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Abstract Black soldier fly (BSF), Hermetia illucens
(L.) (Diptera: Stratiomyidae), is predominantly reared
on organic wastes and other unused complementary
substrates. However, BSF may have a buildup of
undesired substances in their body. The contamina-
tion of undesired substance, e.g., heavy metals, myco-
toxins, and pesticides, in BSF mainly occurred during
the feeding process in the larval stage. Yet, the pat-
tern of accumulated contaminants in the bodies of
BSF larvae (BSFL) is varied distinctively depending
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on the diets as well as the contaminant types and con-
centrations. Heavy metals, including cadmium, cop-
per, arsenic, and lead, were reported to have accumu-
lated in BSFL. In most cases, the cadmium, arsenic,
and lead concentration in BSFL exceeded the rec-
ommended standard for heavy metals occurring in
feed and food. Following the results concerning the
accumulation of the undesired substance in BSFL’s
body, they did not affect the biological parameters of
BSFL, unless the amounts of heavy metals in their
diets are highly exceeding their thresholds. Mean-
while, a study on the fate of pesticides and mycotox-
ins in BSFL indicates that no bioaccumulation was
detected for any of the target substances. In addition,
dioxins, PCBs, PAHs, and pharmaceuticals did not
accumulate in BSFL in the few existing studies. How-
ever, future studies are needed to assess the long-term
effects of the aforementioned undesired substances
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on the demographic traits of BSF and to develop
appropriate waste management technology. Since the
end products of BSFL that are contaminated pose a
threat to both human and animal health, their nutri-
tion and production process must be well managed to
create end products with a low contamination level to
achieve a closed food cycle of BSF as animal feed.

Keywords Contamination - Heavy metals -
Pesticides - Mycotoxins - Waste management -
Animal feed

Introduction

Bioaccumulation is the increase of the concentration of
a substance or element in an organism during its devel-
opment through uptake from the environment (Wang,
2016). Undesired substances or contaminants that can
be accumulated in an organism include heavy met-
als, pesticides, and mycotoxins. Bioaccumulation of
undesired substances may influence the development,
growth, and health of an organism (Proc et al., 2021).
Hereby, the safety and quality of a derivative end prod-
uct are affected through the contamination as well.
Non-essential heavy metals are metallic elements
that at low levels of exposure may enhance adverse
health effects on animals and humans (Jan et al.,
2015) and present no benefit in organisms (Singh
et al., 2011). These include cadmium, lead, arsenic,
and mercury. Just as non-essential heavy metals, pes-
ticides such as herbicides, fungicides, disinfectants,
and insecticides may cause acute or chronic effects
on health (Roberts & Reigart, 2013). Mycotoxins, on
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the other hand, are considered the most risk full food
contaminant due to the substantial harm they do to
health and food security (Smith et al., 1994).

The amounts of undesired substances allowed in
food and feed products are regulated by the competent
authorities of each country. One of the biggest barri-
ers to the acceptance of insect farming is the limited
knowledge of their safety as food and feed (Imathiu,
2020). The accumulation of contaminants in insects
relies on the type and development stage of the insect,
the substrate used for rearing, and the production or
farming method (EFSA, 2015).

At the moment, in the era of sustainable devel-
opment of various areas of industrial application of
useful properties of insects, the most commonly used
and studied insect is black soldier fly (BSF) (Raman
et al., 2022; Tomberlin & van Huis, 2020). The BSF,
Hermetia illucens (L.), is a large American fly from
the order Diptera and family Stratiomyidae, which is
considered to be a native of North and South America
(Rozkosny, 2023, but currently, it is widely distrib-
uted throughout the world. The insect is one of the
few invertebrate species capable of developing year-
round in pure culture in a closed space of artificial
conditions, which allows the species to be used for
biotechnological purposes (Siddiqui et al., 2022a). It
is well recognized that the utilization of insects,
notably BSF, plays a crucial role in resolving diffi-
culties related to large amounts of organic waste dis-
persed in the world. It has gradually been used to treat
organic waste as it is considered to be an affordable
and environmentally beneficial procedure (Siddiqui
et al., 2022b; Singh & Kumari, 2019; Suckling
et al., 2021). In recent decades, increased focus has
been placed on the critical function that BSF larvae
(BSFL) play in organic waste conversion (Lu et al.,
2021). The production of BSFL is increasing due to
its health and environmental benefits (van Huis et al.,
2013). BSFL are organisms that can feed on decay-
ing matter such as organic solid municipal waste,
manure feces, and fecal sludge and thereby result
in high-quality biomass for feed and food purposes
(Jamaludin et al., 2021; Lalander et al., 2013a, b;
Wang & Shelomi, 2017).

Regulation (EU) No 2017/893 removed the require-
ment that “products of animal origin must be sourced
from a registered slaughterhouse” for reared insects.
Regulation (EU) No 2017/893 brought about one of the
most significant modifications in 2017 with regard to
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insects used as animal feed. By amending Regula-
tions (EC) No 999/2001 and (EU) No 142/2011,
this legislation made it legal to feed aquaculture ani-
mals and seven insects, including BSF. Insect rearing
facilities, where the insects are typically also “slaugh-
tered,” could not adhere to the requirements specific to
slaughterhouses.

Nevertheless, BSFL are entomo-remediators and
entomo-extractors because they may accumulate various
elements in their body (Proc et al., 2021). Hence, the use
of BSFL as feed and food can be more complicated and
may have a detrimental effect on the environment.

Pollutants such as heavy metals and mycotoxins
are typically present in organic waste, which through
consumption may remain in BSFL and thereby enter
the feed and food chain creating a risk for both ani-
mal and human health. The amount and type of con-
tamination depend on the diet and duration of expo-
sure (Van Der Fels-Klerx et al., 2018). Some heavy
metals that potentially accumulate in BSFL include
cadmium, copper, arsenic, and lead; of greatest con-
cern for BSFL are cadmium and arsenic (Zhang et al.,
2021). Studies on BSFL report no accumulation of
pesticides as well as mycotoxins (Purschke et al.,
2017). The contamination’s effect on the larvae is
claimed not to affect their development. Neverthe-
less, the presence of undesired substances, spe-
cifically heavy metals, in BSFL may endanger the
market entry of end products. The consumption of
contaminated end products could cause adverse health
risks for animals and human beings. The production
method and the diet of the insects must be controlled
to produce insects with a low contamination degree.
This literature review is an analysis of the substances
that can be found in BSFL and their effects on the
larvae and derivate end products. Various potential
rearing substrates are discussed to guide the audience
towards good production practices. Since BSF can be
deliberately used for waste treatment due to its abil-
ity to accumulate waste substances, this review also
focuses on the issue of bioaccumulation in the context
of feed and food.

Organic waste treatment through black
soldier fly larvae

BSFL may offer solutions in waste management. This
insect is fit to digest a plethora of organic substrates,

non-withholding food waste of heterogeneous composi-
tion (both vegetal and meat), sewer sludge, and manure.
The substrates employed vary strongly depending on the
income setting. This chapter aims to provide an over-
view of organic waste treatment systems per income
setting (according to the World Bank list of economies)
and how this relates to substrate types.

Low- and middle-income countries

Solid municipal waste in low- and middle-income
countries is represented by their high amounts of
organic matter, with concentrations varying between
50 and 80% (Wilson et al., 2015; Joly & Nikiema,
2019; Hoornweg & Bhada-Tata, 2012). Being of
organic nature, various biorefining options exist
such as composting, biomass gasification, or ren-
dering (Ellacuriaga et al., 2021; Jayathilakan et al.,
2012; Takata et al., 2013). However, waste collection
and management services are often poorly imple-
mented in low- and middle-income settings, leading
to uncontrolled disposal and burning (Lohri et al.,
2017; Wilson et al., 2015). For instance, only 25%
of 1600 tonnes of household waste in 2013 was col-
lected in Sidoarjo (Java), only 10-15% of India’s
agro-processing waste is utilized, and 55% of Costa
Rica’s goes unrecycled (Diener et al., 2009a; Joly
& Nikiema, 2019; Rindhe et al., 2019). Uncollected
organic wastes and their leachates contaminate sur-
face and groundwater, attract pests and disease vec-
tors, emit GHG, and pose an immediate health risk
to flora/fauna/population. These problems mount
as low- and middle-income settings trend towards
increased urbanization, population, and consump-
tion (Voegeli & Zurbriigg, 2008). Appending to the
solid municipal waste issues, many low- and middle-
income settings often deal with poor sanitation or
lack thereof (Morella et al., 2008). Open defecation
and improperly discarded fecal sludge contaminate
surface and groundwater leading. Vis-a-vis, Wolf
et al. (2014) associated sewer implementations with
great reductions in diarrhea cases. Many studies
were performed where BSFL were fed with sludge.
Lalander et al. (2013a, b) managed human fecal
sludge with BSFL. The result showed that BSFL
played a significant role in the reduction of Salmo-
nella spp. in feces. Schmitt et al. (2019) also assessed
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the growth and safety of BSFL that were fed on solid
aquaculture waste.

BSF is a saprophagous organism, meaning that
it feeds on decaying matter. BSFL readily digests a
plethora of organic substrates (Diener et al., 2009b).
Organic solid municipal waste, manure, feces, and
fecal sludge can be reduced and decontaminated via
BSF digestion (El-Dakar et al., 2021; Lalander et al.,
2019; Sarpong et al., 2019). Furthermore, BSF is
not regarded as a disease vector and drives off pests,
e.g., common houseflies (Banks et al., 2014; Lalander
et al., 2019; Diener, 2010; Furman et al., 1959). The
resulting larval biomass offers input for high-quality
end products, such as feed, food, biodiesel, and soil
amendments (Klammsteiner et al., 2020; Li et al.,
2011a; Wang & Shelomi, 2017). In Taiwan and Viet-
nam, numerous studies on biodiesel production utiliz-
ing BSFL have been carried out (Kim et al., 2021).
In Vietnam, BSFL was transesterified using solvents,
such as methanol, to generate biodiesel (Nguyen et al.,
2018). An enzyme-based method was studied in Tai-
wan to produce biodiesel from BSFL, considering that
conventional techniques require a substantial amount
of extractants and a prolonged extraction period (Su
et al., 2019). Additionally, Malaysia also investigated
the production of biodiesel using BSFL to alleviate
food shortages, since fatty acid methyl ester content
in BSFL is similar to fatty acid methyl ester content
obtained from local plants (Wong et al., 2018).

The successful rearing of BSF on various organic
waste substrates such as food waste, fruits and veg-
etables, poultry feed, solid aquaculture wastes, and
fecal sludge (Schmitt et al., 2019; Kim et al., 2021) in
low- and middle-income settings has repeatedly been
proven (Nana et al., 2019; da Silva & Hesselberg,
2020). However, caution should be exercised towards
sources of heavy metals, particularly cadmium and
lead, as these are typically accumulated in the larval
tissue and hinder development (Diener et al., 2011,
2015a, b; van der Fels-Klerx et al., 2016). Lopes
et al. (2011) inventoried heavy metal concentrations
in fecal organic wastes. They found that sludge con-
tained the highest concentrations out of all fecal cat-
egories included. Sludge contained almost 20 times
higher cadmium and lead concentrations than manure
(Lopes et al., 2011).

Aside from the biological aspect, authors often sig-
nal the need for research into upscale strategies (Nana
et al., 2019; Singh & Kumari, 2019). Particularly, the
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biological aspects of large-scale egg production have
not been extensively studied (éiékové et al., 2015;
Singh & Kumari, 2019). Furthermore, small-scale
applications often employ low-tech solutions, requir-
ing a lot of manual work. To allow for large-scale
processing, automation methods need to be studied
to manage labor costs (Chia et al., 2019; Nana et al.,
2019; da Silva & Hesselberg, 2020).

The economic feasibility of large-scale BSF
waste processing has repeatedly been stated (Joly &
Nikiema, 2019; Zurbriigg et al., 2018). However, as
reported by Cickova et al. (2015), these assessments
are often based on extrapolations, assumptions, and
generalizations that hamper the power of these conclu-
sions. Indeed Joly (2018) reported the use of such sim-
plifications. It is to be expected that operational costs
will be lower through the workings of the economy of
scale principle. However, the case regarding high- and
upper-middle-income countries could be different.

High- and upper-middle-income countries

Eurostat estimates that municipal waste treatments
steadily decrease the utilization of landfills. However,
usage of incineration doubled between 1995 and 2019
(Eurostat, 2021). Europe, unfortunately, includes
large amounts (76—102 Mt in 2008) of food and gar-
dening waste in the mixed municipal solid waste, log-
ically leading to increased incineration and landfilling
(European Commission, 2008). This is an underu-
tilization of these organic biodegradable wastes that
could be composted or digested to useable constitu-
ents. Undermining its previous waste-to-energy strat-
egy, one incentive of the European Commission’s
new Circular Economy Action Plan proposes taxing
landfill and waste incineration practices (European
Commission, 2020). Moreover, the recent enforce-
ment of carbon exchanges (e.g., the European Cli-
mate Exchange) provides an additional economic
incentive for stakeholders (such as waste processors)
to save carbon credits (Circular Organics, 2021). Nev-
ertheless, landfilling and incineration practices are
still conventional. Suitable innovative replacements
should be found.

BSF proposes a solution to conventional waste
management practices. For instance, waste process-
ing via BSF emits less GHG than composting (Merte-
nat et al.,, 2019; Pang et al., 2020). Mertenat et al.
(2019) concluded 47-fold lower GHG emissions,
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comparatively. Both reduced substrate and BSF bio-
mass offer valuable products in the form of feeds,
biofuel, and soil amendments. According to Diener
et al. (2015a, b), various developed regions are erect-
ing large-scale facilities that utilize BSF for the diges-
tion of upwards of 100 tonnes of waste per day. As
has been stated in the case of low- and middle-income
settings, little is publicly known on the subject of
upscaling. This is also true for BSF processing in
developed countries, but because of another reason.
Naturally, this information is not disseminated as
these are proprietary systems that need to maintain
a competitive edge. However, the legislation does
define some constraints on where these facilities have
to work within.

The European Commission has established Regu-
lation (EC) No. 999/2001 guidelines for the control,
prevention, and elimination of certain transmissible
spongiform encephalopathies. Usage of animal pro-
tein as feed for production animals has henceforth
been banned through this regulation. Over the sub-
sequent years, particular feeds in combination with
production animals have been permitted, for instance,
insect protein for aquaculture animals (2017/893).
Legal applications of BSF have very recently broad-
ened even further. As of August 2021, it is permitted
to feed BSF to poultry and pigs. This surely creates
new market opportunities for insect rearers. It should
be noted that with the advent of Commission Regu-
lation 2021/1372, various other animal feeds are also
permitted as poultry and pig materials. These other
animal meals could be very competitive, and these
often have lower prices than insects. Commission
Regulation 2021/1372 allows for the feeding of ani-
mal derivatives to poultry and porcine. Yet, it is not
allowed to feed insects such materials. Since insects
are regarded as “farmed animals,” meaning that they
are also subject to the appropriate use of animal by-
products (1069/2009). Therefore, it is not allowed
to feed animal by-products to insects, which ham-
pers the utilization of substrates such as manure and
organic municipal wastes.

Australia, Canada, China, Mexico, South Africa,
and the USA have also begun to allow the use
of BSFL for feed production (Gold et al., 2018a;
Lihteenmiki-Uutela et al., 2017). However, currently,
BSFL cannot be grown on non-feed substrates in
the listed countries. For example, BSFL is reared on

chicken manure, and then, feeding the larvae to chick-
ens, fish, or humans is currently prohibited in the
USA (Cummins et al., 2017). Existing legal restric-
tions on the use of BSFL waste as livestock feed in
the EU and the USA mean that BSFL is rather to pro-
cess nutrients from organic waste into another form,
e.g., compost or biodiesel; thus, they cannot currently
be legally used to create closed nutrient cycles. It is
reported that BSFL feeds on a huge number of types
of organic materials and is already being used for
small-scale waste disposal using substrates, for exam-
ple, distillers grain (Webster et al., 2016), food waste
(Popa & Green, 2012), rice straw (Zheng et al., 2012),
fecal sediment (Lalander et al., 2013a, b), manure (Yu
et al., 2009), animal by-products, and kitchen waste
(Nguyen et al., 2015). BSFL accumulates lipids from
organic waste, which are converted into biodiesel
(Wang et al., 2017). Henceforth, many authors have
concluded that BSFL can make a significant contribu-
tion to the sustainable development of aquaculture as
a partial or complete replacement due to their ability
to convert organic waste into larva biomass contain-
ing a high protein efficiently (Magalhdes et al., 2017).

Research on the treatment of organic waste by
BSFL and the effectiveness of their bioconversion
has become a trend in Asian countries. Particularly
in China, the demand for food of animal origin
increases as the population increases, which leads to
an increase in livestock breeding. Liu et al. (2019b)
studied the rate of conversion of organic waste and
volatile fatty acids, as well as the fecal characteris-
tics of the soil when composting various livestock
feces using BSFL. Pet excrement was fed to BSFL
and then composted over 9 days. BSFL’s compost-
ing resulted in a 22% reduction in organic matter
and 14% reduction in nitrogen, as well as an 80%
increase in volatile fatty acid accumulation. Accord-
ingly, BSFL’s composting is an effective method in
upper-middle-income countries, for example, China,
because it increases the maturity of feces and the
quality of the products obtained as a result of com-
posting (Kim et al., 2021). There were attempts to
use BSFL as well as microorganisms in China, to
obtain biodiesel from solid waste from restaurants
and rice straws (Zheng et al., 2012). The authors
found that 2000 BSFL fed on rice straw mixed with
restaurant solid waste can produce 43.8 g of bio-
diesel. The resulting biodiesel fuel complied with
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the EN 14214 standard published by the European
Committee for Standardization, which outlines the
testing procedures and requirements for fatty acid
methyl esters. The production of biodiesel using
BSFL has also been proposed by other research-
ers from China. Li et al. (2011a, b) obtained 36 g,
58 g, and 91 g of biodiesel by extracting crude fat
from 1000 BSFL fed for 10 days on the droppings
of cattle, pigs, and chickens, respectively. These
results propose that BSFL can substitute expensive
food biomass in biodiesel production. Furthermore,
Korean studies declare that the better decomposition
of BSFL organic substances, compared with many
other species of flies, is associated with their higher
enzymatic activity using amylase, lipase, and pro-
tease (Kim et al., 2011; Park & Yoe, 2017).

Effect of undesired substances on growth,
development, and survival of black soldier fly larvae

To achieve an economically feasible large-scale
breeding program, BSFL is preferably reared on
organic waste that cannot be further processed for
feed and food production due to safety concerns
for livestock and humans (van der Fels-Klerx et al.,
2020). Some of the organic wastes used to feed
BSFL are kitchen waste, livestock manure, decay-
ing fruits and vegetables, crop waste, and former
foodstuffs (e.g., expired use-by-date products) (Liu
et al., 2019a; van der Fels-Klerx et al., 2020; Wang
& Shelomi, 2017). However, these organic wastes
usually are contaminated by various persistent unde-
sired substances due to agrochemical applications,

Table 1 Effect of pesticides, heavy metals, and mycotoxins on the performance of BSFL

Undesired substances Effects on BSFL

References

Residual pesticides
Chlorpyrifos No significant effect

Chlorpyrifos-methyl*  No significant effect

Cypermethrin Reduce the larval body mass and survival only at
high concentrations (> 0.3 mg/kg)
Imidacloprid Stimulate the larval growth

Pirimiphos-methyl- No significant effect

Propoxur No significant effect

Spinosad Reduce the larval body mass and survival only at
high concentrations (> 2.0 mg/kg)

Tebufenozide No significant effect

Heavy metals

Arsenic (As) No significant effect

Meijer et al. (2021)
Purschke et al. (2017)
Meijer et al. (2021)

Meijer et al. (2021)
Purschke et al. (2017)
Meijer et al. (2021)
Meijer et al. (2021)

Meijer et al. (2021)

van der Fels-Klerx et al. (2016)

Diener et al. (2015b), van der Fels-Klerx et al.
(2016), Wu et al. (2020)

Wau et al. (2020)

No significant effect, but high concentrations (> 125 Diener et al. (2015b), van der Fels-Klerx et al. (2016)

Bosch et al. (2017), Meijer et al. (2019)
Purschke et al. (2017)
Purschke et al. (2017)

Cadmium (Cd) No significant effect, but high concentrations (> 50
mg/kg) slightly prolong the larval development

Copper (Cu) No significant effect

Lead (Pb)
mg/kg) slightly prolong the larval development

Zinc (Zn) No significant effect, but high concentrations (> 2000 Diener et al. (2015b)
mg/kg) slightly prolong the larval development

Mycotoxins

Aflatoxin B1 No significant effect

Aflatoxin B2* No significant effect

Aflatoxin G2* No significant effect

Deoxynivalenol No significant effect

Ochratoxin A No significant effect

Zearalenone No significant effect

Camenzuli et al. (2018)
Camenzuli et al. (2018)
Camenzuli et al. (2018)

#The substance was applied simultaneously with other substances during the experiment
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industrial disposals, and microorganism activities
(Bryden, 2012; Houbraken et al., 2016; Onakpa
et al., 2018; van der Fels-Klerx et al., 2020). Unde-
sired substances are often found in moderate to high
levels in organic wastes, including residues of pesti-
cides, heavy metals, and mycotoxins (Charlton et al.,
2015; Houbraken et al., 2016; Purschke et al., 2017;
Meijer et al., 2019). Many studies have reported the
various effects of ingestion of these undesired sub-
stances on the growth, development, and survival
of BSFL (Table 1). Interestingly, BSFL seems to be
well adapted and able to tolerate the presence of most
undesired substances in their diets.

Residual pesticides

Pesticides are widely used in modern agriculture to
prevent yield losses caused by phytophagous insect
infestations and to maintain the product’s quality
(Popp et al., 2013; Lee et al., 2019). However, the
excessive application of pesticides will lead to higher
residues that persist in crops, feed, and food (Bajwa
& Sandhu, 2014; Purschke et al., 2017). The effect
of various pesticides on the growth and survival of
BSFL has been explored by some researchers (Meijer
et al., 2021; Purschke et al., 2017). BSFL mass-reared
on cornflour mixed with chlorpyrifos, chlorpyrifos-
methyl, and pirimiphos-methyl (concentration of each
pesticide was 0.4 mg/kg) did not show any reduction
in their growth and survival (Purschke et al., 2017).

Recently, a more thorough study has been con-
ducted to evaluate the performance of BSFL main-
tained on artificial diets spiked individually with
various pesticides (i.e., chlorpyrifos, cypermethrin,
imidacloprid, propoxur, spinosad, and tebufenozide)
(Meijer et al., 2021). The study indicated that feed-
ing on diets spiked with chlorpyrifos, propoxur, and
tebufenozide at 0.05 mg/kg did not negatively affect
the larval body mass and survival. Similar outcomes
were also observed even when the same pesticides
were added up to ten times their original concen-
trations. In contrast, the presence of spinosad at 2.0
mg/kg and cypermethrin at 0.3 mg/kg significantly
reduced the larval body mass and survival, but not
when their doses were lowered to 0.2 and 0.1 mg/kg,
respectively. Interestingly, larvae fed on diets spiked
with imidacloprid weighed more than the control,
both when the imidacloprid was given at 0.1 mg/kg
and 1.0 mg/kg (Meijer et al., 2021).

Therefore, it is evident that BSFL showed varia-
tion in susceptibility in response to the type and con-
centration of pesticides. However, long-term studies
on the effect of low or sub-lethal concentrations of
pesticides on life-history traits of BSF are urgently
needed. Previous studies evidenced the adverse life-
time consequences when insects are continuously
exposed to a pesticide at sub-lethal concentrations,
such as slower growth and developmental rate, lower
survival, and reduced fecundity of their next genera-
tions (Miiller, 2018). Nonetheless, exposure to a pes-
ticide at sub-lethal concentrations may also induce
hormesis in insects. Hormesis is a phenomenon in
which sub-lethal concentrations of a pesticide posi-
tively alter the metabolism and behavior of insects
exposed, leading to better performance and fitness of
the insects (Cutler, 2013; Miiller, 2018).

Heavy metals

Industrial waste disposal and agricultural intensifi-
cation contribute to the increase of heavy metals in
soil (Yang et al., 2018). Crops grown in polluted soil
absorb heavy metals in a large amount and accumu-
late them in their tissues (Raskin et al., 1994), thus
posing hazardous effects to herbivores and organisms
at higher trophic levels. Over the years, a large body
of knowledge on the effects of heavy metal exposure
on the biological parameters of insects has been pub-
lished (Ali et al., 2019a; Luo et al., 2020). In cater-
pillars (lepidopteran larvae), the addition of heavy
metals such as cadmium (Cd), lead (Pb), and zinc
(Zn) into their diets significantly reduce their growth
and survival, as well as inhibits their development
(Ali et al., 2019b).

The effects of heavy metals exposure through diets
on BSFL have also been evaluated by several studies
(Diener et al., 2015b; van der Fels-Klerx et al., 2016;
Purschke et al., 2017; Cai et al., 2018; Wu et al.,
2020). Unlike caterpillars, BSFL showed a high tol-
erance to exposure to heavy metals. Incorporation
of arsenic (As) (1 to 4 mg/kg), Cd (0.5 to 1 mg/kg),
and Pb (2.5 to 10 mg/kg) in diets did not affect the
body mass and survival of BSFL (van der Fels-
Klerx et al., 2016). Another study also reported no
significant difference in body mass between BSFL
reared on Cd-contaminated diets at 10 to 80 mg/kg
and the control. Similarly, the body mass was not
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affected when the BSFL were reared on copper (Cu)-
contaminated diets at 200 to 800 mg/kg. Moreover,
feeding on the Cd and Cu-contaminated diets did
not reduce their survival (Wu et al., 2020). However,
high doses of Cd (50 mg/kg), Pb (125 mg/kg), and Zn
(2,000 mg/kg) seemed to prolong the development of
BSF (eclosion from egg to prepupa); the BSF devel-
opment ranges from 19.3 to 20.7 days in heavy metal-
treated groups compared to 18.4 days in the control
(Diener et al., 2015b).

Therefore, it could be hypothesized that heavy
metal contaminations do not significantly affect the
biological parameters of BSFL unless the amounts of
heavy metals in their diets are highly exceeding their
thresholds. Nevertheless, researchers have postulated
that high concentrations of boron (B), mercury (Hg),
nickel (Ni), and Pb may inhibit the growth of BSFL,
while Cd, chromium (Cr), Cu, Hg, and Zn potentially
reduce their survival rate.

Mycotoxins

The secondary metabolites produced by various spe-
cies of fungi that possess toxicity to animals and
humans are defined as mycotoxins (Wild & Gong,
2010; Bryden, 2012). Aspergillus spp. and Fusarium
spp. are found to be the ubiquitous fungal species in
pre- and post-harvest products and are responsible for
causing most of the mycotoxin contaminations of the
products (Udomkum et al., 2017; Leni et al., 2019).
The most frequent mycotoxins found in high levels
(very toxic) are aflatoxin B1 and ochratoxin A pro-
duced by Aspergillus spp. and deoxynivalenol and
zearalenone produced by Fusarium spp. (Bosch et al.,
2017; Camenzuli et al., 2018; Leni et al., 2019; Meijer
et al., 2019). Exposure and ingestion of these myco-
toxins are detrimental for some insect species (de
Zutter et al., 2016; Llewellyn & Chinnici, 1978; Niu
et al., 2009). For instance, Sifobion avenae (Hemip-
tera: Aphididae) and Helicoverpa zea (Lepidoptera:
Noctuidae) suffered slower development and increased
mortality when they were exposed to mycotoxins (de
Zutter et al.,, 2016; Niu et al., 2009). Nevertheless,
other insects such as Alphitobius diaperinus (Coleop-
tera: Tenebrionidae), Drosophila melanogaster (Dip-
tera: Drosophilidae), and BSF have been known to
develop strategies to compensate for the presence of
mycotoxins in their diets by metabolizing the ingested
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mycotoxins into harmless compounds (Berenbaum
et al., 2021; Camenzuli et al., 2018).

Previous studies have reported that BSFL has a
high mycotoxin tolerance (Bosch et al., 2017; Camen-
zuli et al., 2018; Meijer et al., 2019; Purschke et al.,
2017). According to Bosch et al. (2017) and Meijer
et al. (2019), the diets spiked with aflatoxin B1 at 0.01
to 0.5 mg/kg did not affect the body mass and survival
of BSFL. Similarly, simultaneous ingestion of aflatoxin
B2 and aflatoxin G2 did not alter the growth and sur-
vival rates of BSFL (Purschke et al., 2017). In addition,
individual incorporation of deoxynivalenol, zearale-
none, and ochratoxin A, into diets at a concentration
of 0.1, 0.5, and 5 mg/kg, respectively, did not affect the
growth, survival, and development of BSFL (Camenzuli
etal., 2018).

Monitoring the concentration of contaminants in BSF

Bruno et al. (2021) monitor the bacterial concentra-
tion in BSFL injected with different concentration of
Escherichia colilMicrococcus luteus mix (from 104
to 109 CFU/ml) for up to 72 h. The study finds that
the bacterial dosage provided had an inverse relation-
ship on the survival of the larvae. Particularly, larger
bacterial dosages (105, 10°, 107, and 10% CFU/ml)
gradually decreased the number of living larvae over
time (72%, 64%, 60%, and 16%, respectively, after
72 h), whereas 100% of the larvae injected with 10*
CFU/ml bacteria remained alive 72 h after the infec-
tion. At the maximum bacterial concentration (10°
CFU/ml), all the insects perished in less than 24 h.
In light of these findings, larvae were infected in all
subsequent experiments by injecting 10° CFU/ml of
the bacterial mix because this was the lowest con-
centration that could reduce the welfare of the larvae
without producing a significant amount of mortality,
allowing us to track the immune response over time.

Protective mechanisms of BSF against undesirable
compounds

The innate immune system of BSF is well developed,
and it is separated into cellular defense responses and
humoral defensive responses (Muller et al., 2021).
The primary cellular and humoral processes, as well
as their activation mechanisms, are substantially con-
served (Bruno et al., 2021). In this insect, the cellular
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Table 2 Comparison of the contaminated substrate, pesticide concentration on larvae, and maximum residue level (MRL) for contaminants

Substances Concentration in feed Concentration in larvae MRL? (mg/kg) References
(mg/kg) (mg/kg)

Azoxystrobin 0.50 1.50 + 0.10 ND Lalander et al. (2016)
Carbamazepine 0.16 0.30 + 0.08 ND Lalander et al. (2016)
Chlorpyrifos 0.50 0.01 +0.00 0.05 Meijer et al. (2021)
Chlorpyrifos- methyl 0.40 < LOQ 0.00 ND Purschke et al. (2017)
Cypermethrin 0.10 0.08 + 0.03 0.03 Meijer et al. (2021)
Imidacloprid 1.00 0.01 +0.00 0.10 Meijer et al. (2021)
Pirimiphos-methyl 0.40 0.00 + 0.00 ND Purschke et al. (2017)
Propiconazole 0.35 > 1.70 ND Lalander et al. (2016)
Propoxur 0.50 < LOQ 0.00 0.05° Meijer et al. (2021)
Roxithromycin 0.50 0.90 + 0.09 ND Lalander et al. (2016)
Spinosad 0.20 0.01 + 0.00 2.0 Meijer et al. (2021)
Tebufenozide 0.50 0.01 + 0.00 0.05° Meijer et al. (2021)
Trimethoprim 0.29 0.80 +0.10 ND Lalander et al. (2016)

ND not determined
*According to Directive 2002/32/EC and Regulation 396/2005/EC

®LOQ lower limit of analytical determination

and humoral responses have distinct kinetics: following
the immunological assault, phagocytosis and encapsu-
lation are quickly initiated, whereas humoral compo-
nents act later. Antibiotic-active compounds are nec-
essary for survival in decomposition settings because
they provide a strong barrier against undesirable com-
pounds (Bruno et al., 2021). Antimicrobial peptides
(AMPs) are naturally occurring antibiotics that may
either kill or stop the growth of a variety of microor-
ganisms, particularly those that target the cell envelope
(Alencar-Silva et al., 2018). The BSFL’s capacity for
high expression of AMPs and other substances with
activity against hazardous chemical resistant can also
be taken into consideration when looking at the possi-
ble bioactive substances that can be recovered from the
larvae (Almeida et al., 2020).

Analysis of the bioaccumulation of undesired
substances in black soldier fly larvae

During waste processing treatment, different types
of organic waste can be used for feeding BSFL
from industries, markets, restaurants, domestic food
waste, animal droppings, and human feces. Yet, the
persistent pollutants, e.g., heavy metals, commonly

contaminating the organic waste may accumulate
in the immature stages of BSF (i.e., larvae and pre-
pupae) and then enter the food chain. Other con-
taminants found on the BSF body during the rear-
ing process using organic waste are pesticides and
mycotoxins. The final product of the organic waste
treatment process using BSF is the use of its protein
contained in larvae as animal feed. Therefore, the
contaminations should be studied and analyzed to
whether it applies to the limit on recommended stand-
ards (Table 2).

Residual pesticides

Researchers point out that either wild harvested or
reared insects have a similar probability of chemical
contamination through the feeding process (Marone,
2016). In their study, Purschke et al. (2017) reported
that bioaccumulation of pesticides in BSFL (chlor-
pyrifos, chlorpyrifos-methyl, and pirimiphos-methyl)
could not be detected. Though the concentration of
pesticide was still detected below its initial, Meijer
et al. (2021) investigated six active ingredients of
pesticides, i.e., chlorpyrifos, propoxur, cyperme-
thrin, imidacloprid, spinosad, and tebufenozide.
These active compounds were present in the larvae
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in concentrations that were either very low or below
the lower limit of analytical quantification (LOQ)
(Table 3) compared to the concentration in the sub-
strate, thus implying that bio-accumulation did not
occur. The level of quantification measurement is
determined under the European Commission Direc-
tive 2002/32/EC of the European Parliament and the
Council of 7 May 2002 on undesirable substances in
animal feed and Regulation (EC) No. 396/2005 on
maximum residue levels (MRLs) of pesticides in or on
food and feed of plant and animal origin. MRL refers
to the highest legal concentration of a pesticide resi-
due in or on food or feed that is determined under this
regulation relating to the good agricultural practice
and the lowest amount of consumer exposure required
to protect susceptible consumers.

Heavy metal contamination

The heavy metal from contaminated waste enters
BSFL bodies through the feeding process. It enters
the waste stream in several ways, through environ-
mental background emissions from surrounding land,
water, and air or improper treatment and management
of heavy metal waste (Diener et al., 2015b). Fly lar-
vae are similar to other insects that gain nutrients for
their metabolic requirements from the feeding process
(Cohen, 2005). While contaminants are absorbed by
terrestrial organisms through a feeding mechanism
(biomagnification), aquatic organisms accumulate
pollutants through diffusion (bioconcentration). Both
bioconcentration and biomagnification are referred to
as bioaccumulation. Bioaccumulation factor (BAF)

determined by measuring the exposure of pollut-
ant in organism from pollutant in feed (Diener et al.,
2015b).

A study by Proc et al. (2020) showed that heavy
metal contamination occurred in all development
stages of BSF during the waste treatment process.
During waste treatment process using BSFL, the
larvae were fed using substrate. One of the common
feeding techniques to maintain the production of
larvae was using chicken feed as substrate and com-
plement material of organic waste diet. Bioaccumu-
lation of heavy metals, such as (Cd), (Pb), and (Zn)
spiked in BSFL fed with chicken feed, revealed that
cadmium accumulation in larvae and prepupae was
higher than the initial concentration in the substrate,
while lead and zinc accumulation was not detected
(Diener et al., 2015b). Moreover, Wu et al. (2020)
also reported that the concentrations of (Cd) and (Cu)
accumulated in the body of BSFL fed with animal
manures were dramatically increased following the
exposure doses. The study by Purschke et al. (2017)
showed that (As) was found in the larvae and the
residual substrate in the same quantity as the initial
substrate. Meanwhile, the accumulation of (Hg) in the
larvae was not detected. The results varied in several
studies where the contaminant was given in certain
doses to analyze the impact of heavy metals on the
body of BSFL (Table 3). Concentration of the heavy
metals accumulated in BSFL was different deter-
mined by the diets, heavy metal types, and exposure
concentrations (Wu et al., 2020).

Table 3 Comparison of heavy metal-contaminated substrate, concentrations on larvae, and recommended standards for contaminants

Heavy metals Initial concentration

Concentration in larvae

Recommended standards References

(mg/kg) (mg/kg) (mg/kg)
Arsenic (As) 3.00° 2.80 + 0.40° 2.0 Purschke et al. (2017)
Cadmium (Cd) 0.022 7.00* 2.00° Diener et al. (2015b)
Copper (Cu) 100.00 165.68 200.001 Wau et al. (2020)
Lead (Pb) 0.05% 3.80% 10.00° Diener et al. (2015b)
Mercury (Hg) 0.20° 0.10 + 0.03° 0.10¢ Purschke et al. (2017)
Zinc (Zn) 10.00* NA ND Diener et al. (2015b)

NA not applicable, ND not determined
*Moisture adjusted to 60%
"Moisture adjusted to 45%

“European Commission Directive 2002/32/EC (European Parliament and of the on undesirable substances in animal feed)

4GB26419-2010 (Chinese standard on limited content of Cu in feeds)
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Mycotoxins

Besides heavy metals and pesticides, mycotoxins
are the most contaminant found on BSF rearing with
organic materials. Constant mycotoxin contamination
poses acute poisonings or induces carcinogenic, terato-
genic, or mutagenic effects. Purschke et al. (2017) also
reported that various mycotoxins (aflatoxin B1/B2/
G2, deoxynivalenol, ochratoxin A, and zearalenone)
pose a dangerous threat to particular monogastric (e.g.,
pig, poultry). The analysis result showed that mycotox-
ins were observed in extremely small amounts in both
larvae and residual substances. Moreover, mycotoxins
accumulation was not detected in the BSFL. Microbial
activities in organic waste and larva gut enzymes per-
form decomposition of pesticides and mycotoxins. The
reduction of these contaminants is related to the com-
posting process. However, further study on this topic
is required as these contaminants contain diverse com-
pounds, and each has its unique properties affecting the
decomposition process (Gold et al., 2018a). In addi-
tion, Camenzuli et al. (2018) reported that the impact
of contaminated substrates by deoxynivalenol (DON),
known as Fusarium toxins, zearalenone (ZEN), afla-
toxin B, and ochratoxin A (OTA) in BSF that were
identified to be below the maximum limit and accumu-
lation, did not occur.

Other undesirable contaminants

In addition to heavy metals, Charlton et al. (2015)
reported that the level contamination of 1140 differ-
ent chemical contaminants, including pesticides and
mycotoxins, was analyzed in BSF larvae, which are
used as a source of protein for animal feed. The con-
taminants including veterinary medicines, dioxins,
polyaromatic hydrocarbons (PAHs), and polychlorin-
ated biphenyls (PCBs) were found in BSFL reared on
agro-industrial waste. The study showed that all the

samples of PCB ICES6 values (0.05 to 4.28 pg/kg)
were below the limit (see Table 4) allowed for ani-
mal feed by European Commission. Furthermore, the
calculation of WHO-TEEF in all samples recorded was
lower than the limit (see Table 4) with values of 0.14
to 0.44 ng/kg. The values of PAH4 were reported
between 0.28 and 9.28 ug/kg. However, there was
no limit in EU regulations specified for animal feed.
Additionally, previous studies revealed that mycotox-
ins, PCBs, PAHs, a few pesticides, and pharmaceuti-
cals did not accumulate in BSFL (Bosch et al., 2017;
Charlton et al., 2015; Lalander et al., 2016; Purschke
et al., 2017).

Typical waste streams with potential risk for black
soldier fly larvae

Due to its high feed plasticity, BSFL can be reared
on many types of substrates, including a variety of
industrial by-products, as well as municipal waste
and manure, for example. Nonetheless, their safety
regarding aspects such as pesticides, toxins, heavy
metals, and microbiological contamination must be
taken into consideration. The screening for the safety
of these substrates is of greater importance due to dif-
ferent compositions depending on location and possi-
ble contaminants during the growth and/or processing
of the materials.

High moisture waste streams can bring risks due to
the easy microbiological spoilage, which can increase
the number of pathological bacteria and toxins in the
substrate. By-products might get contaminated during
storage by pathological fungi, for example, Asper-
gillus sp., Fusarium sp., Monascus sp., and Penicil-
lium sp., which generates some mycotoxins (Banu
& Muthumary, 2005; Bhat & Reddy, 2017; Garon
et al., 2006). Moreover, the microbial activities and
temperatures can make other risk contaminants (e.g.,
pesticides) transform, contaminating the by-products
with other chemical substances. According to a study

Table 4 Recommended
standards for selected

Dioxins, polychlorinated biphenyls (PCB), and polyaromatic hydrocarbons (PAH)

chemical contaminants Chemical contaminants Maximum level References

PCB ICES-6* 10 pg/kg EC Directive 2002/32/EC
2CES-6 is a set of 6 amendment 277/2012/
PCBs, namely PCB28, EC
PCB52, PCB101, PCBI38, WHO-TEF® 0.75 ng/kg EC Directive 2002/32/EC

PCB153, and PCB180
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by Ekielski et al. (2018) with spent grains, a suit-
able by-product for BSFL rearing, they found that
mepiquat and chlormequat used as pesticides can be
exposed when roasting grains during the brewing pro-
cess. Therefore, these components might be present
in trace amounts in this substrate.

Regarding pesticides, some processing steps in the
food industry can either help reduce or concentrate
them in the food. Dehydration steps, for instance,
can concentrate them (Li et al., 2011b). Meanwhile,
some studies reveal that certain steps, e.g., boiling,
juicing, and washing, can lower the levels of pesticide
residues (Li et al., 2011b; Randhawa et al., 2007),
indicating the necessity of observing the individual
processing steps of all components derived from
industrial by-products used in the BSFL diet.

Moreover, the heavy metal content in the soil is a
key aspect of the safety assurance of the by-products,
since the use of polluted urban streams water for irri-
gation contributes significantly to its concentration in
the soil, which then can put these substances in the
food chain, including the biological side streams.
This is most important, in developing countries,
which can benefit greatly from the use of insects such
as the BSFL for waste management, where urban
growth and expansion are usually accompanied by
poor waste disposal and water contamination (Tomno
et al.,, 2020). Consequently, understanding the risk
of undesired substances bioaccumulating from vari-
ous types of waste and their potential transfer to end
products is crucial for the future sustainable develop-
ment of industrial technologies for processing organic
waste using BSFL.

Assessment of the risks of bioaccumulation
of undesired substances in black soldier fly larvae
to end products

The popularity of insects as livestock alternatives in the
food and feed industry is increasing (van Huis et al.,
2013). As insects for feed and food are farmed ani-
mals, their feed substrates must fulfill the requirements
of legal frameworks such as those set by the Euro-
pean Union (European Commission, 2017). Levels of
heavy metals, mycotoxins, or pesticide residues may
not overpass the maximum amounts stated. Surpassing
these amounts concerns public health and causes eco-
nomic deficits. The health of animals and humans and
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the quality of the end product are directly influenced by
undesired substances (Reddy & Reddy, 2015). Hence,
animal feed and end products can generate physical,
chemical, or biological risks to food safety (FAO &
WHO, 2019). The ingestion of food with the maximum
limit of residues does not impair health even if several
residues are eaten simultaneously (BfR, 2013).

End products containing undesired substances face
the prohibition of their entrance into the market due
to health concerns (Schrogel & Witjen, 2019). This
represents an economic loss for the producer as well
as a negative impact on the environment. Therefore,
the contaminant levels must follow good practices.
Safety policies and regulations regarding edible
insects ensure a risk-free supply for the consumer;
therefore, governments should prioritize the safety of
this product category (Imathiu, 2020).

Pesticides have the potential to be hazardous to
people and can have both short-term (acute) and long-
term (chronic) negative health impacts (WHO, 2018).
The extent and type of effect depend for example on
the function of the pesticide. Similar to pesticides,
heavy metals found in food affect human health,
directly and indirectly. Their toxicological effects
depend on their chemical form, the exposure route and
amount, the duration of the exposition, age, gender,
and the biological species (Caussy et al., 2003; Khan
et al., 2015; Mahalakshmi, 2012; Tchounwou et al.,
2004). Populations that ingest foods contaminated
with metals are deficient not only in micronutrients
but also in macronutrients, especially in fats, proteins,
and minerals such as calcium and iron (Iyengar &
Nair, 2000).

Heavy metals can react with carbohydrates, pro-
teins, fats, and vitamins to different extents (Khan
et al., 2015). The lack of vitamins may cause further
physiological and pathological disorders. Overall,
food containing heavy metals, for example, Hg, As,
Cd, and Pb, are known to cause acute and chronic
health effects in animals and humans (D’Souza &
Peretiatko, 2002; Khan et al., 2009) such as cancer,
nutritional deficiency, kidney failure, renal diseases,
nervous system failure, and oxidative stress of cells
(Wilk et al., 2016; Ali et al., 2019a) and engage
genetically by binding with the DNA (Hossain &
Hug, 2002). Heavy metals are non-biodegradable
and possess a long half-life; therefore, they persist
in the body of organisms (Ikeda et al., 2000) and the
environment (Nabulo et al., 2006).
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Cd presence in BSF product is of great concern
to the feed industries. It has been often observed that
BSF may exceed the cadmium MRL proposed by the
EU. One study claimed as well that Pb can build up in
BSF at levels greater than those found in the substrate.

Gao et al. (2017) and another claimed that BSF has
the potential to accumulate As (Van Der Fels-Klerx
et al., 2018). For the prevention of chemical risk in
the BSF end product, environmental control and feed
substrates of the insects need to be assessed (Tang
et al., 2009). Other methods of prevention are watch-
ing out for contaminants during the processing steps
between farming and consumption.

On the other hand, mycotoxins, the most impact-
ful contaminants concerning public health and food
security, are undesired substances produced by
pathogenic and food spoilage molds (Smith et al.,
1994). They seem to be of greater concern in devel-
oping countries especially in Africa and Asia, due
to the wild harvesting of animals (Defoliart, 1995).
Ensuring hygiene and applying regulations on farm-
ing and food production reduces the risk of the
development of such organisms in food. However,
many organisms can metabolize mycotoxins and
therefore do not present a risk of carry-over to end
products.

According to Van Der Fels-Klerx et al. (2018),
there are no indications of insects as feed and food
as toxic or reactive substances for consumption in
Europe. The risk of the consumption of BSF is low
as BSF cannot bioaccumulate pesticides (Lalander
et al., 2016; Purschke et al., 2017; Wang & Shelomi,
2017), and no presence of mycotoxins and fungi-
cides has been proven. No insects have been proven
to accumulate mycotoxins (Schrogel & Witjen,
2019). However, other insects apart from BSF can
accumulate pesticides (Meijer et al., 2021). Leni
et al. (2019) state that BSF can metabolize mycotox-
ins; however, it is not yet certain how.

Conclusions

The contamination of undesired substances such
as heavy metals, mycotoxins, and pesticides in BSF
mainly occurs in the larval stage. The contamina-
tion process mainly occurred during the feeding pro-
cess on BSFL with organic wastes and other com-
plementary substrates. The pattern of accumulated

contaminants in the bodies of BSFL is varied dis-
tinctively depending on the diets as well as the con-
taminant types and concentrations. Heavy metals
(Cd, Cu, As, and Pb) are reported to have accu-
mulated in BSFL. Cd, As, and Pb concentration
exceeded the recommendation standard (EC Direc-
tive 2002/32/EC). Yet, following the previous results
of the accumulation of the undesired substance in
BSFL’s body, their effects on BSFL growth and
development appear to be not significant. Mean-
while, a study on the fate of pesticides and mycotox-
ins in BSF larvae indicates no bioaccumulation was
detected for any of the target substances. In addition,
dioxins, PCBs, PAHs, and pharmaceuticals did not
accumulate in BSFL in the few existing studies. Thus,
the analysis of the available information showed a
minimal level of risk of bioaccumulation and bio-
conversion of undesired substances in the BSFL.
Consequently, the use of BSFL as an effective means
of processing organic waste has a high potential for
widespread distribution in all countries of the world
that are faced with problems with environmental
waste processing methods. However, during indus-
trial implementation, it is necessary to develop qual-
ity and safety management systems for waste pro-
cessing technology, which will take into account the
conditions of processing and the type of waste (for
example, the content of heavy metals and pesticides
in waste and environmental parameters). Also at the
moment, there is a need for future studies to assess
the long-term effects of undesirable substances dis-
cussed in the article on the demographic characteris-
tics of BSF. In case the absence of risks of dangerous
factor’s manifestation in the long term is confirmed,
there will be a basis for revising legislation in the
field of BSFL rearing and unlimited production of
animal feed and feed additives based on them. Creat-
ing closed food cycles in which BSFL are cultivated
on animal husbandry biowaste and used in animal
feed due to non-toxic bioconversion will contribute to
sustainable agriculture.

Author contribution Shahida Anusha Siddiqui: conceptual-
ization, methodology, validation, formal analysis, investigation,
resources, data curation, visualization, project administration,
writing—original draft, writing-review and editing, supervi-
sion. Ito Fernando: writing—original draft. Khoirun Nisa’:
writing—original draft. Mohd Asif Shah: validation, resources.
Teguh Rahayu: writing—original draft. Adil Rasool: validation,
resources. Owusu Fordjour Aidoo: validation, writing—review

@ Springer



823 Page 14 of 19

Environ Monit Assess (2023) 195:823

and editing. All authors have read, have understood, and have
complied as applicable with the statement on “Ethical responsi-
bilities of Authors” as found in the instructions for authors and
are aware that with minor exceptions, no changes can be made
to authorship once the paper is submitted.

Data availability The data that support the findings of this
study are available from the corresponding authors upon request.

Declarations

Conflict of interest The authors declare no competing interests.

References

Ali, H., Khan, E., & Ilahi, I. (2019a). Environmental Chemistry
and Ecotoxicology of Hazardous Heavy Metals: Environ-
mental Persistence, Toxicity, and Bioaccumulation. Journal
of Chemistry, 1-14. https://doi.org/10.1155/2019/6730305

Ali, S., Ullah, M. 1., Saeed, M. F., Khalid, S., Saqib, M., Arshad,
M., Afzal, M., & Damalas, C. A. (2019b). Heavy metal
exposure through artificial diet reduces growth and sur-
vival of Spodoptera litura (Lepidoptera: Noctuidae). Envi-
ronmental Science and Pollution Research, 26(14), 14426~
14434. https://doi.org/10.1007/s11356-019-04792-0

Alencar-Silva, T., Braga, M. C., Santana, G. O. S., Saldanha-Araujo,
F., Pogue, R., Dias, S. C., Franco, O. L., & Carvalho, J. L.
(2018). Breaking the frontiers of cosmetology with antimi-
crobial peptides. Biotechnology Advances, 36, 2019-2031.

Almeida, C., Rijo, P, & Rosado, C. (2020). Bioactive com-
pounds from Hermetia illucens larvae as natural ingre-
dients for cosmetic application. Biomolecules, 10, 976.
https://doi.org/10.3390/biom 10070976

Bajwa, U. & Sandhu, K. S. (2014) Effect of handling and pro-
cessing on pesticide residues in food — a review. Journal
of Food Science and Technology, 51, 201-220. https://
doi.org/10.1007/s13197-011-0499-5

Banks, P, Waugh, A,, Henderson, J., Sharp, B., Brown, M., Oliver,
J., & Marland, G. (2014). Enriching the care of patients with
dementia in acute settings? The Dementia Champions Pro-
gramme in Scotland. Dementia (London), 13(6):717-36.
https://doi.org/10.1177/1471301213485084. Epub 2013 May
1. PMID: 24339079.

Banu, N., & Muthumary, J. P. (2005). Mycobiota of sunflower
seeds and samples collected from vegetable oil refinery
located in Tamilnadu. India. Mycological Progress, 4(3),
195-204. https://doi.org/10.1007/s11557-006-0123-7

Berenbaum, M. R., Bush, D. S., & Liao, L.-H. (2021).
Cytochrome P450-mediated mycotoxin metabolism by
plant-feeding insects. Current Opinion in Insect Science,
43, 85-91. https://doi.org/10.1016/j.c0is.2020.11.007

BfR. (2013). Cumulative residues of pesticides in food should
be assessed on the basis of clear and simple criteria.
International Workshop at the BfR on the Cumulative
Risk Assessment of Pesticide Residues in Food.

Bhat, R., & Reddy, K. R. N. (2017). Challenges and issues con-
cerning mycotoxins contamination in oil seeds and their

@ Springer

edible oils: Updates from last decade. Food Chemistry, 215,
425-437. https://doi.org/10.1016/j.foodchem.2016.07.161

Bosch, G., Fels-Klerx, H., Rijk, T., & Oonincx, D. (2017).
Aflatoxin B1 tolerance and accumulation in black soldier
fly larvae (Hermetia illucens) and yellow mealworms
(Tenebrio molitor). Toxins, 9(6), 185. https://doi.org/10.
3390/toxins9060185

Bruno, D., Montali, A., Mastore, M., Brivio, M. F., Mohamed,
A., Tian, L., Grimaldi, A., Casartelli, M., & Tettamanti, G.
(2021). Insights Into the Immune Response of the Black
Soldier Fly Larvae to Bacteria. Frontiers in Immunology,
12,745160. https://doi.org/10.3389/fimmu.2021.745160

Bryden, W. L. (2012). Mycotoxin contamination of the feed
supply chain: Implications for animal productivity and
feed security. Animal Feed Science and Technology,
173(1-2), 134-158. https://doi.org/10.1016/j.anifeedsci.
2011.12.014

Cai, M., Hu, R., Zhang, K., Ma, S., Zheng, L., Yu, Z. & Zhang,
J. (2018) Resistance of black soldier fly (Diptera: Stratio-
myidae) larvae to combined heavy metals and potential
application in municipal sewage sludge treatment. Envi-
ronmental Science and Pollution Research, 25, 1559—
1567. https://doi.org/10.1007/s11356-017-0541-x

Camenzuli, L., Van Dam, R., de Rijk, T., Andriessen, R., Van
Schelt, J., & Van der Fels-Klerx, H. (2018). Tolerance and
excretion of the mycotoxins aflatoxin B1, zearalenone,
deoxynivalenol, and ochratoxin A by Alphitobius diaperi-
nus and Hermetia illucens from contaminated substrates.
Toxins, 10(2), 91. https://doi.org/10.3390/toxins 10020091

Caussy, D., Gochfeld, M., Gurzau, E., Neagu, C., & Ruedel, H.
(2003). Lessons from case studies of metals: investigat-
ing exposure, bioavailability, and risk. Ecotoxicology and
Environmental Safety, 56(1), 45-51. https://doi.org/10.
1016/50147-6513(03)00049-6

Charlton, A. J., Dickinson, M., Wakefeld, M. E., Fitches, E.,
Kenis, M., Han, R., Zhu, F., Kone, N., Grant, M., Devic,
E., Bruggeman, G., Prior, R. & Smith, R. (2015) Explor-
ing the chemical safety of fly larvae as a source of protein
for animal feed. Journal of Insects as Food and Feed, 1,
7-16.

Chia, S. Y., Tanga, C. M., van Loon, J. J., & Dicke, M. (2019).
Insects for sustainable animal feed: inclusive business
models involving smallholder farmers. Current Opinion in
Environmental Sustainability, 41, 23-30. https://doi.org/10.
1016/j.cosust.2019.09.003

Cickova, H., Newton, G. L., Lacy, R. C., & Kozanek, M. (2015).
The use of fly larvae for organic waste treatment. Waste Man-
agement, 35, 68-80. https://doi.org/10.1016/j.wasman.2014.
09.026

Circular Organics. (2021, August 20). Pyrolysis of frass to make
Insect bioconversion a Negative Emission Technology. https://
catalisti.be/wp-content/uploads/2019/06/2-JohanJacobs.pdf;
https:/link.springer.com/book/9789061931355

Cohen, A. C. (2005). Insect diets. CRC Press.

Cummins, V. C., Rawles, S. D., Thompson, K. R., Velasquez,
A., Kobayashi, Y., Hager, J., & Webster, C. D. (2017).
Evaluation of black soldier fly (Hermetia illucens) larvae
meal as partial or total replacement of marine fish meal
in practical diets for Pacific white shrimp (Litopenaeus
vannamei). Aquaculture, 473, 337-344. https://doi.org/
10.1016/j.aquaculture.2017.02.022


https://doi.org/10.1155/2019/6730305
https://doi.org/10.1007/s11356-019-04792-0
https://doi.org/10.3390/biom10070976
https://doi.org/10.1007/s13197-011-0499-5
https://doi.org/10.1007/s13197-011-0499-5
https://doi.org/10.1177/1471301213485084
https://doi.org/10.1007/s11557-006-0123-7
https://doi.org/10.1016/j.cois.2020.11.007
https://doi.org/10.1016/j.foodchem.2016.07.161
https://doi.org/10.3390/toxins9060185
https://doi.org/10.3390/toxins9060185
https://doi.org/10.3389/fimmu.2021.745160
https://doi.org/10.1016/j.anifeedsci.2011.12.014
https://doi.org/10.1016/j.anifeedsci.2011.12.014
https://doi.org/10.1007/s11356-017-0541-x
https://doi.org/10.3390/toxins10020091
https://doi.org/10.1016/s0147-6513(03)00049-6
https://doi.org/10.1016/s0147-6513(03)00049-6
https://doi.org/10.1016/j.cosust.2019.09.003
https://doi.org/10.1016/j.cosust.2019.09.003
https://doi.org/10.1016/j.wasman.2014.09.026
https://doi.org/10.1016/j.wasman.2014.09.026
https://catalisti.be/wp-content/uploads/2019/06/2-JohanJacobs.pdf
https://catalisti.be/wp-content/uploads/2019/06/2-JohanJacobs.pdf
https://springerlink.bibliotecabuap.elogim.com/book/9789061931355
https://doi.org/10.1016/j.aquaculture.2017.02.022
https://doi.org/10.1016/j.aquaculture.2017.02.022

Environ Monit Assess (2023) 195:823

Page 150f 19 823

Cutler, C. G. (2013). Insects, insecticide and hormesis: Evidence
and consideration for study. Dose-Response, 11, 154—-177.
https://doi.org/10.2203/dose-response.12-008.Cutler

D’Souza, C., & Peretiatko, R. (2002). The nexus between
industrialization and environment: a case study of Indian
enterprises. Environmental Management and Health, 13,
80-97. https://doi.org/10.1108/09566160210417859

da Silva, G. D. P., & Hesselberg, T. (2020). A Review of the
use of black soldier fly larvae, Hermetia illucens (Dip-
tera: Stratiomyidae), to compost organic waste in tropi-
cal regions. Neotropical Entomology, 49(2), 151-162.
https://doi.org/10.1007/s13744-019-00719-z

De Zutter, N., Audenaert, K., Ameye, M., Haesaert, G., &
Smagghe, G. (2016). Effect of the mycotoxin deoxyni-
valenol on grain aphid Sitobion avenae and its parasitic
wasp Aphidius ervi through food chain contamination.
Arthropod-Plant Interactions, 10(4), 323-329. https://
doi.org/10.1007/s11829-016-9432-1

Defoliart, G. R. (1995). Edible insects as minilivestock. Biodi-
versity and Conservation, 4(3), 306-321. https://doi.org/
10.1007/6£00055976

Diener, S. (2010). Valorisation of organic solid waste using the
black soldier fly, Hermetia illucens, in low and middle-
income countries [Ph.D. Diessertation, ETH Zurich].

Diener, S., Lalander, C., Zurbriigg, C., & Vinnerés, B. (2015b).
Opportunities and constraints for medium-scale organic
waste treatment with fly larvae composting. Fifteenth
International Waste Management and Landfill. https://
www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/
publikationen/SWM/BSF/Opportunities_constraints_
medium_scale.pdf

Diener, S., Roa-Gutiérrez, F., Zurbriigg, C., & Tockner, K.
(2009a). Are larvae of the black soldier fly - Hermetia
illucens - A financially viable option for organic waste
management in Costa Rica? Twelfth International Waste
Management and Landfill Symposium.

Diener, S., Zurbriigg, C., Gutiérrez, F. R., Nguyen, D. H., Morel, A.,
Koottatep, T., & Tockner, K. (2011). Black soldier fly larvae
for organic waste treatment — prospects and constraints. https://
www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/
publikationen/SWM/BSF/Black_soldier_fly_larvae_for_
organic_waste_treatment.pdf

Diener, S., Zurbriigg, C., & Tockner, K. (2009b). Conversion of
organic material by black soldier fly larvae: establishing opti-
mal feeding rates. Waste Management and Research, 27, 603—
610. https://doi.org/10.1177/0734242X09103838

Diener, S., Zurbriigg, C., & Tockner, K. (2015b). Bioaccu-
mulation of heavy metals in the black soldier fly, Her-
metia illucens and effects on its life cycle. Journal of
Insects as Food and Feed, 1, 261-270. https://doi.org/
10.3920/JIFF2015.0030

EFSA. (2015). Risk profile related to production and con-
sumption of insects as food and feed. EFSA Journal,
13, 4257. https://doi.org/10.2903/J.EFSA.2015.4257

Ekielski, A., Mishra, P. K., & Zelazifiski, T. (2018). Assess-
ing the Influence of Roasting Process Parameters on
Mepiquat and Chlormequat Formation in Dark Barley
Malts. Food and Bioprocess Technology, 11(6), 1177—
1187. https://doi.org/10.1007/s11947-018-2087-4

El-Dakar, M. A., Ramzy, R. R., Plath, M., & Ji, H. (2021).
Evaluating the impact of bird manure vs. mammal manure

on Hermetia illucens larvae. Journal of Cleaner Produc-
tion, 278, 123570. https://doi.org/10.1016/j.jclepro.2020.
123570

Ellacuriaga, M., Garcia-Cascallana, J., & Goémez, X. (2021).
Biogas production from organic wastes: integrating con-
cepts of circular economy. Fuels, 2(2), 144—167. https://doi.
org/10.3390/fuels2020009

European Commission. (2008). Green paper on the manage-
ment of bio-waste in the European Union. https://op.
europa.eu/en/publication-detail/-/publication/b2341160-
6612-4d97-a147-93308c9c8f5e/language-en

European Commission. (2017). Commission Regulation (EU)
2017/893. Official Journal of the European Union May:
1-25.

European Commission. (2020). A new circular economy action
plan for a cleaner and more competitive Europe. https://
eur-lex.europa.eu/resource.html ?uri=cellar:9903b325-6388-
11ea-b73501aa75ed71a1.0017.02/DOC_1andformat=PDF

Eurostat. (2021). Municipal waste statistics. https://ec.europa.eu/
eurostat/statistics-explained/index.php?title=Municipal _
waste_statistics

FAO, & WHO. (2019). Hazards associated with animal feed.
FAO Animal Production and Health / Report 14.

Furman, D. P, Young, R. D., Catts, P., & E. (1959). Herme-
tia illucens (Linnaeus) as a factor in the natural control of
Musca domestica Linnaeus. Journal of Economic Entomol-
ogy, 52(5), 917-921. https://doi.org/10.1093/jee/52.5.917

Gao, Q., Wang, X., Wang, W., Lei, C., & Zhu, F. (2017). Influ-
ences of chromium and cadmium on the development of
black soldier fly larvae. Environmental Science and Pollu-
tion Research, 24(9), 8637-8644. https://doi.org/10.1007/
s11356-017-8550-3

Gold, M., Tomberlin, J. K., Diener, S., Zurbriigg, C., &
Mathys, A. (2018). Decomposition of biowaste macro-
nutrients, microbes, and chemicals in black soldier fly
larval treatment: A review. Waste Management, 82,
302-318. https://doi.org/10.1016/j.wasman.2018.10.022

Hoornweg, D., & Bhada-Tata, P. (2022). What a waste: a
global review of solid waste management. Worldbank.
org. http://documents.worldbank.org/curated/en/2012/03/
16537275/waste-global-review-solid-waste-management

Hossain, Z., & Huq, F. (2002). Studies on the interaction
between Cd2+4 ions and nucleobases and nucleotides.
Journal of Inorganic Biochemistry, 90(3-4), 97-105.
https://doi.org/10.1016/s0162-0134(02)00411-7

Houbraken, M., Spranghers, T., De Clercq, P., Cooreman-
Algoed, M., Couchement, T., De Clercq, G., Verbeke, S., &
Spanoghe, P. (2016). Pesticide contamination of Tenebrio
molitor (Coleoptera: Tenebrionidae) for human consump-
tion. Food Chemistry, 201, 264-269. https://doi.org/10.
1016/j.foodchem.2016.01.097

Ikeda, M., Zhang, Z.-W., Shimbo, S., Watanabe, T., Nakatsuka,
H., Moon, C.-S., Matsuda-Inoguchi, N., & Higashikawa,
K. (2000). Urban population exposure to lead and cad-
mium in east and south-east Asia. Science of the Total
Environment, 249(1-3), 373-384. https://doi.org/10.
1016/s0048-9697(99)00527-6

Imathiu, S. (2020). Benefits and food safety concerns associated
with consumption of edible insects. NFS Journal, 18, 1-11.
https://doi.org/10.1016/j.nfs.2019.11.002

@ Springer


https://doi.org/10.2203/dose-response.12-008.Cutler
https://doi.org/10.1108/09566160210417859
https://doi.org/10.1007/s13744-019-00719-z
https://doi.org/10.1007/s11829-016-9432-1
https://doi.org/10.1007/s11829-016-9432-1
https://doi.org/10.1007/bf00055976
https://doi.org/10.1007/bf00055976
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Opportunities_constraints_medium_scale.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Opportunities_constraints_medium_scale.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Opportunities_constraints_medium_scale.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Opportunities_constraints_medium_scale.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Black_soldier_fly_larvae_for_organic_waste_treatment.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Black_soldier_fly_larvae_for_organic_waste_treatment.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Black_soldier_fly_larvae_for_organic_waste_treatment.pdf
https://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/SWM/BSF/Black_soldier_fly_larvae_for_organic_waste_treatment.pdf
https://doi.org/10.1177/0734242X09103838
https://doi.org/10.3920/JIFF2015.0030
https://doi.org/10.3920/JIFF2015.0030
https://doi.org/10.2903/J.EFSA.2015.4257
https://doi.org/10.1007/s11947-018-2087-4
https://doi.org/10.1016/j.jclepro.2020.123570
https://doi.org/10.1016/j.jclepro.2020.123570
https://doi.org/10.3390/fuels2020009
https://doi.org/10.3390/fuels2020009
https://op.europa.eu/en/publication-detail/-/publication/b2341160-6612-4d97-a147-93308c9c8f5e/language-en
https://op.europa.eu/en/publication-detail/-/publication/b2341160-6612-4d97-a147-93308c9c8f5e/language-en
https://op.europa.eu/en/publication-detail/-/publication/b2341160-6612-4d97-a147-93308c9c8f5e/language-en
https://eur-lex.europa.eu/resource.html?uri=cellar:9903b325-6388-11ea-b73501aa75ed71a1.0017.02/DOC_1andformat=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:9903b325-6388-11ea-b73501aa75ed71a1.0017.02/DOC_1andformat=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:9903b325-6388-11ea-b73501aa75ed71a1.0017.02/DOC_1andformat=PDF
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Municipal_waste_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Municipal_waste_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Municipal_waste_statistics
https://doi.org/10.1093/jee/52.5.917
https://doi.org/10.1007/s11356-017-8550-3‌
https://doi.org/10.1007/s11356-017-8550-3‌
https://doi.org/10.1016/j.wasman.2018.10.022
http://documents.worldbank.org/curated/en/2012/03/16537275/waste-global-review-solid-waste-management
http://documents.worldbank.org/curated/en/2012/03/16537275/waste-global-review-solid-waste-management
https://doi.org/10.1016/s0162-0134(02)00411-7
https://doi.org/10.1016/j.foodchem.2016.01.097
https://doi.org/10.1016/j.foodchem.2016.01.097
https://doi.org/10.1016/s0048-9697(99)00527-6
https://doi.org/10.1016/s0048-9697(99)00527-6
https://doi.org/10.1016/j.nfs.2019.11.002

823 Page 16 of 19

Environ Monit Assess (2023) 195:823

Iyengar, G. V., & Nair, P. P. (2000). Global outlook on nutrition
and the environment: meeting the challenges of the next
millennium. Science of the Total Environment, 249(1-3),
331-346. https://doi.org/10.1016/s0048-9697(99)00529-x

Jamaludin, M. A., Wan Khairuzzaman, M., & Abdullah Sani,
M. S. (2021). Black soldier fly larvae as animal feed:
implications on the halal status of meat products. Halalp-
shere, 1(1), 32—42. https://doi.org/10.31436/hs.v1i1.27

Jan, A., Azam, M., Siddiqui, K., Ali, A., Choi, 1., & Haq, Q.
(2015). Heavy metals and human health: mechanistic
insight into toxicity and counter defense system of antioxi-
dants. International Journal of Molecular Sciences, 16(12),
29592-29630. https://doi.org/10.3390/ijms 161226183

Jayathilakan, K., Sultana, K., Radhakrishna, K., & Bawa, A. S.
(2012). Utilization of byproducts and waste materials from
meat, poultry and fish processing industries: a review. Jour-
nal of Food Science and Technology, 49, 278-293. https://
doi.org/10.1007/s13197-011-0290-7

Joly, G. (2018). Valorising organic waste using the black sol-
dier fly (Hermetia illucens), in Ghana. https://www.diva-
portal.org/smash/get/diva2:1196375/FULLTEXTO1.pdf

Joly, G., & Nikiema, J. (2019). Global experiences on waste
processing with black soldier fly (Hermetia illucens):
from technology to business. International Water Man-
agement Institute. CGIAR Research Program on Water,
Land and Ecosystems, Colombo, Sri Lanka. https://doi.
org/10.5337/2019.214

Khan, A., Khan, S., Khan, M. A., Qamar, Z., & Waqas, M.
(2015). The uptake and bioaccumulation of heavy met-
als by food plants, their effects on plants nutrients, and
associated health risk: a review. Environmental Science
and Pollution Research, 22(18), 13772—13799. https://
doi.org/10.1007/s11356-015-4881-0

Khan, S., El-Latif Hesham, A., Qiao, M., Rehman, S., & He,
J.-Z.. (2009). Effects of Cd and Pb on soil microbial com-
munity structure and activities. Environmental Science
and Pollution Research, 17(2), 288-296. https://doi.org/
10.1007/s11356-009-0134-4

Kim, C.-H., Ryu, J., Lee, J., Ko, K., Lee, J., Park, K. Y., & Chung,
H. (2021). Use of black soldier fly larvae for food waste treat-
ment and energy production in Asian countries: a review.
Processes, 9(1), 161. https://doi.org/10.3390/pr9010161

Kim, W, Bae, S., Park, K., Lee, S., Choi, Y., Han, S., & Koh,
Y. (2011). Biochemical characterization of digestive
enzymes in the black soldier fly, Hermetia illucens (Dip-
tera: Stratiomyidae). Journal of Asia-Pacific Entomolol-
ogy, 14, 11-14.

Klammsteiner, T., Turan, V., Fernandez-Delgado Juarez, M.,
Oberegger, S., & Insam, H. (2020). Suitability of black
soldier fly frass as soil amendment and implication for
organic waste hygienization. Agronomy, 10(10), 1578.
https://doi.org/10.3390/agronomy 10101578

Lihteenmiki-Uutela, A., Grmelova, N., Hénault-ethier, L.,
Vandenberg, G. W., Zhao, A., Zhang, Y., Yang, B., &
Nemane, V. (2017). Insects as food and feed: laws of the
European Union, United States, Canada, Mexico, Aus-
tralia, and China. European Food and Feed Law Review,
12, 22-36.

Lalander, C., Diener, S., Magri, M. E., Zurbriigg, C., Lindstrom, A.,
& Vinneras, B. (2013a). Faecal sludge management with the
larvae of the black soldier fly (Hermetia illucens) — From a

@ Springer

hygiene aspect. Science of the Total Environment, 458—460,
312-318. https://doi.org/10.1016/j.scitotenv.2013.04.033

Lalander, C., Diener, S., Zurbriigg, C., & Vinnerés, B. (2019).
Effects of feedstock on larval development and process effi-
ciency in waste treatment with black soldier fly (Hermetia
illucens). Journal of Cleaner Production, 208, 211-219.
https://doi.org/10.1016/j.jclepro.2018.10.017

Lalander, C., Senecal, J., Gros Calvo, M., Ahrens, L., Josefsson,
S., Wiberg, K., & Vinneras, B. (2016). Fate of pharma-
ceuticals and pesticides in fly larvae composting. Science
of the Total Environment, 565, 279-286. https://doi.org/
10.1016/j.scitotenv.2016.04.147

Lalander, C., Diener, S., Magri, M. E., Zurbriigg, C., Lindstrom, A.,
& Vinneras, B. (2013b). Faecal sludge management with the
larvae of the black soldier fly (Hermetia illucens) - From a
hygiene aspect. Science of the Total Environment, 458—460,
312-318. https://doi.org/10.1016/j.scitotenv.2013.04.033

Lee, R., den Uyl, R., & Runhaar, H. (2019). Assessment of policy
instruments for pesticide use reduction in Europe; Learning
from a systematic literature review. Crop Protection, 126,
104929. https://doi.org/10.1016/j.cropro.2019.104929

Leni, G., Cirlini, M., Jacobs, J., Depraetere, S., Gianotten, N.,
Sforza, S., & Dall’Asta, C. (2019). Impact of Naturally
Contaminated Substrates on Alphitobius diaperinus and
Hermetia illucens: Uptake and Excretion of Mycotoxins.
Toxins, 11(8), 476. https://doi.org/10.3390/toxins 11080476

Li, Q., Zheng, L., Cai, H., Garza, E., Yu, Z., & Zhou, S. (2011a).
From organic waste to biodiesel: Black soldier fly, Her-
metia illucens, makes it feasible. Fuel, 90(4), 1545-1548.
https://doi.org/10.1016/j.fuel.2010.11.016

Li, Y., Jiao, B., Zhao, Q., Wang, C., Gong, Y., Zhang, Y., &
Chen, W. (2011b). Effect of commercial processing on
pesticide residues in orange products. European Food
Research and Technology, 234(3), 449-456. https://doi.
org/10.1007/s00217-011-1651-1

Liu, C, Wang, C., & Yao, H. (2019a). Comprehensive
Resource Utilization of Waste Using the Black Soldier
Fly (Hermetia illucens (L.)) (Diptera: Stratiomyidae).
Animals, 9(6), 349. https://doi.org/10.3390/ani9060349

Liu, T., Awasthi, M. K., Chen, H., Duan, Y., Awasthi, S. K., & Zhang,
Z. (2019b). Performance of black soldier fly larvae (Diptera:
Stratiomyidae) for manure composting and production of
cleaner compost. Journal of Environmental Management, 251,
109593. https://doi.org/10.1016/j.jenvman.2019.109593

Llewellyn, G. C., & Chinnici, J. P. (1978). Variation in sen-
sitivity to aflatoxin B1 among several strains of Dros-
ophila melanogaster (Diptera). Journal of Invertebrate
Pathology, 31(1), 37-40. https://doi.org/10.1016/0022-
2011(78)90106-4

Lohri, C. R., Diener, S., Zabaleta, 1., Mertenat, A., & Zurbriigg,
C. (2017). Treatment technologies for urban solid biowaste
to create value products: a review with focus on low- and
middle-income settings. Reviews in Environmental Science
and Bio/technology, 16(1), 81-130. https://doi.org/10.1007/
s11157-017-9422-5

Lopes, C., Herva, M., Franco-Uria, A., & Roca, E. (2011). Inven-
tory of heavy metal content in organic waste applied as ferti-
lizer in agriculture: evaluating the risk of transfer into the food
chain. Environmental Science and Pollution Research, 18(6),
918-939. https://doi.org/10.1007/s11356-011-0444-1


https://doi.org/10.1016/s0048-9697(99)00529-x
https://doi.org/10.31436/hs.v1i1.27
https://doi.org/10.3390/ijms161226183
https://doi.org/10.1007/s13197-011-0290-7
https://doi.org/10.1007/s13197-011-0290-7
https://www.diva-portal.org/smash/get/diva2:1196375/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1196375/FULLTEXT01.pdf
https://doi.org/10.5337/2019.214
https://doi.org/10.5337/2019.214
https://doi.org/10.1007/s11356-015-4881-0
https://doi.org/10.1007/s11356-015-4881-0
https://doi.org/10.1007/s11356-009-0134-4
https://doi.org/10.1007/s11356-009-0134-4
https://doi.org/10.3390/pr9010161
https://doi.org/10.3390/agronomy10101578
https://doi.org/10.1016/j.scitotenv.2013.04.033
https://doi.org/10.1016/j.jclepro.2018.10.017
https://doi.org/10.1016/j.scitotenv.2016.04.147
https://doi.org/10.1016/j.scitotenv.2016.04.147
https://doi.org/10.1016/j.scitotenv.2013.04.033
https://doi.org/10.1016/j.cropro.2019.104929
https://doi.org/10.3390/toxins11080476
https://doi.org/10.1016/j.fuel.2010.11.016
https://doi.org/10.1007/s00217-011-1651-1
https://doi.org/10.1007/s00217-011-1651-1
https://doi.org/10.3390/ani9060349
https://doi.org/10.1016/j.jenvman.2019.109593
https://doi.org/10.1016/0022-2011(78)90106-4
https://doi.org/10.1016/0022-2011(78)90106-4
https://doi.org/10.1007/s11157-017-9422-5
https://doi.org/10.1007/s11157-017-9422-5
https://doi.org/10.1007/s11356-011-0444-1

Environ Monit Assess (2023) 195:823

Page 17 0f 19 823

Lu, Y., Zhang, S., Sun, S., Wu, M., Bao, Y., Tong, H., Ren, M., Jin,
N., Xu, J., Zhou, H., & Xu, W. (2021). Effects of different
nitrogen sources and ratios to carbon on larval development
and bioconversion efficiency in food waste treatment by
black soldier fly larvae (Hermetia illucens). InSects, 12(6),
507. https://doi.org/10.3390/insects 12060507

Luo, M., Cao, H.-M., Fan, Y.-Y., Zhou, X.-C., Chen, J.-X.,
Chung, H., & Wei, H.-Y. (2020). Bioaccumulation of cad-
mium affects development, mating behavior, and fecundity
in the Asian corn borer, Ostrinia Furnacalis. InSects, 11(1),
7. https://doi.org/10.3390/insects 11010007

Magalhdes, R., Sdnchez-Lopez, A., Leal, R. S., Martinez-Llorens, S.,
Oliva-Teles, A., & Peres, H. (2017). Black soldier fly (Herme-
tia illucens) pre-pupae meal as a fish meal replacement in diets
for European seabass (Dicentrarchus labrax). Aquaculture,
476, 79-85. https://doi.org/10.1016/j.aquaculture.2017.04.021

Mahalakshmi, M. (2012). Characteristic levels of heavy metals
in canned tuna fish. Journal of Toxicology and Environ-
mental Health Sciences, 4(2), 43—45. https://doi.org/10.
5897/jtehs11.079

Marone, P. A. (2016). Food Safety and Regulatory Concerns. Insects
as Sustainable Food Ingredients, 203-221. https://doi.org/10.
1016/6978-0-12-802856-8.00007-7

Meijer, N., de Rijk, T., van Loon, J. J. A., Zoet, L., & van der
Fels-Klerx, H. J. (2021). Effects of insecticides on mor-
tality, growth and bioaccumulation in black soldier fly
(Hermetia illucens) larvae. PLoS One, 16(4): Article
€0249362. https://doi.org/10.1371/journal.pone.0249362

Meijer, N., Stoopen, G., van der Fels-Klerx, H. J., van Loon, J.
J. A, Carney, J., & Bosch, G. (2019). Aflatoxin B1 con-
version by black soldier fly (Hermetia illucens) larval
enzyme extracts. Toxins, 11(9), 532. https://doi.org/10.
3390/toxins11090532

Mertenat, A., Diener, S., & Zurbriigg, C. (2019). Black Soldier
Fly biowaste treatment — Assessment of global warming
potential. Waste Management, 84, 173—181. https://doi.
org/10.1016/j.wasman.2018.11.040

Morella, E., Foster, V., & Banerjee, S. (2008). AFRICA INFRAS-
TRUCTURE COUNTRY DIAGNOSTIC The. https://www.
eu-africa-infrastructure-tf.net/attachments/library/aicd-
background-paper-13-sanit-sect-summary-en.pdf

Miiller, C. (2018). Impacts of sublethal insecticide exposure on
insects — facts and knowledge gaps. Basic and Applied
Ecology, 30, 1-10. https://doi.org/10.1016/j.baae.2018.
05.001

Miiller, J. A., GroB, R., Conzelmann, C. et al. (2021). SARS-CoV-2
infects and replicates in cells of the human endocrine and
exocrine pancreas. Nature Metabolism, 3, 149-165. https://
doi.org/10.1038/s42255-021-00347-1

Nabulo, G., Oryem-Origa, H., & Diamond, M. (2006). Assess-
ment of lead, cadmium, and zinc contamination of road-
side soils, surface films, and vegetables in Kampala City,
Uganda. Environmental Research, 101(1), 42-52. https://
doi.org/10.1016/j.envres.2005.12.016

Nana, A.L., Sidhu, M., Gaus, S. E., Hwang, J. L., Li, L, Park, Y.,
Kim, E. J, Pasquini, L., Allen ,L.E., Rankin, K.P., Toller, G.,
Kramer, J. H., Geschwind, D. H., Coppola, G., Huang, E. J.,
Grinberg, L.T., Miller, B. L., & Seeley, W. W. (2019). Neu-
rons selectively targeted in frontotemporal dementia reveal
early stage TDP-43 pathobiology. Acta Neuropathological,

137(1), 27-46. https://doi.org/10.1007/s00401-018-1942-8.
Epub PMID: 30511086; PMCID: PMC6339592.

Nguyen, H. C., Liang, S.-H., Li, S.-Y., Su, C.-H., Chien, C.-C.,
Chen, Y.-J.,, & Huong, D. T. M. (2018). Direct transes-
terification of black soldier fly larvae (Hermetia illucens)
for biodiesel production. Journal of the Taiwan Institute
of Chemical Engineers, 85, 165-169. https://doi.org/10.
1016/j.jtice.2018.01.035

Nguyen, T. T. X., Tomberlin, J. K., & Vanlaerhoven, S. (2015).
Ability of black soldier fly (Diptera: Stratiomyidae) lar-
vae to recycle food waste. Environmental Entomology, 44,
406-410.

Niu, G., Siegel, J., Schuler, M. A., & Berenbaum, M. R.
(2009). Comparative toxicity of mycotoxins to navel
orangeworm (Amyelois transitella) and corn earworm
(Helicoverpa zea). Journal of Chemical Ecology, 35(8),
951-957. https://doi.org/10.1007/s10886-009-9675-8

Onakpa, M. M., Njan, A. A., & Kalu, O. C. (2018). A Review
of Heavy Metal Contamination of Food Crops in Nigeria.
Annals of Global Health, 84(3), 488—494. https://doi.org/
10.29024/a0gh.2314

Pang, W., Hou, D., Chen, J., Nowar, E. E., Li, Z., Hu, R., Tomberlin,
J. K., Yu, Z., Li, Q., & Wang, S. (2020). Reducing green-
house gas emissions and enhancing carbon and nitrogen
conversion in food wastes by the black soldier fly. Journal
of Environmental Management, 260: Article 110066. https://
doi.org/10.1016/j.jenvman.2020.110066

Park, S.-I., & Yoe, S. M. (2017). A novel cecropin-like pep-
tide from black soldier fly, Hermetia illucens: isolation,
structural and functional characterization. Entomological
Research, 47(2), 115-124. https://doi.org/10.1111/1748-
5967.12226

Popa, R, & Green T. R. (2012). Using black soldier fly larvae for pro-
cessing organic leachates. Journal of Economic Entomology,
105(2), 374-378. https://doi.org/10.1603/EC11192

Popp, J., Petd, K. & Nagy, J. (2013) Pesticide productivity and food
security. A review. Agronomy for Sustainable Development,
33, 243-255. https://doi.org/10.1007/513593-012-0105-x

Proc, K., Bulak, P.,, Kaczor, M., & Bieganowski, A. (2021). A
New approach to quantifying bioaccumulation of elements
in biological processes. Biology, 10(4), 345. https://doi.org/
10.3390/biology 10040345

Proc, K., Bulak, P., Wiacek, D., & Bieganowski, A. (2020). Herme-
tia illucens exhibits bioaccumulative potential for 15 different
elements — Implications for feed and food production. Science
of the Total Environment, 723: Article 138125. https://doi.
org/10.1016/j.scitotenv.2020.138125

Purschke, B., Scheibelberger, R., Axmann, S., Adler, A., &
Jager, H. (2017). Impact of substrate contamination
with mycotoxins, heavy metals and pesticides on the
growth performance and composition of black soldier
fly larvae (Hermetia illucens) for use in the feed and
food value chain. Food Additives and Contaminants.
Part a, Chemistry, Analysis, Control, Exposure and
Risk Assessment, 34, 1410-1420. https://doi.org/10.
1080/19440049.2017.1299946

Raman, S. S., Stringer, L. C., Bruce, N. C., & Chong, C. S.
(2022). Opportunities, challenges and solutions for black
soldier fly larvae-based animal feed production. Journal
of Cleaner Production, 373, 133802. https://doi.org/10.
1016/j.jclepro.2022.133802

@ Springer


https://doi.org/10.3390/insects12060507
https://doi.org/10.3390/insects11010007
https://doi.org/10.1016/j.aquaculture.2017.04.021
https://doi.org/10.5897/jtehs11.079
https://doi.org/10.5897/jtehs11.079
https://doi.org/10.1016/b978-0-12-802856-8.00007-7
https://doi.org/10.1016/b978-0-12-802856-8.00007-7
https://doi.org/10.1371/journal.pone.0249362
https://doi.org/10.3390/toxins11090532
https://doi.org/10.3390/toxins11090532
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.1016/j.wasman.2018.11.040
https://www.eu-africa-infrastructure-tf.net/attachments/library/aicd-background-paper-13-sanit-sect-summary-en.pdf
https://www.eu-africa-infrastructure-tf.net/attachments/library/aicd-background-paper-13-sanit-sect-summary-en.pdf
https://www.eu-africa-infrastructure-tf.net/attachments/library/aicd-background-paper-13-sanit-sect-summary-en.pdf
https://doi.org/10.1016/j.baae.2018.05.001
https://doi.org/10.1016/j.baae.2018.05.001
https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1016/j.envres.2005.12.016
https://doi.org/10.1016/j.envres.2005.12.016
https://doi.org/10.1007/s00401-018-1942-8
https://doi.org/10.1016/j.jtice.2018.01.035
https://doi.org/10.1016/j.jtice.2018.01.035
https://doi.org/10.1007/s10886-009-9675-8
https://doi.org/10.29024/aogh.2314
https://doi.org/10.29024/aogh.2314
https://doi.org/10.1016/j.jenvman.2020.110066
https://doi.org/10.1016/j.jenvman.2020.110066
https://doi.org/10.1111/1748-5967.12226
https://doi.org/10.1111/1748-5967.12226
https://doi.org/10.1603/EC11192
https://doi.org/10.1007/s13593-012-0105-x
https://doi.org/10.3390/biology10040345
https://doi.org/10.3390/biology10040345
https://doi.org/10.1016/j.scitotenv.2020.138125
https://doi.org/10.1016/j.scitotenv.2020.138125
https://doi.org/10.1080/19440049.2017.1299946
https://doi.org/10.1080/19440049.2017.1299946
https://doi.org/10.1016/j.jclepro.2022.133802
https://doi.org/10.1016/j.jclepro.2022.133802

823 Page 18 of 19

Environ Monit Assess (2023) 195:823

Randhawa, M. A., Anjum, F. M., Ahmed, A., & Randhawa, M.
S. (2007). Field incurred chlorpyrifos and 3,5,6-trichloro-
2-pyridinol residues in fresh and processed vegetables.
Food Chemistry, 103(3), 1016-1023. https://doi.org/10.
1016/j.foodchem.2006.10.001

Raskin, I., Kumar, P. N., Dushenkov, S., & Salt, D. E. (1994).
Bioconcentration of heavy metals by plants. Current
Opinion in Biotechnology, 5(3), 285-290. https://doi.
org/10.1016/0958-1669(94)90030-2

Reddy, M. V. B., & Reddy, Y. R. (2015). Pesticide residues in
animal feed and effects on animals and its products with
special reference to endosulfan. International Journal
of Research in Ayurveda & Pharmacy, 6(3), 371-374.
https://doi.org/10.7897/2277-4343.06372

Rindhe, S. N., Chatli, M. K., Wagh, R. V., Kaur, A., Mehta,
N., Kumar, P., & Malav, O. P. (2019). Black Soldier
Fly: A New Vista for Waste Management and Animal
Feed. International Journal of Current Microbiology
and Applied Sciences, 8(01), 1329-1342. https://doi.
org/10.20546/ijcmas.2019.801.142

Roberts, J. R., & Reigart, J. R. (2013). Recognition and man-
agement of pesticide poisonings. Environmental Pro-
tection Agency’s Office of Pesticide Programs.

Rozkosny, R. A. (2023). A biosystematic study of the euro-
pean stratiomyidae (Diptera). Springer.

Sarpong, D., Oduro-Kwarteng, S., Gyasi, S. F., Buamah, R.,
Donkor, E., Awuah, E., & Baah, M. K. (2019). Biodeg-
radation by composting of municipal organic solid waste
into organic fertilizer using the black soldier fly (Hermetia
illucens) (Diptera: Stratiomyidae) larvae. International
Journal of Recycling of Organic Waste in Agriculture,
8(S1), 45-54. https://doi.org/10.1007/s40093-019-0268-4

Schrogel, P., & Witjen, W. (2019). Insects for food and feed-
safety aspects related to mycotoxins and metals. Foods,
8, 288. https://doi.org/10.3390/foods8080288

Schmitt, E., Belghit, 1., Johansen, J., Leushuis, R., Lock, E.-J.,
Melsen, D., Shanmugam, R. K. R., Loon, J. V., & Paul, A.
(2019). Growth and safety assessment of feed streams for
aquaculture sludge. Animals, 9, 189.

Siddiqui, S. A., Snoeck, E. R., Tello, A., Alles, M. C., Fernando,
I, Saraswati, Y. R., Rahayu, T., Grover, R., Ullah, M. 1.,
Ristow, B., & Nagdalian, A. A. (2022a). Manipulation of
the black soldier fly larvae (Hermetia illucens; Diptera:
Stratiomyidae) fatty acid profilethrough the substrate. Jour-
nal of Insects as Food and Feed, 1-20. https://doi.org/10.
3920/J1FF2021.0162

Siddiqui, S. A., Ristow, B., Rahayu, T., Putra, N. S., Yuwono,
N. W,, & Nisa’, K., Mategeko, B., Smetana, S., Saki, M.,
Nawaz, A., Nagdalian, A.,. (2022b). Black soldier fly lar-
vae (BSFL) and their affinity for organic waste process-
ing. Waste Management, 140, 1-13. https://doi.org/10.
1016/j.wasman.2021.12.044

Singh, A., & Kumari, K. (2019). An inclusive approach for
organic waste treatment and valorisation using Black Sol-
dier Fly larvae: A review. Journal of Environmental Man-
agement, 251, 109569. https://doi.org/10.1016/j.jenvman.
2019.109569

Singh, R., Gautam, N., Mishra, A., & Gupta, R. (2011). Heavy
metals and living systems: an overview. Indian Journal
of Pharmacology, 43(3), 246. https://doi.org/10.4103/
0253-7613.81505

@ Springer

Smith, J.E., Lewis, C.W., & Anderson, J.G. (1994). Mycotoxins
in human nutrition. European Commission.

Su, C.-H., Nguyen, H. C., Bui, T. L., & Huang, D.-L. (2019).
Enzyme-assisted extraction of insect fat for biodiesel pro-
duction. Journal of Cleaner Production, 223, 436-444.
https://doi.org/10.1016/j.jclepro.2019.03.150

Suckling, J., Druckman, A., Small, R., Cecelja, F., & Bussemaker,
M. (2021). Supply chain optimization and analysis of Her-
metia illucns (black soldier fly) bioconversion of surplus
foodstuffs. Journal of Cleaner Production, 321, Article
128711. https://doi.org/10.1016/j.jclepro.2021.128711

Takata, M., Fukushima, K., Kawai, M., Nagao, N., Niwa, C.,
Yoshida, T., & Toda, T. (2013). The choice of biologi-
cal waste treatment method for urban areas in Japan—an
environmental perspective. Renewable and Sustainable
Energy Reviews, 23, 557-567. https://doi.org/10.1016/].
rser.2013.02.043

Tang, Y., Lu, L., Zhao, W., & Wang, J. (2009). Rapid Detection
Techniques for Biological and Chemical Contamination in
Food: A Review. International Journal of Food Engineer-
ing, 5(5). https://doi.org/10.2202/1556-3758.1744

Tchounwou, P. B., Centeno, J. A., & Patlolla, A. K. (2004).
Arsenic toxicity, mutagenesis, and carcinogenesis — a
health risk assessment and management approach.
Molecular and Cellular Biochemistry, 255(1/2), 47-55.
https://doi.org/10.1023/b:mcbi.0000007260.32981.b9

Tomberlin, J., & van Huis, A. (2020). Black soldier fly from
pest to ‘crown jewel’ of the insects as feed industry: An
historical perspective. Journal of Insects as Food and
Feed., 6, 1-4. https://doi.org/10.3920/JIFF2020.0003

Tomno, R. M., Nzeve, J. K., Mailu, S. N., Shitanda, D., &
Waswa, F. (2020). Heavy metal contamination of water,
soil and vegetables in urban streams in Machakos munici-
pality, Kenya. Scientific African, 9, Article €00539. https://
doi.org/10.1016/j.sciaf.2020.e00539

Udomkun, P., Wiredu, A. N., Nagle, M., Bandyopadhyay,
R., Miiller, J., & Vanlauwe, B. (2017). Mycotoxins in
Sub-Saharan Africa: Present situation, socio-economic
impact, awareness, and outlook. Food Control, 72, 110-
122. https://doi.org/10.1016/j.foodcont.2016.07.039

van der Fels-Klerx, H. J., Camenzuli, L., Belluco, S., Meijer, N.,
& Ricci, A. (2018). Food Safety Issues Related to Uses of
Insects for Feeds and Foods. Comprehensive Reviews in
Food Science and Food Safety, 17(5), 1172-1183. https://
doi.org/10.1111/1541-4337.12385

van der Fels-Klerx, H. J., Camenzuli, L., van der Lee, M. K.,
& Oonincx, D. G. A. B. (2016). Uptake of Cadmium,
Lead and Arsenic by Tenebrio molitor and Hermetia illu-
cens from Contaminated Substrates. PLoS One, 11(11),
Article e0166186. https://doi.org/10.1371/journal.pone.
0166186

van der Fels-Klerx, H. J., Meijer, N., Nijkamp, M. M., Schmitt,
E., & van Loon, J. J. A. (2020). Chemical food safety of
using former foodstuffs for rearing black soldier fly lar-
vae (Hermetia illucens) for feed and food use. Journal of
Insects as Food and Feed, 6, 475—488. https://doi.org/10.
3920/J1IFF2020.0024

van Huis, A., Van Itterbeeck, J., Klunder, H., Mertens, E.,
Halloran, A., Muir, G., & Vantomme, P. (2013). Edible
insects. Future prospects for food and feed security. Food


https://doi.org/10.1016/j.foodchem.2006.10.001
https://doi.org/10.1016/j.foodchem.2006.10.001
https://doi.org/10.1016/0958-1669(94)90030-2
https://doi.org/10.1016/0958-1669(94)90030-2
https://doi.org/10.7897/2277-4343.06372
https://doi.org/10.20546/ijcmas.2019.801.142
https://doi.org/10.20546/ijcmas.2019.801.142
https://doi.org/10.1007/s40093-019-0268-4
https://doi.org/10.3390/foods8080288
https://doi.org/10.3920/JIFF2021.0162
https://doi.org/10.3920/JIFF2021.0162
https://doi.org/10.1016/j.wasman.2021.12.044
https://doi.org/10.1016/j.wasman.2021.12.044
https://doi.org/10.1016/j.jenvman.2019.109569
https://doi.org/10.1016/j.jenvman.2019.109569
https://doi.org/10.4103/0253-7613.81505
https://doi.org/10.4103/0253-7613.81505
https://doi.org/10.1016/j.jclepro.2019.03.150
https://doi.org/10.1016/j.jclepro.2021.128711
https://doi.org/10.1016/j.rser.2013.02.043
https://doi.org/10.1016/j.rser.2013.02.043
https://doi.org/10.2202/1556-3758.1744
https://doi.org/10.1023/b:mcbi.0000007260.32981.b9
https://doi.org/10.3920/JIFF2020.0003
https://doi.org/10.1016/j.sciaf.2020.e00539
https://doi.org/10.1016/j.sciaf.2020.e00539
https://doi.org/10.1016/j.foodcont.2016.07.039
https://doi.org/10.1111/1541-4337.12385
https://doi.org/10.1111/1541-4337.12385
https://doi.org/10.1371/journal.pone.0166186
https://doi.org/10.1371/journal.pone.0166186
https://doi.org/10.3920/JIFF2020.0024
https://doi.org/10.3920/JIFF2020.0024

Environ Monit Assess (2023) 195:823

Page 190f 19 823

and Agriculture Organization of the United Nations.
http://www.fao.org/3/i3253e/i3253e00.htm

Garon, D., Richard, E., Sage, L., Bouchart, V., Pottier, D., &
Lebailly, P.,. (2006). Mycoflora and multi mycotoxin
detection in corn silage: experimental study. Journal
of Agricultural and Food Chemistry, 54, 3479-3484.
https://doi.org/10.1021/JF0601791

Voegeli, Y., Zurbriigg, C. (2008). Decentralised anaerobic
digestion of kitchen and market waste in developing
countries — “state-of-the-art” in south India. Second
International Symposium on Energy from Biomass and
Waste, 17-20 November, Venice, Italy.

Wang, C., Qian, L., Wang, W., Wang, T., Deng, Z., Yang, F.,
Xiong, J., & Feng, W. (2017). Exploring the potential of
lipids from black soldier fly: New paradigm for biodiesel
production (I). Renewable Energy, 111, 749-756. https://
doi.org/10.1016/j.renene.2017.04.063

Wang, W.-X. (2016). Bioaccumulation and Biomonitoring.
Marine Ecotoxicology, 99-119. https://doi.org/10.1016/
b978-0-12-803371-5.00004-7

Wang, Y.-S., & Shelomi, M. (2017). Review of Black Soldier
Fly (Hermetia illucens) as Animal Feed and Human Food.
Foods, 6(10), 91. https://doi.org/10.3390/foods6100091

Webster, C. D., Rawles, S. D., Koch, J. F., Thompson, K. R.,
Kobayashi, Y., Gannam, A. L., Twibell, R. G., & Hyde,
N. M. (2016). Bio-Ag reutilization of distiller’s dried
grains with solubles (DDGS) as a substrate for black sol-
dier fly larvae, Hermetia illucens, along with poultry by-
product meal and soybean meal, as total replacement of
fish meal in diets for Nile tilapia. Oreochromis Niloticus.
Aquaculture Nutrition, 22(5), 976-988. https://doi.org/
10.1111/anu.12316

WHO. (2018). Pesticide residues in food. https://www.who.int/
news-room/fact-sheets/detail/pesticide-residues-in-food

Wild, C. P. & Gong, Y. Y. (2010) Mycotoxins and human dis-
ease: a largely ignored global health issue. Carcinogene-
sis, 167, 101-134. https://doi.org/10.1093/carcin/bgp264

Wilk, A., Kalisiiiska, E., Kosik-Bogacka, D. 1., Romanow-
ski, M., Rézanski, J., Ciechanowski, K., Stojewski,
M., & Lanocha-Arendarczyk, N. (2016). Cadmium,
lead and mercury concentrations in pathologically
altered human kidneys. Environmental Geochemistry
and Health, 39(4), 889-899. https://doi.org/10.1007/
$10653-016-9860-y

Wilson, D., Rodic-Wiersma, L., Modak, P., Soés, R., Rogero,
A., Velis, C., Iyer, M., & Simonett, O. (2015). Global
waste management outlook. United Nations Environment
Programme (UNEP) and International Solid Waste Asso-
ciation (ISWA), Nairobi, Kenya.

Wolf, J., Priiss-Ustiin, A., Cumming, O., Bartram, J., Bonjour,
S., Cairncross, S., Clasen, T., Colford, J. M., Curtis, V.,

De France, J., Fewtrell, L., Freeman, M. C., Gordon, B.,
Hunter, P. R., Jeandron, A., Johnston, R. B., Miusezahl,
D., Mathers, C., Neira, M., & Higgins, J. P. T. (2014).
Systematic review: Assessing the impact of drinking
water and sanitation on diarrhoeal disease in low- and
middle-income settings: systematic review and meta-
regression. Tropical Medicine & International Health,
19(8), 928-942. https://doi.org/10.1111/tmi.12331

Wong, C.-Y.,, Lim, J.-W., Uemura, Y., Chong, F.-K., Yeong,
Y.-F., Mohamad, M., & Hermansyah, H. (2018). Insect-
based lipid for biodiesel production. AIP Conference
Proceedings. https://doi.org/10.1063/1.5055552

Wu, N, Wang, X., Xu, X, Cai, R., & Xie, S. (2020). Effects of heavy
metals on the bioaccumulation, excretion and gut microbiome
of black soldier fly larvae (Hermetia illucens). Ecotoxicology
and Environmental Safety, 192, Article 110323. https://doi.org/
10.1016/j.ecoenv.2020.110323

Yang, Q., Li, Z., Lu, X., Duan, Q., Huang, L., & Bi, J. (2018).
A review of soil heavy metal pollution from industrial
and agricultural regions in China: Pollution and risk
assessment. Science of the Total Environment, 642, 690—
700. https://doi.org/10.1016/j.scitotenv.2018.06.068

Yu, G. H, Chen, Y. H., Yu, Z. N., & Cheng, P. (2009). Research
progress on the larvae and prepupae of black soldier fly
Hermetia illucens used as animal feedstuff. Chinese Bul-
letin of Entomology, 46, 41-45.

Zhang, J., Shi, Z., Gao, Z., Wen, Y., Wang, W., Liu, W., Wang,
X., & Zhu, F. (2021). Identi fi cation of three metallothio-
neins in the black soldier fly and their functions in Cd
accumulation and detoxification. Environmental Pollu-
tion, 286. https://doi.org/10.1016/j.envpol.2021.117146

Zheng, L., Hou, Y., Li, W., Yang, S., Li, Q., & Yu, Z. (2012).
Biodiesel production from rice straw and restaurant waste
employing black soldier fly assisted by microbes. Energy,
47(1), 225-229. https://doi.org/10.1016/j.energy.2012.09.006

Zurbriigg, C., Bram Dortmans, Audinisa Fadhila, Verstappen,
B., & Diener, S. (2018). From pilot to full scale operation
of a waste-to-protein treatment facility. Detritus, 1(1), 18.
https://doi.org/10.26403/detritus/2018.22

Publisher’s Note  Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


http://www.fao.org/3/i3253e/i3253e00.htm
https://doi.org/10.1021/JF060179I
https://doi.org/10.1016/j.renene.2017.04.063
https://doi.org/10.1016/j.renene.2017.04.063
https://doi.org/10.1016/b978-0-12-803371-5.00004-7
https://doi.org/10.1016/b978-0-12-803371-5.00004-7
https://doi.org/10.3390/foods6100091
https://doi.org/10.1111/anu.12316
https://doi.org/10.1111/anu.12316
https://www.who.int/news-room/fact-sheets/detail/pesticide-residues-in-food
https://www.who.int/news-room/fact-sheets/detail/pesticide-residues-in-food
https://doi.org/10.1093/carcin/bgp264
https://doi.org/10.1007/s10653-016-9860-y
https://doi.org/10.1007/s10653-016-9860-y
https://doi.org/10.1111/tmi.12331
https://doi.org/10.1063/1.5055552
https://doi.org/10.1016/j.ecoenv.2020.110323
https://doi.org/10.1016/j.ecoenv.2020.110323
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1016/j.envpol.2021.117146
https://doi.org/10.1016/j.energy.2012.09.006
https://doi.org/10.26403/detritus/2018.22

	Effects of undesired substances and their bioaccumulation on the black soldier fly larvae, Hermetia illucens (Diptera: Stratiomyidae)–a literature review
	Abstract 
	Introduction
	Organic waste treatment through black soldier fly larvae
	Low- and middle-income countries
	High- and upper-middle-income countries

	Effect of undesired substances on growth, development, and survival of black soldier fly larvae
	Residual pesticides
	Heavy metals
	Mycotoxins
	Monitoring the concentration of contaminants in BSF
	Protective mechanisms of BSF against undesirable compounds

	Analysis of the bioaccumulation of undesired substances in black soldier fly larvae
	Residual pesticides
	Heavy metal contamination
	Mycotoxins
	Other undesirable contaminants

	Typical waste streams with potential risk for black soldier fly larvae
	Assessment of the risks of bioaccumulation of undesired substances in black soldier fly larvae to end products
	Conclusions
	References


