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Meeting the demands of the growing population requires increased food and feed production, leading to
higher levels of agri-food waste. As this type of waste seriously threatens public health and the envi-
ronment, novel approaches to waste management should be developed. Insects have been proposed as
efficient agents for biorefining waste, producing biomass that can be used for commercial products.
However, challenges in achieving optimal outcomes and maximizing beneficial results remain. Microbial
symbionts associated with insects are known to have a critical role in the development, fitness, and
versatility of insects, and as such, they can be utilized as targets for the optimization of agri-food waste
insect-based biorefinery systems. This review discusses insect-based biorefineries, focusing on the
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agricultural applications of edible insects, mainly as animal feed and organic fertilizers. We also describe
the interplay between agri-food waste-utilizing insects and associated microbiota and the microbial
contribution in enhancing insect growth, development, and involvement in organic waste bioconversion
processes. The potential contribution of insect gut microbiota in eliminating pathogens, toxins, and
pollutants and microbe-mediated approaches for enhancing insect growth and the bioconversion of
organic waste are also discussed. The present review outlines the benefits of using insects in agri-food
and organic waste biorefinery systems, describes the roles of insect-associated microbial symbionts in
waste bioconversion processes, and highlights the potential of such biorefinery systems in addressing the
current agri-food waste-related challenges.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bioconversion of waste into high-value products is necessary for
effective waste management and establishing a circular economy
[1]. Insects have gained attention for the bio-conversion of low-
value substrates into affordable, high-quality animal feed and
organic fertilizers [2,3]. Insects have many advantages over plants
and livestock animals, such as a short life cycle, growing on cheap
feedstock (organic waste), limited land and water requirements,
high conversion rate, low gas emissions, and high sustainability [4].
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Certain bioconverter insects can be used as feed and food. Insect
meals or edible insects, such as the yellow mealworm (YMW),
Tenebrio molitor L., and the black soldier fly (BSF), Hermetia illucens,
can be used as efficient and sustainable high-quality protein sour-
ces for humans and animals, with low environmental impact [4,5].
Several other insect species have been studied for their potential to
utilize biowaste in their diets. The insect species mentioned in this
review are listed in Table 1.

Insects fed organic residual streams, such as food byproducts
and waste, generated within the current food systems can produce
biomass rich in valuable proteins, fats, vitamins, and minerals,
potentially replacing conventional feed ingredients, such as soy-
bean and fishmeal, that negatively impact the climate and biodi-
versity [6]. Farmed insects can be used as feed for sustainable and
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Table 1
List of insects mentioned in this study that were investigated for potential waste-
utilization and use as animal feed or frass fertilizers.

English name Scientific name

Black soldier fly (BSF)
Yellow mealworm (YMW)
House fly (HF)

Lesser mealworm (LMW)
Superworm (SW)

Chafer flower beetle
House cricket
Two-spotted cricket
Kenya new cricket
Silkworm

Desert locust

Garden fruit chafer
Coconut rhinoceros beetle
African golden emperor moth

Hermetia illucens
Tenebrio molitor
Musca domestica
Alphitobius diaperinus
Zophobas morio
Protaetia brevitarsis
Acheta domesticus
Gryllus bimaculatus
Scapsipedus icipe
Bombyx mori
Schistocerca gregaria
Pachnoda sinuata
Oryctes rhinoceros
Gonimbrasia krucki

circular livestock production and improved livestock welfare by
supporting their natural foraging behavior and health [7]. Organic
waste bioconversion into organic fertilizers by insects can reduce
landfilling and return the nutrients to agricultural lands. Insect
frass fertilizers are promising alternatives to existing commercial
fertilizers, such as mineral and organic fertilizers. Frass fertilizers
derived from edible insects play important roles in improving the
fertility, yield, and nutritional quality of various crops [8-10].

Studies on insect and associated microbiota interactions provide
insights into the impact of microbes on insect physiology and
biological functions. They also provide evidence for microbial
involvement in insect development and survival on diverse organic
substrates. Along with the agri-food waste (agri-FW) biorefinery
insects, microbes have been found to play key roles in the
bioconversion process and can be targeted for optimizing the effi-
ciency of industrial rearing [11].

The advantages of insect-based bioconversion in developing
marketable agricultural products and the involvement of insect-
associated microbial symbionts necessitate further investigations
to understand the underlying mechanisms and microbial roles in
insect-based bioconversion of agri-FW. Therefore, this review aims
to present the findings of recent studies on the utilization of insects
for agri-FW valorization to obtain value-added agricultural prod-
ucts, particularly animal feed and frass fertilizers, which may
improve the role of edible insects in the circular bioeconomy. In
addition, the roles played by insect-associated microbiota in insect
development and organic waste bioconversion processes are dis-
cussed, highlighting some methods to enhance the bioconversion
process using microbe-based approaches.

2. Insect-based biorefinery of agri-food waste

Agri-FW is considered a resource of valuable products, such as
nutraceuticals, antioxidants, bio-polymers, biopeptides, antibiotics,
industrial enzymes, polysaccharides, chitosan, and pigments
[12,13]. Traditional food waste disposal methods, such as landfilling
and combustion, cause economic and environmental problems. The
annual global cost of food waste is estimated to be $1 billion, and
when considering environmental costs, this actual number can rise
to $2600 billion [14]. Food waste is estimated to contribute to 3.3
billion tons of CO, accumulation in the atmosphere per year as
greenhouse gas emissions, negatively affecting climate change
[15,16]. Food waste can also cause other environmental issues as it
is dumped without pretreatment by landfilling or combustion [17].
The combustion of food waste also causes environmental concerns,
such as breathing difficulties for living organisms and air pollution
due to dioxin, ash, and flue gas emitted into the atmosphere [16,17].
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Toxic byproducts of food combustion, such as methane and
hydrogen sulfide, produced by food waste landfilling, contaminate
groundwater and generate corrosive gases [17]. Food waste energy
content is reduced when disposed of in landfills.

Efforts are currently being undertaken to find sustainable and
eco-friendly approaches to managing food waste. A range of
research scientists, government, and non-governmental organiza-
tions have proposed and implemented innovative strategies to
address food waste. These strategies are largely centered around
the waste management hierarchy, which prioritizes the three R's of
waste management: reduce, reuse, and recycle. Insect-based waste
bioconversion strategies are considered a component of both the
reuse and recycle strategies and have attracted growing global
attention [18,19]. Many insect species are highly versatile and
adaptable to a wide range of organic wastes, including agri-FW,
with high conversion rates (Fig. 1). A summary of the bioconver-
sion parameters of the main insect species that can convert agri-FW
and be mass-reared for use as a potential source of food, feed, and
fertilizer, as well as their larval composition based on some
example substrates, is provided in Table 2.

In this context, BSF larvae (BSFL), for example, showed a sig-
nificant bioconversion rate of 6.9%, dry mass reduction of 49.0%,
and fat content of 26.1% [20]. An efficient conversion was observed
when larvae grew on okra and brewer grains [21]. House fly larvae
(HFL), Musca domestica, can degrade and transform various agri-
cultural wastes (including corn, wheat, and rice straw) into feed
sources [22]. One kilogram of larvae can be produced from fer-
mented cornstalks weighing 18.75 kg [23,24]. Corn straw and
sawdust dissection by Protaetia brevitarsis larvae were noted at
24.37% and 14.46% digestion rates, respectively [25]. Crop residues
(rice and corn straw) affect both the growth and performance of
YMW, with 90% waste consumption. The bioconversion rate of
YMW fed on wheat straw was 8.13%, and 78.43% resulted in frass
[26]. Feeding on mushroom residues has also been observed [27].
The mushroom Lentinus edodes is used as an alternative substrate to
the traditional YMW feeding source, and the residual waste can be
used for insect feeding after recycling [28].

Not all waste substrates are equally available or suitable for
every type of bioconversion insect due to differences in composi-
tion, nutritional needs, and rearing conditions. The optimization of
food waste's chemical and physical characteristics, such as mois-
ture content and nutritional load, in combination with the func-
tional attributes of the insects, such as feeding behavior, mouth
parts, morphological features, and disease resistance, is the reason

Agri-Food waste stream

Food waste  Agricultural waste

Insect farming
P re &
L

x *
[ Animalfeed | [ Bio-fertilizer |

N
’ N

Food residue
Plant residue

Human welfare *™~— _—

Plant growth

Fig. 1. Insect-mediated waste bioconversion to value-added products (i.e., animal feed
and biofertilizer) within the concept of sustainable agriculture.
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Table 2
The nutritional composition and bioconversion parameters of the main bioconverter insects fed on agri-food waste substrates.
Insect Feed substrate Larva composition Bioconversion parameters Reference
Protein (%) Lipid (%) Ash (%) ECD? (%) FCR® (%) Degradation® (%)
Hermetia illucens Palm kernel expeller (PKE) 38 18 NM 17.6 NM NM [29]
Fungi fermented-PKE 38.2—44.5 18.6—24.7 NM 24-30 NM 38.8-62.4 [29]
Food waste 39.2 30-40 8.13 NM¢ NM 55.3 [30,31]
Soybean curd Residues (SCR) 52.9 26.1 NM 10.2 9.8 49 [20]
Bacteria inoculated-SCR 55.3 30 NM 125 8 55.7 [20]
Fermented maize straw 42 31 9 NM NM 484 [32]
Wheat bran 43 35 9.1 NM NM 55 [32]
Tenebrio molitor Agricultural waste 53.4 30 52 50 3.2 NM [33]
Agricultural by-products 46.4 32.7 29 9.87 7.9 NM [34-36]
Musca domestica Wheat bran 63.6 15.6 7.6 NM NM NM [22]
Food waste 55 22 NM NM NM NM [37]
Alphitobius diaperinus Agri-food waste 37—-49 14-28 NM NM 15.2 NM [35,38]
Zophobas morio Agricultural feed 46.8 43.6 8.2 NM NM NM [39]

2 ECD (The efficiency of conversion of digested feed, %) = Biomass gained (g)/Total feed consumed (g) x 100.

b FCR (Feed conversion rate, %) = Feed intake (g DM)/Weight gained (g DM) x 100.

¢ Degradation (%) = (Initial feed dry weight (g) — Final feed dry weight (g))/(Initial feed dry weight (g)) x 100.

4 NM: Not mentioned.

why certain insects may thrive on particular substrates while
others may not [40]. For example, vegetative food waste that is low
in protein may not be appropriate for rearing HFL, but may be
suitable for rearing BSFL and MWL, whereas waste containing
meat, such as restaurant and kitchen waste, is suitable for both BSFL
and HFL [41,42].

The rate of insects’ growth and their role in bioconversion varies
depending on the type of organic waste. Some organic waste types
may not support satisfactory growth rates, impairing bioconver-
sion. To enhance bioconversion efficiency, several studies have
investigated the influence of different types of waste and tested
various waste mixtures on the BSF as the main insect species
considered for bioconversion of organic wastes. High fiber wastes,
in particular, may pose challenges for conversion. However, in the
case of dairy manure, which is known for its high fiber content,
mixing it with soybean curd residue resulted in enhanced conver-
sion by BSFL, as evidenced by increased survival rate, conversion
rate, waste mass reduction, nutrient utilization, and fiber content
reduction [43]. Similarly, Li et al. [44] found that corncob, a prob-
lematic waste type due to its high lignocellulose content, could be
highly converted by BSFL when pretreated with restaurant waste-
water. The restaurant wastewater improved the biochemical char-
acteristics of the corncob, and the soaking residue was converted by
BSFL for ten days, yielding a 24% insect grease yield. These findings
suggest that tailoring substrate mixtures and pretreatment
methods can enhance the bioconversion of challenging waste
types, contributing to more sustainable waste management
practices.

Another type of organic waste that is challenging for conversion
and utilization is human feces which poses a significant burden in
waste management. A recent study by Purkayastha and Sarkar [45]
demonstrated that BSFL could consume human feces, albeit
resulting in significantly lower body weight compared to larvae fed
on food waste. Interestingly, the degradation and bioconversion
process of human feces were significantly improved when mixed
with food waste, compared to larvae reared on human feces or food
waste alone. These findings suggest that optimizing rearing con-
ditions, especially substrate mixtures, could enhance the biocon-
version and degradation, even for difficult waste types, such as
human feces, representing food residues with limited nutritional
value after human gut nutrient absorption. Extracting marketable
products from human excreta and recognizing it as a resource is
crucial from the sustainability perspective.

In contrast to previous studies that utilized benchtop laboratory

scale experiments, Scala et al. [46] conducted experiments at an
industrial scale to test the efficacy of various waste substrates
derived from agricultural by-products and their mixtures for rear-
ing BSFL. It was confirmed that the bioconversion efficiency and
nutrient composition of the larvae were influenced by the specific
waste substrate utilized for rearing and the associated rearing
conditions. These findings demonstrate the importance of consid-
ering the scale and complexity of waste management systems
when evaluating the efficacy of bioconversion technologies.

Based on the above background, insect-based bioconversion is
an efficient approach for utilizing food waste. It can convert waste
into high-nutrition and value-added products. For instance, BSFL
transformed food waste and sawdust to reduce the composting
time to a short period and decrease organic matter [47]. HFL plays a
significant role in food waste utilization owing to its scavenging
behavior and high reproductive rate. Reportedly, 1 kg culture diets
were used to produce 53.08 g of dried larvae with high content of
both protein (57.06%) and oil (15.07%) [37]. Another study by Yin
et al. [48] revealed that the crude protein and fat contents of fly
larvae (insect biomass) fed on kitchen waste were 45.1% and 48.1%,
respectively.

3. Agricultural applications of agri-food waste-utilizing
insects

3.1. Insect-based livestock animal feed

Animal feed is a significant driver of land use, contributing to
land acidification, energy use, climate change, and water con-
sumption [49]. Two major protein sources for animal feed, fish meal
and soybean meal, are widely used particularly for monogastric
animal diets. However, overreliance on these feeds can have
negative environmental impacts. Soybean meal production, for
example, requires intensive cultivation, which can increase water
consumption and reliance on pesticides and fertilizers, among
other environmental burdens. Fish meal is heavily dependent on
fish catch stocks, which can contribute to marine ecosystem
degradation and result in variable quality and quantity of the feed
[50]. To address these environmental concerns, using renewable
protein sources in animal feed is increasingly important. Insects
represent a particularly sustainable option, especially when they
are fed on organic waste. Insect-based feed has the potential to
reduce pressure on fish stocks and soy cultivation, while also
diverting organic waste from landfills and reducing greenhouse gas
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emissions associated with waste disposal. A shift towards more
sustainable and efficient animal feed production is critical to
mitigating the negative environmental impacts of current feed
practices [51].

Several factors should be considered when choosing insect
species as animal feed. Among them, the feeding habits of the
species play a significant role. Insects that efficiently convert waste
into high-quality protein are particularly desirable, as they can
replace increasingly expensive compound feed ingredients. Insects
are known to be highly efficient food converters due to their ability
to maintain high growth rates without the need for energy-
intensive temperature regulation [52]. Another important factor
to consider is the sustainability of using insects as animal feed.
Compared to traditional livestock feed, insects require significantly
less land and water to rear, making them a more sustainable option.
In addition to waste recycling, insect rearing has shown a low score
on carbon footprint [53].

Therefore, by utilizing insects as a feed source for animals, the
environmental impact of animal agriculture could be significantly
reduced while still providing high-quality nutrition for the animals,
which requires a comprehensive evaluation of the nutritional
composition and safety of the insects and their acceptability.
Furthermore, research is needed to optimize the rearing, process-
ing, and storage of insects for animal feed, minimizing costs, and
maximizing benefits [54].

The impact of insect-based feed on farmed animals has recently
drawn researchers’ attention. For instance, literature reviews have
focused on the use of insects in aquaculture [55], poultry [56], and
pig farms [57], presenting large and diverse research on the ben-
efits and applications of insects as animal feed. In comparison to the
aquaculture industry, there are fewer data on the use of these in-
sects as feed for other animals. Insects can be used as poultry feed
for various reasons, including improved animal health and high
conversion rates in various industries (e.g., layers and broilers) [56].
Furthermore, replacing part of the pig diet with insect meal instead
of traditional row crops represents a valuable approach for pro-
moting sustainability, as the inclusion of insects in the pig diet has
no negative impact on associated growth; however, it was not
confirmed whether the variations between results are due to insect
meal or some other factors, as reviewed by Veldkamp and Vernooij
[57]. Presenting insects to farm animals as feed does not promote
animal welfare or production sustainability by default [7]. Under-
standing and optimizing all the factors involved and the potential of
insect-based diets are necessary. Therefore, food waste should be
decreased, and reared insects should be optimally fed with waste
substrates that are completely safe and suitable for use as animal
feed. All processes must be observed under strict regulatory
frameworks, and a balance must be maintained between environ-
mental sustainability, the welfare of livestock and insects, and
livestock productivity. In addition, academic organizations, regu-
latory agencies, waste management sections, insect and livestock
producers, and consumers should collaborate to achieve sustain-
able food systems.

3.2. Utilization of insect frass as agricultural fertilizers

Waste management deficiency and soil degradation are major
environmental issues and negatively affect food security world-
wide [58,59]. Moreover, micronutrient inadequacy, low organic
matter, and high acidity in soil hinder the mineral fertilizers’ effi-
ciency [60,61]. Using organic fertilizer as a soil amendment is an
affordable and acceptable option for farmers [62]. However, it has
low uptake due to long production times, low quality, and inade-
quate organic material sources on the farm [63]. Therefore, alter-
native sources of fertilizers that are affordable, easily obtained, and
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of adequate quality need to be explored [64,65].

Several studies have been performed to utilize insect frass, e.g.,
BSF and YMW, as potential organic fertilizer sources, providing
plants with nutrients and beneficial microbes (Fig. 2) [66-69]. In
this context, BSFL converts organic waste into stable, mature, and
nutrient-rich frass fertilizer within five weeks, whereas conven-
tional composting requires 8—24 weeks [69]. The yield and nutri-
tional quality of maize, barley, cowpeas, French beans, tomatoes,
and chili pepper is grown using BSF or YMW frass fertilizers were
higher than those grown using conventional fertilizers [70,71].
Moreover, when BSF and YMW frass fertilizers were used as soil
amendments, nutrient availability, mineralization of nitrogen, and
soil microbial activity were improved, whereas the number of soil-
borne pathogens and soil salinity and acidity considered as in-
dicators of enhanced soil quality for crop production, were reduced
[72-74].

To provide specific recommendations for their efficient use in
enhancing soil fertility and crop yield, a comparative study was
conducted to report the characteristics of frass fertilizer produced
by nine edible insect species, including BSF, YMW, Schistocerca
gregaria, Gryllus bimaculatus, Scapsipedus icipe, Pachnoda sinuata,
Oryctes rhinoceros, Bombyx mori, and Gonimbrasia krucki [10]. All of
the insect species' frass fertilizers had acceptable quality and
quantity of macronutrients, secondary nutrients, and micro-
nutrients. The fertilizing indices of the frass fertilizers were >3
(Table 3). The frass fertilizer from BSF had notably higher nitrogen
(N) and potassium (K) concentrations than other fertilizers. While
phosphorus (P) concentration was higher in G. bimaculatus fertil-
izer than in other insect species fertilizers. Seeds treated with BSF
frass fertilizer had the highest seed germination rate and germi-
nation index. The phytotoxicity of the frass fertilizer obtained from
the other eight insect species ranged from medium to high. The
higher N—P—K concentrations in BSF, YMW, G. bimaculatus, and
S. icipe frass fertilizers may be because of the high nutritional values
in the diet substrates, such as wheat bran, brewery spent grain,
soybean, and potato peels, used to rear these insects [75,76].
Nutritional element concentrations in frass fertilizers produced by
all nine insect species were within the Kenya Bureau of Standards
guidelines for optimal commercial organic fertilizer [77] and

Insect pests
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Fig. 2. The benefits of using insect frass and exuviae as a bio-fertilizer for plant growth
and protection. The frass of insects, particularly those that feed on biowaste substrates,
has been demonstrated to be a rich source of nutrients and beneficial microbiota.
When used as fertilizer for plants, it has been shown to promote plant growth. The
microbiota present in insect frass includes plant-beneficial microbes that can act as
biocontrol agents against plant pathogens. They can also function as bioprotectants
that enhance plant tolerance under stress and biostimulants that induce plant
resistance.
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Table 3

Environmental Science and Ecotechnology 17 (2024) 100287

Characteristics and fertilization efficiency of frass fertilizer obtained from edible insects feeding on different waste substrates.

Insect species Waste type Feeding
duration

Fertilizing C/N N—P—K values Germination rate  Reference
index ratio (kg ha™1) (%)

Hermetia illucens ~ Mixture of Irish potato peels + brewery spent grain 2 weeks

Brewery spent grains -

Tenebrio molitor Wheat bran + chayote (Sechium edule) 5 weeks

Musca domestica  Food waste 4—6 days

Schistocerca Wheat & barley seedlings + wheat bran -

gregaria

Gryllus bimaculatus Wheat bran + soybean + sweet potato vines + weeds 2 months

Scapsipedus icipe ~ Wheat bran + soybean + sweet potato vines + weeds 3 months

~5 13.2 N: 147.5 93.3 [10]
P: 63.2
K: 203.7
- 10.7 N:180.5 86 [79]
125
K: 14.5
~4.5 20.0 N: 1243 56.7 [10]
P: 69.8
K: 104.8
- - N:148.5 - [80]
P: 115

0

-45 195  N:1033 233 [10]

~4.5 186  N:1145 76.7 [10]

~4.5 17.4 N: 120.7 63.3 [10]

Pachnoda sinuata  Fresh cattle dung from a dairy farm 4—5 weeks ~4.5 14.6 N: 106.8 96.7 [10]

Oryctes rhinoceros  Fresh cattle dung from a dairy farm -

Bombyx mori Leaves of mulberry tree (Morus spp.) 6 weeks

Gonimbrasia krucki Brazilian pepper tree leaves (Schinus terebinthifolia 5 weeks
Raddi)

~4.5 14.6 N: 82.8 933 [10]

~4 191 N: 117.2 60 [10]

~4 229 N: 107 86.7 [10]

meeting international standards [78] for organic fertilizer quality in
the United States, the European Union, and Canada.

Notably, different insect species exhibit different rates of waste
degradation and composting, which affect the amount of available
frass fertilizer. For example, BSFL have a high waste degradation
efficiency (55—80%) and require a short bioconversion time,
allowing them to produce more organic fertilizer than other insect
species [81,82]. The YMW, O. rhinoceros, and P. sinuata converted
waste substrate into fertilizer within 4—6 weeks, while BSF spent
only two weeks [69]. Frass fertilizer could be produced daily from
S. gregaria and crickets but in smaller amounts than those from
BSFL. The high germination rate (>90%) achieved with BSF-based
fertilizer indicates the absence of phytotoxicity (Table 3) and,
thus, the ability to promote plant growth [83]. In addition to the
aforementioned species, P. brevitarsis was found to feed on maize
straw and mushroom residues, and the resulting fertilizer after
larval feeding had a rich nutritional content, high humic acid, and
low phytotoxicity [25,27].

The application of insect frass as fertilizer has also been shown to
improve plant tolerance to stress and enhance plant quality. In
comparison to cattle manure, BSF frass was determined to be more
effective in promoting basil plant growth and mitigating the effects of
drought, leading to an improvement in plant quality [84]. Similarly,
using BSF frass as an organic fertilizer has been demonstrated to
reduce salinity stress and enhance lettuce quality. Specifically, it was
found to reduce the nitrate concentration in the leaves, indicating a
potential role for insect frass in activating nitrogen assimilation in
plant cells. Additionally, the application of BSF frass improved soil
biological fertility, as evidenced by increased active carbon levels and

enzyme activity involved in nutrient cycling [85].

Regarding the YMW, recent research has demonstrated the
potential of YMW frass to enhance the growth of multiple crops.
Compared to hen manure, YMW frass exhibited similar growth-
promoting effects across different crops. The application of YMW
frass was found to increase edible biomass by up to 16-fold and
produce larger and more abundant flowers. These promising re-
sults suggest that YMW frass could be a sustainable alternative to
traditional fertilizers in various crop systems [86].

4. Agri-food waste utilizing insects and gut symbiotic
microbiota

The insect gut harbors an array of microbial symbionts that
affect health and fitness [87]. Some of these symbionts play diverse
roles in their relationship with insects, ranging from egg produc-
tion to insect development, survival, and fitness [88,89]. The
digestive process in insect guts is attributed, at least in part, to gut
microbial activity, with enzymes produced by gut microbes playing
a significant role in the biodegradation of biomass [90]. Therefore,
understanding the complexity of gut microbes, including their as-
sembly determinants and functions, is essential to promote effec-
tive bioconversion.

4.1. Assembly and determinants of gut microbiota composition in
agri-food waste-utilizing insects

Recently, a wide range of research using metagenomic analysis
has been conducted to study the microbial communities in edible
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insects [91,92] and residual frass [93,94]. These metagenomic A
studies have advanced our understanding of the composition and § § 5 5 g
roles of microbes in nutrient metabolism in insects, frasses, and cle€lz 5 = = 7 8 3 8 8B
animals. Based on several recent studies on the taxonomic gl=l& = =2 =2 =2 = = - =
profiling of insects destined for food or animal feed, the dominant ??J P o § §
microbial groups are summarized in Table 4. In all observed insect “T: = S $ E 3 g
species, the highest abundant phyla of gut bacteria generally E 3 ] § s % s g S
belonged to Proteobacteria, Firmicutes, Actinobacteria, and Bac- 5 § § 3 8 £ 8 § g §
teroidetes [95-103]. Regarding the BSF, considered the most effi- &Z S < g 3 = E g 8§ 3
cient biowaste-converting insect species, IJdema et al. [104] g g & § s §0 g 3 § g
conducted a meta-analysis of 16S ribosomal RNA gene sequence ’?, ”E g § £ g S § S §
data sets from 11 studies to gain deeper understanding insights g § g S é g g § S E
into the gut microbiota of BSFL. The study revealed that the core B3 5 i ] g 8 3 5 £43
microbiota of BSFL primarily comprised Enterococcus, Klebsiella, S s % § § 3 § s 58 §
Morganella, Providencia, and Scrofimicrobium, as these bacterial o g T 3 § T 8§ £ .:§ §§
genera were found to be prevalent in BSFL gut samples. £ g s g 3 § § 5 g E G

The assembly of gut microbial communities in agri-FW bio- & g i g § g g t & dgag : R g
refinery insects, mainly BSF, is influenced by several environ- 5 g g % §%§ g g %Té §=§ % g S .
mental, diet-related, and insect-related factors. Several microbial S|n|T § §°.§ %S S g- S S S § § £ g
taxa have been frequently found in association with the fly larvae sl&l8 E& $S8 2 585858%&s3
gut and could be considered the core microbiota composed of a %
simple microbial group represented in high abundance (e.g., s
members of Pseudomonas, Providencia, Enterococcus, and Morga- i o o B
nella genera), regardless of the variations in the diet [106]. This g '% ?, E ,‘é % g g ; g
indicates that several basic microbial groups originating from the 3 g 4 & ¢ v £ F g g
adult fly are transferred and maintained in the fly larvae, while g s 2 g £ 2 8 g2 5 %
other microbes are acquired from the substrate they feed on, and é E E 3 E E % -% % E
the environment represents diverse groups of low-abundance 3 E = g B B 5 5 £sB
taxa [106,107]. The study by Bruno et al. [108] investigated the < |£E2 858 = 8 = 8% 5 £ = 8
impact of different diets and regions within the midgut on mi- S| R S8 30S02CE3ELS

. . . . . s laleoQ o302 ocQ0ogg38308°20
crobial load and diversity. Results showed that while different E|lm|82ccfcgcgss252828¢8
diets affected the microbial composition in the anterior midgut, S8 ';:3 s HE_ EE2EERE HE_ g g 2823
no such effect was observed in other parts of the midgut. Addi- § "
tionally, distinct differences were observed in microbial compo- = 2
sition and load across different parts of the midgut. Specifically, g 2
the anterior part displayed higher diversity, gradually decreasing ;5 s
along the midgut, while the posterior part had the highest mi- :é 2
crobial load. Moreover, Schreven et al. [109] reported that in “g ﬁ T T T T T T
addition to feed substrate, larval density also significantly impacts z = é g é é g o g g
the microbial composition of larvae and substrate. The study 2 E s 3z ¥ = @ § T
found that several common bacterial genera exhibited changes in 2|9 5 E E E E E & E E
abundance, highlighting the importance of considering larval =812 & € 2 &€ § 2 2
density as a factor. These findings highlight the importance of & § = % £ £ = = = < < <
Lo e ) ; s . s |8|8gz2 Z2 Z2 Z2 Z Z Z Z

considering the specificities of different regions within the midgut Slg|5a B & 8 ¥ & & ¥
as well as the larval density while studying the BSF gut § g § % & 8 8 8 8 & 8 8
microbiome. ot S

Insects exert significant selective assembly power on the gut § % 5
microbiota through the unique conditions of their gut environ- 2 ol & 5
ment, such as the oxygen level, pH level, larval antibacterial ac- E 5 % £ g . % =E g "
tivity, and competition with core microbiota, which together ; 2| E 5 g 3 5 g ‘5 23 §
control the diversity and population of the gut microbiome BlL g g § 2TF S:£E28 %
[11,110]. Variability in the microbial community composition was g EE T Ee g§zeg £ g
observed between different gut compartments (foregut, midgut, ; 2|8 € & =&< 2822z &
and hindgut) and even between the different parts within the E= E
midgut region based on the distinction in prevailing conditions, E g
such as oxygen level and pH [108,111]. The ability of larvae to E §
suppress specific microbial taxa has been observed to include == g
several feed and food pathogens, although the process is regulated i go =

. |} = 7] () (7] i) — |7 (]

by several factors and is not yet fully understood [112]. 2|2l £ 5 £ g8 £ 0§ %

This inhibition of specific microbial pathogens could be 3|58 5 5 5§ ¥®%s 3§ 2 2
considered as an immunity filter enabling insect survival even on § s a
highly microbially contaminated substrates, as shown in the study § =8 % - 5 :g
by Liu et al. [113], confirming the reduction of Escherichia coli in « 2|5 § = 3 § % 3 g E
dairy manure. In the same line, the ability of BSFL to inactivate or 2E|2 3 = § = g & 3 =
reduce the population of certain pathogenic microbes from e5 17
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different substrates has been studied using green fluorescent
protein-labeled bacteria. Erickson et al. [114] reported the inacti-
vation and reduction of pathogenic microbes, such as E. coli and
Salmonella enterica, by BSFL in poultry manure. Similar results were
observed for dairy cow manure substrate, as BSFL significantly
reduced the population of E. coli. In both studies, temperature
significantly affected the larval antimicrobial activity. BSFL also
reduced the concentration of pathogenic Salmonella spp. in human
feces [82,115]. Thus, BSFL could be potentially applied for the
inactivation and inhibition of pathogenic microbes by under-
standing the factors regulating the antimicrobial process. However,
it is important to highlight the safety of humans and animals, as
pathogenic microbes might still be detected in fly larvae [116].

In this context, De Smet et al. [ 117] argued that producers should
not rely on the antibacterial activity of BSFL during industrial-scale
rearing to eliminate food safety risks. The study found no signifi-
cant reduction in the presence of Salmonella, a food pathogen, on
chicken feed substrate due to the larval activity. While the
outgrowth of Salmonella was slower when lower initial contami-
nation levels with the pathogen were used compared to higher
levels, the larvae could not completely eradicate the pathogen or
even reduce its count over time.

4.2. Roles of gut-associated microbiota in the development and
functions of the agri-food waste biorefinery insects

Like humans, animals, and plants, associated microbial com-
munities play vital roles in sustaining insect growth, fitness, and
survivability. Studies involving rearing fly insects under sterilized
conditions have confirmed the inevitable roles of associated mi-
crobes in sustaining insect growth and development [118,119].
With regard to agri-FW biorefinery insects (mainly BSF), the asso-
ciated microbiota is an integrated part of the system that contrib-
utes to larval development, versatility, and metabolic processes in
several ways [120,121].

4.2.1. Decomposition of organic substrates

The larval gut microbiota contributes considerably to the
decomposition of agri-FW. Due to the diverse range of microbial
and enzymatic activity found in the digestive system of BSFL, it is
considered one of the most effective in breaking down food waste
and other organic materials [ 122,123]. Recent metagenomic studies
have provided microbiological evidence to support the degradation
efficiency of BSFL. The taxonomic composition and potential
metabolic analysis of the BSFL gut microbiome in chicken and
swine manure conversion systems confirmed the association of
several microbial taxa with the functional capacity to degrade
various organic substrates [96]. In the latter study, the predicted
metabolic functions were dominated by those related to the
metabolism of carbohydrates, amino acids, cofactors, and vitamins,
indicating the potential contribution of the gut microbiota to the
high-efficiency nutrient conversion and nutrition of BSFL. In
another study, a wide range of microbial groups (more than 11,000
bacteria) were detected in the BSFL gut, including those belonging
to Firmicutes and Bacteroidetes, known for their functional ca-
pacity facilitating feed utilization efficiency and degradation of
high-molecular-weight organic matter and animal manure [120].

When insects consume high-carbohydrate diets, gut microbes
can transform polysaccharides, such as starch and fibers, into short-
chain fatty acids and/or simple alcohols [124]. The gut bacteria of
BSFL contribute to waste biodegradation by producing enzymes
that hydrolyze proteins, lipids, cellulose, and starch [125-127]. In
nutrient-poor diets, Acetobacter pomorumin decomposes carbohy-
drates and produces metabolites that affect the growth of fruit fly
larvae (FFL) by affecting growth signaling pathways [128].
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According to Storelli et al. [129], Lactobacillus plantarum causes an
increase in amino acids generated from FFL reared on poor-protein
feed, thus enhancing larval growth.

Because of their adaptable ecological behavior, edible insects
digest different plant biomass substrates, including starch, cellu-
lose, lignocellulose, hemicellulose, Xylan, pectin, terpenes, tannins,
esters, glucosinolates, essential amino acids, and pyrrolizidine al-
kaloids [130]. The insect gut secretes various lignocellulosic-
hydrolyzing enzymes based on its diet, particularly plant biomass.
Simultaneously, gut symbionts in insects produce most digestive
enzymes for the enzymatic digestion of ingested plant ingredients
to achieve energy mining. Therefore, the gut microbiota plays a
critical role in assisting host metabolism by improving digestion
efficiency through enzymatic activity [131].

As illustrated in Fig. 3, the potent lignocellulase, xylanase, and
pectinase producers (e.g., Bacillus, Pseudomonas, Staphylococcus,
Citrobacter, Enterobacter, Acinetobacter, Providincia, Klebsiella, Lysi-
nibacillus, Lactococcus, Enterococcus, Dysgonomonas, and Serratia)
were detected in the gut system of four main edible insects (BSF, HF,
YMW, and A. domesticus) with minor differences in the detected
microbial taxa between insect species as shown in several previous
studies [95—99,102,103,132—135]. These findings indicate that the
edible insects harbor potential plant biomass-degrading bacteria in
their gut, which may help them decompose and convert agri-FW
materials to insect biomass. Notably, this suggestion is grounded
in the presence of these identified microbial taxa, which are known
to produce lignocellulase, xylanase, and pectinase in other insects.
The involvement of such activity in biowaste-utilizing insects, such
as BSF and YMW, requires experimental confirmation.

Regarding protein degradation and assimilation, a recent study
by Yu et al. [123] has provided evidence of the involvement of BSF
gut microbial activity in protein digestion and absorption. The
study was able to facilitate this evidence by generating germ-free
larvae and comparing them with gnotobiotic ones. These findings
revealed that certain microbial taxa, namely Pseudomonas, Orbus,
Campylobacter, Dysgonomonas, Issatchenkia, Pediococcus,
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Fig. 3. The presence of plant biomass-degrading bacteria in the gut of edible insects,
the animal-feed species (H. illucens and M. domestica), and the human-food species
(A. domesticus and T. molitor).
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Lactobacillus, and Bacillus genera, were correlated with the protein
assimilation and digestion process. Additionally, the study found
that the presence of gut microbiota significantly increased the level
of protein degradation, leading to the substrate protein's conver-
sion into insect body proteins.

4.2.2. Degradation and detoxification of pollutants, pesticides, and
toxins

Agri-FW resources contain high levels of hazardous pollutants
and contaminants, such as pesticides, veterinary antibiotics, and
mycotoxins [116,136]. Insect gut microbiota confers several other
beneficial functions for supporting the inset fitness of agri-FW
substrates and improving the quality of bioconversion products.
Regarding pharmaceuticals and pesticides, Zhang et al. [137] re-
ported the acceleration of biodegradation and enhanced attenua-
tion of antibiotics during vermicomposting of swine manure. Nine
antibiotics, including tetracyclines, sulfonamides, and fluo-
roquinolones, were removed during vermicomposting for six days
using fly larvae. In another study, the half-lives of three drugs
(carbamazepine, roxithromycin, and trimethoprim) and two pes-
ticides (azoxystrobin and propiconazole) were significantly
reduced in fly larvae composting with no bioaccumulation in the
larvae, suggesting that the degradation was linked to microbes as
the experiments were conducted under conditions favoring
microbiological activity [138].

Mycotoxins are also expected hazardous compounds in agri-FW
that could be tracked to plant materials or animal feed in the
substrates. Agri-FW bioconversion insects have shown remarkable
activity in the degradation of mycotoxins, as confirmed in several
studies [116]. Mycotoxin degradation is a well-known microbial
activity, and several microbes have been isolated and confirmed to
efficiently degrade various types of mycotoxins [139]. It appears
that insect gut microbes may also be responsible for mycotoxin
degradation, although further confirmation and understanding of
the degradation and detoxification mechanisms are necessary. The
larvae of T. molitor were able to feed on Fusarium-contaminated
wheat grains and exhibited no difference in mortality levels
compared to the control, indicating the ability to tolerate or
metabolize Fusarium-produced toxins [140]. In another study, the
growth of BSFL was not affected when larvae were fed on corn
substrates contaminated with mycotoxins (aflatoxins, deoxy-
nivalenol, ochratoxin A, and zearalenone) and pesticides (chlor-
pyrifos, chlorpyrifos-methyl, pirimiphos-methyl), and no
accumulation of these hazardous compounds was observed in the
larval tissues [141]. Similarly, both BSFL and YMW showed high
tolerance and lack of accumulation when fed poultry feed con-
taining specific levels of aflatoxin B1 [142]. Therefore, it is sug-
gested that future research should investigate the mechanisms of
detoxification and consider the toxin degradation activity of these
insects to enhance the conversion of mycotoxin-contaminated
agricultural food waste. This will provide experimental confirma-
tion of the involvement of insect gut microbiota in the process.

An illustration of the different roles carried out by gut-
associated microbiota and the black soldier fly model as the most
efficient agri-FW bioconverter is shown in Fig. 4.

4.3. Microbe-mediated approaches for enhancing the insect growth
and bioconversion of organic waste

4.3.1. Regulation of insect behavior
Starting from oviposition, bacteria isolated from conspecifics on
decomposing resources and insect eggs mediate the regulation of
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insect behavior by attracting flies for oviposition via their emitted
volatile signals [143]. The fact that BSF has co-evolved to strive on
decaying substrates and ephemeral, rapidly vanishing resources,
such as vertebrate carrions, could explain the attraction for rapid
colonization of such substrates, providing BSF with a competitive
advantage over other species utilizing the same type of resources
[144,145]. Groups of microbes, not a single species, are responsible
for emitting behavioral-regulatory attractant volatiles that are
affected by bacterial concentration, strengthening the necessity of
studying the role of bacteria in regulating insect behavior within
the context of the bacterial community and not a single species
[143].

4.3.2. Microbiota as a source of nutrition

Apart from the behavioral regulatory signaling roles of insect-
associated microbes, one basic role of acquired microbes in the
insect gut is their utilization as a nutrition source, especially when
insects are fed on low-protein and substrates lacking essential
nutrients, such as methionine [11,146]. Gut microbiota can serve as
a source of nutrients for fly larvae, as larval gut acidic conditions,
antimicrobial peptides, lysozyme, and pepsin are involved in the
lysis of fungi and bacteria in the midgut, releasing nutrients to be
absorbed in the posterior midgut and contributing to larval
development [11,147,148]. In addition to the larval gut core and
other acquired microbes, egg-associated microbes of other fly in-
sects serve as food for hatching insects, although this needs to be
confirmed in BSF [149].

Bacteria that selectively survive larval gut metabolism and
establish their population carry out several important functions
contributing to larval development and waste decomposition pro-
cesses [121]. Fly insects show a high preference for substrates
containing microbes, which might contribute to the synthesis of
essential elements for their growth and development. In a unique
network, the fly larvae showed a shift in their preference for re-
sources based on the presence of certain microbes capable of pro-
ducing certain elements lacking in the substrate. A good example of
this is the varied behavior of fly larvae in their preference for
methionine-amended resources, as more preference was seen
when microbes producing methionine were present on
methionine-lacking substrates [146]. Methionine, a sulfur-
containing amino acid, is essential to cellular metabolism and
protein biosynthesis [150]. Insects can compete for methionine
resources. Intriguingly, fly larvae preferred resources containing
microbes producing methionine, which could be utilized to provide
the larvae with this essential amino acid in a methionine-lacking
substrate and avoid competition with other species in
methionine-rich resources [146].

4.3.3. Microbial intervention to improve insects' biowaste
conversion efficiency

As explained above and summarized in Fig. 4, the gut microbiota
plays an important role in insect development and contributes
significantly to the enhancement of agri-FW bioconversion via
several mechanisms. Therefore, the insect gut microbiome could be
seen as an opportunity for intervention to improve process effi-
ciency and knowledge about insect-microbe interplay can be uti-
lized to improve the degradation process within the biorefinery
framework. This approach has been investigated in previous
studies that targeted the exploitation of microbial activity to
enhance the process.

In this context, strains of Bacillus subtilis originally isolated from
BSFL were applied to poultry manure to feed conspecific larvae,
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resulting in enhanced larval development and insect growth, as
confirmed by the increase in prepupal weight and adult body
length [151]. The bioconversion process by BSFL was shown to be
enhanced in another study by co-employing B. subtilis during
poultry manure bioconversion, resulting in rapid harvesting of
higher quality biofertilizer and value-added larvae mass [152].
Mazza et al. [153] also isolated several bacterial species from the
eggs and larvae of BSF and reported enhanced growth, nutrient
accumulation in BSFL, and manure conversion rates by individual or
combined inoculation of chicken manure. Similar results were
achieved by Franks et al. [6], as they demonstrated that supple-
menting the diet of BSFL with Rhodococcus rhodochrous resulted in
accelerated development, enhanced final body size and protein and
fat production, and improved conversion efficiency. Specifically, the
conversion rate was nearly doubled in the bacteria-treated larvae,
indicating that a reduced amount of food would be necessary to
achieve optimal weight gain. This suggests that the supplementa-
tion with R. rhodochrous facilitated greater metabolism of the diet,
resulting in the need for less food to reach optimal weight, which is
a crucial consideration for industrial-scale and commercial appli-
cations of BSFL larvae.

In another study, an attempt to perform a directional trans-
formation of the BSF gut microbiota by inoculation with six
different bacteria isolated from the BSFL confirmed the colonization
and establishment of Lysinibacillus in the insect gut [154]. Recent
research has highlighted the potential of the probiotic microor-
ganism Bacillus velezensis to optimize the conversion of food waste
into dry larval biomass in BSFL. This is achieved through the
modulation of the gut microbiome, the provision of riboflavin to the
host, and the alteration of synthetic and metabolic pathways of
amino acids, resulting in an increase in protein content [ 155]. In this
study, a significant change in the diversity and composition of the
gut microbiota was observed, primarily by manipulating the rela-
tive abundance of Bacillus, unclassified members of Caloramator-
aceae, and Gracilibacillus. These changes were found to improve
substrate conversion efficiency and the protein conversion process,
indicating that the probiotic effect is not only related to direct

influence on the insect but also through its indirect influence on the
composition of the gut microbiome.

In addition to BSFL, the application of Pediococcus pentosaceus, a
lactic acid-producing bacterium isolated from YMW, was found to
inhibit the growth of specific pathogenic bacteria, confer beneficial
influence on larval growth and survival, and establish successful
colonization in the insect gut, as confirmed from the results of the
16S rRNA gene amplicon sequencing analysis [156]. Altogether, the
presented findings highlight the importance of considering the
hidden microbial elements in the process to enhance system per-
formance and avoid limitations.

5. Conclusions and future perspectives

Insect-based conversion of agri-FW has been recognized as a
promising waste management strategy. Integration of insects into
livestock animal feed is promising to maintain the sustainability of
animal production systems. However, the incorporation of insects
as sustainable protein sources for animal feed requires the support
of the academic sector, regulatory agencies, waste management
organizations, as well as insect and livestock producers and con-
sumers. Insect frass can be used as an alternative source to obtain
affordable and good-quality organic fertilizers. However, all insect
frasses, except BSF, require additional composting to promote their
stability and maturity. Furthermore, agronomic studies are neces-
sary to determine the optimal soil amendment rates to enhance the
nutrient release and improve crop uptake, effective nutrient use,
nutritional quality, and crop yield.

Recent studies have focused on determining the biochemical
pathways involved in the degradation process to propose new
biotechnological alternatives for waste management. However, the
industry still lacks a thorough understanding of the benefits of a
specific insect species as feedstock for marketable agricultural
products. The economics of insect production has received little
attention, and more research is required to determine the profit-
ability of insect farms.

Studies on insect gut microbiome composition and function
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have acknowledged the significance of insect-associated microbial
communities in the agri-FW bioconversion process. Recent studies
have proposed strategies to target the insect gut microbiome to
enhance the organic waste bioconversion process. However, these
studies have only focused on probiotic inoculation with bacteria.
Further research should explore the insect gut microbiome to
facilitate the use of edible insects in sustainable agricultural
practices.

Credit authorship contribution statement

Mohamed Mannaa: Investigation, Data Curation, Visualization,
Writing - Original draft preparation. Abdelaziz Mansour: Investi-
gation, Data Curation, Visualization, Writing - Original draft prep-
aration. Inmyoung Park: Investigation, Data Curation,
Visualization, Writing - Review & Editing. Dae-Weon Lee:
Investigation, Data Curation, Visualization, Writing - Review &
Editing. Young-Su Seo: Conceptualization, Funding acquisition,
Project administration, Writing - Review & Editing. All authors
read and approved the manuscript.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

This work was carried out with the support of “Cooperative
Research Program for Agriculture Science and Technology Devel-
opment (Project No. PJ01574901)” from the Rural Development
Administration, Republic of Korea.

References

[1] AJ. Reddiex, T.P. Gosden, R. Bonduriansky, S.F. Chenoweth, Sex-specific
fitness consequences of nutrient intake and the evolvability of diet prefer-
ences, Am. Nat. 182 (1) (2013) 91—102.

C. Macombe, S. Le Feon, J. Aubin, F. Maillard, Marketing and social effects of

industrial scale insect value chains in Europe: case of mealworm for feed in

France, J. Insects Food Feed 5 (2019) 215—224.

[3] H.H. Niyonsaba, J. Hohler, J. Kooistra, H.J. Van der Fels-Klerx,
M.P.M. Meuwissen, Profitability of insect farms, J. Insects Food Feed 7 (2021)
923-934.

[4] A.van Huis, D.G. Oonincx, The environmental sustainability of insects as food
and feed: a review, Agron. Sustain. Dev. 37 (5) (2017) 1-14.

[5] T.A. Churchward-Venne, P.J. Pinckaers, ].J. van Loon, LJ. van Loon, Consid-

eration of insects as a source of dietary protein for human consumption,

Nutr. Rev. 75 (12) (2017) 1035—1045.

K. Franks, E. Kooienga, M. Sanders, K. Pendarvis, F. Yang, J. K. Tomberlin,

H.R. Jordan, The effect of Rhodococcus rhodochrous supplementation on black

soldier fly (Diptera: stratiomyidae) development, nutrition, and waste con-

version, J. Insects Food Feed 7 (4) (2021) 397—408.

A. Parodi, A.F. Ipema, H.H. E Van Zanten, J.E. Bolhuis, ]J. Van Loon, L]. De Boer,

Principles for the responsible use of farmed insects as livestock feed, Nat.

Food 3 (12) (2022) 972—974.

D. Garttling, S.M. Kirchner, H. Schulz, Assessment of the n- and p-fertilization

effect of black soldier fly (Diptera: stratiomyidae) by-products on maize,

J. Insect Sci. 20 (2020) 1-11.

[9] D. Beesigamukama, B. Mochoge, N.K. Korir, K.K. Fiaboe, D. Nakimbugwe,

F.M. Khamis, S. Subramanian, M.M. Wangu, T. Dubois, M.\W. Musyoka, Ekesi,

S. Kelemu, C.M. Tanga, Exploring black soldier fly frass as novel fertilizer for

improved growth, yield, and nitrogen use efficiency of maize under field

conditions, Front. Plant Sci. 11 (2020) 1-17.

D. Beesigamukama, S. Subramanian, C.M. Tanga, Nutrient quality and

maturity status of frass fertilizer from nine edible insects, Sci. Rep. 12 (1)

(2022) 1-13.

M. Gold, J.K. Tomberlin, S. Diener, C. Zurbriigg, A. Mathys, Decomposition of

biowaste macronutrients, microbes, and chemicals in black soldier fly larval

treatment: a review, Waste Manag. 82 (2018) 302—318.

X. Xiong, KM. Iris, D.C. Tsang, N.S. Bolan, Y.S. Ok, A.D. Igalavithana,

M.B. Kirkham, K.H. Kim, K. Vikrant, Value-added chemicals from food supply

chain wastes: state-of-the-art review and future prospects, Chem. Eng. J. 375

[2

[6

17

[8

[10]

[11]

[12]

10

Environmental Science and Ecotechnology 17 (2024) 100287

(2019), 121983.

S. Kavitha, RY. Kannah, G. Kumar, M. Gunasekaran, J.R. Banu, Chapter 1 -

introduction: sources and characterization of food waste and food industry

wastes, in: J.R. Banu, et al. (Eds.), Food Waste to Valuable Resources, Aca-

demic Press, New York, 2020, pp. 1-13.

A. Seberini, Economic, social and environmental world impacts of food waste

on society and zero waste as a global approach to their elimination, in: SHS

Web of Conferences, EDP Sci, vol. 74, 2020, 03010.

M. Melikoglu, C.S.K. Lin, C. Webb, Analysing global food waste problem:

pinpointing the facts and estimating the energy content, Cent. Eur. . Eng. 3

(2) (2013) 157—164.

K. Paritosh, S.K. Kushwaha, M. Yadav, N. Pareek, A. Chawade, V. Vivekanand,

Food waste to energy: an overview of sustainable approaches for food waste

management and nutrient recycling, BioMed Res. Int. (2017) 1-19.

R.Y. Kannah, J. Merrylin, T.P. Devi, S. Kavitha, P. Sivashanmugam, G. Kumar,

J.R. Banu, Food waste valorization: biofuels and value added product re-

covery, Bioresour. Technol. Rep. 11 (2020), 100524.

S. Ojha, S. BuRBler, O.K. Schliiter, Food waste valorisation and circular econ-

omy concepts in insect production and processing, Waste Manag. 118 (2020)

600—609.

[19] A.M. Shaboon, X. Qi, M.A. Omar, Chapter 16 - insect-mediated waste con-

version, in: A. Abo mohra, et al. (Eds.), Waste-to-Energy, Springer Interna-

tional Publishing, Cham, Switzerland, 2022, pp. 479—509.

A.A. Somroo, K. ur Rehman, L. Zheng, M. Cai, X. Xiao, S. Hu, A. Mathys,

M. Gold, Z. Yu, ]. Zhang, Influence of Lactobacillus buchneri on soybean curd

residue co-conversion by black soldier fly larvae (Hermetia illucens) for food

and feedstock production, Waste Manag. 86 (2019) 114—122.

L. Bava, C. Jucker, G. Gislon, D. Lupi, S. Savoldelli, M. Zucali, S. Colombini,

Rearing of Hermetia illucens on different organic by-products: influence on

growth, waste reduction, and environmental impact, Animals 9 (6) (2019)

289.

X. Qi, Z. Li, M. Akami, A. Mansour, C. Niu, Fermented crop straws by Tri-

choderma viride and Saccharomyces cerevisiae enhanced the bioconversion

rate of Musca domestica (Diptera: muscidae), Environ. Sci. Pollut. Res. Int. 26

(28) (2019) 29388—-29396.

C. Yang, Y. Liu, X. Xu, L. Zhao, The study on the effect of Protaetia brevitarsis

Lewis larvae transformation the corn straw, J. Environ. Entomol. 37 (1)

(2015) 122—127 (in Chinese).

S.Yang, J. Xie, N. Hy, Y. Liu, J. Zhang, X. Ye, Z. Liu, Bioconversion of gibberellin

fermentation residue into feed supplement and organic fertilizer employing

housefly (Musca domestica L.) assisted by Corynebacterium variabile, PLoS

One 10 (5) (2015), e0110809.

[25] Y. Li, T. Fu, L. Geng, Y. Shi, H. Chu, F. Liu, C. Liu, F. Song, J. Zhang, C. Shu,

Protaetia brevitarsis larvae can efficiently convert herbaceous and ligneous

plant residues to humic acids, Waste Manag. 83 (2019) 79—82.

S.S. Yang, Y.D. Chen, Y. Zhang, H.M. Zhou, X.Y. Ji, L. He, D.F. Xing, N.Q. Ren,

S.H. Ho, W.M. Wu, A novel clean production approach to utilize crop waste

residues as co-diet for mealworm (Tenebrio molitor) biomass production

with biochar as byproduct for heavy metal removal, Environ. Pollut. 252

(2019) 1142—1153.

P. Wei, Y. Li, D. Lai, L. Geng, C. Liu, ]. Zhang, C. Shu, R. Liu, Protaetia brevitarsis

larvae can feed on and convert spent mushroom substrate from Auricularia

auricula and Lentinula edodes cultivation, Waste Manag. 1 (114) (2020)

234-239.

[28] T.H. Li, P.F. Che, C.R. Zhang, B. Zhang, A. Ali, L.S. Zang, Recycling of spent

mushroom substrate: utilization as feed material for the larvae of the yellow

mealworm Tenebrio molitor (Coleoptera: tenebrionidae), PLoS One 15 (8)

(2020), e0237259.

CS. Liew, C.Y. Wong, E.A. Abdelfattah, R. Raksasat, H. Rawindran, J.JW. Lim,

W. Kiatkittipong, K. Kiatkittipong, M. Mohamad, P.N.Y. Yek, H.D. Setiabudi,

Fungal fermented palm kernel expeller as feed for black soldier fly larvae in

producing protein and biodiesel, J. Fungi 8 (2022) 332.

[30] J.Y. Park, S. Jung, Y.G. Na, C.H. Jeon, H.Y. Cheon, E.Y. Yun, S.H. Lee, E.E. Kwon,

J.K. Kim, Biodiesel production from the black soldier fly larvae grown on food

waste and its fuel property characterization as a potential transportation

fuel, Environ. Eng. Res. 27 (3) (2022), 2007040.

C. Lalander, S. Diener, C. Zurbriigg, B. Vinneras, Effects of feedstock on larval

development and process efficiency in waste treatment with black soldier fly

(Hermetia illucens), ]. Clean. Prod. 208 (2019) 211—-219.

Z. Gao, W. Wang, X. Lu, F. Zhu, W. Liu, X. Wang, C. Lei, Bioconversion per-

formance and life table of black soldier fly (Hermetia illucens) on fermented

maize straw, J. Clean. Prod. 230 (2019) 974—980.

A. Bordiean, M. Krzyzaniak, M. Aljewicz, M.J. Stolarski, Influence of different

diets on growth and nutritional composition of yellow mealworm, Foods 11

(2022) 3075.

N. Ravzanaadii, S.H. Kim, W.H. Choi, S.J. Hong, N,J. Kim, Nutritional value of

mealworm, Tenebrio molitor as food source, Intl. J. Indust. Entomol. 25 (1)

(2012) 93—-98.

C.I. Rumbos, D. Bliamplias, M. Gourgouta, V. Michail, C.G. Athanassiou,

Rearing Tenebrio molitor and Alphitobius diaperinus larvae on seed cleaning

process byproducts, Insects 12 (2021) 293.

[36] J.A. Morales-Ramos, M.G. Rojas, H.C. Kelstrup, V. Emery, Self-Selection of
agricultural by-products and food ingredients byTenebrio molitor(Coleoptera:
tenebrionidae) and impact on food utilization and nutrient intake, Insects 11
(12) (2020) 827.

(13]

[14]

[15]

(16]

[17]

(18]

[20]

[21]

[22]

(23]

[24]

[26]

(27]

[29]

[31]

(32]

[33]

(34]

(35]


http://refhub.elsevier.com/S2666-4984(23)00052-2/sref1
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref1
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref1
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref1
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref2
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref2
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref2
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref2
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref3
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref3
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref3
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref3
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref3
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref4
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref4
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref4
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref5
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref5
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref5
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref5
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref6
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref6
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref6
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref6
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref6
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref7
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref7
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref7
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref7
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref8
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref8
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref8
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref8
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref8
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref9
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref10
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref10
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref10
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref10
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref11
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref11
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref11
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref11
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref12
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref12
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref12
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref12
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref13
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref13
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref13
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref13
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref13
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref14
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref14
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref14
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref15
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref15
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref15
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref15
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref16
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref16
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref16
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref16
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref17
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref17
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref17
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref18
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref18
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref18
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref18
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref18
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref19
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref19
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref19
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref19
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref20
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref20
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref20
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref20
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref20
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref21
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref21
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref21
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref21
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref22
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref22
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref22
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref22
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref22
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref23
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref23
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref23
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref23
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref24
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref24
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref24
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref24
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref25
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref25
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref25
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref25
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref26
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref27
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref27
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref27
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref27
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref27
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref28
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref28
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref28
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref28
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref29
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref29
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref29
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref29
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref30
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref30
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref30
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref30
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref31
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref31
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref31
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref31
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref32
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref32
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref32
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref32
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref33
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref33
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref33
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref34
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref34
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref34
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref34
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref35
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref35
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref35
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref36
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref36
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref36
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref36

M. Mannaa, A. Mansour, I. Park et al.

1371

[38]

(39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

(54

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Y. Niu, D. Zheng, B. Yao, Z. Cai, Z. Zhao, S. Wu, P. Cong, D. Yang, A novel
bioconversion for value-added products from food waste using Musca
domestica, Waste Manag. 61 (2017) 455—460.

L. Soetemans, N. Gianotten, L. Bastiaens, Agri-food side-stream inclusion in
the diet of Alphitobius diaperinus, Part 2: impact on larvae composition, In-
sects 11 (3) (2020) 190.

R.R.S. Aratjo, T.A.R. dos Santos Benfica, V.P. Ferraz, E.M. Santos, Nutritional
composition of insects Gryllus assimilis and Zophobas morio: potential foods
harvested in Brazil, ]. Food Compos. Anal. 76 (2019) 22—26.

T.M. Fowles, C. Nansen, Chapter 12 - insect-based bioconversion: value from
food waste, in: E. Narvdnen, et al. (Eds.), Food Waste Management, Palgrave
Macmillan, Cham, 2020, pp. 321—346.

J.A. Hogsette, New diets for production of house flies and stable flies
(Diptera: muscidae) in the laboratory, ]. Econ. Entomol. 85 (6) (1992)
2291-2294.

L. Li, Z. Zhao, H. Liu, Feasibility of feeding yellow mealworm (Tenebrio molitor
L.) in bioregenerative life support systems as a source of animal protein for
humans, Acta Astronaut. 92 (1) (2013) 103—109.

K. ur Rehman, A. Rehman, M. Cai, L. Zheng, X. Xiao, A.A. Somroo, H. Wang,
W. Li, Z. Yu, ]. Zhang, Conversion of mixtures of dairy manure and soybean
curd residue by black soldier fly larvae (Hermetia illucens L.), J. Clean. Prod.
154 (2017) 366—373.

W. Li, Q. Li, Y. Wang, L. Zheng, Y. Zhang, Z. Yu, H. Chen, J. Zhang, Efficient
bioconversion of organic wastes to value-added chemicals by soaking, black
soldier fly (Hermetia illucens L.) and anaerobic fermentation, ]. Environ.
Manag. 227 (2018) 267—276.

D. Purkayastha, S. Sarkar, Performance evaluation of black soldier fly larvae
fed on human faeces, food waste and their mixture, ]J. Environ. Manag. 326
(2023), 116727.

A. Scala, J.A. Cammack, R. Salvia, C. Scieuzo, A. Franco, S.A. Bufo,
J.K. Tomberlin, P. Falabella, Rearing substrate impacts growth and macro-
nutrient composition of Hermetia illucens (L.) (Diptera: stratiomyidae) larvae
produced at an industrial scale, Sci. Rep. 10 (1) (2020), 19448.

T. Liu, S.K. Awasthi, S. Qin, H. Liu, M.K. Awasthi, Y. Zhou, M. Jiao, A. Pandey,
S. Varjani, Z. Zhang, Conversion food waste and sawdust into compost
employing black soldier fly larvae (Diptera: stratiomyidae) under the opti-
mized condition, Chemosphere 272 (2021), 129931.

J. Yin, X. Gong, L. Sun, M. Han, Y. Yang, X. Xu, X. Wang, Study on the
transformation of nutrients in kitchen waste by black soldier fly, J. Agric. Sci.
Technol. 23 (6) (2021) 154—159.

D. Pimentel, W. Dritschilo, J. Krummel, ]J. Kutzman, Energy and land con-
straints in food protein production, Science 190 (4216) (1975) 754—761.
M.J. Sanchez-Muros, F.G. Barroso, F. Manzano-Agugliaro, Insect meal as
renewable source of food for animal feeding: a review, J. Clean. Prod. 65
(2014) 16—27.

M. Premalatha, T. Abbasi, T. Abbasi, S.A. Abbasi, Energy-efficient food pro-
duction to reduce global warming and ecodegradation: the use of edible
insects, Renew. Sustain. Energy Rev. 15 (9) (2011) 4357—4360.

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

D. Nijdam, T. Rood, H. Westhoek, The price of protein: review of land use and
carbon footprints from life cycle assessments of animal food products and
their substitutes, Food Pol. 37 (6) (2012) 760—770.

L. Gasco, I. Biancarosa, N.S. Liland, From waste to feed: a review of recent
knowledge on insects as producers of protein and fat for animal feeds, Curr.
Opin. Green Sustain. Chem. 23 (2020) 67—79.

N.S. Liland, P. Araujo, X.X. Xu, E.-]. Lock, G. Radhakrishnan, AJ.P. Prabhu,
I. Belghit, A meta-analysis on the nutritional value of insects in aquafeeds,
J. Insects Food Feed 7 (2021) 743—759.

A. Dorper, T. Veldkamp, M. Dicke, Use of black soldier fly and house fly in
feed to promote sustainable poultry production, J. Insects Food Feed 7 (2021)
761-780.

T. Veldkamp, A.G. Vernooij, Use of insect products in pig diets, ]. Insects Food
Feed 7 (2021) 781-793.

J. Okot-Okumu, Chapter 1 - solid waste management in african cities—east
africa, in: Waste Management—An Integrated Vision, IntechOpen: Kampala,
Uganda, 2012, pp. 3—20.

C.S. Wortmann, K.C. Kaizzi, N. Maman, A. Cyamweshi, M. Dicko, M. Garba,
M. Milner, C. Senkoro, B. Tarfa, F. Tettah, C. Kibunja, Diagnosis of crop sec-
ondary and micro-nutrient deficiencies in sub-Saharan Africa, Nutrient Cycl.
Agroecosyst. 113 (2) (2019) 127—-140.

J. Kihara, G. Nziguheba, S. Zingore, A. Coulibaly, A. Esilaba, V. Kabambe,
S. Njoroge, C. Palm, ]. Huising, Understanding variability in crop response to
fertilizer and amendments in sub-Saharan Africa, Agric. Ecosyst. Environ. 229
(2016) 1-12.

L.S.0. Liverpool-Tasie, B.T. Omonona, A. Sanou, W.O. Ogunleye, Is increasing
inorganic fertilizer use for maize production in SSA a profitable proposition?
Evidence from Nigeria, Food Pol. 67 (2017) 41-51.

Z.P. Stewart, G.M. Pierzynski, B.J. Middendorf, P.V. Vara Prasad, Approaches
to improve soil fertility in sub-Saharan Africa, J. Exp. Bot. 71 (2020) 632—641.
O.A. Ndambi, D.E. Pelster, J.0. Owino, F. de Buisonjé, T. Vellinga, Manure
management practices and policies in Sub-Saharan Africa: implications on
manure quality as a fertilizer, Front. Sustain. Food Syst. 3 (2019) 1—14.

D. Beesigamukama, B. Mochoge, N.K. Korir, K.K.M. Fiaboe, D. Nakimbugwe,
F.M. Khamis, T. Dubois, S. Subramanian, M.M. Wangu, S. Ekesi, C.M. Tanga,

1

[65]

(66]

[67]

(68]

(69]

(701

(711

[72]

[73]

[74]

(751

[76]

[77]

(78]

(791

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Environmental Science and Ecotechnology 17 (2024) 100287

Biochar and gypsum amendment of agro-industrial waste for enhanced
black soldier fly larval biomass and quality frass fertilizer, PLoS One 15 (8)
(2020), e0238154.

K.Y. Barragan-Fonseca, A. Nurfikari, E.M. Van De Zande, M. Wantulla, J.J. Van
Loon, W. De Boer, M. Dicke, Insect frass and exuviae to promote plant growth
and health, Trends Plant Sci. 7 (2022) 646—654.

T. Klammsteiner, V. Turan, M.F.-D. Judrez, S. Oberegger, H. Insam, Suitability
of black soldier fly frass as soil amendment and implication for organic waste
hygienization, Agronomy 10 (2020) 1578.

D. Houben, G. Daoulas, M.P. Faucon, A.M. Dulaurent, Potential use of meal-
worm frass as a fertilizer: impact on crop growth and soil properties, Sci.
Rep. 10 (2020) 1-9.

R. Menino, F. Felizes, M.A. Castelo-Branco, P. Fareleira, O. Moreira, R. Nunes,
D. Murta, Agricultural value of black soldier fly larvae frass as organic fer-
tilizer on ryegrass, Heliyon 7 (1) (2021), e05855.

D. Beesigamukama, B. Mochoge, N.K. Korir, K.K.M. Fiaboe, D. Nakimbugwe,
F.M. Khamis, S. Subramanian, M.M. Wangu, T. Dubois, S. Ekesi, C.M. Tanga,
Low-cost technology for recycling agro-industrial waste into nutrient-rich
organic fertilizer using black soldier fly, Waste Manag. (2021)
119183—-119194.

D. Beesigamukama, B. Mochoge, N.K. Korir, M.\W. Musyoka, KK. Fiaboe,
D. Nakimbugwe, F.M. Khamis, S. Subramanian, T. Dubois, Ekesi, C.M. Tanga,
Nitrogen fertilizer equivalence of black soldier fly frass fertilizer and syn-
chrony of nitrogen mineralization for maize production, Agronomy 10
(2020) 1-9.

C.M. Tanga, D. Beesigamukama, M. Kassie, P.J. Egonyu, C.J. Ghemoh, K. Nkoba,
S. Subramanian, A.O. Anyega, S. Ekesi, Performance of black soldier fly frass
fertiliser on maize (Zea mays L.) growth, yield, nutritional quality, and eco-
nomic returns, J. Insects Food Feed 8 (2) (2022) 185—196.

J. Poveda, A. Jiménez-Gomez, Z. Saati-Santamaria, R. Usategui-Martin,
R. Rivas, P. Garcia-Fraile, Mealworm frass as a potential biofertilizer and
abiotic stress tolerance-inductor in plants, Appl. Soil Ecol. 142 (2019)
110-122.

R.S. Quilliam, C. Nuku-Adeku, P. Maquart, D. Little, R. Newton, F. Murray,
Integrating insect frass biofertilisers into sustainable periurban agro-food
systems, J. Insects Food Feed 6 (2020) 315—322.

D. Houben, G. Daoulas, A.M. Dulaurent, Assessment of the short-term fer-
tilizer potential of mealworm frass using a pot experiment, Front. Sustain.
Food Syst. 5 (2021) 1-7.

S. van Broekhoven, D.G.A.B. Oonincx, A. van Huis, JJ.A. van Loon, Growth
performance and feed conversion efficiency of three edible mealworm spe-
cies (Coleoptera: tenebrionidae) on diets composed of organic by-products,
J. Insect Physiol. 73 (2015) 1-10.

H.J. Magara, C.M. Tanga, M.A. Ayieko, S. Hugel, S.A. Mohamed, F.M. Khamis,
D. Salifu, S. Niassy, S. Sevgan, K.K. Fiaboe, N. Roos, Performance of newly
described native edible cricket Scapsipedus icipe (Orthoptera: gryllidae) on
various diets of relevance for farming, J. Econ. Entomol. 112 (2) (2018)
653—664.

Kenya Bureau of Standards, Organic fertilizer-specification, Kenya Standard
KS 2290 (2017) 2017.

W. Brinton, Compost Quality Standards and Guidelines: an International
View, Woods End Research Laboratory, Inc., USA, 2000. https://woodsend.
com//wp-content/uploads/2016/06/Brinton2000-International-Compost-
Standards.pdf.

A.O. Anyega, N.K. Korir, D. Beesigamukama, G.. Changeh, K. Nkoba,
S. Subramanian, JJ. Van Loon, M. Dicke, C.M. Tanga, Black soldier fly-
composted organic fertilizer enhances growth, yield, and nutrient quality
of three key vegetable crops in Sub-Saharan Africa, Front. Plant Sci. 12 (2021)
1-14.

Z. Cheng, L. Yu, H. Li, X. Xu, Z. Yang, Use of housefly (Musca domesticaL.)
larvae to bioconversion food waste for animal nutrition and organic fertil-
izer, Environ. Sci. Pollut. Res. 28 (2021) 48921—48928.

S. Diener, N.M. Studt Solano, F.R. Gutiérrez, C. Zurbriigg, K. Tockner, Bio-
logical treatment of municipal organic waste using black soldier fly larvae,
Waste Biomass Valorization 2 (2011) 357—363.

C. H Lalander, ]. Fidjeland, S. Diener, S. Eriksson, B. Vinneras, High waste-to-
biomass conversion and efficient Salmonella spp. reduction using black
soldier fly for waste recycling, Agron. Sustain. Dev. 35 (2015) 261—-271.
E.R. Emino, P.R. Warman, Biological assay for compost quality, Compost Sci.
Util. 12 (2004) 342—348.

D. Radzikowska-Kujawska, Z. Sawinska, M. Grzanka, P.k. Kowalczewski,
E. Sobiech, S. Switek, G. Skrzypczak, A. Drozdzyriska, M. Slachciriski,
M. Nowicki, Hermetia illucens frass improves the physiological state of basil
(Ocimum basilicum L.) and its nutritional value under drought, PLoS One 18
(1) (2023), e0280037.

M. Cardarelli, A. El Chami, P. Iovieno, Y. Rouphael, P. Bonini, G. Colla, Organic
fertilizer sources distinctively modulate productivity, quality, mineral
composition, and soil enzyme activity of greenhouse lettuce grown in
degraded soil, Agronomy 13 (1) (2023) 194.

L. Hénault-Ethier, B. Reid, N. Hotte, N. Paris, M. Quinche, C. Lachance,
A. Fortin, E. Normandin, V. Laderriere, G. Vandenberg, Growth trials on
vegetables, herbs, and flowers using mealworm frass, chicken manure, and
municipal compost, ACS Agr. Sci. Technol. 3 (3) (2023) 249—259.

E.V. Ridley, A.C. Wong, S. Westmiller, A.E. Douglas, Impact of the resident
microbiota on the nutritional phenotype of Drosophila melanogaster, PLoS


http://refhub.elsevier.com/S2666-4984(23)00052-2/sref37
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref37
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref37
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref37
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref38
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref38
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref38
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref39
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref39
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref39
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref39
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref40
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref41
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref41
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref41
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref41
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref42
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref42
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref42
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref42
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref43
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref43
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref43
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref43
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref43
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref44
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref44
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref44
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref44
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref44
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref45
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref45
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref45
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref46
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref46
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref46
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref46
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref47
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref47
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref47
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref47
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref48
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref48
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref48
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref48
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref49
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref49
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref49
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref50
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref50
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref50
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref50
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref50
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref51
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref51
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref51
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref51
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref52
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref52
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref52
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref52
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref53
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref53
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref53
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref53
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref54
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref54
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref54
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref54
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref55
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref55
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref55
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref55
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref56
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref56
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref56
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref56
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref56
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref57
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref57
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref57
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref58
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref59
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref59
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref59
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref59
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref59
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref60
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref60
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref60
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref60
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref60
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref61
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref61
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref61
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref61
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref62
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref62
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref62
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref63
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref63
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref63
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref63
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref63
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref64
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref64
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref64
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref64
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref64
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref65
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref65
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref65
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref65
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref65
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref66
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref66
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref66
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref66
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref67
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref67
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref67
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref67
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref68
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref68
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref68
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref69
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref70
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref71
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref71
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref71
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref71
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref71
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref72
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref73
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref73
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref73
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref73
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref74
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref74
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref74
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref74
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref75
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref75
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref75
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref75
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref75
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref76
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref77
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref77
https://woodsend.com//wp-content/uploads/2016/06/Brinton2000-International-Compost-Standards.pdf
https://woodsend.com//wp-content/uploads/2016/06/Brinton2000-International-Compost-Standards.pdf
https://woodsend.com//wp-content/uploads/2016/06/Brinton2000-International-Compost-Standards.pdf
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref79
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref80
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref80
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref80
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref80
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref81
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref81
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref81
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref81
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref81
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref82
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref82
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref82
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref82
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref83
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref83
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref83
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref84
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref85
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref85
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref85
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref85
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref86
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref87
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref87

M. Mannaa, A. Mansour, I. Park et al.

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

One 7 (2012), e36765.

R. Dillon, V. Dillon, The gut bacteria of insects: nonpathogenic interactions,
Annu. Rev. Entomol. 49 (2004) 71-92.

J.P. McCutcheon, B.R. McDonald, N.A. Moran, Convergent evolution of
metabolic roles in bacterial co-symbionts of insects, Proc. Natl. Acad. Sci. USA
106 (2009) 15394—15399.

B. Singh, G. Mal, S.K. Gautam, M. Mukesh, B. Singh, G. Mal, S.K. Gautam,
M. Mukesh, Insect Gut—a treasure of microbes and microbial enzymes, Adv.
Anim. Biotechnol. (2019) 51-58.

D. Vandeweyer, S. Crauwels, B. Lievens, L. Van Campenhout, Metagenetic
analysis of the bacterial communities of edible insects from diverse pro-
duction cycles at industrial rearing companies, Int. ]. Food Microbiol. 261
(2017) 11-18.

D. Tegtmeier, S. Hurka, P. Kliiber, K. Brinkrolf, P. Heise, A. Vilcinskas, Cot-
tonseed press cake as a potential diet for industrially farmed black soldier fly
larvae triggers adaptations of their bacterial fungal gut microbiota, Front.
Microbiol. 12 (2021), 634503.

A. Fuhrmann, B. Wilde, RF. Conz, S. Kantengwa, M. Konlambigue,
B. Masengesho, K. Kintche, K. Kassa, W. Musazura, L. Spath, M. Gold, Residues
from black soldier fly (Hermetia illucens) larvae rearing influence the plant-
associated soil microbiome in the short term, Front. Microbiol. 13 (2022),
994091.

P. Sangiorgio, A. Verardi, S. Dimatteo, A. Spagnoletta, S. Moliterni, S. Errico,
Valorisation of agri-food waste and mealworms rearing residues for
improving the sustainability of Tenebrio molitor industrial production,
J. Insects Food Feed 8 (5) (2022) 509—524.

Y. Cifuentes, A. Vilcinskas, P. Kampfer, S.P. Glaeser, Isolation of Hermetia
illucens larvae core gut microbiota by two different cultivation strategies,
Antonie Leeuwenhoek 115 (2022) 821—-837.

Y. Ao, C. Yang, S. Wang, Q. Hu, L. Yi, J. Zhang, Z. Yu, M. Cai, C. Yu, Charac-
teristics and nutrient function of intestinal bacterial communities in black
soldier fly (Hermetia illucens L.) larvae in livestock manure conversion,
Microb, Biotechnol. 14 (3) (2020) 886—896.

M. Gold, F. Von Allmen, C. Zurbriigg, ]. Zhang, A. Mathys, Identification of
bacteria in two food waste black soldier fly larvae rearing residues, Front.
Microbiol. 11 (2020), 582867.

Z. Xue, ]. Zhang, R. Zhang, Z. Huang, Q. Wan, Z. Zhang, Comparative analysis
of gut bacterial communities in housefly larvae fed different diets using a
high-throughput sequencing approach, FEMS Microbiol. Lett. 366 (11) (2019)
fnz126.

A. Voulgari-Kokota, LW. Beukeboom, B. Wertheim, J.F. Salles, Houseflies
harbor less diverse microbiota under laboratory conditions but maintain a
consistent set of host-associated bacteria, Sci. Rep. 12 (1) (2022) 1—4.

AM. Brandon, S.-H. Gao, R. Tian, D. Ning, S.-S. Yang, J. Zhou, W.-M. Wu,
C.S. Criddle, Biodegradation of polyethylene and plastic mixtures in meal-
worms (larvae of Tenebrio molitor) and effects on the gut microbiome, En-
viron. Sci. Technol. 52 (2018) 6526—6533.

A. Montalban, CJ. Sanchez, F. Herndndez, A. Schiavone, ]. Madrid,
S. Martinez-Mird, Effects of agro-industrial byproduct-based diets on the
growth performance, digestibility, nutritional and microbiota composition of
mealworm (Tenebrio molitor L.), Insects 13 (4) (2022) 323.

D. Aleknavicius, ]. Luksa, Z. Strazdaité-Zieliené, E. Serviené, The bacterial
microbiota of edible insects Acheta domesticus and Gryllus assimilis revealed
by high content analysis, Foods 11 (8) (2022) 1073.

X. Fernandez-Cassi, K. Soderqvist, A. Bakeeva, M. Vaga, ]. Dicksved,
I. Vagsholm, S. Boqvist, Microbial communities and food safety aspects of
crickets (Acheta domesticus) reared under controlled conditions, J. Insects
Food Feed 6 (4) (2020) 429—440.

F. Jdema, J. De Smet, S. Crauwels, B. Lievens, L. Van Campenhout, Meta-
analysis of larvae of the black soldier fly (Hermetia illucens) microbiota based
on 16S rRNA gene amplicon sequencing, FEMS Microbiol. Ecol. 98 (9) (2022)
fiac094.

S. Zhan, S.G. Fang, G.M. Cai, M.Z. Kou, ZJ. Xu, J.Y. Cao, Y.L. Bai, LY. Zhang,
Y. Jiang, Y.X. Luo, X. and], J. Xu, Genomic landscape and genetic manipulation
of the black soldier fly Hermetia illucens, a natural waste recycler, Cell Res. 30
(1) (2020) 50—-60.

E. Wynants, L. Frooninckx, S. Crauwels, C. Verreth, ]J. De Smet, C. Sandrock,
J. Wohlfahrt, J. Van Schelt, S. Depraetere, B. Lievens, S. Van Miert, Assessing
the microbiota of black soldier fly larvae (Hermetia illucens) reared on
organic waste streams on four different locations at laboratory and large
scale, Microb. Ecol. 77 (4) (2019) 913-930.

T. Klammsteiner, A. Walter, T. Bogataj, C.D. Heussler, B. Stres, F.M. Steiner,
B.C. Schlick-Steiner, W. Arthofer, H. Insam, The core gut microbiome of black
soldier fly (Hermetia illucens) larvae raised on low-bioburden diets, Front.
Microbiol. 11 (2020) 993.

D. Bruno, M. Bonelli, F. De Filippis, I. Di Lelio, G. Tettamanti, M. Casartelli,
D. Ercolini, S. Caccia, The intestinal microbiota of Hermetia illucens larvae is
affected by diet and shows a diverse composition in the different midgut
regions, Appl. Environ. Microbiol. 85 (2) (2019), e01864-18.

S.J. Schreven, H. de Vries, G.D. Hermes, G. Zeni, H. Smidt, M. Dicke, ].J. Van
Loon, Black soldier fly larvae influence internal and substrate bacterial
community composition depending on substrate type and larval density,
Appl. Environ. Microbial. 88 (10) (2022), e00084-22.

K.H. Park, KW. Kwak, S.H. Nam, J.Y. Choi, S.H. Lee, H.G. Kim, S.H. Kim,
Antibacterial activity of larval extract from the black soldier fly Hermetia

12

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Environmental Science and Ecotechnology 17 (2024) 100287

illucens (Diptera: stratiomyidae) against plant pathogens, J. Entomol. Zool.
Stud. 3 (2015) 176—179.

J. De Smet, E. Wynants, P. Cos, L. Van Campenhout, Microbial community
dynamics during rearing of black soldier fly larvae (Hermetia illucens) and
impact on exploitation potential, Appl. Environ. Microbiol. 84 (9) (2018),
e02722-17.

M. Vogel, P.N. Shah, A. Voulgari-Kokota, S. Maistrou, Y. Aartsma,
L.W. Beukeboom, J.F. Salles, ].J.A. Van Loon, M. Dicke, B. Wertheim, Health of
the black soldier fly and house fly under mass-rearing conditions: innate
immunity and the role of the microbiome, J. Insects Food Feed 8 (8) (2022)
857—878.

Q. Liu, J.K. Tomberlin, J.A. Brady, M.R. Sanford, Z. Yu, Black soldier fly
(Diptera: stratiomyidae) larvae reduce Escherichia coli in dairy manure, En-
viron. Entomol. 37 (6) (2008) 1525—1530.

M.C. Erickson, M. Islam, C. Sheppard, ]. Liao, M.P. Doyle, Reduction of
Escherichia coli 0157: H7 and Salmonella enterica serovar Enteritidis in
chicken manure by larvae of the black soldier fly, J. Food Protect. 67 (4)
(2004) 685—690.

C. Lalander, S. Diener, M.E. Magri, C. Zurbriigg, A. Lindstrom, B. Vinneras,
Faecal sludge management with the larvae of the black soldier fly (Hermetia
illucens)—from a hygiene aspect, Sci. Total Environ. 458 (2013) 312—318.
HJ. van der Fels-Klerx, L. Camenzuli, S. Belluco, N. Meijer, A. Ricci, Food
safety issues related to uses of insects for feeds and foods, Compr. Rev. Food
Sci. Food Saf. 17 (5) (2018) 1172—1183.

J. De Smet, D. Vandeweyer, L. Van Moll, D. Lachi, L.J.F.R.I. Van Campenhout,
Dynamics of salmonella inoculated during rearing of black soldier fly larvae
(Hermetia illucens), Food Res. Int. 149 (2021), 110692.

D.W. Watson, P.AW. Martin, E.T. Schmidtmann, Egg yolk and bacteria
growth medium for Musca domestica (Diptera: muscidae), ]. Med. Entomol.
30 (4) (1993) 820—823.

E.T. Schmidtmann, P.AW. Martin, Relationship between selected bacteria
and the growth of immature house flies, Musca domestica, in an axenic test
system, J. Med. Entomol. 29 (2) (1992) 232—235.

Y. Zhineng, M. Ying, T. Bingjie, Z. Rouxian, Z. Qiang, Intestinal microbiota and
functional characteristics of black soldier fly larvae (Hermetia illucens), Ann.
Microbiol. 71 (1) (2021) 1-9.

H.R. Jordan, ].K. Tomberlin, Microbial influence on reproduction, conversion,
and growth of mass produced insects, Curr. Opin. Insect Sci. 48 (2021)
57—63.

W. Kim, S. Bae, K. Park, S. Lee, Y. Choi, S. Han, Y. Koh, Biochemical charac-
terization of digestive enzymes in the black soldier fly, Hermetia illucens
(Diptera: stratiomyidae), J. Asia Pac. Entomol. 14 (1) (2011) 11-14.

Y. Yu, J. Zhang, F. Zhu, M. Fan, J. Zheng, M. Cai, L. Zheng, F. Huang, Z. Yu,
J. Zhang, Enhanced protein degradation by black soldier fly larvae (Hermetia
illucens L.) and its gut microbes, Front. Microbiol. 13 (2023), 1095025.
A.C.N. Wong, A.S. Vanhove, P.I. Watnick, The interplay between intestinal
bacteria and host metabolism in health and disease: lessons from Drosophila
melanogaster, Dis. Model. Mech. 9 (3) (2016) 271—-281.

H. Jeon, S. Park, J. Choi, G. Jeong, S.B. Lee, Y. Choi, S.J. Lee, The intestinal
bacterial community in the food waste-reducing larvae of Hermetia illucens,
Curr. Microbiol. 62 (2011) 1390—1399.

C.M. Lee, Y.S. Lee, S.H. Seo, S.H. Yoon, SJ. Kim, B.S. Hahn, J.S. Sim, B.S. Koo,
Screening and characterization of a novel cellulase gene from the gut
microflora of Hermetia illucens using metagenomic library, J. Microbiol.
Biotechnol. 24 (2014) 1196—1206.

Y. Zhao, W. Wang, F. Zhu, X. Wang, X. Wang, C. Lei, The gut microbiota in
larvae of the housefly Musca domestica and their horizontal transfer through
feeding, Amb. Express 7 (1) (2017) 1-9.

S.C. Shin, S.H. Kim, H. You, B. Kim, A.C. Kim, KA. Lee, J.H. Yoon, J.H. Ryu,
W.J. Lee, Drosophila microbiome modulates host developmental and meta-
bolic homeostasis via insulin signaling, Science 334 (6056) (2011) 670—674.
G. Storelli, A. Defaye, B. Erkosar, P. Hols, ]J. Royet, F. Leulier, Lactobacillus
plantarum promotes Drosophila systemic growth by modulating hormonal
signals through TOR-dependent nutrient sensing, Cell Res. 30 (1) (2011)
403—414.

B.K. Show, S. Banerjee, A. Banerjee, R. Ghosh Thakur, A.K. Hazra, N.C. Mandal,
S. Chaudhury, Insect gut bacteria: a promising tool for enhanced biogas
production, Rev. Environ. Sci. Biotechnol. 21 (1) (2022) 1-25.

T.Z. Jing, FH. Qi, ZY. Wang, Most dominant roles of insect gut bacteria:
digestion, detoxification, or essential nutrient provision? Microbiome 8 (1)
(2020) 1-20.

C.L. Jiang, W.Z. Jin, X.H. Tao, Q. Zhang, J. Zhu, S.Y. Feng, X.H. Xu, H.Y. Li,
Z.H. Wang, Z.J. Zhang, Black soldier fly larvae (Hermetia illucens) strengthen
the metabolic function of food waste biodegradation by gut microbiome,
Microb. Biotechnol. 12 (3) (2019) 528—543.

AXK. Gupta, D. Nayduch, P. Verma, B. Shah, H.V. Ghate, M.S. Patole,
Y.S. Shouche, Phylogenetic characterization of bacteria in the gut of house
flies (Musca domestica L.), FEMS Microbial, Ecol. 79 (3) (2012) 581—593.
A.M. Brandon, A.M. Garcia, N.A. Khlystov, W.M. Wu, C.S. Criddle, Enhanced
bioavailability and microbial biodegradation of polystyrene in an enrichment
derived from the gut microbiome of Tenebrio molitor (mealworm larvae),
Environ. Sci. Technol. 55 (3) (2021) 2027—2036.

Y. Lou, Y. Li, B. Lu, Q. Liu, S.S. Yang, B. Liu, D. Xing, Response of the yellow
mealworm (Tenebrio molitor) gut microbiome to diet shifts during poly-
styrene and polyethylene biodegradation, ]. Hazard Mater. 416 (2021),


http://refhub.elsevier.com/S2666-4984(23)00052-2/sref87
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref88
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref88
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref88
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref89
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref89
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref89
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref89
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref90
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref90
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref90
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref90
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref90
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref91
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref91
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref91
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref91
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref91
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref92
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref92
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref92
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref92
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref93
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref94
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref94
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref94
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref94
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref94
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref95
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref95
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref95
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref95
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref95
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref96
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref96
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref96
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref96
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref96
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref97
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref97
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref97
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref98
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref98
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref98
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref98
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref99
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref99
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref99
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref99
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref100
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref100
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref100
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref100
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref100
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref101
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref102
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref103
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref104
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref104
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref104
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref104
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref105
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref105
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref105
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref105
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref105
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref106
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref107
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref107
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref107
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref107
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref108
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref108
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref108
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref108
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref109
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref109
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref109
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref109
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref110
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref110
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref110
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref110
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref110
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref111
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref111
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref111
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref111
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref112
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref113
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref113
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref113
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref113
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref114
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref114
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref114
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref114
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref114
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref115
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref116
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref116
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref116
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref116
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref117
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref117
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref117
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref118
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref118
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref118
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref118
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref119
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref119
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref119
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref119
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref120
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref120
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref120
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref120
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref121
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref121
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref121
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref121
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref122
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref122
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref122
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref122
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref123
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref123
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref123
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref124
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref124
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref124
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref124
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref125
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref125
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref125
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref125
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref126
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref126
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref126
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref126
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref126
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref127
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref127
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref127
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref127
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref128
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref128
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref128
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref128
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref129
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref129
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref129
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref129
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref129
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref130
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref130
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref130
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref130
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref131
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref131
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref131
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref131
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref132
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref132
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref132
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref132
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref132
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref133
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref133
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref133
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref133
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref134
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref134
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref134
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref134
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref134
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref135
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref135
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref135

M. Mannaa, A. Mansour, I. Park et al.

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

126222.

Y.M. Awad, S.C. Kim, A. El-Azeem, A.M. Samy, K.H. Kim, K.R. Kim, K. Kim,
C. Jeon, S. S Lee, Y.S. Ok, Veterinary antibiotics contamination in water,
sediment, and soil near a swine manure composting facility, Environ. Earth
Sci. 71 (3) (2014) 1433—1440.

Z.Zhang, ]. Shen, H. Wang, M. Liu, L. Wu, F. Ping, Q. He, H. Li, C. Zheng, X. Xu,
Attenuation of veterinary antibiotics in full-scale vermicomposting of swine
manure via the housefly larvae (Musca domestica), Sci. Rep. 4 (1) (2014) 1-9.
C. Lalander, ]. Senecal, M.G. Calvo, L. Ahrens, S. Josefsson, K. Wiberg,
B. Vinneras, Fate of pharmaceuticals and pesticides in fly larvae composting,
Sci. Total Environ. 565 (2016) 279—286.

M. Mannaa, K.D. Kim, Microbe-mediated control of mycotoxigenic grain
fungi in stored rice with focus on aflatoxin biodegradation and biosynthesis
inhibition, MYCOBIOLOGY 44 (2) (2016) 67—78.

Z. Guo, K. Doll, R. Dastjerdi, P. Karlovsky, H.W. Dehne, B. Altincicek, Effect of
fungal colonization of wheat grains with Fusarium spp. on food choice,
weight gain and mortality of meal beetle larvae (Tenebrio molitor), PLoS One
9 (6) (2014), e100112.

B. Purschke, R. Scheibelberger, S. Axmann, A. Adler, H. Jager, Impact of
substrate contamination with mycotoxins, heavy metals and pesticides on
the growth performance and composition of black soldier fly larvae (Her-
metia illucens) for use in the feed and food value chain, Food Addit. Contam.
34 (8) (2017) 1410—1420.

G. Bosch, HJ. Van Der Fels-Klerx, T.C. de Rijk, D.G. Oonincx, Aflatoxin B1
tolerance and accumulation in black soldier fly larvae (Hermetia illucens) and
yellow mealworms (Tenebrio molitor), Toxins 9 (6) (2017) 185.

L. Zheng, T.L. Crippen, L. Holmes, B. Singh, M.L. Pimsler, M.E. Benbow,
AM. Tarone, S. Dowd, Z. Yu, S.L. Vanlaerhoven, T.K. Wood, Bacteria mediate
oviposition by the black soldier fly, Hermetia illucens (L.), (Diptera: strat-
iomyidae), Sci. Rep. 3 (1) (2013) 1-8.

S.W. Bradley, D.C. Sheppard, House fly oviposition inhibition by larvae of
Hermetia illucens, the black soldier fly, ]. Chem. Ecol. 10 (6) (1984) 853—859.
T.L. DeVault, O.E. Rhodes Jr., J.A. Shivik, Scavenging by vertebrates: behav-
ioral, ecological, and evolutionary perspectives on an important energy
transfer pathway in terrestrial ecosystems, Oikos 102 (2) (2003) 225—234.

[146] J. Rhinesmith-Carranza, W. Liu, ].K. Tomberlin, M. Longnecker, A.M. Tarone,

Impacts of dietary amino acid composition and microbial presence on

13

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Environmental Science and Ecotechnology 17 (2024) 100287

preference and performance of immature Lucilia sericata (Diptera: calli-
phoridae), Ecol. Entomol. 43 (5) (2018) 612—620.

AL Fujita, Lysozymes in insects: what role do they play in nitrogen meta-
bolism? Physiol. Entomol. 29 (4) (2004) 305—310.

O. Elhag, D. Zhou, Q. Song, A.A. Soomro, M. Cai, L. Zheng, Z. Yu, J. Zhang,
Screening, expression, purification and functional characterization of novel
antimicrobial peptide genes from Hermetia illucens (L.), PLoS One 12 (1)
(2017), e0169582.

K. Lam, C. Geisreiter, G. Gries, Ovipositing female house flies provision
offspring larvae with bacterial food, Entomol. Exp. Appl. 133 (2009)
292-295.

J.T. Brosnan, M.E. Brosnan, The sulfur-containing amino acids: an overview,
J. Nutr. 136 (6) (2006) 16365—1640S.

G. Yu, P. Cheng, Y. Chen, Y. Li, Z. Yang, Y. Chen, J.K. Tomberlin, Inoculating
poultry manure with companion bacteria influences growth and develop-
ment of black soldier fly (Diptera: stratiomyidae) larvae, Environ. Entomol.
40 (1) (2011) 30-35.

X. Xiao, L. Mazza, Y. Yu, M. Cai, L. Zheng, ].K. Tomberlin, ]. Yu, A. van Huis,
Z.Yu, S. Fasulo, J. Zhang, Efficient co-conversion process of chicken manure
into protein feed and organic fertilizer by Hermetia illucens L. (Diptera:
stratiomyidae) larvae and functional bacteria, J. Environ. Manag. 217 (2018)
668—676.

L. Mazza, X. Xiao, K. ur Rehman, M. Cai, D. Zhang, S. Fasulo, J.K. Tomberlin,
L. Zheng, A.A. Soomro, Z. Yu, J. Zhang, Management of chicken manure using
black soldier fly (Diptera: stratiomyidae) larvae assisted by companion
bacteria, Waste Manag. 102 (2020) 312—318.

X.Li, S. Zhou, J. Zhang, Z. Zhou, Q. Xiong, Directional changes in the intestinal
bacterial community in black soldier fly (Hermetia illucens) larvae, Animals
11 (12) (2021) 3475.

Y. Pei, S. Zhao, X. Chen, J. Zhang, H. Ni, M. Sun, H. Lin, X. Liu, H. Chen, S. Yang,
Bacillus velezensis EEAM 10B strengthens nutrient metabolic process in black
soldier fly larvae (Hermetia illucens) via changing gut microbiome and
metabolic pathways, Front. Nutr. 9 (2022), 880488.

A. Lecocq, M.E. Natsopoulou, L.E. Berggreen, ]J. Eilenberg, L.H.L. Heckmann,
H.V. Nielsen, C.R. Stensvold, A.B. Jensen, Probiotic properties of an indige-
nous Pediococcus pentosaceus strain on Tenebrio molitor larval growth and
survival, J. Insects Food Feed 7 (6) (2021) 975—986.


http://refhub.elsevier.com/S2666-4984(23)00052-2/sref135
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref136
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref136
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref136
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref136
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref136
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref137
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref137
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref137
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref137
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref138
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref138
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref138
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref138
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref139
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref139
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref139
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref139
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref140
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref140
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref140
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref140
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref140
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref141
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref142
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref142
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref142
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref143
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref143
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref143
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref143
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref143
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref144
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref144
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref144
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref145
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref145
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref145
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref145
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref146
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref146
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref146
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref146
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref146
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref147
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref147
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref147
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref148
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref148
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref148
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref148
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref149
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref149
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref149
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref149
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref150
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref150
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref150
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref151
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref151
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref151
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref151
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref151
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref152
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref153
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref153
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref153
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref153
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref153
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref154
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref154
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref154
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref155
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref155
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref155
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref155
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref156
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref156
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref156
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref156
http://refhub.elsevier.com/S2666-4984(23)00052-2/sref156

	Insect-based agri-food waste valorization: Agricultural applications and roles of insect gut microbiota
	1. Introduction
	2. Insect-based biorefinery of agri-food waste
	3. Agricultural applications of agri-food waste-utilizing insects
	3.1. Insect-based livestock animal feed
	3.2. Utilization of insect frass as agricultural fertilizers

	4. Agri-food waste utilizing insects and gut symbiotic microbiota
	4.1. Assembly and determinants of gut microbiota composition in agri-food waste-utilizing insects
	4.2. Roles of gut-associated microbiota in the development and functions of the agri-food waste biorefinery insects
	4.2.1. Decomposition of organic substrates
	4.2.2. Degradation and detoxification of pollutants, pesticides, and toxins

	4.3. Microbe-mediated approaches for enhancing the insect growth and bioconversion of organic waste
	4.3.1. Regulation of insect behavior
	4.3.2. Microbiota as a source of nutrition
	4.3.3. Microbial intervention to improve insects' biowaste conversion efficiency


	5. Conclusions and future perspectives
	Credit authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	References


