambert, Bobbin, & Frewer, 2003;
Devine, Connors, Sobal, & Bisogni, 2003; Wardle, Steptoe, Oliver, &
Lipsey, 2000; Sun-Waterhouse, 2011; Sun-Waterhouse & Wadhwa,
2013). All these factors will determine insect-based food acceptance
and consumer choice, with the sensory properties being one of the
most important determinants. The connections between these fac-
tors could further make food choices more complex, thus, multiple
interventions (rather than one type of intervention) would likely
modify the food choices of all populations.

There exists a motivational difference between trying and regularly
eating a food, especially for unfamiliar foods including insect-based
foods (Martins& Pliner, 2005; Tan et al., 2015). Unfamiliar foods (for ex-
ample, an unfamiliar animal or insect-based product) tend to gain low
initial acceptance or even complete rejection due to perceptions of dis-
gust, distastefulness, riskiness or unsafeness (Fallon & Rozin, 1983). So-
cial environment plays a key role in food preference (Larson & Story,
2009). Consumers learn the characteristics of various food sources
from their very early years of childhood through food ingestion. Subse-
quently, perceived characteristics of a food from childhood remain
deeply entrenched in their minds. This explains the unease of many
adults, who disliked or rejected the association of insects with foods,
to accept entomophagy.

Dietary change is difficult. Overcoming intrinsic human perceptions
such as optimistic bias and reluctance to make dietary change and con-
sume unfamiliar foods, is the main challenge for any novel food. Insect-
based foods are not an exception. Accepting insects as human food will
likely present additional barriers compared to other novel noninsect
foods. Unusual products (Pliner & Hobden, 1992), products created
using new technologies (Cox & Evans, 2008), food neophobia and food
biomass into consumer wellness foods: A review, Food Research Inter-
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technology neophobia could all impact the degree of readiness of con-
sumers to adopt insects (CaparrosMegido et al., 2014). Adding familiar-
ity to an insect-based food would lift the acceptance e.g. incorporating
insects into popular or conventional consumer foods (Hoek et al.,
2011). However, the way in which insects are included in a food, as
well as how the insect-based food is presented and advertised, will
also influence consumer response. Visual appearance and certain tex-
ture or mouthfeel of insects may trigger a disgust-based food rejection
response (e.g. seeing an entire insect or body part, or something slimy
on the tongue) (Rozin & Fallon, 1987), especially for thosewithminimal
experience with insects as food (Shan et al., 2015).

A perceived need by consumers to make dietary changes is a funda-
mental pre-requisite for achieving dietary change. Such changes can be
achieved after education on short- and long-term impacts on an
individual's or population's health (Paisley, Lloyd, Sparks, & Mela,
1995; Kearney et al., 1997; Dibsdall et al., 2003). The change in consum-
er attitudes to dietary fat (i.e. from sole reduction of total fat intake to
moderation of total fat intake plus optimisation of the saturated to un-
saturated fat ratios) is a good example. Thus, food neophobia or non-ac-
ceptance of insect-based foods is deeply rooted by the influence of our
predecessors and their perceptions of inherent unsanitariness and “dis-
gust” could be overcome or even eliminated in a generation. Keeping an
open mind and increasing appreciation for cultural diversity are key
steps in accepting insects as food, and rapid development of food safety
policies and legislative frameworks would aid this goal. Proven nutri-
tional quality and health benefits, alongside desirable taste, would in-
crease acceptance and willingness-to-eat or purchase insect-based
foods (Barrena & Sánchez, 2013). Recognising the importance of life-
style and life status, different strategies will be required to facilitate di-
etary changes including education on the nutritional and environmental
benefits of entomophagy, demonstrations of processing on palatability
and cost-effectiveness of insect foods (Anderson& Cox, 2000). Interven-
tions in various settings (e.g. supermarkets, schools or workplaces) and
through multimedia tools would be helpful for raising awareness about
the unsustainability of traditional animal breeding, and help lessen
human bias against insects as food (Patterson et al., 1997; Lowe,
Horne, Tapper, Bowdery, & Egerton, 2004). In the short term, insect-
based foods will attract consumers who often search for new food
choice options with novel and adventurous taste experiences (De
Boer, Schösler, & Boersema, 2013), especially the younger generation
who enjoy distinct food experiences (Verbeke, 2015).
Fig. 4. Factors contributing to consumer perception, demand, acceptance and pre

Please cite this article as: Sun-Waterhouse, D., et al., Transforming insect
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Examining the latent variables underlying disgust reactions is
as equally important as studying on factors influencing consumer ac-
ceptance in the case of insect-based foods. The general latent variables
underlying disgust response to food products include 1) aversive tex-
tural properties (e.g. squishy, slimy, slippery, mushy and fatty charac-
teristics, and associated odours, off flavours or colours), and 2)
reminders of livingness/animalness (extent of association with living
animals, bloodiness, viscera, organs, body parts, unhygienicness, mold-
iness, etc.). Disgust is one of the six or seven “core” emotions and an im-
portant motivation for rejection of novel foods especially for unfamiliar
foods of animal origin (Pliner & Pelchat, 1991). The causes of the disgust
perception are primarily the offensiveness of the object, origin or social
history of a food, along with their perceived capacity to contaminate
other food items. Nausea, as the physiological concomitant of disgust,
could take place in the absence of ingestion thus preventing consump-
tion of a perceived “disgusting” item. Spoilage and decay's theory pro-
vides explanations for the mechanisms underlying disgust reactions.
Negative responses to the actual or perceived textural characteristics
of foods are the dominant factor of disgust reactions. Such responses
are generallyweaker for novel nonanimal foods than foods of animal or-
igin (familiar or novel) (Martins & Pliner, 2005). Insect-based foodswill
likely be affected by all these aspects andwould be rejected on the basis
of perceived danger or capacity to contaminate other foods (although
other standard sensory characteristics such taste, smell, texture, or ap-
pearance also contribute) (Fallon & Rozin, 1983; Pliner, Pelchat, &
Grabski, 1993). Further, understanding the type of ‘values’ and ‘costs’
that influence overall consumer value perceptions is a pre-requisite
for satisfying consumer demand and increasing consumer acceptance
and preference (Fig. 4). Consumers with different general attitudes to-
wards a product created by a specific process likely differ in the number
and type of value–cost dimensions that lead to their value perception
trade-offs (Perrea, Grunert, & Krystallis, 2015). Future consumer studies
on edible insects and derived food products can fully utilize the existing
knowledge about themotivations for rejecting novel animal and nonan-
imal foods, and should be directed towards the creation of psycho-
graphic and socio-demographic profiles of various populations for
insect-based foods. As a result, the dimensions of functional value (per-
ceived utility acquired from a product's capacity for physical perfor-
mance), social value (perceived utility acquired from the association
of a person's product choicewith the expected choice of a specific social
group), hedonic value (perceived utility acquiredwhen a product is able
ference for edible insects to be naturally integrated into human daily diets.
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Table 3
Bioactive proteins and polysaccharides generated from insects through processing.

Insect name Life
stage

Methods/technologies for producing protein/polysaccharide
products

Functionality Reference

Tenebrio molitor
(L.)

Larva Protein hydrolyzed by Alcalase (1%, pH 8.5, 4 °C) ACE inhibitory activity Dai et al. (2013)

Termite
(heterometabole
insect, Isoptera)

Adult Termicin & spinigerin peptides obtained via extraction using 0.1%
TFA (pH 3, with protease inhibitor aprotinin & phenylthiourea) +
fractionation of supernatant by Sep.-Pak C18 cartridge + HPLC
purification [C8 column, (with/without Ultraspherogel SEC 3000
and SEC 2000 columns), Aquapore OD-300 column, C18 RP column]

Antimicrobial/antifungal Lamberty et al. (2001)

Scorpion Different
stages

The peptide produced via purification of the supernatant of the
acidified scorpion hemolymph by Sep.-Pak C18 cartridge, followed
by separation by RP HPLC (C18 column and then C8 column)

Antibacterial Cociancich et al. (1993)

Hemiptera
(Pyrrhocoris
apterus)

Adult Cell-free hemolymph was acidified for Sep.-Pak pre-purification
(C18 cartridge), size-exclusion chromatography (Beckman SEC
3000 + SEC 2000 columns), purification (Aquapore OD300 C18
column), digestion (arginyl endopeptidase & endoproteinase
Glu-C), separated (Aquapore RP300 C8 column)

Antibacterial Cociancich et al. (1994)

Cricket (Gryllodes
sigillatus)

Adult Protein extraction: enzymatic hydrolysis by α-amylase and pepsin High protein; well-balanced nutrients; rich
micronutrients; skin fibroblast-stimulating

Zielińska, Baraniak, Karaś,
Rybczyńska, and Jakubczyk
(2015)Mealworm

(Tenebrio
molitor)

Larvae

Locust
(Schistocerca
gregaria)

Adult

Chondacris rosea
(Acrididae)

Adult Protein hydrolysis: Ground samples hydrolyzed in 6 N HCl (18 h,
120 °C under N2), concentrated, reconstituted with 20 mM HCl,
and derivatized with a Borate buffer

Replacement of vertebrate protein; linolenic
acid rich

Chakravorty et al. (2014)

Brachytrupes
orientalis
(Gryllidae)

Adult

Clanis bilineata
(Lepidoptera)

Larvae Chitooligosaccharide extraction: chitosan dissolved in 1% aqueous
acetic acid (to 1% w/v), pH to 5.5 (NaOH), α-amylase (40 mg)
added to 500 mL chitosan solution, kept at 55 °C (4 h), heated to
95 °C (15 min, to stop reaction)

Inhibit body mass increase, reduce plasma
TC, TG & LDL-C, raise HDL-C in rats fed high
fat diet

Xia, Chen, and Wu (2013)

Encosternum
delegorguei
Spinola

Adult Protein extraction via precipitation with 45–80% (NH4)2SO4,
centrifugation (21,000 rpm, 30 min, 4 °C), protein pellets desalted
in HEPES–NaOH (pH 8 containing DTT) by Sephadex G-25 gel
filtration chromatography (PD-10 columns) yielding 80.2 and
77.9 mg proteins from processed and unprocessed insect samples,
respectively

A nutrient- and antioxidant- rich food source Musundire et al. (2016)

Pachymerus
nucleorum

Larvae Larvae lipids extracted by the Bligh & Dyer method; The
antioxidant extract was prepared from two extraction 1) mixing
lipid and 50% hydromethanol solution followed by resting
(60 min) and centrifugation to yield 1st extract 2) pellets for
second extraction with acetone (70%) and centrifugation; then
combine supernatants.

High protein, good lipids (oleic acid 44% &
linoleic acid 4%), high antioxidant activity.

Alves, Sanjinez Argandoña,
Linzmeier, Cardoso, and
Macedo (2016)

Allomyrina
dichotoma

Larvae Larvae extraction using water, ethanol, methanol, ethyl-acetate,
chloroform or hexane

Antioxidant & antibesity effects (against
CCl4 induced hepatotoxicity,
streptozotoxin-induced oxidative
cytotoxicity & DNA damage)

Suh, Kim, Lee, Park, and
Kang (2010), Chung, Yoon,
Hwang, Goo, and Yun
(2014)

Barley pest
(Zophobs morio
L.)

Larva Protein dissolved in water, acid, mellow and alkaline (the
water-soluble protein accounted for 30.24% and showed the
highest antioxidant activity)

Antioxidant activity Guo et al. (2011)

Silkworm Bombyx
mori L.

Pupa Pupa powder extracted by alkaline
solution, precipitated with acid
solution, defatted with supercritical
CO2

Hydrolyzed by Alcalase
2.4 L, Flavourzyme,
Protamex, trypsin, papain,
pepsin

Antioxidant activity Yang et al. (2013)

Silkworm Bombyx
mori L.

Pupa Pupa powder defatted with
petroleum ether, extracted by
alkaline solution, precipitated in
acid solution

Hydrolyzed by
gastrointestinal
endopeptidases (pepsin,
trypsin & α-chymotrypsin).

ACE inhibitory activity Wu et al. (2015)

Silkworm Bombyx
mori L.
(5th-instar
larvae)

Larvae Protein extracted by Tris-HCl buffer
(50 mM, pH 7.4)

Gastrointestinal, alcalase,
thermolysin

ACE inhibitory activity Vercruysse, Smagghe,
Herregods, and Van Camp
(2005)

Spodoptera littoralis
(6th-instar
larvae)

Larvae Alcalase, gastrointestinal,
alcalase

Schistocerca
gregaria

Adult Gastrointestinal, alcalase,
thermolysin

Bombus terrestris Adult Gastrointestinal, alcalase,
thermolysin

Melon bug (Coridius
viduatus)

Adult Extraction of insect gelatin: After pretreatment, samples were
mixed with 60 g distilled water (1: 3 w/w, total 80 g) and
extracted (50 °C, 180 min) in an incubator.

Yield gelatin for icecream making Mariod and Fadul (2015)

Sorghum bug
(Agonoscelis
versicoloratus)
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to trigger changes in consumers' emotional status or arouse their feel-
ings through stimulating the senses) and ethical value (perceived utility
acquiredwhen a product enables consumer engagement in ethically de-
sirable practices, such as “fair trade”) should all be considered when in-
troducing insect-based foods.

4. Technologies or approaches for utilizing insects in normal foods
and wellness food products

Assuming demand for edible insects as human foods will increase,
then new approaches for smart breeding, sustainable rearing, harvest
and post-harvest processing will be imperative. To transform insect re-
sources into real consumer food products, it is critical to identify the
most appropriate approaches and technologies at every stage of the
transformation process (i.e. what and how the insects are fed, raised,
harvested, handled, processed, incorporated into foods and packaged
all need to be considered). Technological advancements drive
new food development and production, and it is expected that a
wide range of consumer foods could be developed from a single insect
source.

4.1. Insect breeding and farming

Insect breeding and farming are not the focus of this review. This
section only provides a modicum of related information, sufficient to
allow readers to follow the discussion in the subsequent sections of
this paper.

Marketing insects as a sustainable food source means the use of ed-
ible insects on a scale large enough to partially replace conventional
foods in the human diet while preserving the resource and the natural
environment. This implies a need to terminate excessive and uncon-
trolled harvesting from nature with the concomitant establishment of
safe and cost-effective farming systems for edible insects. Uncertainty
in the supply of edible insects could result from natural factors (rainfall,
climate change or even natural disasters), unpredictable human activi-
ties (overcollecting, careless hazards like fires during gathering), or
even direct competition between humans andwildlife for edible insects
(Ghazoul, 2006; Cerritos, 2009). InNature, some insects can be collected
Table 4
Lipids generated from insects through processing with/without protection.

Insect name Life stage of
insect

Methods/tech

Eri Silkworm Pupae Roasting pupa
chromatograp

Silkworm Pupae Extracted by S
extraction by

Ants, termite and flesh fly Adult Washing inse
waxes for roo
HTGC-mass sp

Tenebrio molitor, Zophobas morio & Alphitobius diaperinus
(larvae); Acheta domesticus & Blaptica dubia (adult)

Larvae or
adult

Demineralize
beforehand

Black soldier fly Prepupae Mechanical ex
Chemical extr

Tenebrio molitor, Alphitobius diaperinus, Acheta
domesticus Blaptica dubia

Adult Soxhlet extra
extraction

Osmia lignaria, Megachile rotundata Adult Use organic s
ether)

Dinoptera quadriceps, Bagrada hilaris, Coptotermes
formosanus

Adult Solid phase m

Grasshopper Nymph/adult Petroleum eth
Hermetia illucens, Lucilia sericata, Tenebrio molitor &
Zophoba morio (larvae); Locusta migratoryia, Acheta
domestica & Anacridium aegyptium (nymph)

Larvae/nymph Direct methyl
acetone; Usin
Direct saponi

Munduca sexta Larvae Density gradi
lipophorin-la
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throughout the year while other species are available only for a short
period (on a seasonal basis). Unmonitored harvesting of insects would
place enormous pressure on the insect species, and also impact other
wild populations that use those species as a food source. Thus, the pro-
duction of edible insects would need to shift towards semi-domestica-
tion of insects and well-planned and controlled farming with
optimised diet, and living conditions (Yen et al., 2013; De Figueirêdo,
Vasconcellos, Policarpo, & Alves, 2015).

Selecting a suitable edible insect species is the most important
starting point. Edible insects should be selected based on their size, abil-
ity to live in high densities, high reproduction rate, abundance, popula-
tion dynamics, life cycle, survival potential, low susceptibility to
diseases or parasitism, high egg hatchability, short larval stage, biomass
increase rate, low feed cost, social behavior, epidemic tendency, safety,
nutrient and bioactive quality, high meat/protein yields versus feed,
ease for storage, marketability, and possible ecological consequences
(Rumpold & Schlüter, 2013). Increased knowledge of the biology and
ecology of all potential edible insects will guide future industrial insect
breeding and farming. High insect biomass could be economically pro-
duced through using appropriate breeding technologies and effective
habitat management systems based on the biology and habitat charac-
teristics of target insect species, including factors such as diet, tempera-
ture, light/illumination, humidity, ventilation, rearing container, water
facilities (Tchuinkam et al., 2011). Insect rearing does not require a lot
of space, for example, small cages (50 × 44 × 20.5 cm3) can be used to
raise up to 6000 crickets per day (Parajulee, DeFoliart, & Hogg, 1993).
Insects such as black soldier flies can be reared using organic wastes
such asmanure (wastes of pigs, poultry or cattle), rotting fruits and veg-
etables, coffee beanpulp, distillers grains, fish offal, food wastes and
human excreta (Newton, Booram, Barker, & Hale, 1977; Sheppard,
Newton, Thompson, & Savage, 1994; Newton, Sheppard, Watson,
Burtle, & Dove, 2005; van Huis et al., 2013). Effective channelling ma-
nure and other organic wastes to insect rearing facilities can enable ed-
ible insect farming while sustainably solving environmental problems
associated with organic waste disposal. Harvesting methods could be
adapted to target insect species based on traditional or indigenous prac-
tices (e.g. the use of hunting tools or sophisticated traps). In 2012, some
recommendations have been made at FAO headquarters in Rome on
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species collection, insect rearing, household production, industrial-scale
farming, insect choice, feedstock reliability, safety, health and environ-
mental issues.

4.2. Practical approaches and processing technologies for transforming
insect biomass into desired consumer food products

Insects can be consumedwhole (cooked or occasionally raw, includ-
ing those added in alcoholic beverages like tequila), or as processed
products in ground and paste forms or other less recognisable forms
(e.g. extracts of protein, fat or chitin) for food applications such as choc-
olates, snacks, crackers, paste, breads, sausages ormeat loaves aswell as
special dishes in restaurants (Ramos-Elorduy, 2009; Ayieko, Oriamo, &
Nyambuga, 2010). Traditionally insects are killed via freeze-drying,
sun-drying or boiling before further processing (e.g. degutting, removal
of body parts likewings and legs and then cooking), althoughwhole live
frying is sometimes practiced. Depending on the dish, edible insects are
cooked through baking, barbecuing, boiling, braising, deep-frying, fry-
ing, smoking, stewing, steaming or roasting with/without oil or salt.
For example, palm weevil larvae are often dry fried without oil after
washing (Fasoranti & Ajiboye, 1993; Chung, 2010). Caterpillars are usu-
ally degutted and then boiled in salted water or sun-dried (to be stored
and consumed for extended periods) (Stack et al., 2003). Edible insects
such as termites are eaten as main dishes and side dishes or as snack
foods (Kinyuru et al., 2009). A spicy Mexican leguminoceous food
consisting of chickpeas andmealwormshas beenwell-received as a sus-
tainable, healthy and exotic snack in restaurants and canteens (van
Huis, van Gurp, & Dicke, 2012). Crikizz, a spicy and crunchy snack con-
taining mealworms and cassava was awarded a culinary innovation
prize at the national French contest Eco-trophélia, 2012. A fermented
mixture of sorghum and nutritious flying termites was promoted as a
porridge suitable for breakfast, lunch or dinner (Institute of Food
Technologists, 2011). Grinding or milling is commonly used to process-
ing edible insects into pastes or powders (e.g. giant waterbugs), and ex-
traction of various nutrients and bioactives from edible insects for
dietary purposes is an approach with relatively high consumer accep-
tance (e.g. protein and oil from insects) (Costermans, 1955). Processed
edible insects are often consumed directly or used as food ingredients/
additives, e.g. the red colourant carmine (E120) extracted from female
cochineal insect, and the melon bugs in powder or extract form for cu-
linary uses.

Appropriate processing and handling can make inedible insects edi-
ble via eliminating harmful substances including “poisons”, “toxins” and
bacteria (Gardiner & Gardiner, 2003; Amadi, Ogbalu, Barimalaa, & Pius,
2005; Teffo, Toms, & Eloff, 2007). For examples, stink bugs can be eaten
throughwashing repeatedly with warmwater to release intrinsic pher-
omones, followed by boiling inwater. Alternatively, removing the heads
of live or dead stink bugs by squeezing (from back to front) to get rid of
“poison” followed by sun-drying can make them edible (Toms &
Thagwana, 2003). The armored ground cricket Acanthoplus spiseri
Brancsik can be eaten after careful removal of its head and guts follow-
ing extensive boiling (at least 5 h) before further cooking (e.g. frying
in oil). Proper storage of insects after harvesting and thorough cleaning
of insects prior to consumption couldminimize potential contamination
(e.g. human carcinogen mycotoxin as the contaminants in edible stink
bugs) (Meyer-Rochow, 1975; Adamolekun, 1993; van Huis et al.,
2012; van dijk & Meijerink, 2014; Musundire et al., 2016).

Engagement of appropriate processes and technologies can ensure
high retention of nutrients and bioactives in insect foods (such as flavo-
noids in stink bugs) and optimisation of the health benefits of end in-
sect-based products (Tables 3–4) (Kinyuru, Kenji, Njoroge, & Ayieko,
2010). Tailored chemical, physical or biological (enzymatic) treatments
can facilitate the creation of protein−/polysaccharide-rich food prod-
ucts (Table 3) or lipid ingredients (Table 4) with desired processing
and health functionalities (Guo et al., 2011; Steen et al., 2016). Proteins
with high levels of essential amino acids and desired foaming, gelling or
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rheological properties for food applications could easily be obtained
from insects (e.g. Tenebrio molitor, Zophobas morio, Alphitobius
diaperinus, Acheta domesticus and Blaptica dubia) through processes
such as an ascorbic acid-containing aqueous protein extraction followed
by sieving, centrifugation and freeze-drying (Yi et al., 2013). Manipulat-
ing the variables of conventional treatments (e.g. heating, mixing,
pumping, centrifugation, filtration or sonication) can also alter the
structure and properties of biopolymer nutrients in insects (Sun-
Waterhouse & Waterhouse, 2016). Processing involving shear forces
or high pressures could be used to induce unfolding or even formation
of amyloid fibrils via pathways other than thermal unfolding (Torrent
et al., 2004; Mangialardo, Piccirilli, Perucchi, Dore, & Postorino, 2012).
Hydrolysis and fermentation processes such as proteolytic treatments
can induce protein structural changes (Sun-Waterhouse, Zhao, &
Waterhouse, 2014; Zheng et al., 2014). Dry-roasting, drying or smoking
could enable increased protein contents (e.g. from 20% (raw) to 48%,
57% or 37%, respectively, for mopane caterpillar) (Bukkens,
1997; Ademolu, Idowu, & Olatunde, 2010). Processes such as 1)
toasting (i.e. in a stainless steel cooking pan over an open flame for
5 min at ~150 °C), 2) toasting plus drying (i.e. toasting and cooling to
room temperature before solar drying at ~30 °C and ~40% relative hu-
midity on the wire mesh trays using a locally fabricated solar drier)
and 3) solar drying only, were found causing little change in protein di-
gestibility but significantly decreased the riboflavin or retinol content of
winged termites (Kinyuru et al., 2010). For green and brown grasshop-
pers, all these processes significantly reduced the niacin content with
toasting and drying processes causing a significantly decreased protein
digestibility (Kinyuru et al., 2010). An extraction process involving
aqueous NaOH and ethanol can produce, at an extraction efficiency of
~70%, essential amino acids-rich proteins with favourable rheological
properties for food applications from yellow mealworm larvae (Zhao,
Vázquez-Gutiérrez, Johansson, Landberg, & Langton, 2016). A hyperac-
tive antifreeze protein rich in threonine and cysteine (which provides
freeze resistance or ice crystal growth control in food applications)
was successfully isolated from the yellow mealworm beetle, through
the combined use of gel exclusion chromatography and reverse phase
high-performance liquid chromatography (Graham, Liou, Walker, &
Davies, 1997). Novel glutamine-rich proteins isolated from Tenebrio
molitor larvae show desirable encapsulating functionality and cellular
defense properties. Theproteins react to encapsulate hemocytes and ex-
tracellular hemolymph components (Cho et al., 1999). Moreover, a
number of healthy products including foods produced using silkworm
pupae proteins have gained the approval from the Ministry of Health
and State Food and Drug Administration of the People's Republic of
China (Wei & Xu, 1999; Wang et al., 2002; Han, Zhou, Xu, Dong, &
Chen, 2004; Zhou, 2004). Silkworm pupa (Bombyx mori) have long
been used as ingredients for foods and medicines in countries such as
China, Japan, Korea, India and Thailand (Zhou & Han, 2006), because
of the diabetes-ameliorating, liver-protecting and immune-enhancing
functions derived from intrinsic substances such as proteins, lipids and
polysaccharides in the insect (Shi, Xie, Zhang, & Shen, 1990; Zang,
Wan, He, & Xu, 1992; Yin & Peng, 1998; Ding et al., 2001; Liu, Tian, &
Chen, 2001; Yang et al., 2002). Black weaver ant can be processed into
various tonics or wellness foods (Shen, Li, Feng, & Ren, 2006), and
large black ants showed significant protection and recovery of the im-
mune system inmice (Wang et al., 2001). Hymenoptera and formicidae
insects have been used in China to develop dietary products including
liquid beverages, granules and powders, because of insects' anti-cancer,
anti-rheumatic and anti-inflammatory functions (Cui, 2009). Proteins
extracted from insects including water-, acid- or alkaline-soluble pro-
teins from the barley pest (Zophobs morio L.), exhibit excellent antioxi-
dant activities (Guo et al., 2011). Besides, peptides or proteins
extracted from some insects and derived products (such as scorpion
and bee venom) exhibited anti-vira, anti-bacteria, anti-inflammatory
and pain-alleviating effects (Yu & Li, 2005; Lin & Li, 2008). Tenebrio lar-
vae was found to promote the growth rate and brain development in
biomass into consumer wellness foods: A review, Food Research Inter-
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rats and also exhibit anti-fatigue, anti-oxidant and immune-enhancing
effects (Li et al., 2007a). Hydrolysis using different commercial enzymes
including proteases has been used to improve the physico-chemical
characteristics and bioactivities of non insect-based products while
reducing allergenicity (Sun-Waterhouse et al., 2014; Su, Zhao,
Sun-Waterhouse, & Zhao, 2016). This approach is also applicable to in-
sect-based foods, for example, the short chain peptides from silkworm
exhibit high antioxidant activity, digestability and ACE inhibitory activ-
ity (Yang et al., 2013;Wu et al., 2015). A peptide from the gastrointesti-
nal hydrolysate of cotton leaf worm showed significant ACE inhibitory
activity (Vercruysse, Smagghe, Matsui, & Van Camp, 2008).

As indicated earlier, insects may present allergenicity risk in a way
similar to shellfish and crustaceans with heat stable tropomyosin likely
themajor allergen (Leung et al., 1996). Food processing is able to reduce
the potential allergenicity of insect proteinsmaking them less allergenic
(van Broekhoven, Bastiaan-Net, de Jong, & Wichers, 2016). Heating via
roasting, boiling, steaming, blanching or autoclaving (with/without pH
and ionic strength moderation) is one of the commonly used methods
to improve digestibility and reduce allergenicity of proteins through
mechanisms involving protein structure modification, protein aggrega-
tion, reduced affinity or damage of epitopes, decreased IgG-binding ca-
pacity via glycation (e.g. induced by the Maillard reaction) and
reversible/irreversible protein denaturation (van Boxtel, Koppelman,
et al., 2008; van Boxtel, van den Broek, et al., 2008; Bu, Lu, Zheng, &
Luo, 2009; Taheri-Kafrani et al., 2009; Iwan et al., 2011; López et al.,
2012; Cabanillas et al., 2014). Boiling shellfish such as shrimp was
found to reduce allergens through inducing the Maillard reaction
(glycation) (Carnes et al., 2007; Nowak-Wegrzyn & Fiocchi, 2009). Ex-
trusion can lower the potential of allergenicity via decreasing the bind-
ing capacity of specific IgG (Ohishi et al., 1994). Fermentation can help
alleviate the allergenicity of foods such as peanuts (Zhang et al., 2008;
Yao, Xu, Luo, Shi, & Li, 2015). Fermentation usingmultiplemould strains
and bacteria can reduce allergenicity of soybean seed products by 65–
99% through decreasing the IgE-binding to human serum (Frias, Song,
Martínez-Villaluenga, de Gonzalez, & Vidal-Valverde, 2008). Hydrolysis
using acid, probiotic lactic acid bacteria and bifidobacteria and/or en-
zymes (e.g. Alcalase, cellulose, α-chymotrypsin, Flavourzyme, pepsin,
peroxidase, or trypsin) can induce structural changes and partial de-
amidation of allergens, and reduce IgE-binding and/or cross-linking ca-
pacity of the end product (i.e. endoprotease is more effective than
exoprotease in this regard) (Watanabe, Watanabe, Sonoyama, &
Tanabe, 2000; Chung, Maleki, & Champagne, 2004; Rizzello, De
Angelis, Coda, & Gobbetti, 2006; De Angelis et al., 2007; Hildebrandt et
al., 2008; Yu, Ahmedna, Goktepe, Cheng, & Maleki, 2011; Cabanillas et
al., 2012; Denery-Papini et al., 2012; Shi et al., 2013). Electron beam ra-
diation, γ-irradiation, UV-C exposure or ultrasound treatment can
chemically and physically change the native structure of proteins (in-
cluding allergic tropomyosin) into a molten globule state or even dena-
tured/degraded forms via cyclic generation and collapse of cavities,
causing decreased IgG/IgE-binding capacity (Li, Lin, Cao, & Jameel,
2006; Li et al., 2007b; Lee, Seo, Kim, Lee, & Byun, 2007; Manzocco &
Nicoli, 2012; Tammineedi, Choudhary, Perez-Alvarado, & Watson,
2013). An ultrasound treatment of sufficient intensity can decrease
the binding of shrimp extract with the sera of shrimp allergic patients
(Li et al., 2006). High pressure processing (pressure as a function of
food type) can reduce or remove allergens like tropomyosin, decrease
IgG-binding, induce protein denaturation or conformational changes,
and promote enzymatic hydrolysis (to alter the sensitization of aller-
gens) (Li, Zhu, Zhou, & Peng, 2012; Huang, Hsu, Yang, & Wang, 2014).
Pulsed ultraviolet light can also decrease the level of allergens in pro-
teins (Yang et al., 2010). Ultrafiltration helps reduce allergens, especially
allergenswith high heat stability (Brenna et al., 2000). Furthermore, the
use of multiple treatment processes and techniques can increase the ef-
ficiency of each processing method (Zhou et al., 2016). For example,
heating may inactivate certain structural epitopes but is unlikely to
eliminate the allergenicity of certain food allergens. A combination of
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heating (e.g. boiling or frying) and enzymatic hydrolysis (e.g. by pepsin,
pancreatin, lipase and a-chymotrypsin) is effective for decreasing aller-
genicity through reducing IgE-binding capacity of glycinin (van Boxtel,
Koppelman, et al., 2008; van Boxtel, van den Broek, et al., 2008) or
tropomyosin IgE cross-reactivity in mealworm species (van
Broekhoven et al., 2016). Genetic engineering, although not the focus
of this study, can also reduce or eliminate allergens through various
mechanisms (Nordlee, Taylor, Townsend, Thomas, & Bush, 1996).

4.3. Other useful technologies supporting the utilization of insects for
food-related products

The association of insects with nanotechnology and biotechnologies
(including biotechnologies related tomarine/aquatic, agricultural, med-
ical or industrial applications) mainly lies in the management of insect
pests, animal/human diseases or infections and food contamination.
The knowledge already accumulated in this field can be utilised to sup-
port the exploitation of insects for food-related applications. Modern
biotechnologies including genomics, genetic manipulation, recombi-
nant DNA technology, enzymatic and fermentation technologies can
be applied to breeding, rearing and processing of appropriately selected
insect species for human foods, medicinal treatments and associated di-
agnostic devices. Nanotechnology can be used to manipulate the struc-
ture of insect proteins or insect-based foods to achieve target health
outcomes (e.g. increased recovery of insect-based nutrients or bioac-
tives while minimizing diseases). Nanotechnology can manipulate the
processing functionalities of insect-based food ingredients and mate-
rials, and improve the efficiency of delivery and bioabsorption of in-
sect-derived nutrients and bioactives (Will et al., 1996; Bruce et al.,
1997; Sonkaria, Ahn, & Khare, 2012). In fact, manipulating the struc-
tures of biopolymers through mimicking the protein or carbohydrate
nanostructures in nature could impart special properties (e.g. strength,
gloss, coloration and antimicrobial properties) to foods and food pack-
aging (Igic et al., 2014; Yabutani et al., 2014; Fecheyr-Lippens et al.,
2015). Colour can be produced through selective absorbance of light
at particular wavelengths by pigments, by nanoscale structures that in-
teract with light (structural colour) or by the combination of pigments
and nanoscale structures (Bagnara, Fernandez, & Fujii, 2007; D'Alba,
Kieffer, & Shawkey, 2012). Structural colours are perceived differently
with angle of observation and relative to a fixed light source. The
Waterhouse group in New Zealand has extended such investigations
to some insect species such as Chrysina aurigans and Chrysina
chrysargyreabeetleswhich show striking gold and silver colouration, re-
spectively. The structural colour originates from chitin chirpedmultilay-
er sheets in the beetle cuticles (which prevent the propagation of right
circularly polarized light). The co-existence of pigments and structural
components enables a broad array of fascinating and adaptable colours
(Chan, Mark, Sun-Waterhouse, & Waterhouse, 2014; Vandermeer,
Chan, & Waterhouse, 2014). Thus, the protein and carbohydrate bio-
polymers in insects could be utilised not only as food nutrients but
also as food materials that exhibit special and desirable visual appeal.
The integration of nanotechnology and biotechnology through appro-
priate processing technologies will be key to the delivery of appealing
insect food systems with optimised nutrient and bioactive profiles, po-
tentially stimulating the next wave of R&D in the food sector.

5. Regulatory frameworks governing the safety of insect-based food
products

As for any novel food, there is always an urgent need to establish and
implement relevant regulatory frameworks, with a requirement for on-
going improvements of the implemented legislation. This is true for in-
sects either harvested in the wild or raised on farms. When insects are
utilised for finished foods and food ingredients, microbial, chemical, al-
lergenic, parasitical and toxicological risks as well as potential food pro-
cessing or handling hazards are anticipated over the entire process from
biomass into consumer wellness foods: A review, Food Research Inter-
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insect selection and breeding, through insect farming and harvesting, to
insect processing into foods (Fig. 5).

Although edible insects have been included in the human diet for
millennia, care should be taken during the selection of edible insects
(i.e. some insects likemeloid beetles are outright dangerous, even lethal
for humans). Insect production and trade for human consumption were
seldom subjected to official management and assessment until January
2012 at the FAO Headquarters in Rome, Italy (http://www.fao.org/
edible-insects/86386/en/). The lack of precise and insect-inclusive legis-
lation, standards, labeling and other regulatory instruments remains a
major barrier to globalised entomophagy, even though somegoodprog-
ress has achieved in this field. Food regulatory bodies including the Eu-
ropean Food SafetyAuthority (EFSA), Food Standards Australia andNew
Zealand (FSANZ), US FDA and Health Canada have recently conducted
extensive reviews and discussions on regulations and guidelines related
to edible insects. In 2010, a proposal “Development of a Regional Stan-
dard for Edible Crickets and Their Products” (prepared by Lao PDR in
the 17th session of FAO/WHO CCASIA) requested the set-up of stan-
dards for house crickets or other edible insect products for human con-
sumption and food trade purposes (Laos, 2010). In late December 2013,
ten insect species were authorized by the Belgian Food Safety Authority
(FAVV, 2014). In July 2014, the European Commission asked EFSA to
supply a scientific opinion on the risks of insect consumption, although
some European researchers believed it unnecessary for insects to un-
dergo pre-market safety assessment given their long history of safe
use in non-EU countries. In October 2014, the Dutch Office for Risk As-
sessment & Research proposed, according to the General Food Law
(Regulation 178/2002), to admit three insect species, Tenebrio molitor,
Alphitobius diaperinus and Locusta migratoria (which are currently pro-
duced and sold in the Netherlands), in a report to the Inspector-General
of the Netherlands Food and Consumer Product Safety Authority (in
Dutch: ‘NVWA’) and the Dutch Ministers of Health Welfare and Sport
and Agriculture.

In the EU, it has been suggested to use the Novel Food Regulation to
monitor edible insect products (which requires a thorough safety as-
sessment and final approval by food safety regulators prior to their
launch in the market). In the US and Canada, a novel insect-derived
product used as a food ingredient or additive (not wholesome insect)
will be subject to petition for safety designation within the FDA and/or
Health Canada regulatory framework (Health Canada, 2006; USFDA,
2009). In China, the Procedures for Toxicological Assessment of Food
is applied to the assessment of the safety (alongwith the dose–response
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relationship) of insect-based food products (as non-insect novel foods
based on toxicity tests over various time lengths) (Zhou & Han, 2006).
In terms of insect-based products for food services, there exits no legis-
lation covering this segment, although the segment is feasible to be ad-
ministered (at least in the initial stage through complying with the
currently available regulations or practices). The federal law the Food
Safety and Modernization Act of 2010 (S510/HR2751, 111th Congress)
signed in January 2011 by President Barack Obama details voluntary
management guidelines on food allergies and anaphylaxis especially
for public kindergartens, elementary and secondary schools. Similarly,
the EU Food Information for Consumers Regulation 1169/2011
established in December 2014 requires the inclusion of allergy informa-
tion on food sold in unpackaged formats such as those commonly found
in bakeries, catering outlets, deli counters and sandwich bars.

Regulatory frameworks including legislation, standards and associ-
ated regulatory bodiesmust be set up to guide,monitor, assure and gov-
ern the production, conservation, trade and use of edible insects as
human food or animal feed. Insects are not perceived as a regular
food. Specific codes of practice concerning biodiversity conservation,
disease control, Integrated Pest Management (IPM), sanitation and
pest eradication should be implemented to monitor insect breeding
and farming, besides the standard food safety laws for the development
of insect-based foods and ingredients. To date, well-established laws
and regulations on biosecurity are available only for a few insects such
as bee and silkworm. International standards such as the Codex Stan-
dards may facilitate compliance with food safety and trade rules for ed-
ible insect products although there are concerns on the lack of verifiable
level of trade in insects. The Codex Alimentarius does not provide stan-
dards on fresh or processed insects for direct use as food and feed. But
Codex standards, irrespective of their voluntary implementation, serve
as reference legislation for the production and food application of in-
sects through specifying “insects” as “dead or living filth” and “cause
of abnormal flavours and odours” that may potentially harm human
health at certain amounts. Legislative references that regulate the max-
imum permissible levels of insects as food impurities only fall into cer-
tain categories, e.g. the FDA's list of Food Defect Action Levels allows
contamination of below 150 insect fragments per 100 g wheat flour,
or 5 Drosophila and other fly eggs per 250 mL canned citrus fruit juice
(FDA, 2011). In the recent years, there has been a push in the feed sector
(including that in US and Europe) for the development of specific regu-
lations and standards on using insects as feed and to a lesser degree as
human food. Proposals have been made based on the concept of novel
biomass into consumer wellness foods: A review, Food Research Inter-
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foods to guide the development of legislation for insects as human food.
In a few developed countries in Europe, the US and Canada, a premarket
safety evaluation and authorizationmay be required for sale of some ed-
ible insects as a novel food or ingredient. Such efforts, however, have en-
countered barriers associated with the differences in the definition of a
“novel food” between countries. While a substance (including an edible
insect) may be novel in some countries, it may be part of a normal diet
in other countries. Sometimes the differences in the description of novel
foods reflect the extent of human ingestion and the degree of risk con-
sideration, for example, a novel food is defined as “a food that does
not have a history of human consumption in a region or country” by
Australia and New Zealand (Australia New Zealand Food Standards
Code – Standard 1.5.1), but “as a substance, including a microorganism,
that does not have a history of safe use as food” by Canada (Canada's
Food and Drug Regulations (C.R.C., c.870) – B.28.001).

Producing large quantities of sutiable insects for human consump-
tion will be challenging, while also widening regulatory frameworks
of human foods globally. Establishing industrial-scale insect rearing
farms and processing plants for human food and animal feed purposes
won't be possible in the absence of appropriate globally agreed legisla-
tion. It is inevitable that existing legislation will need to be tweaked sig-
nificantly, or a completely new array of legal frameworks covering
scientifically-based and measurable guidelines will be required for in-
sect breeding, sanitary regulations for mass-rearing of insects, quality
standards and assurance guidelines on contaminants and nutritional
compositions as well as assessments of product label and environmen-
tal impact. Knowledge of insect species consumed in humanhistorywill
guide early legislative development. The potential risks (including out-
of-control hazards) associated with insect production and release as a
function of species or quantity, and the potential impact on health and
biodiversity, should be carefully assessed during the development of
regulatory frameworks. All legislative information including interna-
tional standards should be accessible by insect producers, industry pro-
cessors, users, distributors, traders and consumers through official
publications or legal labels on product packaging. Failure in regulating
the trade between countries of living insects as breeding stock could
lead to global disasters impacting other food production or biodiversity
of natural ecosystems. A preventive rather than reactive global legisla-
tive system containing dynamic and effective monitoring, verification,
validation and corrective processes is desired. Global formalization of
the edible insect sector and international harmonization of private or
public standards and codes of practice should be the ultimate goal
worldwide.

6. Conclusions

Edible insects represent a novel and sustainable protein source for
humans and have enormous potential as ingredients for wellness
foods. There is growing evidence to support the concept of “the use of
insects for foods”. However, currently the demand for the development
and commercialisation of insect-based foods remains very low. There-
fore, conventional approaches for non-insect food product development
are unlikely to work as straightforward solutions. Creating public de-
mand and improving consumer acceptance and preference for insect-
based foods will be critical for globalisation.

More consumer studies should be performed on the psychological
and cultural barriers to eating insects. Eastern societies have traditional-
ly been more accepting of edible insects than Western societies. Wider
acceptance of insects or insect proteins in Western societies may help
to pave the way towards realizing insects' full potential. Education and
advocation on the benefits of insect consumption, proper insect-based
food processing for improved sensory properties and cost-effectiveness,
regulatory rigor and openness to consumers, are the keys to successful
globalisation of entomophagy.

Exploration and exploitation of edible insects as food sources will
need ongoing R&D efforts. Industrial scale farming and processing
Please cite this article as: Sun-Waterhouse, D., et al., Transforming insect
national (2016), http://dx.doi.org/10.1016/j.foodres.2016.10.001
with successful integration of biotechnologies and processing technolo-
gies could fast track globalised entomophagy and create safe insect-
based foods possessing high nutritional quality and bioactivities. Suc-
cessful development of such insect-based foodswill eventually overturn
the negative perception or “unwelcome” attitudes of consumers to-
wards insect foods. A new generation of chefs, farmers, sustainability
experts and adventurous eaters will promote entomophagy, creating
new consumers alongside conventional insect-eaters.
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