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Diverting organic waste from landfills via
insect biomanufacturing using
engineered black soldier flies (Hermetia
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A major roadblock towards the realisation of a circular economy are the lack of high-value products
that can be generated from waste. Black soldier flies (BSF; Hermetia illucens) are gaining traction for
their ability to rapidly consume large quantities of organicwastes. However, these are primarily used to
produce a small variety of products, such as animal feed ingredients and fertiliser. Using synthetic
biology, BSF could be developed into a novel sustainable biomanufacturing platform to valorise a
broader variety of organic waste feedstocks into enhanced animal feeds, a large variety of high-value
biomolecules including industrial enzymes and lipids, and improved fertiliser.

Management of organic waste is a major global challenge. Currently,
~40–70% of organic waste is disposed of in landfills1–4, where it is tightly
compacted to economise space. This leads to the anaerobic microbial
decomposition of organicwaste intomethane, a greenhouse gas (GHG) that
is 28 timesmore potent than carbon dioxide5. Consequently, the solid waste
sector is estimated to be responsible for 5%of global annual CO2-equivalent
emissions, with the majority of this due to the methane generated from
landfilling organic waste6. Continued rising GHG emissions have led to the
Intergovernmental Panel onClimateChange reporting thatwe are facing an
imminent climate disaster as we expect to surpass the 1.5 °C critical global
warming threshold in 20317. Urgent intervention from policy makers,
bolstered by innovative technologies to handle organic waste, is imperative
to achieve net-zero annual GHG emissions.

Adding to the problem are municipal biosolids, another significant
source of organic waste. Municipal biosolids are nutrient-rich organic by-
products from treating sewage at municipal wastewater treatment plants.
Despite their high nutrient content and utility as an alternative to synthetic
fertiliser, there is an increasing body of research demonstrating that bio-
solids are contaminated with hazardous chemicals8–10. Notable examples
include heavy metals, microplastics, per- and poly-fluoroalkylated sub-
stances (PFAS), pharmaceuticals and 35 chemicals on the EPA priority
pollutant list10,11. Regulations are increasingly restricting using biosolids as
fertiliser12, and alternative management practices are required for their
disposal.

Challenges to sustainable waste management are particularly severe in
developing countries where public services for waste management can be

limited or non-existent. Organic waste is often openly dumped, which
contributes to the proliferation of pathogens and pests, contaminates water
used for drinking and irrigation and results in habitat destruction6. Addi-
tionally, a large portion of biomass from food crops is non-edible and is
frequently managed by open burning that results in unsafe air quality6,13.

Many developed nations are implementing organic waste landfill bans
to hasten the adoption of waste management strategies that align with the
public good. Yet scalable and cost-effective strategies are lacking as the
products that can be generated from waste, such as compost, biofuels and
animal feed have limited value and there are significant upfront
andmaintenance costs required to develop the infrastructure to collect, sort,
and fully utilise organic waste.

The circular economy is an economic system that aims to minimise
waste and maximise resource efficiency by promoting the reuse, recycling
and regeneration of materials in continuous cycles, and offers a promising
framework to address these challenges. Technological innovations that
increase the variety and value of products that can be regenerated from
organic wastes will incentivise greater organic waste circularisation and
provide an opportunity for entrepreneurs to valorise organic waste.

Synthetic biology has the potential to provide many of the needed
technological innovations that could address climate change and
sustainability14. Though underdeveloped in comparison to microbial syn-
thetic biology, insect synthetic biology could be used to cleanup and valorise
organic waste by engineering insects that are already adept at processing
organicwastes as aplatform forbiomanufacturing andbioremediation.This
type of insect biomanufacturing could convert organic wastes into higher
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value products such as enhanced feed, industrial biomolecules and high-
quality fertiliser. Globally, it is estimated that the animal feed market is
worth USD $500 billion15. The global industrial enzyme and lipid market is
worthUSD$6.95 billion16 andUSD$13.63 billion17, respectively. The global
fertiliser market is worth USD $207 billion18.

In this perspective we describe why insects are a very promising syn-
thetic biology platform to improve sustainable biomanufacturing. We
describe the opportunity, advantages and disadvantages and how tomature
insect biomanufacturing with a focus on black soldier flies.

Modern biomanufacturing
Biomanufacturing is the use of biological systems and their cellular
machinery to generate valuable biomolecules with utility in industries such
as agriculture, food, pharmaceutical, material and energy19. Typically,
mono-cultures of microbes, fungi and cell lines are used for commercial
biomanufacturing, predominantly via large scale bioreactor-based fer-
mentation. To a lesser extent, plant and algal systems are also used for
biomanufacturing. Products include small molecule primary metabolites
such as acetone, butanol, ethanol, amino acids, and organic acids20; and
complex secondary metabolites such as antibiotics, flavourings, colourings
and fragrances21–23. Genetically engineered organisms are used to produce
many larger high-value proteins including insulin24, growth hormones25,
erythropoietin26, industrial enzymes27, enzymes for molecular biology19,
monoclonal antibodies28 and vaccines29. Microbial fermentation systems
and cell lines have been particularly invaluable to commercial biomanu-
facturing due to the relatively simple rearing conditions, fast growth rates,
ease of storage, established geneticmanipulationmethodologies and diverse
metabolic potentials.

The United Nation’s Sustainable Development Goals (SDGs)30 have
catalysed a shift in focus to develop technologies that reduce emissions and
pollution, and to replace processes based on fossil fuels with sustainable bio-
based approaches. This includes changing approaches to the production of
high-value biomolecules to utilise waste as feedstocks. Current industrial
biomanufacturing strains are resource and energy intensive as they typically
require sophisticated infrastructure, large quantities of water, feedstocks
predominantly sourced from food crops and feedstock preparation that is
resource and energy intensive31. Plant molecular farming is less energy and
resource intensive thanbioreactor-basedbiomanufacturing as it candirectly
fix carbon dioxide to produce valuable biomolecules, and could be used as a
carbon capture technology for emissions reductions32. However, it has a
large land-use footprint and requires large quantities of water and fertiliser
that could otherwise be used for growing food. It could impact food security
aswell as deforestation andbiodiversity asmore land is cleared to grow these
plants. Furthermore, plants grow more efficiently in the field and to com-
mercialise any one transgenic plant for growth outside of physically con-
tained greenhouses requires long and expensive regulatory hurdles33.
Effective transgene biocontainment strategies are limited and transgenic
plants growing as volunteer crops have contaminated food supply chains;
leading to expensive recalls, food wastage and damages to public trust34,35.
Diversificationofbiomanufacturing technologies for greater sustainability is
therefore required. The UN’s SDGs will be described in more detail in the
‘Addressing the SDGs’ section.

Insect biomanufacturing
Beekeeping for honey, beeswax andpollinationhas existed since thedawnof
agriculture, with evidence of humans using beeswax found across Neolithic
Europe, theNear East, andNorth Africa36. Silk production from the cocoon
of the silkworm (Bombyx mori) originated in China in the 3rd millennium
BC and is a high-value product to this day. Recently silkworms have been
used as a platform for synthetic biology and nanotechnology to generate
products that harness the properties of silkfibre. It has been used to generate
high-value protein therapeutics, spider silk, antimicrobial bandages, drug
delivery systems, dissolvable and biocompatible medical implants, scaf-
folding for tissue engineering, precision agriculture for the controlled
delivery of bioactives to plants, among other applications37–42. Extracts from

the Coccoidea superfamily of scale insects are used for colourful dyes and
resins43. Products include kermes, Polish cochineal, Mexican cochineal, lac
dye and shellac. These have important historical, cultural and economic
value as the low production output and low supply of these eye-catching
products were sought after by nobility.

Insect cell lines and insect larvae/pupae are often used in molecular
biology research and commercial biomanufacturing to transiently over-
express proteins of interest44. They are less likely to becomecontaminatedby
human pathogens thanmammalian cell lines and they providemany of the
post-translational modifications required for eukaryotic protein stability
and function. Approximately 1% of FDA/EMA approved protein ther-
apeutics are biomanufactured by insect cell lines44. Examples include: vac-
cines for COVID-19 (Novavax)45, influenza (Flublok)46 and cervical cancer
(Ceravix)47; cellular immunotherapies for prostate cancer (Provenge)48,49;
and adenovirus production for familial lipoprotein lipase deficiency gene
therapy (Glybera)50. Cocoon Biosciences, a spin out company of Algenex, is
using cabbage looper (Trichoplusia ni) pupae biomanufacturing process to
generate growth factors for the cultivated meat industry and enzymes for
industrial biotechnology51.

Insects as a source of food is a delicacy in many cuisines across the
world andwill likely benefit from economies of scale tomake protein that is
more affordable thanmore conventional livestock52. Though insects are not
regarded as a delicacy in theWest, they are gaining interest as a sustainable
source of protein due to their high feed conversion efficiency of pre-
consumer foodwastes53. Insects are commonly utilised as nutritious feed for
pets and livestock54,55. Insect meal is set to become less expensive than other
protein feed products such as fishmeal56,57. Though it is still more expensive
than soy protein, it is considered a more sustainable option58.

Various industrial biomanufacturing applications of cell line and
microbial systemsandwhole insects are shown inTables 1and2, respectively.

BSF biomanufacturing for the valorisation of
organic waste
Insect pupae biomanufacturing platforms, including the cabbage looper (T.
ni), are already used to commercially biomanufacture biomolecules51,59.
However, these insects cannotbe rearedonorganicwaste and their relatively
narrow dietary requirements60 can hinder scalability. Adoption of insect
species with an appetite for a variety of organic wastes have the greatest
potential for contributing to sustainable biomanufacturing on a global scale.

Many insect species are adept at decomposing organic waste and
perform an important ecosystem service to recycle nutrients. Black soldier
flies, (BSF; Hermetia illucens), house fly maggots (Musca domestica),
crickets and grasshoppers (order Orthoptera), superworm beetle larvae
(Zophobasmorio),mealworms (Tenebriomolitor) andwaxworms (Galleria
mellonella) have all been adopted commercially for their strengths in pro-
cessing organic waste into insect protein (Table 2).

BSF especially have gained interest as a rapid means to convert large
quantities of organic wastes into a variety of products (Table 2), as many
aspects of their biology and lifecycle readily support large-scale rearing
practices in commercial settings. They are not considered a pest species and
they are globally distributed, except for Antarctica61. Furthermore, they are
not a carrier for human pathogens as they do not feed on waste as mobile
adults and do not bite62. BSF larvae (BSFL) can consume up to 500mg of
organic matter per day per larvae55. Optimal rearing conditions for BSF can
be applied within rearing facilities and is largely influenced by temperature,
humidity, substrate composition, among other conditions63; it is an active
area of BSF research64. BSFL thrive on a wide variety of organic wastes
including kitchen waste, fruits and vegetables, meat and fish, livestock
manure and even human excrement64. The insects are easily harvested from
the processed organic waste with a sieve or when the larvae migrate out of
the organic waste to pupate65. Typically, on a dry weight basis, the pupae
contain 40–44% protein and 15–50% lipid55. The composition of BSFL,
particularly the lipid fraction, can vary considerably depending on the lipid
composition of the substrate mixtures they consume as larvae66. The main
products made from BSFL/pupae are pet food and livestock feed54,67.
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Though BSFL/pupae have also been used to make other value-added pro-
ducts including biofuels68, bioplastics69, lubricant additives70, antimicrobial
compounds (AMPs)71, chitin and chitosan72, sustainable protein for human
consumption73, among other applications74.

BSF is used in waste management to reduce the quantity of organic
waste, with waste reduction efficiencies between 65.5% and 78.9% under
conditions that rival standard composting methods and on a timescale of
weeks compared to months67. The processed organic waste, insect exuviae
and associatedmicrobes, are referred to as frass which is used as an effective
soil amendment to recycle nutrients, such as nitrogen and phosphorous,
thereby promoting plant growth75.

Engineering BSF for biomanufacturing
Utilising transgenic BSF to support a sustainable circular economy involves
considering both waste streams and products. Waste-streams may be
broadly divided into two categories: those that are suitable to produce food/
feed and those that are not. The former high-grade wastes includes horti-
cultural, foodmanufacturing, fisheries and pre-consumer food waste76. The
latter includes low-grade wastes such as restaurant and post-consumer
household organic waste, slaughterhouse waste, livestock manure, muni-
cipal biosolids and organic waste contaminated with hazardous com-
pounds. The suitability of a particular waste stream to be used as feed will
depend on safety, public perception and regulatory factors76.

Table 1 | Examples of cell line and microbial culture systems used for commercial biomanufacturing

Organism Substrate Product examples Commercial
examples

Bacteria: Escherichia coli, Bacillus
subtilis, Pseudomonas putida,
Streptomyces spp.

Carbon: starch and cellulosic biomass
Nitrogen: ammonium/nitrate salts, urea, soy
protein, amino acids, yeast extract
Mineral and trace elements

Primary metabolites: acetone, butanol, ethanol, amino
acids and organic acids

DuPont (US)
Gevo (US)
Lanzatech (NZ/US)

Protein therapeutics:
Insulin, growth hormone

Genentech (US)
Eli Lilly (US)

Enzymes:
Amylase, lipase, protease and other industrial enzymes.
Enzymes for molecular research

Novozyme (Denmark)
DuPont (US)
New England
Biolabs (US)

Bt (Bacillus thuringiensis) insecticide Bayer (Germany)

Spider silk Bolt Threads (US)

Secondary metabolites:
Antibiotics

Pfizer (US)
Merck (US)

Flavourings and fragrances Gingko Bioworks (US)
Amyris (US)

Bioplastics (polyhydroxyalkonoate) Metabolix (Yield10
Biosciences) (US)

Yeasts: Saccharomyces
cerevisiae,
Pichia pastoris, Yarrowia lipolytica

Carbon: starch and cellulosic biomass
Nitrogen: ammonium/nitrate salts, soy
protein, amino acids, urea, yeast extract
Mineral and trace elements

Therapeutic proteins: insulin Genentech (US)
Eli Lilly (US)
Novo Nordisk
(Denmark)

Industrial and molecular enzymes Novozyme (Denmark)
DuPont (US)
DSM (Netherlands)
Codexis (US)
AB Enzymes
(Germany)

Secondary metabolites:
Vanillin (flavour and fragrance compound)
Stevia (non-calorific sweetener)
Resveratrol (health product)
Artemisinin (anti-malarial drug precursor)

Evolva (Switzerland)
Conagen (US)
Gingko Bioworks (US)
Amyris (US)

Bioethanol POET (US)
Valero (US)
Abengoa (Spain)

Omega-3 fatty acids DuPont (US)

Mammalian cell lines:
Chinese Hampster Ovary (CHO),
Hybridoma and other cell lines

Glucose, L-glutamine, sodium pyruvate,
mineral salts. Foetal bovine serum/
recombinant growth factors are also
commonly added.

Erythropoietin
Monoclonal antibodies
Antibody-drug conjugates
Vaccines
Industrial enzymes
Biomolecules for molecular research

Amgen (US)
Genentech (US)
New England
Biolabs (US)

Insect cell lines (Sf9, Sf21, High
Five, S2, etc.)

Tryptose phosphate broth, yeast extract, L-
Glutamine, mineral salts. Optionally: insect
haemolymph, foetal bovine serum/
recombinant growth factors

Vaccines, therapeutics, diagnostic reagents, growth
factors, gene therapy adenovirus production, industrial
enzymes, biomolecules for molecular research

Novavax (US)
Oxford Expression
Technologies (UK)
Protein Sciences
Corporation (US)
GSK (UK)
Dendreon (US)
UniQure (Netherlands)
Novimmune
(Switzerland)
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A major limitation of using wild-type BSF to generate predominantly
animal feeds from waste are regulations which preclude using low-grade
organicwastes to rearBSF for feed76. BSF could, however, valorise bothhigh-
and low-grade wastes by engineering BSF as a platform for biomanu-
facturing and bioremediation (Fig. 1). BSF could convert greater varieties of
low-grade organicwastes into insect biomass engineered to biomanufacture
a large variety of high-value biomolecules such as industrial enzymes and
lipids, that are not subject to food/feed regulations. Engineered BSF could
also convert high-grade organic wastes into enhanced animal feeds. Fur-
thermore, there is opportunity to generate enhanced fertiliser from both
high- and low-grade organic wastes.

Valorising high-grade organic wastes
As previously discussed, BSF are becoming widely used to produce animal
feed and animal feed ingredients54,55,67. The value of these ingredients could
be increased by engineering BSF to express enzymes that are commonly
added into feed ingredients. Amylases, pectinases, lipases, proteases and
phytases are currently made by microbial fermentation and incorporated
into animal feeds to boost digestion of other ingredients77. These enzymes
enable theuse of less expensive feed ingredients, increase growth rates and in
the case of phytases—also reduce phosphorous waste in manure. BSF
engineered to express these enzymes may additionally improve their own
FCR on otherwise difficult to digest organic waste feedstocks. Altering the
lipid profile may be desirable by, for example, engineering BSF to produce
marine-derived omega-3 fatty acids78 which would improve the fatty acid
profile of aquaculture animals reared using BSF. BSF engineered to improve
feed for these purposes is not likely to encounter significant regulatory
hurdles as many genetically engineered products are already approved for
use as feed77. For example, food crops genetically engineered to improve

productivity in thefield are inexpensive sources of animal feed79 and enzyme
supplements used to improve digestibility are sourced from genetically
engineered microbes77.

It may also be possible to engineer BSF to produce oral veterinary
medicines and vaccines for livestock80. BSF is already palatable for live-
stock rearing which may enable these veterinary medicines to be admi-
nistered easily at scale73. Moreover, they act as a pre-biotic to promote a
healthy and diverse microbiome81,82. BSF could improve feed and food
safety further by engineering BSF to prevent the growth of harmful
microbes83 and to remediate chemical pollutants found in pre-consumer
waste such as heavy metals84, biocides85 and mycotoxins86. Currently,
therapeutic vaccines for rabbit haemorrhagic disease are already produced
by genetically engineered cabbage looper pupae87, which have marketing
authorisation in the European Union and United Kingdom88. Expanding
to BSF is therefore likely to be possible from both technical and regulatory
perspectives.

Valorising low-grade organic wastes
Transgenic BSF should also be capable of valorising waste streams not
suitable for feed due to hygiene or chemical contamination regulations.
These could be used as feedstocks to produce high-value industrial bio-
molecules, which are not subject to hygiene considerations required for feed
or food consumption76. This includes enzymes such as laccases, amylases,
hemicellulases, cellulases, proteases, peroxidases and lipases which have
applications in textile processing, feedstock pre-treatment for biofuels,
papermanufacturing and as ingredients in detergents89. Enzymes could also
be biomanufactured by BSF to clean up industrial wastewater. These
enzymes may be produced from BSF in crude or purified form, lyophilised
for ease of storage and transport and sold to industry.

Table 2 | Performance characteristics of example whole insects commonly used for commercial purposes

Organism Substrate Typical Feed
conversion ratio (FCR)

Common Products Commercial examples

Cabbage looper
(Trichoplusia ni)

Agar, wheat germ, cornmeal,
soybean meal, casein,
soybean oil, vitamins and salts

Data not available Vaccines, therapeutics,
diagnostic reagents, growth
factors, enzymes for molecular
biology

Algenex & Cocoon Biosciences (Spain)
Chesapeake PERL Inc. (US), Entopath (US)

Honey Bee (Apis
mellifera)

Flower nectar and pollen Data not available Honey, beeswax Various:
Comvita (NZ), Dutch Gold Honey (US), Rowse Honey
(UK) Capilano Honey (Australia), etc.

Silkworm
(Bombyx mori)

Mulberry leaves 7.3–7.967167 Silk production, pet food,
livestock feed, aquaculture feed
Protein therapeutics
Spider silk

Wujiang First Textile Company (China), Sericulture
Industries (India).
Katakura (Japan)
Kraig Biocraft Laboratories (USA)

Black soldier
flies (Hermetia
illucens)

Organic waste from fruits,
vegetables, grains, meat and
manure

~1.4–2.6168

Also see ref. 169 for
FCRs across broader
organic waste streams.

Pet food, Livestock feed,
Aquaculture feed

AgriProtein (South Africa), Innovafeed (France), Protix
(Netherlands), Enterra (Canada), Protenga (Malaysia),
Nutrinsecta (Brazil), Goterra (Australia).

Crickets and
grasshoppers
(order
Orthoptera)

Organic waste from fruits,
vegetables and grains

~2.3–10168 Human and pet food, livestock
feed, aquaculture feed

Aspire Food Group (US), Entomo Farms (Canada),
Bugsolutely (Thailand), Micronutris (France)

Meal worms
(Tenebrio
molitor)

Organic waste from fruits,
vegetables, grains andmanure

~3.8–6.1168 Pet food, livestock feed,
aquaculture feed, fish bait

Ÿnsect (France), Rainbow mealworms (US), Grubco
(US), Enterra (Canada), ProBugs (Netherlands)

House fly
maggots
(Musca
domestica)

Organic waste from fruits,
vegetables, grains, meat and
manure

Data not available Pet food, Livestock feed,
Aquaculture feed

AgriProtein (South Africa), Bioflytech (Spain),
Entomics Biosystems (UK)

Superworm
beetle larvae
(Zophobas
morio)

Organic waste from fruits,
vegetables and grains

Data not available Pet food, Livestock feed,
Aquaculture feed

Rainbow mealworms (US)

Wax worms
(Galleria
mellonella)

Organic waste from beeswax,
fruits, vegetables and grains

Data not available Pet food, livestock feed,
aquaculture feed, fish bait

Waxworm Farm (US), Grubco (US), Timberline
Fisheries (US)
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For biofuels, extracellular carbohydrase and ligninolytic enzymes can
be initially extracted in aqueous buffers to provide an economical enzymatic
pre-treatmentmethod for processing complex lignocellulose feedstocks into
fermentable sugars for industrial microbes. The BSF lipid fraction could
then be extracted from the insoluble fraction and processed into biodiesel68.
The protein in the remaining solid phase fraction could be fed to industrial
microbes as their nitrogen source for biofuel production.

Beyond valorising wastes that BSF can currently consume, BSF could
be engineered to express enzymes that can increase the scope of wastes
they are able to process. This could include agricultural lignocellulosic
wastes90, fats/grease88, untreated sewage91 and chemically contaminated
wastes8–10,92. Soiled mixed plastic waste could also be used as a feedstock,
though its mineralisation will generate net-positive CO2 emissions. This
could potentially be offset if the BSF generate other biomolecules with
high carbon content or traditionally produced via fossil fuels e.g. for
generating bioplastics69, industrial lipids93, or carbon polymers for carbon
credits. Alternatively, BSF could generate lyophilised enzymes for the
plastic recycling industry, to regenerate the starting monomers from
plastic waste94,95.

BSF could be engineered for organic waste bioremediation to clean up
and redeem value to organic wastes that are chemically contaminated. This
could include 25% of all food wastes contaminated by mycotoxins86 and
chemical pollutants typically found in biosolids such as heavy metals and
PFAS8,10,96. Contaminated soil could additionally be mixed into organic
waste in optimised ratios as a potential ex vivo bioremediation service97. BSF
may be engineered to achieve bioremediation via enzymatic catabolism or

potentially via engineering the larvae to hyperaccumulate contaminants and
leave behind clean frass for fertiliser.

We demonstrated a proof of concept for engineering insects for bio-
manufacturing and bioremediation by engineering the model insect Dro-
sophilamelanogaster to produceand secrete a functional fungal laccase from
Trametes trogii98. Fungal laccases are powerful enzymes with a broad sub-
strate range and they have demonstrated utility for a variety of applications.
For example, lyophilised laccase could bemade fromBSFpupae for their use
in the textile99, paper and pulp100, food101, pharmaceutical102, chemical
synthesis103 and forestry104 industries. Furthermore, they can biodegrade
lignin in lignocellulose and certain plastics105,106 andmay allow these organic
wastes to now be processed by the BSFL. They can also be used for bior-
emediation to clean up contaminants in organicwaste andmake clean frass;
for example, pollutants such as bisphenols107, PFAS108,109, mycotoxins110,
microplastics105, biocides111, pharmaceuticals112, among others. We
demonstrated that engineered D. melanogaster was capable of degrading
laccase substrates within their diet, including bisphenol A (BPA), while a
lyophilised powder made from adult flies could decolourise the dye indigo
carmine for industrial wastewater treatment98. Approximately 200,000 tons
of dye is lost to textile industry effluents each year113. In waterways, dyes
hinder light penetration, which affects photosynthesis and oxygen
availability113. These effluents could potentially be economically treated by
lyophilised laccase generated by BSF.

We additionally demonstrated that D. melanogaster could be engi-
neered to express themicrobial enzymes, organomercurial lyase (MerB) and
mercuric reductase (MerA) from E. coli, to bioremediatemethylmercury114.
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Fig. 1 | Engineering BSF for industrial biomanufacturing and bioremediation.
BSF biomanufacturing facilities could valorise a broader variety of organic wastes
into high-value products such as improved feed, oral therapeutics, industrial

biomolecules such as enzymes and lipids and clean high-quality frass. Figure created
using Adobe Illustrator, Adobe Stock Images under an education license and
Biorender.com.
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The engineered insects exposed to methylmercury in their diet were able to
demethylate methylmercury and remove it from their biomass as atmo-
spheric elemental mercury. Currently, a quarter of the mercury inventory
that is released into the environment is from municipal sewage115. BSFL
couldbe engineered to expressMerAandMerB to cleanupand restore value
to organic wastes contaminated with mercury, such as municipal115 or
fisheries92 organic wastes. The atmospheric elemental mercury can be
trapped116 in physically contained facilities and safely stored away from the
biosphere. Meanwhile, the clean insect biomass could be used to bioma-
nufacture high-value biomolecules or animal feed and the clean frass can be
maintained as fertiliser for crop growth.

Improved fertiliser
Increased BSF production and generation of frass could reduce our reliance
on synthetic fertilisers. Synthetic fertiliser manufacturing accounts for 2.5%
of globalCO2-equivalent of annualGHGemissions117. This statistic doesnot
account for the quantity of N2O volatilisation once it is applied to the soil,
which is a GHG that is 300-times more potent than CO2

117.
From a soil science perspective, frass provides several additional

advantages over synthetic fertilisers. The insect exuviae found in frass sti-
mulate plant defences and may attract beneficials to promote plant
health75,118. Synthetic fertilisers notoriously cause nutrient runoff and
waterway eutrophication. Frass can retain phosphorous and potassium
while maintaining absorption by plants and may reduce eutrophication
from runoff 75,119,120. Meanwhile, frass can improve healthy microbial
diversity in the soil121. Microbes present in organic compost temporarily
incorporate nitrogen from the soil into the amino acids of their proteins,
preventing runoff of soluble nitrogen species122. As themicrobes exhaust the
nutrients in the fertiliser and microbial populations decline, this provides
plants with slow-release nitrogen that promotes root growth.

BSF could be engineered to improve the quality of frass for crop out-
comes. BSF couldbe engineered to improve arable soil; for example, through
secreting enzymes or binding molecules into the frass that can remediate a
contaminant or improve other biotic or abiotic conditions in the target
site123. Soil is also increasingly recognised as a powerful sink for carbon
capture124 and with economic policies that reward carbon capture, BSF
could be engineered as a commercial carbon capture option.

Advantages and disadvantages of BSF
biomanufacturing
BSF have several advantages over industrial bioreactor-based biomanu-
facturing platforms traditionally used to produce high-value biomolecules.
Industrial bioreactor-based biomanufacturing requires feedstocks that
provide carbon and nitrogen (e.g. sugar and amino acids), enzyme co-
factors, growth factors (e.g. foetal bovine serum for mammalian/insect cell
culture) and othermineral and trace nutrients31. These can be sourced from
a variety of resources ranging from petrochemicals and food crops to waste
by-products31 and a full life-cycle assessment is necessary to evaluate the
relative sustainability of each. Regardless of the source, these ingredients
must be processed via resource and energy intensive mechanisms. Cur-
rently, carbon in large scale biomanufacturing is largely derived from food
crops, which is typically processed by energy intensivemilling and grinding
and juice extraction and heating during clarification. Additional chemical,
thermal and enzymatic pre-treatmentsmay be required forwaste feedstocks
such as lignocellulose125 and certain microbial strains are only able to
metabolise hexose or pentose sugars for fermentation126. Nitrogen is typi-
cally sourced from inorganic ammonia made in the fossil fuel intensive
Haber-Bosch process31. Notable trace elements like phosphorous is unsus-
tainablymined using energy-intensive practices31. Moreover, sterilisation in
some applications may be necessary to remove competing microorganisms
that may reduce the product yield.

BSF are able to derive carbon, nitrogen and trace elements like phos-
phorous from the wide variety of organic waste they are able to consume.
Minimal organic waste feedstock pre-processing is required as animal
digestion is highly evolved to extract and absorb nutrients: food is physically

broken into smaller pieces by mastication, the digestive tract consists of
several compartmentswith acidic and alkaline regions and various digestive
enzymes process biopolymers into components that can be absorbed along
with other essential nutrients127. Furthermore, additional chemical energy
from complex variable dietary fibre from a diversity of plants can be broken
down by the diverse microbiome in the insect hind-gut to generate short
chain fatty acids that can be absorbed and utilised by the insect host128.

BSF do not require thermally treated or sterilised inputs as they have
evolved excellent tolerance to their fellow organic composters such as
bacteria and yeast128. These organisms may digest feedstocks that are diffi-
cult to process, which can in turn be consumed by BSFL128. However, BSF
are susceptible to entomopathogenic bacteria, viruses, fungi, nematodes,
protozoa, parasitoids, or mites129–131. Unexplained colony collapse has been
reported for BSF colonies (unpublished) and further research is required to
determine whether this is due to abiotic and/or biotic causes.

Microbial biomanufacturing requires sophisticated infrastructure and
highly skilled personnel which are significant barriers to adoption by low-
income countries. This includes oversight by scientists and engineers and
infrastructure for feedstock extraction and quality assurance; equipment
sterilisation; fermentation; significant water purification facilities; waste
management; heating and cooling; control and monitoring; and down-
stream genetically modified organism (GMO) processing, product extrac-
tion, purification and quality assurance.

Though industrial BSF farming can be automated with sophisticated
infrastructure132, it is not required and can be adopted and maintained
readily worldwide133. BSF facilities that house genetically engineered strains
however, will need to design/upgrade their facilities and train personnel to
comply with biocontainment standards relevant to the country. An over-
view of a potential BSF biomanufacturing facility is shown in Fig. 1. The
benefit of housing engineered strains in physically contained facilities is that
it will avoid onerous regulatory hurdles required for intentional release of
transgenic organisms into the environment, such as what is required for
transgenic plants34,35,134. Similar to microbial biomanufacturing, the pro-
ducts made by transgenic BSF can be removed from the contained facility
after the insects are treated with a ‘physical or chemical process which
removes, kills or renders non-viable the GMOs used’134. For example,
freezing, microwaving, baking, boiling, blanching, desiccation, grinding,
asphyxiation, or high hydrostatic pressure can be used to kill black soldier
flies135. Genetic biocontainment strategies could be stacked for additional
security. Genetic biocontainment has been demonstrated in insects to
prevent interbreeding with their wild counterparts136, as well as strains that
cannot fly137 and would incur a significant fitness cost in the wild but not
within the facility. Genetic biocontainment strategies will be discussed
further in the ‘Biocontainment’ section below.

BSF is likely to be regulated similarly to other GMObiomanufacturing
platforms, with the exception that products intended to make feed or food
productswould need to be regulated for feed or foodproduction.Numerous
modern products are available on the market in Europe, Asia, Australia,
Africa and the Americas that are derived from GMOs. These range from
food and feed derived from engineered crops79 to vitamins138–140, enzymes77,
polymers141 and pharmaceuticals24,26,142 produced by microbial fermenta-
tion. Moreover, BSF is approved for feed or food production using high-
grade organic wastes in the EuropeanUnion, Asia, Africa, Australia and the
Americas76.

Though single cell organisms have a fast turnaround for generating
results rapidly for research and development, scaling microbial industrial
biomanufacturing continues to be challenging, particularly at the fermen-
tation stage143. BSF farming is already scaling considerably, with BSF facil-
ities growing in number across the globe. One of the largest industrial BSF
facilities, AgriProtein in South Africa, processed 250 tonnes of organic
wastes per day and generates 7 tonnes of larvae meal, 3 tonnes of oil and 20
tonnes of fertiliser daily144. Enterra in Canada processes 100 tonnes of pre-
consumer organic waste per day and produces 7 tonnes of protein and oil
feed ingredients and 8 tonnes of fertiliser per day144. Engineering BSF as a
biomanufacturing platform for high-value biomolecules could therefore be
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readily applied at scale, building on this existing infrastructure. Though not
directly comparable, according to Capacitor data, globally there are 20
microbial bioreactor facilities in the range of 20,000–99,999 L capacity and 9
bioreactor facilitieswith greater than 100,000 L capacity145. Large companies
such as Genentech use bioreactor-based fermentation to make 10 metric
tonnes of biologics annually146.

Amajor bottleneck for BSFbiomanufacturing is that the genetic toolkit
for BSF is yet to be as developed as other industrial biomanufacturing
platforms.Thefirst BSFgenomewaspublished in 2015147 andhas since been
sequenced by other groups137,148. There are currently four reports in the
literature describingheritableBSF geneticmanipulation: one involvingCas9
gene knock-outs137 and our research group and two other research groups
have demonstrated piggyBac transposase mediated random chromosomal
integration149–151. Though commercially valuable products could currently
be generated using piggyBac transposase-mediated integration for one or
two transgenes, random chromosomal integration complicates strain
development and strain performance. It results in variable transgene
expression levels due to positional effects and frequently results in the
integration of multiple transgene copies. Uncertainty over the location and
copy number of a transgene creates challenges for establishing homozygous
strains and some genetic manipulations benefit from integration in sex-
chromosomes. Further research will be required to demonstrate heritable
locus-specific genome integration methods to address these challenges,
which will be discussed in more detail in the ‘Research and Genetic Tools’
section. Further, into the future, more complex metabolic engineering will
be required. Design considerations for genetic and metabolic engineering
from other organisms will speed up its implementation in BSF.

Addressing the sustainable development goals (SDGs)
The SDGs are a set of 17 objectives established by the United Nations (UN)
to address theworld’smost pressing challenges before 203030. Broadly, these
goals provide a framework to address issues from poverty and inequality, to
environmental degradation and peace. BSF biomanufacturing as showcased
here could address multiple SDGs (Table 3) for a more sustainable and
equitable future.

Establishing BSF biomanufacturing
The critical next steps for realising BSF manufacturing will involve first
developing the research and genetic tools for BSF as a synthetic biology and
biomanufacturing platform (Fig. 2). It will also involve identifying func-
tional candidates for high-value biomolecules that are appropriate to the
strengths of insect biomanufacturing and developing BSF strains that can
process a greater scope of organic wastes. These could be licensed to BSF
facilities as stable germline (heritable) transgenic strains. BSF facilities will
need to ensure their facilities and staff comply with physical containment
standards for housing the genetically engineered insects. BSF facilities will
also be required to obtain regulatory approvals. BSF biomanufacturers can
then begin to scale up organic waste collection appropriate to the type of
biomanufacturing. It will be critical for both BSF strain developers and BSF
facilities to establish relationshipswithdownstream industries to ensureBSF
products will ultimately be used.

Research and genetic tools
Substantial effort is required for BSF to catch-up to more established
research strains and biomanufacturing platforms. Scientific research into
BSF synthetic biology as well as basic research into their biology (for
example investigating colony collapse, improving fertility, optimising the
proportion of protein or lipids, investigating overwintering mechanisms,
studyingmicrobiome interactions, etc.) is required to maximise their utility
as a biomanufacturing platform. This will require establishing lab-scale
research tools for BSF husbandry to enable high-throughput scientific
testing for multiple test conditions and simplifying maintenance for mul-
tiple strains (Fig. 2a). This will include scaling down rearing containers,
establishing simplified low-odourmedia formulations and developing tools
for long-term storage.

It will be critical to establish robust and efficient genetic engineering
tools in BSF to establish heritable transgenic lines (Fig. 2b). Genetic engi-
neering, particularly for multicellular eukaryotic organisms, is complex and
requires a highly specialised skillset and equipment152. While genetic engi-
neering has been described in BSF using random chromosomal integration
methods149, further research is required to develop efficient locus specific
chromosomal integration methods. This will facilitate the characterisation
of copy number and positional effects and allow for the easier generation of
homozygous lines to maintain stable transgenic BSF strains. Such
advancements can be achieved with technologies such as CRISPR-Cas9 or
PhiC31 integrase-mediated transgene integration152. A PASTE system was
also described recently that uses prime-editing to add a bacteriophage AttP
landing site into a target locus and simultaneously integrate a target genetic
construct153. These tools could be used in BSF to insert constructs into
chromosomal regions known to be in euchromatin for the desired expres-
sion patterning, or to disrupt genes that are required for fitness in the wild,
but not within a biomanufacturing facility137.

Generating strains with well-characterised PhiC31 AttP landing sites
that are broadly available proved very useful for D. melanogaster research,
where theyare frequentlyusedby commercial transgenesis services154. These
services have allowed new frontiers in D. melanogaster research to rapidly
progress as the complex transgenesis procedures can be outsourced bywell-
equipped professionals154. Similar commercial providers for BSF will allow
widespread adoption of research into BSF synthetic biology.

Further research is required to characterise regulatory elements
(promoters, untranslated regions (UTRs), and terminators) that can be
used to express transgenes at different strengths ubiquitously; inducibly;
in specific tissues such as the salivary gland, midgut, hindgut, haemo-
lymph, fat body, or casings; or at specific developmental stages such as
during larvae development, pupation, or adulthood (Fig. 2b). Prior
research from other insects/organisms or investigating BSF entomo-
pathogenic viruses may reveal constitutive (e.g. from endogenous
housekeeping genes, or strong viral promoters) and inducible promoters
(e.g. nutrient, chemical, thermal, or light sensing promoters). Inducible
promoters have been established in insects for utilising antibiotic
responsive promoters155 or plant hormones, such as auxin156, which are
inexpensive to make at industrial scales. Prior transcriptomics studies in
BSF may guide tissue- and developmental-stage157 specific promoter
discovery before validating these promoters by using RT-qPCR and/or
colorimetric/fluorometric reporter fusion constructs.

Biodegradative enzymes that will be required for enhancing waste
processing could be expressed specifically during the larval life-stage from a
larval promoter.Meanwhile, enzymes required for bioremediation could be
expressed from pollutant sensing inducible promoters or at all life-stages.
Target high-value biomolecules could begin to be overexpressed in all cells
specifically during pupation,when the insects are separated and collected, to
maximise target biomolecule yield while minimising a fitness cost to the
larvae during waste processing (Fig. 1).

Prototyping insect biomanufacturing
Heterologous expression of microbial, algal, fungal, and plant enzymes in a
distantly related insect host can be difficult to achieve as enzymes adapt to
function in the conditions of their native host. An enzyme may not be
functional in a new host due to differences in cellular chemistry or cellular
machinery. This could include issues with cellular redox potential, pH,
oxygen sensitivity, as well as problems with protein solubility, misfolding,
post-translational modifications, localisation, pre-pro-peptide processing
and the requirement for chaperones. These issues can be difficult and time
consuming to troubleshoot. Moreover, an enzyme may be toxic to the
animal host, which would also preclude their suitability. As there is a vast
library of useful enzymes and proteins characterised to date, libraries of
enzymes and proteins can be screened and it is likely at least some will be
active and will not cause harm.

BSF cell lines (Fig. 2c) or the insect genetic model, D. melanogaster
(Fig. 2d), could serve as initial test platforms to rapidly screen libraries of
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enzymes andproteins. BSF cell lines could be developed to rapidly screen for
enzyme function and then many hundreds of variants can be generated for
directed evolution to optimise enzyme activity in the conditions of the
intendeddownstreamapplication (for example, in the BSFdigestive tract, in
the digestive tract of livestock/aquaculture, in the downstream industrial
setting, etc.)

D. melanogaster could be used to optimise an enzyme or protein’s
spatial and temporal expression patterning. D. melanogaster is closely
related to its dipteran cousin, BSF and enzymes and proteins that are active
in D. melanogaster are likely to also be active in BSF. D. melanogaster will

provide a rapid turnaround of results as it has a short generation time of
10 days at 25 °C, high fecundity where one female can produce >75 eggs
per day158 and it is simple and inexpensive to maintain. Its genome is
thoroughly characterised and its genetic engineering can be reliably out-
sourced commercially for multiple genomic loci with known positional
effects154. Well characterised balancer chromosomes also enable the rapid
generation of stable homozygous transgenic stocks159. Experimental designs
can be rapidly adjusted in BSF cell lines and D. melanogaster, and these
validated experimental designs can be readily applied to functional
assays in BSF.

Table 3 | BSF Biomanufacturing and the SDGs

SDG(s) Addressing the SDGs with BSF Biomanufacturing

SDG #1: End poverty in all its forms everywhere • BSF biomanufacturing will offer economic opportunities and could be adopted
worldwide to valorise widely available and underutilised organic wastes.

SDG #2: End hunger, achieve food security and improved nutrition and promote
sustainable agriculture

• Compared to other biomanufacturing methods, BSF biomanufacturing does not
require feedstocks derived from food crops and will improve food security.

• BSF biomanufacturing for generating value-added animal feeds will improve nutrition
and livestock productivity.

•Greater adoption of BSF biomanufacturingwill increase frass production for improved
crop growth.

SDG #3: Ensure healthy lives and promote well-being for all at all ages • In 2015, pollution was the leading environmental cause of premature death and
disease globally170. BSF biomanufacturing for the generation of high-value products
could clean up pollutants in organic wastes and reduce open dumping and burning of
organic wastes.

SDG #6: Ensure availability and sustainable management of water and sanitation
for all

•BSF biomanufacturing for the generation of high-value products would incentivise the
development of infrastructure to collect organic waste, reducing open dumping and
the consequent proliferation of pests and contamination of waterways.

• BSF biomanufacturing could generate products that can inexpensively clean up
industrial wastewater.

• BSF farming requires significantly less water than livestock and horticulture73.

SDG #8: Promote sustained, inclusive and sustainable economic growth, full and
productive employment and decent work for all

• BSF biomanufacturing provides exciting job opportunities for researchers and
entrepreneurs that will help to solve some of the world’s most pressing problems.

SDG #9: Build resilient infrastructure, promote inclusive and sustainable
industrialisation and foster innovation

• BSF biomanufacturing would provide an opportunity for the private sector to valorise
organic waste and develop the infrastructure required to collect and utilise organic
waste.

• BSF biomanufacturing is not yet established and provides many opportunities for
research and innovation.

SDG #11: Make cities and human settlements inclusive, safe, resilient and
sustainable
SDG #12: Ensure sustainable consumption and production patterns

• BSF biomanufacturing could improve biomanufacturing sustainability and slow
climate change, reduce pollution and eutrophication and reduce organic waste
burning and improve air quality.

SDG #13: Take urgent action to combat climate change and its impacts • The waste sector is estimated to be responsible for 5% of global annual greenhouse
gases6, mainly due to landfilling organic wastes. BSF biomanufacturing will reduce
organic waste landfilling.

•Synthetic fertilisers are estimated tobe responsible for 2.5%of annual greenhousegas
emissions117 and this does not include the volatilisation of the potent greenhouse gas,
N2O, from synthetic fertiliser applied to soils. Greater adoption of BSF
biomanufacturing and production of frass could reduce our reliance on synthetic
fertilisers.

•Agriculture and its associated land use are estimated to be responsible for 17%of total
annual greenhouse gas emissions117. Improved animal feeds will improve livestock
productivity. BSF engineered to improve frass could improve horticulture productivity.

• BSF biomanufacturing does not require feedstocks from food crops and will reduce
land clearing and preserve forests as a large carbon sink.

• BSF could be engineered as a platform for soil carbon capture for carbon credits.

SDG #14: Conserve and sustainably use the oceans, seas and marine resources
for sustainable development

• BSF engineered to synthesise marine omega-3 fatty acids could reduce the
requirement for wild-caught fish feed to support adequate aquaculture nutrition.

• BSF engineered as a platform for biomanufacturing and bioremediation will reduce
pollutants and organic waste eutrophication in the environment and improve species
conservation.

• BSF engineered to process soiled mixed plastic wastes will allow plastics to be
processed locally and reduce plastic pollution in the ocean.

SDG #15: Protect, restore and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification and halt and reverse land
degradation and halt biodiversity loss

• BSF biomanufacturing could reduce land clearing for crops and thereby preserve
forests, habitats and biodiversity:
1) Compared to other biomanufacturing methods, BSF biomanufacturing does not

require feedstocks derived from food crops.
2) BSF frass could improve soil quality and improve crop productivity per unit of land.

• BSF biomanufacturing could halt biodiversity loss:
1) Climate change and pollution aremajor threats to species conservation171 andBSF
engineered as a platform for biomanufacturing and bioremediation could address
significant sources of emissions, as well as reduce pollution in the environment.
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Optimised enzyme variants with optimal expression patterning could
then be engineered into insects, such as BSF, that are well suited for bio-
manufacturing, but might not be optimal as a research tool.

Recently, ref. 160 reviewed howD. melanogaster could be an excellent
bioreactor for plastic degradation160. They list microbial, fungal, insect and
algal enzymes that are able to degrade different types of plastic and describe
what spatial and temporal expression patterning could be used to express
these enzymes inD.melanogaster for plastic degradation. They also describe
how the microbiome in the insect hind-gut could be altered with plastic
degradingmicrobesormicrobial communities to synergisticallybreakdown
plastic.

For the purpose of BSF biomanufacturing, the technology readiness
to alter an animal’s microbiome is not as established as genetically engi-
neering an animal. To date, it remains very difficult to stably alter an
animal’s microbiome, as these microbes face fierce competition from the
native microbiome161, which are well adapted to survive in the intestinal
mucosa andderive energy from indigestible nutrients commonly available
in the lower gastrointestinal tract128,162. It would therefore require constant
selection, and effective transgene biocontainment strategies for the
microbiome are not yet established163,164. It would potentially also require
expensive sterilisation of the organic waste feedstocks. A diverse micro-
biome performs a service to the host to degrade indigestible fibre from a
diversity of plants, as well as prevent colonisation of harmful bacteria162.
Significantly altering BSF’s nativemicrobiomemay impact BSF’s ability to
process a wide variety of organic waste feedstocks128. Though it is chal-
lenging to alter an animal’s microbiome, it may be possible to develop
microbial pre-treatments to improve BSF digestibility of challenging
substrates90. Research has shown that pre-treatment of lignocellulose
feedstocks with microbes and fungi can improve the bioconversion of
lignocellulose by BSF90. Nevertheless, implementing pre-treatments is
challenging at industrial scales90 and directly engineering BSF to express
the required degradative enzymes would mitigate the necessity for pre-
treatments.

Biocontainment
The risk landscape for this technology is not yet fully understood and
biocontainment strategies and transparent risk assessments are required to

reveal how this technology can be used to maximise benefit and minimise
harm. Though unanticipated risks are by definition not predictable, unin-
tended risks could include escape of transgenic BSF, that are now able to
exploit a broader scope of food sources, disrupting ecosystems or leading to
the evolution of new pest species. Fungal laccases are able to degrade
pesticides111 and escapees engineered to express these enzymes may be
difficult to eradicate. It is notable however that no genetically engineered
microbial strain from a physically contained facility has escaped or caused
known harm165.

The main biocontainment strategy to prevent transgenic BSF escape
will be to rear BSF in physically contained facilities134. This strategy is widely
used to date without issue for a variety of transgenic organisms from
microbes to animals inboth research and industrial settings165,166. Additional
genetic biocontainment strategies could also be stacked for greater security.
For example, by developing strains that cannot reproduce with their wild
counterparts136 anddisrupting genes essential for survival in thewild but not
in the contained composting facilities (e.g. flight, sight, eclosion etc.). Silk-
worms are an example of domesticated insects that cannot survive in the
wild as they canonly subsist onmulberry leaves andhavenow lost the ability
to fly. Flightless BSF has been demonstrated by using CRISPR-Cas9 knock
outs137. Moreover, survival could be regulated by synthetic auxotrophies to
make strains dependent on compounds not available out of the contained
facilities165. These tools have been demonstrated in various single cell
organisms165. This could be achieved by engineering BSF with a repressible
biomanufacturing genetic circuit. In the absence of the repressor, the bio-
manufacturing genetic circuit switches global gene expression from the pre-
pupae life-stage onwards to favour only genes required for high-yield target
biomolecule overexpression. All other genes are not expressed and the host
is thereby rendered non-viable (Fig. 1). The repressor for the biomanu-
facturing genetic circuit could be supplied in the contained facilities for the
maintenance of breeding colonies.

Conclusion
BSF is a promising synthetic biology platform to improve sustainability in
biomanufacturing and allow greater valorisation of organic wastes. To turn
this idea into a reality, further research is required to genetically characterise
BSF as a synthetic biology platform and to develop BSF biomanufacturing
strains that can produce high-value biomolecules on a broader scope of
organic wastes. Entrepreneurs and BSF facilities will require regulatory
approvals and facility upgrades to license these strains and begin turning
waste into valuable products. Research about industry and public percep-
tions will be required to ensure products will be used. Organic waste is an
abundant resource worldwide, and worldwide development of this tech-
nology may be influenced by access to funding for businesses and infra-
structure; government regulatory processes; and whether scientists and BSF
facilities canmake products that will be adopted by downstream industries.
Ultimately, BSF biomanufacturing may reduce landfilling, open dumping
and burning of organic wastes and clean up biosolids to safely grow crops
and close nutrient cycles.

Received: 5 November 2023; Accepted: 27 June 2024;

References
1. Favoino, E. & Giavini, M. Bio-Waste Generation in the EU: Current

Capture Levels and Future Potential. (Bio-based Industries
Consortium (IBC), 2020).

2. US EPA. 2019 Wasted Food Report. (United States Environmental
Protection Agency, 2019).

3. Agamuthu, P. Landfilling in developing countries.Waste Manag.
Res. 31, 1–2 (2012).

4. Pickin, J. et al. National Waste Report 2022. (Blue Environment Pty
Ltd, 2022).

5. Pachauri, R. K. &Meyer, L. Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the Fifth Assessment

Fig. 2 | Developing the BSF synthetic biology platform. a Optimising lab-scale
rearing protocols to minimise space requirements, simplified media formulations
and tools for long-term storage. b Streamlining transgenesis protocols and char-
acterising genetic parts such as tissue specific and small molecule regulated pro-
moters. c Establishment of high-throughput enzyme testing and directed evolution
capabilities in BSF cell culture. d Establishing the optimal expression patterning in
the insect genetic model, D. melanogaster. Figure created using Adobe Illustrator,
Adobe Stock Images under an education license and Biorender.com.

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 9



Report of the Intergovernmental Panel on Climate Change.
(Intergovernmental Panel on Climate Change (IPCC), 2014).

6. Kaza,S., Yao, L.C., Bhada-Tata, P. &VanWoerden, F.What aWaste
2.0: A Global Snapshot of SolidWasteManagement to 2050. (World
Bank, 2018).

7. Masson-Delmotte, V. et al. (eds) IPCC. Global warming of 1.5 °C. An
IPCC Special Report on the impacts of global warming of 1.5 °C
above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development,
and efforts to eradicate poverty. (Intergovernmental Panel on
Climate Change (IPCC), 2018).

8. Hall, H., Moodie, D. & Vero, C. PFAS in biosolids: a review of
international regulations.Water e-Journal 5, 41 (2021).

9. Mohajerani, A. & Karabatak, B. Microplastics and pollutants in
biosolids have contaminated agricultural soils: An analytical study
and a proposal to cease the use of biosolids in farmlands and utilise
them in sustainable bricks.Waste Manag. 107, 252–265 (2020).

10. Lovingood, T., Trynosky, J., Drzewiecki, J., Beeson, B. &Milligan, P.
EPA Unable to Assess the Impact of Hundreds of Unregulated
Pollutants in Land-Applied Biosolids on Human Health and the
Environment. (United States Environmental Protection Agency (US
EPA), 2018).

11. Richman, T., Arnold, E.&Williams,A. J.Curationof a list of chemicals
in biosolids from EPA National Sewage Sludge Surveys & Biennial
Review Reports. Sci. Data 9, 180 (2022).

12. Perkins, T. Fury over ‘forever chemicals’ as US states spread toxic
sewage sludge. The Guardian https://www.theguardian.com/
environment/2022/sep/19/us-states-toxic-sewage-sludge-pfas-
farmers?CMP=Share_iOSApp_Other (2022).

13. Awe, Y A., Larsen, B K., Sanchez-Triana, E. The Global Health Cost
of PM 2.5 Air Pollution: A Case for Action Beyond 2021 (English).
International Development in Focus Washington, D.C.: World Bank
Group.http://documents.worldbank.org/curated/en/
455211643691938459/The-Global-Health-Cost-of-PM-2-5-Air-
Pollution-A-Case-for-Action-Beyond-2021 (2022).

14. Flores Bueso, Y. & Tangney, M. Synthetic biology in the driving seat
of the bioeconomy. Trends Biotechnol. 35, 373–378 (2017).

15. Imarc. Animal Feed Market Report by Form (Pellets, Crumbles,
Mash, and Others), Animal Type (Swine, Ruminants, Poultry,
Aquaculture and Others), Ingredient (Cereals, Oilseed Meal,
Molasses, FishOil and FishMeal, Additives andOthers), and Region
2023–2028. https://www.imarcgroup.com/united-states-animal-
feed-market (2022).

16. Grand View Research. Industrial Enzymes Market Size, Share &
Trends Analysis Report By Product, By Source (Plants, Animals), By
Application (Food & Beverages, Detergents, Animal Feed), By
Region, And Segment Forecasts, 2023–2030. https://www.
grandviewresearch.com/industry-analysis/industrial-enzymes-
market (2022).

17. Grand View Research. Lipid Market Size, Share & Trends Analysis
Report By Application (Pharmaceutical, Food & Beverage), By Product
(Triglycerides, Phospholipids), By Phase (Clinical, Pre-Clinical), By
Region, And Segment Forecasts, 2023–2030. https://www.
grandviewresearch.com/industry-analysis/lipid-market-report (2022).

18. Precedence Research. Fertilizer Market (By Form: Dry, Liquid; By
Application: Agriculture, Horticulture, Gardening; By Product:
Organic, Inorganic) - Global Industry Analysis, Size, Share, Growth,
Trends, Regional Outlook, and Forecast 2023–2032. https://www.
precedenceresearch.com/fertilizer-market (2022).

19. Zhang, Y.-H. P., Sun, J. & Ma, Y. Biomanufacturing: history and
perspective. J. Ind. Microbiol Biotechnol. 44, 773–784 (2017).

20. Sanchez, S. & Demain, A. L. Metabolic regulation and
overproduction of primary metabolites.Micro. Biotechnol. 1,
283–319 (2008).

21. Singh, S. B. & Young, K. New antibiotic structures from
fermentations. Expert Opin. Ther. Pat. 20, 1359–1371 (2010).

22. Seo, S.-O. & Jin, Y.-S. Next-generation genetic and fermentation
technologies for safe and sustainable production of food
ingredients: colors and flavorings.Annu.Rev. FoodSci. Technol.13,
463–488 (2022).

23. Lee, J.-W. & Trinh, C. T. Towards renewable flavors, fragrances, and
beyond. Curr. Opin. Biotechnol. 61, 168–180 (2020).

24. Sandow, J., Landgraf, W., Becker, R. & Seipke, G. Equivalent
recombinant human insulin preparations and their place in therapy.
Eur. Endocrinol. 11, 10 (2015).

25. Jensen, E. B. & Carlsen, S. Production of recombinant human
growth hormone in Escherichia coli: expression of different
precursors and physiological effects of glucose, acetate, and salts.
Biotechnol. Bioeng. 36, 1–11 (1990).

26. Martínez, J. L., Liu, L., Petranovic, D. & Nielsen, J. Pharmaceutical
protein production by yeast: towards production of human blood
proteins by microbial fermentation. Curr. Opin. Biotechnol. 23,
965–971 (2012).

27. Arnau, J., Yaver, D. & Hjort, C. M. Strategies and Challenges for the
Development of Industrial Enzymes Using Fungal Cell Factories. In
Grand Challenges in Fungal Biotechnology (ed. Nevalainen, H.)
179–210 (Springer International Publishing, https://doi.org/10.1007/
978-3-030-29541-7_7. 2020)

28. McDonnell, S., Principe, R. F., Zamprognio, M. S. & Whelan, J.
Challenges and Emerging Technologies in Biomanufacturing of
Monoclonal Antibodies (mAbs). In Biotechnology (ed. Villarreal-
Gómez, L. J.) (IntechOpen, https://doi.org/10.5772/intechopen.
108565. 2022)

29. Cid, R. & Bolívar, J. Platforms for production of protein-based
vaccines: fromclassical to next-generation strategies.Biomolecules
11, 1072 (2021).

30. United Nations. Transforming Our World: The 2030 Agenda for
Sustainable Development. https://sustainabledevelopment.un.org/
content/documents/21252030 Agenda for Sustainable
Development web.pdf (2015).

31. Noroozi, K. & Jarboe, L. R. Strategic nutrient sourcing for
biomanufacturing intensification. J. Ind. Microbiol. Biotechnol. 50,
kuad011 (2023).

32. Jansson, C. et al. Crops for carbon farming. Front. Plant Sci. 12,
636709 (2021).

33. Burnett, M. & Burnett, A. Therapeutic recombinant protein
production in plants: challenges and opportunities. Plants People
Planet 2, 121–132 (2020).

34. Clark, M. & Maselko, M. Transgene biocontainment strategies for
molecular farming. Front. Plant Sci. 11, 210 (2020).

35. Murphy, D. J. Improving containment strategies in biopharming.
Plant Biotechnol. J. 5, 555–569 (2007).

36. Roffet-Salque, M. et al. Widespread exploitation of the honeybee by
early Neolithic farmers. Nature 527, 226–230 (2015).

37. Xu, J. et al. Mass spider silk production through targeted gene
replacement in Bombyx mori. Proc. Natl Acad. Sci. USA 115,
8757–8762 (2018).

38. Mi, J. et al. High-strength and ultra-tough whole spider silk fibers
spun from transgenic silkworms.Matter 6, 3661–3683 (2023).

39. Baci, G.-M. et al. Advances in editing silkworms (Bombyx mori)
genome by using the CRISPR-cas system. Insects 13, 28 (2022).

40. Cao, Y. et al. Drug delivery in plants using silk microneedles. Adv.
Mater. 35, 2205794 (2023).

41. Huang,W., Ling, S., Li, C., Omenetto, F. G. & Kaplan, D. L. Silkworm
silk-based materials and devices generated using bio-
nanotechnology. Chem. Soc. Rev. 47, 6486–6504 (2018).

42. Leem, J. W. et al. Green-light-activated photoreaction via genetic
hybridization of far-red fluorescent protein and silk. Adv. Sci. 5,
1700863 (2018).

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 10

https://www.theguardian.com/environment/2022/sep/19/us-states-toxic-sewage-sludge-pfas-farmers?CMP=Share_iOSApp_Other
https://www.theguardian.com/environment/2022/sep/19/us-states-toxic-sewage-sludge-pfas-farmers?CMP=Share_iOSApp_Other
https://www.theguardian.com/environment/2022/sep/19/us-states-toxic-sewage-sludge-pfas-farmers?CMP=Share_iOSApp_Other
https://www.theguardian.com/environment/2022/sep/19/us-states-toxic-sewage-sludge-pfas-farmers?CMP=Share_iOSApp_Other
http://documents.worldbank.org/curated/en/455211643691938459/The-Global-Health-Cost-of-PM-2-5-Air-Pollution-A-Case-for-Action-Beyond-2021
http://documents.worldbank.org/curated/en/455211643691938459/The-Global-Health-Cost-of-PM-2-5-Air-Pollution-A-Case-for-Action-Beyond-2021
http://documents.worldbank.org/curated/en/455211643691938459/The-Global-Health-Cost-of-PM-2-5-Air-Pollution-A-Case-for-Action-Beyond-2021
http://documents.worldbank.org/curated/en/455211643691938459/The-Global-Health-Cost-of-PM-2-5-Air-Pollution-A-Case-for-Action-Beyond-2021
https://www.imarcgroup.com/united-states-animal-feed-market
https://www.imarcgroup.com/united-states-animal-feed-market
https://www.imarcgroup.com/united-states-animal-feed-market
https://www.grandviewresearch.com/industry-analysis/industrial-enzymes-market
https://www.grandviewresearch.com/industry-analysis/industrial-enzymes-market
https://www.grandviewresearch.com/industry-analysis/industrial-enzymes-market
https://www.grandviewresearch.com/industry-analysis/industrial-enzymes-market
https://www.grandviewresearch.com/industry-analysis/lipid-market-report
https://www.grandviewresearch.com/industry-analysis/lipid-market-report
https://www.grandviewresearch.com/industry-analysis/lipid-market-report
https://www.precedenceresearch.com/fertilizer-market
https://www.precedenceresearch.com/fertilizer-market
https://www.precedenceresearch.com/fertilizer-market
https://doi.org/10.1007/978-3-030-29541-7_7
https://doi.org/10.1007/978-3-030-29541-7_7
https://doi.org/10.1007/978-3-030-29541-7_7
https://doi.org/10.5772/intechopen.108565
https://doi.org/10.5772/intechopen.108565
https://doi.org/10.5772/intechopen.108565
https://sustainabledevelopment.un.org/content/documents/21252030
https://sustainabledevelopment.un.org/content/documents/21252030
https://sustainabledevelopment.un.org/content/documents/21252030


43. Kampmeier, G. E. & Irwin, M. E. Chapter 59 - Commercialization of
Insects and Their Products. In Encyclopedia of Insects 2nd Edn (eds
Resh, V. H. & Cardé, R. T.) 220–227 (Academic Press, 2009).

44. Yee, C. M., Zak, A. J., Hill, B. D. & Wen, F. The coming age of insect
cells for manufacturing and development of protein therapeutics.
Ind. Eng. Chem. Res 57, 10061–10070 (2018).

45. Tian, J.-H. et al. SARS-CoV-2 spike glycoprotein vaccine candidate
NVX-CoV2373 immunogenicity in baboons and protection in mice.
Nat. Commun. 12, 372 (2021).

46. Cox, M. M. J. & Hollister, J. R. FluBlok, a next generation influenza
vaccine manufactured in insect cells. Biologicals 37,
182–189 (2009).

47. Monie, A., Hung, C.-F., Roden, R. & Wu, T.-C. CervarixTM: a vaccine
for the prevention of HPV 16, 18-associated cervical cancer.
Biologics 2, 107–113 (2008).

48. Burch,P. A. et al. Priming tissue-specificcellular immunity in a phase
I trial of autologous dendritic cells for prostate cancer1.Clin. Cancer
Res. 6, 2175–2182 (2000).

49. Cheever,M.A.&Higano,C.S.PROVENGE (Sipuleucel-T) in prostate
cancer: the first FDA-approved therapeutic cancer vaccine. Clin.
Cancer Res. 17, 3520–3526 (2011).

50. Cecchini, S., Virag, T. & Kotin, R. M. Reproducible high yields of
recombinant adeno-associated virus produced using invertebrate
cells in 0.02- to 200-liter cultures. Hum. Gene Ther. 22,
1021–1030 (2011).

51. Marston, J. Exclusive: Cocoon Bioscience closes $16m round to
turn moths into bioreactors for cultivated meat. https://
agfundernews.com/exclusive-cocoon-bioscience-closes-16m-
round-to-turn-moths-into-bioreactors-for-cultivated-meat (2023).

52. Ashour, M. & Goldstein, J. Selling billions of crickets a year. https://
www.pushkin.fm/podcasts/whats-your-problem/selling-billions-
of-crickets-a-year (2022).

53. Bessa, L. W., Pieterse, E., Marais, J. & Hoffman, L. C. Why for feed
and not for human consumption? The black soldier fly larvae.
Compr. Rev. Food Sci. Food Saf. 19, 2747–2763 (2020).

54. Valdés, F. et al. Insects as feed for companion and exotic pets: a
current trend. Animals 12, 1450 (2022).

55. Makkar, H. P. S., Tran, G., Heuzé, V. & Ankers, P. State-of-the-art on
use of insects as animal feed. Anim. Feed Sci. Technol. 197,
1–33 (2014).

56. Gardner, N. Black soldier fly poised to take flight as leading
alternativeprotein source.BetaBuzz#3:APublicationForThe Insect
Farming Industry. (March) pp. 5–8 (2023).

57. World Bank Commodities Price Data (The Pink Sheet). (The World
Bank, 2023).

58. Onsongo, V. O. et al. Insects for income generation through animal
feed: effect of dietary replacement of soybean and fish meal with
black soldier fly meal on broiler growth and economic performance.
J. Econ. Entomol. 111, 1966–1973 (2018).

59. Algenex Company Webpage. https://www.algenex.com/ (2023).
60. Kovaleva, E. & Davis, D. C. Protein Production with recombinant

baculoviruses in lepidopteran larvae. In Baculovirus and Insect Cell
Expression Protocols (ed. Murhammer, D. W.) 285–297 (Springer
New York, 2016).

61. Pazmiño-Palomino, A., Reyes-Puig, C. &DelHierro, A.G.Howcould
climate change influence the distribution of the black soldier fly,
Hermetia illucens (Linnaeus) (Diptera, Stratiomyidae)? Biodivers.
Data J. 10, e90146 (2022).

62. Amrul, N. F. et al. A review of organic waste treatment using Black
Soldier Fly (Hermetia illucens). Sustainability 14, 4565 (2022).

63. Siddiqui, S.A. et al. Black soldierfly larvae (BSFL) and their affinity for
organic waste processing. Waste Manag. 140, 1–13 (2022).

64. Rehman, K. U. et al. Black soldier fly,Hermetia illucens as a potential
innovative and environmentally friendly tool for organic waste
management: A mini-review.Waste Manag. Res. 41, 81–97 (2022).

65. Singh, A. & Kumari, K. An inclusive approach for organic waste
treatment and valorisation usingBlackSoldier Fly larvae: a review. J.
Environ. Manag. 251, 109569 (2019).

66. Siddiqui, S. A. et al. Manipulation of the black soldier fly larvae
(Hermetia illucens; Diptera: Stratiomyidae) fatty acid profile through
the substrate. J. Insects Food Feed 8, 837–855 (2022).

67. Siva Raman, S., Stringer, L. C., Bruce, N. C. & Chong, C. S.
Opportunities, challenges and solutions for black soldier fly
larvae-based animal feed production. J. Clean. Prod. 373,
133802 (2022).

68. Jung, S. et al. Biodiesel production from black soldier fly larvae
derived from foodwaste by non-catalytic transesterification. Energy
238, 121700 (2022).

69. Wooley,K.&Tibbetts,C. Transformingflies intodegradableplastics.
In American Chemical Society Meeting Fall 2023 (American
Chemical Society, 2023).

70. Xiong, J. et al. Refining and sulfurization of oil from black soldier fly
and its application as biodegradable lubricant additive. J. Am. Oil
Chem. Soc. 97, 1243–1251 (2020).

71. Xia, J., Ge, C. & Yao, H. Antimicrobial peptides from black soldier fly
(Hermetia illucens) as potential antimicrobial factors representing an
alternative to antibiotics in livestock farming. Animals 11, 1937
(2021).

72. Khayrova, A., Lopatin, S. & Varlamov, V. Black soldier fly Hermetia
illucens as a novel source of chitin and chitosan. Int. J. Sci. 8,
81–86 (2019).

73. Wang, Y.-S. & Shelomi, M. Review of black soldier fly (Hermetia
illucens) as animal feed and human food. Foods 6, 91 (2017).

74. Kaczor, M., Bulak, P., Proc-Pietrycha, K., Kirichenko-Babko, M. &
Bieganowski, A. The variety of applications of Hermetia illucens in
industrial and agricultural areas—review. Biology 12, 25 (2023).

75. Chavez, M. & Uchanski, M. Insect left-over substrate as plant
fertiliser. J. Insects Food Feed 7, 683–694 (2021).

76. Lähteenmäki-Uutela, A., Marimuthu, S. B. & Meijer, N. Regulations
on insects as food and feed: a global comparison. J. Insects Food
Feed 7, 849–856 (2021).

77. Imran, M. et al. Role of enzymes in animal nutrition: a review. PSM
Vet. Res. 1, 38–45 (2016).

78. Ruiz-Lopez, N., Haslam, R. P., Napier, J. A. & Sayanova, O.
Successful high-level accumulation of fish oil omega-3 long-chain
polyunsaturated fatty acids in a transgenic oilseed crop. Plant J. 77,
198–208 (2014).

79. Van Eenennaam, A. L. & Young, A. E. Prevalence and impacts of
genetically engineered feedstuffs on livestock populations. J. Anim.
Sci. 92, 4255–4278 (2014).

80. Dossey, A. T. et al. Genome and genetic engineering of the house
cricket (Acheta domesticus): a resource for sustainable agriculture.
Biomolecules 13, 589 (2023). This research explores how house
crickets, which are also used for commercial composting, could be
engineered to express oral therapeutics for livestock.

81. Borrelli, L. et al. Insect-based diet, a promising nutritional source,
modulates gut microbiota composition and SCFAs production in
laying hens. Sci. Rep. 7, 16269 (2017).

82. Leeper, A. et al. Feeding black soldier fly larvae (Hermetia illucens)
reared on organic rest streams alters gut characteristics of Atlantic
salmon (Salmo salar). J. Insects Food Feed 8, 1355–1372 (2022).

83. Petersson,M., Thrane,S.W.,Gram,L.,Muyldermans,S.&Laustsen,
A. H. Orally delivered single-domain antibodies against
gastrointestinal pathogens. Trends Biotechnol. 41, 875–886 (2023).

84. Rai, P. K., Lee, S. S., Zhang, M., Tsang, Y. F. & Kim, K.-H. Heavy
metals in food crops: health risks, fate, mechanisms, and
management. Environ. Int 125, 365–385 (2019).

85. Tudi, M. et al. Agriculture development, pesticide application and its
impact on the environment. Int. J. Environ. Res. Public Health 18,
1112 (2021).

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 11

https://agfundernews.com/exclusive-cocoon-bioscience-closes-16m-round-to-turn-moths-into-bioreactors-for-cultivated-meat
https://agfundernews.com/exclusive-cocoon-bioscience-closes-16m-round-to-turn-moths-into-bioreactors-for-cultivated-meat
https://agfundernews.com/exclusive-cocoon-bioscience-closes-16m-round-to-turn-moths-into-bioreactors-for-cultivated-meat
https://agfundernews.com/exclusive-cocoon-bioscience-closes-16m-round-to-turn-moths-into-bioreactors-for-cultivated-meat
https://www.pushkin.fm/podcasts/whats-your-problem/selling-billions-of-crickets-a-year
https://www.pushkin.fm/podcasts/whats-your-problem/selling-billions-of-crickets-a-year
https://www.pushkin.fm/podcasts/whats-your-problem/selling-billions-of-crickets-a-year
https://www.pushkin.fm/podcasts/whats-your-problem/selling-billions-of-crickets-a-year
https://www.algenex.com/
https://www.algenex.com/


86. Bryden, W. L. Mycotoxins in the food chain and human health
implications✩. In Encyclopedia of Environmental Health 2nd edn
(ed. Nriagu, J.) 515–523 (Elsevier, Oxford, 2019).

87. Escribano, J. M. et al. Chrysalises as natural production units
for recombinant subunit vaccines. J. Biotechnol. 324, 100019
(2020).

88. Klammsteiner, T. et al. Impact of processed food (canteen and oil
wastes) on the development of black soldier fly (Hermetia illucens)
larvae and their gut microbiome functions. Front. Microbiol. 12,
619112 (2021).

89. Sharma, V. et al. Agro-industrial food waste as a low-cost substrate
for sustainable production of industrial enzymes: a critical review.
Catalysts 12, 1373 (2022).

90. Peguero, D. A., Gold,M., Vandeweyer, D., Zurbrügg, C. &Mathys, A.
A review of pretreatment methods to improve agri-food waste
bioconversion by black soldier fly larvae. Front Sustain Food Syst. 5,
745894 (2022).

91. Raksasat, R. et al. Enriched sewage sludge from anaerobic pre-
treatment in spurring valorization potential of black soldier fly larvae.
Environ. Res 212, 113447 (2022).

92. Proc, K., Bulak, P., Wiącek, D. & Bieganowski, A. Hermetia illucens
exhibits bioaccumulative potential for 15 different elements –
Implications for feed and food production. Sci. Total Environ. 723,
138125 (2020).

93. Bansal, S. & Durrett, T. P. Camelina sativa: an ideal platform for the
metabolic engineering and field production of industrial lipids.
Biochimie 120, 9–16 (2016).

94. Yoshida, S. et al. A bacterium that degrades and assimilates
poly(ethylene terephthalate). Science (1979) 351, 1196
LP–1191199 (2016).

95. Tournier, V. et al. An engineered PET depolymerase to break down
and recycle plastic bottles. Nature 580, 216–219 (2020).

96. Lu, Q., He, Z. L. & Stoffella, P. J. Land Application of Biosolids in the
USA: a review. Appl Environ. Soil Sci. 2012, 201462 (2012).

97. Kuppusamy, S., Palanisami, T., Megharaj, M., Venkateswarlu, K. &
Naidu, R. Ex-Situ Remediation Technologies for Environmental
Pollutants: A Critical Perspective. In Reviews of Environmental
Contamination and Toxicology Vol. 236 (ed. de Voogt, P.) 117–192
(Springer International Publishing, 2016).

98. Clark, M. et al. Bioremediation of industrial pollutants by insects
expressing a fungal laccase.ACS Synth. Biol. 11, 308–316 (2022).
This proof of concept research demonstrates that insects can be
engineered to express fungal ligninolytic enzymes and could be
applied in BSF to 1) clean up contaminated organic wastes, 2)
increase the scope of organic wastes BSF can process, and 3)
biomanufacture high yields of the enzyme for its many industrial
applications.

99. Rodriguez-Couto, S. & Toca-Herrera, J. L. Lacasses in the textile
industry. Biotechnol. Mol. Biol. Rev. 1, 115–120 (2006).

100. Singh, G. & Arya, S. K. Utility of laccase in pulp and paper industry: a
progressive step towards the green technology. Int J. Biol.
Macromol. 134, 1070–1084 (2019).

101. Mayolo-Deloisa, K., González-González, M. & Rito-Palomares, M.
Laccases in food industry: bioprocessing, potential industrial and
biotechnological applications. Front. Bioeng. Biotechnol. 8,
222 (2020).

102. Pankaj, C. K., Shashi, B. L. & Chandana, S. Laccases in
pharmaceutical chemistry: a comprehensive appraisal.Mini Rev.
Org. Chem. 13, 430–451 (2016).

103. Cannatelli, M. D. & Ragauskas, A. J. Two decades of laccases:
advancing sustainability in the chemical industry. Chem. Rec. 17,
122–140 (2017).

104. Widsten, P. & Kandelbauer, A. Laccase applications in the forest
products industry: a review. Enzym. Micro. Technol. 42,
293–307 (2008).

105. Temporiti, M. E. E., Nicola, L., Nielsen, E. & Tosi, S. Fungal enzymes
involved in plastics biodegradation.Microorganisms 10,
1180 (2022).

106. Sumathi, T., Viswanath, B., Sri Lakshmi, A. & SaiGopal, D. V. R.
Production of laccase by Cochliobolus sp. isolated from plastic
dumped soils and their ability to degrade lowmolecular weight PVC.
Biochem. Res. Int. 2016, 9519527 (2016).

107. Nicolucci, C. et al. Biodegradation of bisphenols with immobilized
laccase or tyrosinase on polyacrylonitrile beads.Biodegradation 22,
673–683 (2011).

108. Luo, Q., Yan, X., Lu, J. & Huang, Q. Perfluorooctanesulfonate
degrades in a laccase-mediator system. Environ. Sci. Technol. 52,
10617–10626 (2018).

109. Luo, Q. et al. Laccase-catalyzed degradation of perfluorooctanoic
acid. Environ. Sci. Technol. Lett. 2, 198–203 (2015).

110. Silva, A. C. C. & Venâncio, A. Application of laccases for mycotoxin
decontamination.World Mycotoxin J. 14, 61–73 (2021).

111. Vaithyanathan, V. K., Vaidyanathan, V. K. & Cabana, H. Laccase-
driven transformation of high priority pesticides without redox
mediators: towards bioremediation of contaminated wastewaters.
Front. Bioeng. Biotechnol. 9, 770435 (2022).

112. Asif, M. B., Hai, F. I., Singh, L., Price, W. E. & Nghiem, L. D.
Degradation of pharmaceuticals and personal care products by
white-rot fungi—a critical review.Curr. Pollut. Rep. 3, 88–103 (2017).

113. Chequer, F. M. D. et al. Textile dyes: dyeing process and
environmental impact. In Eco-Friendly Textile Dyeing and Finishing
(ed. Günay, M.) Ch. 6 (IntechOpen, 2013).

114. Tepper, K. et al. Methylmercury demethylation and volatilization by
animals expressing microbial enzymes. bioRxiv https://doi.org/10.
1101/2023.12.11.571038. This proof of concept research
demonstrates that insects can be engineered to clean up
methylmercury and could be applied in BSF to clean up
methylmercury in contaminated organic wastes such as municipal
biosolids. (2023).

115. UNEnvironment.GlobalMercuryAssessment2018. (UnitedNations
Environment Programme, 2019).

116. Kunecki, P., Czarna-Juszkiewicz, D. & Wdowin, M. Analysis of solid
sorbents for control and removal processes for elemental mercury
from gas streams: a review. Int J. Coal Sci. Technol. 8, 23–46 (2021).

117. Gates, B. How to Avoid a Climate Disaster: The Solutions We Have
and the Breakthroughs We Need. (Knopf, A. A., 2021).

118. Abajue,M.C.&Gbarakoro, T.N.Prospects of insect farming for food
security, environmental sustainability, and as an alternative to
agrochemical use. InOne Health Implications of Agrochemicals and
their Sustainable Alternatives (eds Ogwu, M. C. & Chibueze Izah, S.)
565–600 (Springer Nature Singapore, 2023).

119. Beesigamukama, D. et al. Low-cost technology for recycling agro-
industrialwaste intonutrient-richorganic fertilizer usingblack soldier
fly.Waste Manag. 119, 183–194 (2021).

120. Agustiyani, D., Agandi,R., Arinafril, Nugroho,A.A.&Antonius,S. The
effect of application of compost and frass from Black Soldier Fly
Larvae (Hermetia illucens L.) on growth of Pakchoi (Brassica rapa L.).
IOP Conf. Ser. Earth Environ. Sci. 762, 012036 (2021).

121. Watson, C., Schlösser, C., Vögerl, J. & Wichern, F. Excellent
excrement? Frass impacts on a soil’s microbial community,
processes and metal bioavailability. Appl. Soil Ecol. 168,
104110 (2021).

122. Grzyb, A., Wolna-Maruwka, A. & Niewiadomska, A. The significance
of microbial transformation of nitrogen compounds in the light of
integrated crop management. Agronomy 11, 1415 (2021).

123. Hakim, S. et al. Rhizosphere engineering with plant growth-
promoting microorganisms for agriculture and ecological
sustainability. Front Sustain Food Syst. 5, 617157 (2021).

124. Ruehr, S. et al. Evidenceandattribution of the enhanced land carbon
sink. Nat. Rev. Earth Environ. 4, 518–534 (2023).

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 12

https://doi.org/10.1101/2023.12.11.571038
https://doi.org/10.1101/2023.12.11.571038
https://doi.org/10.1101/2023.12.11.571038


125. Van Dyk, J. S. & Pletschke, B. I. A review of lignocellulose
bioconversion using enzymatic hydrolysis and synergistic
cooperation between enzymes—Factors affecting enzymes,
conversion and synergy. Biotechnol. Adv. 30, 1458–1480 (2012).

126. Adegboye, M. F., Ojuederie, O. B., Talia, P. M. & Babalola, O. O.
Bioprospecting ofmicrobial strains for biofuel production:metabolic
engineering, applications, and challenges.Biotechnol. Biofuels14, 5
(2021).

127. Bonelli, M. et al. Structural and functional characterization of
Hermetia illucens larval midgut. Front. Physiol. 10, 204 (2019).

128. Gold, M., Tomberlin, J. K., Diener, S., Zurbrügg, C. & Mathys, A.
Decomposition of biowaste macronutrients, microbes, and
chemicals in black soldier fly larval treatment: a review.Waste
Manag. 82, 302–318 (2018).

129. Jensen, A. B. & Lecocq, A. Diseases of black soldier flies Hermetia
illucens L. a future challenge for production? J. Insects Food Feed 0,
1–4 (2023).

130. Devic, E. & Maquart, P.-O. Dirhinus giffardii (Hymenoptera:
Chalcididae), parasitoid affecting Black Soldier Fly production
systems in West Africa. Entomologia 3, 25–27 (2015).

131. Mahmoud, A. E.,Morel, P. C.H., Potter,M. A. &Ravindran, V. Poultry
red mite (Dermanyssus gallinae) poses a risk in the rearing of black
soldier fly (Hermetia illucens). J. Insects Food Feed 9, 55–63 (2023).

132. Byrne, J. LIVIN farms gets €6m to deliver on its ready-to-go
industrial insect farming module promise. Feed Navigator https://
www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-
to-deliver-on-its-ready-to-go-industrial-insect-farming-module-
promise (2022).

133. Barragán-Fonseca, K. B., Cortés-Urquijo, J., Pineda-Mejía, J.,
Lagos-Sierra, D. & Dicke, M. Small-scale Black Soldier Fly-fish
farming: a model with socioeconomic benefits. Anim. Front. 13,
91–101 (2023).

134. Guidelines for Certification of a Physical Containment Level 2
Invertebrate Facility Version 3.1– Effective 1 March 2013. www.ogtr.
gov.au (2013).

135. Larouche, J. et al. Effects of killingmethodson lipid oxidation, colour
and microbial load of black soldier fly (Hermetia illucens) larvae.
Animals 9, 182 (2019).

136. Maselko, M. et al. Engineering multiple species-like genetic
incompatibilities in insects. Nat. Commun. 11, 4468 (2020).

137. Zhan, S. et al. Genomic landscape and genetic manipulation of the
Black Soldier Fly Hermetia illucens, a natural waste recycler. Cell
Res. 30, 50–60 (2019). This is one of the first publications that
sequenced the genome of BSF, the first paper to demonstrate
CRISPR-Cas9 genetic knock outs in BSF, and how flightless BSF
can be engineered by knocking out vestigial.

138. Ledesma-Amaro, R., Serrano-Amatriain, C., Jiménez, A. & Revuelta,
J. L. Metabolic engineering of riboflavin production in Ashbya
gossypii through pathway optimization.Micro. Cell Fact. 14,
163 (2015).

139. Wang,D.,Wang,C.,Wu,H., Li, Z. &Ye,Q.Glutathioneproduction by
recombinant Escherichia coli expressing bifunctional glutathione
synthetase. J. Ind. Microbiol Biotechnol. 43, 45–53 (2016).

140. Yoshida, K., Ueda, S. & Maeda, I. Carotenoid production in Bacillus
subtilis achieved by metabolic engineering. Biotechnol. Lett. 31,
1789–1793 (2009).

141. Zhou, K. Engineering microbes to synthesize functionalized
biopolymers. J. Mater. Chem. B 10, 7132–7135 (2022).

142. Madhavan, A. et al. Customized yeast cell factories for
biopharmaceuticals: from cell engineering to process scale up.
Micro. Cell Fact. 20, 124 (2021).

143. Crater, J. S. & Lievense, J. C. Scale-up of industrial microbial
processes. FEMS Microbiol. Lett. 365, fny138 (2018).

144. Joly, G. & Nikiema, J. Global Experiences onWaste Processing with
Black Soldier Fly (Hermetia Illucens): From Technology to Business.

International Water Management Institute (IWMI). CGIAR Research
Program on Water, Land and Ecosystems (WLE). (2019).

145. The free worldwide database of biomanufacturing capacity.
Synonym, Inc. https://capacitor.bio/ (2023).

146. Understanding Manufacturing. Genentech https://www.gene.com/
stories/understanding-manufacturing (2016).

147. Vicoso, B. & Bachtrog, D. Numerous transitions of sex
chromosomes in diptera. PLoS Biol. 13, e1002078 (2015).

148. Generalovic, T. N. et al. A high-quality, chromosome-level genome
assembly of the Black Soldier Fly (Hermetia illucens L.). G3 Genes|
Genomes|Genet. 11, jkab085 (2021).

149. Kou, Z. et al. Establishment of highly efficient transgenic system
for black soldier fly (Hermetia illucens). Insect Sci. 30, 888–900
(2022).

150. Gunther, D. et al. Transgenic black soldier flies for production of
carotenoids. Insect Biochem.Mol. Biol. 168, 104110 https://doi.org/
10.2139/ssrn.4640244 (2024).

151. Pfitzner, C. et al. Rapid generation and screening of transgenic black
soldier fly (Hermetia illucens). bioRxiv 2024.02.21.581498 https://
doi.org/10.1101/2024.02.21.581498 (2024).

152. Huang, Y., Liu, Z. & Rong, Y. S. Genome Editing: from drosophila to
non-model insects and beyond. J. Genet. Genom. 43,
263–272 (2016).

153. Awan,M. J. A., Mahmood,M. A., Naqvi, R. Z. &Mansoor, S. PASTE:
a high-throughput method for large DNA insertions. Trends Plant
Sci. 28, 509–511 (2023).

154. PhiC31 integrase-mediated transgenesis systems. Best Gene
https://www.thebestgene.com/PhiC31InfoPage.do (2023).

155. Lycett, G. J., Kafatos, F. C. & Loukeris, T. G. Conditional expression
in the malaria mosquito Anopheles stephensi with Tet-On and Tet-
Off systems. Genetics 167, 1781–1790 (2004).

156. McClure, C. D. et al. An auxin-inducible, GAL4-compatible, gene
expression system for Drosophila. Elife 11, e67598 (2022).

157. Zhu, Z. et al. De novo transcriptome sequencing and analysis
revealed the molecular basis of rapid fat accumulation by black
soldier fly (Hermetia illucens, L.) for development of insectival
biodiesel. Biotechnol. Biofuels 12, 194 (2019).

158. Ables, E. T. Drosophila oocytes as a model for understanding
meiosis: an educational primer to accompany ‘corolla is a novel
protein that contributes to the architecture of the synaptonemal
complex of Drosophila’. Genetics 199, 17–23 (2015).

159. Miller, D. E., Cook, K. R. & Hawley, R. S. The joy of balancers. PLoS
Genet. 15, e1008421 (2019).

160. Pignataro, E. et al. Flying toward a plastic-freeworld: canDrosophila
serve as a model organism to develop new strategies of plastic
waste management? Sci. Total Environ. 914, 169942 (2024). This
paper reviews how Drosophila melanogaster could be altered by
genetic engineering and microbiome enhancement to develop a
bioreactor for plastic degradation.

161. Muter, O. Current trends in bioaugmentation tools for
bioremediation: a critical review of advances and knowledge gaps.
Microorganisms 11, 710 (2023).

162. Valdes, A. M., Walter, J., Segal, E. & Spector, T. D. Role of the gut
microbiota in nutrition and health. BMJ 361, k2179 (2018).

163. Jack, A., Joshua, G. & Mark, M. Genetic engineering of resident
bacteria in the gut microbiome. J. Bacteriol. 205, e00127–23 (2023).

164. George, D. R. et al. A bumpy road ahead for genetic biocontainment.
Nat. Commun. 15, 650 (2024).

165. Torres, L., Krüger, A., Csibra, E.,Gianni, E. &Pinheiro, V.B. Synthetic
biology approaches to biological containment: pre-emptively
tackling potential risks. Essays Biochem 60, 393–410 (2016).

166. Sullivan, E. J., Pommer, J. & Wang, Z. Commercializing genetically
engineered cloned cattle. In Principles of Cloning 2nd edn (eds
Cibelli, J. et al.) 343–352, Ch 27 (AcademicPress, https://doi.org/10.
1016/B978-0-12-386541-0.00027-8. 2014)

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 13

https://www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-to-deliver-on-its-ready-to-go-industrial-insect-farming-module-promise
https://www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-to-deliver-on-its-ready-to-go-industrial-insect-farming-module-promise
https://www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-to-deliver-on-its-ready-to-go-industrial-insect-farming-module-promise
https://www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-to-deliver-on-its-ready-to-go-industrial-insect-farming-module-promise
https://www.feednavigator.com/Article/2022/09/30/LIVIN-farms-gets-6m-to-deliver-on-its-ready-to-go-industrial-insect-farming-module-promise
http://www.ogtr.gov.au
http://www.ogtr.gov.au
http://www.ogtr.gov.au
https://capacitor.bio/
https://capacitor.bio/
https://www.gene.com/stories/understanding-manufacturing
https://www.gene.com/stories/understanding-manufacturing
https://www.gene.com/stories/understanding-manufacturing
https://doi.org/10.2139/ssrn.4640244
https://doi.org/10.2139/ssrn.4640244
https://doi.org/10.2139/ssrn.4640244
https://doi.org/10.1101/2024.02.21.581498
https://doi.org/10.1101/2024.02.21.581498
https://doi.org/10.1101/2024.02.21.581498
https://www.thebestgene.com/PhiC31InfoPage.do
https://www.thebestgene.com/PhiC31InfoPage.do
https://doi.org/10.1016/B978-0-12-386541-0.00027-8
https://doi.org/10.1016/B978-0-12-386541-0.00027-8
https://doi.org/10.1016/B978-0-12-386541-0.00027-8


167. Samami, R. et al. Production performance and economic traits of
silkworms (Bombyx mori L., 1758) fed with mulberry tree leaves
(Morus alba, var. Ichinose) significantly differ according to hybrid
lines. Livest. Sci. 226, 133–137 (2019).

168. Oonincx, D. G. A. B., van Broekhoven, S., van Huis, A. & van Loon, J.
J. A. Feed conversion, survival and development, and composition
of four insect species on diets composed of food by-products.PLoS
One 10, e0144601 (2015).

169. Seyedalmoosavi, M. M., Mielenz, M., Veldkamp, T., Daş, G. &
Metges, C. C. Growth efficiency, intestinal biology, and nutrient
utilization and requirements of black soldier fly (Hermetia illucens)
larvae compared to monogastric livestock species: a review. J.
Anim. Sci. Biotechnol. 13, 31 (2022).

170. Landrigan, P. J. et al. The Lancet Commission on pollution and
health. Lancet 391, 462–512 (2018).

171. Novacek, M. J. & Cleland, E. E. The current biodiversity extinction
event: scenarios for mitigation and recovery. Proc. Natl Acad. Sci.
USA 98, 5466–5470 (2001).

Acknowledgements
This research issupportedby theU.S.Army International TechnologyCenter
Pacific (ITC-PAC) under Contracts FA520920P0100, FA520923C0014, and
an Australian Government Research Training Program (RTP) Scholarship.

Author contributions
Conceptualisation: K.T., M.M. Visualisation: K.T., M.M. Investigation: K.T.
Funding acquisition: M.M. Supervision: M.M., A.S. Writing—original draft:
K.T. Writing—review & editing: K.T., O.E., A.S., I.T.P., M.M.

Competing interests
The authors declare the following competing interests: K.T. and M.M. have
filed patent applications relevant to BSF biomanufacturing. O.E. is the CEO

ofEntoZymePTYLTD.K.T.andM.M.areco-foundersofEntoZyme.All other
authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Maciej Maselko.

Peer review information Communications Biology thanks Kristin Bohm,
TakuyaUeharaand theother, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editor: David Favero.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-06516-8 Perspective

Communications Biology |           (2024) 7:862 14

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Diverting organic waste from landfills via insect biomanufacturing using engineered black soldier flies (Hermetia illucens)
	Modern biomanufacturing
	Insect biomanufacturing
	BSF biomanufacturing for the valorisation of organic waste
	Engineering BSF for biomanufacturing
	Valorising high-grade organic wastes
	Valorising low-grade organic wastes
	Improved fertiliser
	Advantages and disadvantages of BSF biomanufacturing
	Addressing the sustainable development goals (SDGs)
	Establishing BSF biomanufacturing
	Research and genetic tools
	Prototyping insect biomanufacturing
	Biocontainment
	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




