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Abstract

Indoor breeding of edible insects has emerged as a sustainable alternative to fulfill the growing demand
for proteins and lipids in animal feed. The quality and safety of the diet used to feed these insects are
highly relevant, as they directly influence the increase in biomass, growth of the insect, and safety of the
larvae and by-products obtained from it. The presence of insecticides, such as lufenuron, which belongs
to the class of benzoylphenyl ureas, inhibits chitin synthesis and interferes with the molting process in
arthropods. It could potentially be found in the diets used for feeding. This study introduced lufenuron
into the diets of 7-day-old Hermetia illucens larvae at varying concentrations (0.069, 0.149, 0.282, 0.878,
and 1.066 mg/kg. The survival of the larvae and pupae was evaluated, and the alterations generated were
observed using light microscopy. The main alterations observed were morphological alterations on
mouth abrasion on larvae, an inability to complete molting to pupae, and pupal abdomen wounds. In
adults, wing deformation and genital injuries occur in both males and females. The findings of this study
suggest that lufenuron exposure leads to mortality in the larvae and pupae of H. illucens. Additionally,
insecticides cause significant morphological alterations in the larvae, pupae, and adult stages of insects.
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Introduction

Edible insects are considered environmentally friendly because of their more efficient resource
utilization compared with conventional livestock. This can potentially reduce the
environmental impacts of food production (Godfray et al., 2010; Van Huis et al., 2013) [%-2, In
addition, edible insects can feed on a wide range of wastes that can be transformed into
ingredients with high energy, protein, fat, and vitamin values (Rumpold and Schliiter, 2013) I
and can be used as ingredients in human and animal food (Fasolin et al., 2019) . These
insects can also be used in biofuel production (Zheng et al., 2012) B! and their excreta can be
used as soil improvers (Klammsteiner et al., 2020) [,

Hermetia illucens, commonly known as the black soldier fly, is a saprophagous fly species in
the family Stratiomyidae. The larvae of this species are well known for their ability to feed on
and break down a variety of organic waste materials. They are often used in waste
management and environmental applications because of their remarkable capacity to convert
various types of organic wastes into valuable products. Black soldier fly larvae are highly
efficient at consuming and processing organic matter, including agro-industrial waste, animal
excreta (manure), food scraps, and fish farming waste. These larvae can convert the waste
materials they consume into nutrient-rich biomass, which can be further processed into
products such as animal feed, biofuels, and fertilizers (Bessa et al., 2021; Hoek-van den Hil et
al., 2022; Meijer et al., 2021; Purschke et al., 2017) [ 8 9 10 Because of their unique
ecological role and waste conversion capabilities, black soldier fly larvae have gained attention
as a potential solution for reducing organic waste and its associated environmental impacts.
Their ability to rapidly break down waste and transform it into valuable resources has led to
research and initiatives aimed at harnessing their potential in various waste management and
sustainable development projects (EFSA Scientific Committee, 2015) [,

Excreta, which include waste from animals or plant husbandry, often contain traces of
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antibiotics, pesticides, and other chemicals. These substances
may be present in excreta owing to the use of veterinary
treatments or agronomic practices in the production chain.
Antibiotics are commonly used in animal hushandry to treat
and prevent diseases, whereas pesticides are used in
agriculture to control pests and increase crop yields. The
presence of antibiotics and pesticides in excreta raises
important concerns about their potential environmental
impacts, including the possibility of soil, water, and
ecosystem contamination. When animals are treated with
antibiotics, some antibiotics can pass through their digestive
systems and be excreted in waste. Similarly, pesticides used
in agricultural fields can make their way into animal excreta if
animals graze or consume crops treated with these chemicals.
(Berendsen et al., 2015; Jansen et al., 2019) [22 131,

Currently, the most commonly used insecticides for pest
control and human health protection are insect growth
regulators (IGR) (Rosner, Wellmeyer and Merzendorfer
2020) D4 These insecticides are more selective, less
persistent, environmentally friendly, and has relatively low
toxicity to humans and non-target organisms (Sun et al.,
2015; Zhu et al., 2016) > 61 and can interfere with the
growth, development, and reproduction of insects. The three
most important groups are juvenile hormone analogs,
ecdysone antagonists, and chitin synthesis inhibitors.
Lufenuron is a chitin synthesis inhibitor belonging to the
benzoyl-phenyl urea (BPU) group. When included in the diet
of Drosophila melanogaster larvae, lufenuron causes
mortality and abnormal cuticle development, and surviving
individuals die in the next instar, presumably because of
inadequate cuticle synthesis, in addition to structural changes
in the peritrophic matrix (Kelkenberg et al., 2015;
Merzendorfer 2013; Wilson and Cryan 1997) [17.18. 191,

The use of BPU in Chile is focused on the agroindustry
through the use of the insecticide Sorba 050 EC™, Syngenta
S.A (Syngenta, 2021) 21, for pest control in agriculture, and
its use has been authorized in the country since 2006. In the
salmon industry, this insecticide is used to control Caligus
rogercresseyi (Copepoda: Siphonostomatoida: Caligidae)
through lufenuron and hexaflumuron. Both ingredients, along
with hydrogen peroxide, are used as the main treatments for
sea lice control. Lufenuron is applied to smolt salmon food
before it is transported to the sea, while hexaflumuron is
applied to the sea by bathing it in sea cages (Bravo and
Treasurer, 2023) 4, Inhibitors of chitin synthesis, such as
lufenuron and hexaflumuron, disrupt chitin biosynthesis in
arthropods. The effectiveness of these compounds is
attributed to chitin formation due to abnormal endocuticular
deposits, which can affect tracheae development (Tanani,
Hasaballah and Hussein 2022) [??1, causing abortive molting,
abnormal phenotypes (Merzendorfer 2013) [8l increased
adult lethality, and a lack or decrease in egg hatching in
arthropods (Zhu et al., 2016) [*®1, Some of these inhibitors
affect the formation and function of the peritrophic matrix in
the digestive system (Merzendorfer 2013) (€1,

Therefore, the first objective of this study was to evaluate the
mortality rate of H. illucens larvae, pupae, and adults when
exposed to different concentrations of lufenuron; the second
objective was to visually the morphological damage caused
by lufenuron exposure on H. illucens.

Materials and Methods
Biological Materials
A new strain of the cross was obtained from a colony
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belonging to Natpro SpA (Los Lagos, Chile) and from native
individuals collected in Chile. The new strain was bred for
three generations and the flies were fed a diet commonly used
for Gainesville house flies.

Choosing the lufenuron concentration

The lufenuron concentrations used in the treatments were
chosen based on the regulatory guidelines for veterinary drugs
in food intended for human consumption in Chile.
Specifically, these guidelines are outlined in Resolution
N°1,560 published by the Ministry of Health of the Republic
of Chile (Ministry of Health of the Republic of Chile, 2019)
(28], This Resolution sets the maximum residue limits (MRL)
for veterinary drugs in food products intended for human
consumption. As for lufenuron, it has been established that
the MRL allowed is 1.35 mg/kg for muscle tissue with the
skin of farmed fish. According to this MRL, a matrix of
concentrations that were below the allowed MRL, which
differed among them, was established to obtain a response
curve of the growth process in H. illucens larvae and its
incidence in the morphology of the larvae, pupae, and adults.
Insecticide concentrations were used to create formulations
for the feed administered during larval rearing. These
concentrations were compared to a control group that received
feed without lufenuron.

Feed Spiked

For the bioassay, a formulation based on lufenuron (Sigma-
Aldrich, St. Louis, MO, USA; 99.5%) was used.
Concentrations of lufenuron at 0.069, 0.149, 0.282, 0.878, and
1.066 mg/kg were diluted in distilled water at 20 °C to
maintain solubility (Lewis et al., 2016) 4 and then spiked
with feed formulation based on the Gainesville house fly diet
(Hogsette, 1992) 2°1 which consisted of wheat bran (50%),
corn flour (20%), and alfalfa flour (30%). A moisture content
of 70% was used in the diet. Once the ingredients were dosed,
they were mixed with an Einhell brand manual mixer (1,600
Watt), and the temperature was maintained at 20 °C.

Bioassay

All treatments were performed in triplicate. Per replicate, 700
seven-day-old larvae (post-hatching) were reared on plastic
trays (21.5 cm x 15.5 cm x 8 cm). In each tray, 80 g of feed
was formulated with the formulation corresponding to the
treatment and the larvae were inoculated on top of the feed. A
layer of anti-mosquito netting was placed over the tray,
covering the larva and feed, and elastic bands were used to
secure the anti-mosquito netting in place to prevent any larvae
from escaping during the rearing period. The trays were
distributed over carts and placed in an incubator room
belonging to the company Natpro SpA. (set at 28 °C and 60%
RH). The larvae were then introduced into the prepared feed
in each trial. Feeding was administered daily ad libitum,
without overfeeding or underfeeding. When 50% of the larvae
were observed, feeding was suspended at the prepupal stage
(sixth instar). The larvae were then manually separated from
the substrate by sifting. The substrate consisted of a mixture
of leftover feed and larval excreta. For each replicate, 30
individuals of larva L5, pupa, and adult were chosen to
observe morphological alterations caused by lufenuron under
a Leica EZ 4 W stereo microscope with a 5.0 x Megapixeles
camera.

To evaluate larvae L5, we used the information described by
Bruno et al. (2020) 81 for pupae, Barros et al., (2019) ?1, and
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Fachin and Hauser (2022) [?8] for adults.

Statistical Analysis

Statistical analysis was conducted using the RStudio software
(R Core Team, 2022) 1. One-way analysis of variance
(ANOVA) was performed to assess whether there were
statistically significant differences between the treatment and
control groups in terms of the observed effects, such as
morphological alterations or survival rates. After performing
ANOVA, post-hoc Tukey’s HSD tests were used to compare
treatments with the control.

The analysis of the data obtained was performed by applying
the Levene Test, which assesses whether the variances of the
data are statistically equal across different groups or
treatments. Analysis of variance (ANOVA) with 95%
confidence was performed to detect statistically significant
differences. When significant differences were detected,
Tukey's post-hoc test was applied with 95% confidence.

Results

The effects of lufenuron on the survival of the larvae and
pupae are shown in Figure 1 and Figure 2. Larval survival in
the fifth instar was affected by the presence of lufenuron
regardless of the concentration to which the individuals were
exposed. In pupae, treatment with 1.066 (mg/kg lufenuron)
generated a survival rate of 43.6%.

The presence of alterations in the larvae treated with 0.878
and 1.066 mg/kg lufenuron further supports the idea that this
specific concentration range of the insecticide had a
noticeable impact on the development and well-being of the
larvae. The general morphology of H. illucens larvae is a
cylindrical and elongated body consisting of 12 well-defined
segments (including the cephalic capsule) surrounded by setae
and sensilla. The head is hemicephalic, prognata. Dorsally, it
presents a double tridentate hook-shaped sclerite in the distal
area of the head. Conical, robust labrum with a small bulge in
the distal area where it houses some sensilla. It has two
pronounced gene lobes that protect the mandibular-maxillary
apparatus. The ventral oral cavity occupies the first third of
the head. Globular thorax, meso- and metathorax covered
with spine-like sensilla (dorsal and ventral views). Thoracic
segment, with setae and rounded ornaments on the cuticle
(Barros et al., 2019) 71, The abdomen is composed of eight
segments that are similar in shape to the thorax. It is covered
by a spine-like sensilla and is located ventrally on the anterior
margin, except for the eighth segment (Barros et al., 2019)
271, The eighth segment, which is larger than the rest, has a
chimney spiracle that is much larger than functional spiracles.
It is surrounded by a row of setae (Barros et al., 2019) 71,
The anal opening is surrounded by short, thick, spine-shaped
setae (Barros et al., 2019) 271,

The larvae exhibited necrosis, which refers to the death of
cells or tissues, in various part of the mouthparts. This
includes the maxillary and mandibular parts, membranous
ventral lobe, prementum, epipharynx (part of the mouthparts),
and hypopharynx (also part of the mouthparts) (Figure 3).
Malformation was observed in the thoracic and abdominal
regions. Specifically, there was a malformation in the
metathorax (the posterior segment of the thorax) and the first
abdominal segment (Figures 4, 5) and a notable feature was
discontinuity of the metathoracic segment, which merged with
the first abdominal segment. This abnormality was unique to
larvae treated with a higher concentration of lufenuron (1.066
mg/kg). These effects are consistent with the disruption of
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chitin synthesis, which can lead to severe developmental
abnormalities and structural deficiencies in arthropods.

The pupae that were fed 0.149, 0.282, and 1.066 (mg/kg)
lufenuron during their larval stage experienced mortality
associated with incomplete ecdysis. (Figure 6). The general
morphology of the pupae is coarctate, with 12 well-defined
segments. It is brown to dark brown in color. The surface of
his body is rigid and sclerotic. Completely sclerotic head
capsule, lateral antennae, and mouthparts covered by sclerotic
plaques. Body surrounded by dense brown to golden
plumosity. The abdomen is composed of eight segments that
are similar in shape to that of the thorax. With absence of
spine-like sensilla. The eighth segment is larger than the rest;
it has a chimney spiracle that is much larger than the
functional spiracles and is surrounded by a row of setae. Anal
opening without a spine-like sensilla. In the 0.149, 0.282,
0.878, and 1.066 mg/kg lufenuron groups, a larger wound and
increased fluid secretion were observed in the eighth
abdominal segment in the ventral section (Figure 7). These
observed effects on the eighth abdominal segment suggest
that lufenuron exposure may disrupt the normal development
and integrity of this segment. The presence of a larger wound
and increased fluid secretion could be indicative of tissue
damage or physiological stress resulting from the effect of
lufenuron on chitin synthesis and overall development.

In adults, a specific type of wing deformation called “wing
curling” was observed more frequently in all treatments,
except for the control group and a treatment involving a
specific concentration of lufenuron (0.069 mg/kg) (Figure 8).
The general morphology of adult H. illucens is a large
species, which can measure between 13 and 20 mm, a black
body, and a black head with a white stripe in the front area.
Median occipital sclerite with two white spots. Naked eyes,
uniform and small ommatidia, developed ocellar triangle,
dichoptic in both sexes (Oliveira, Doelle and Smith 2016;
Ustiiner, Hasbenli and Rozkosny 2017) % 31, The maxillary
palps are located in the front area of the head, lateral to the
rostrum (Pezzi et al., 2021) 3. Antennae blackish, pedicel
cylindrical, bent at the base. The surface is rough and covered
with microtrichia on both sides. The female had a short
sensilla at the base of the pedicel, whereas the male had a
long sensilla. The pedicel has a truncated conical shape that is
wider distally. The flagellum is composed of eight
flagellomeres with a spatulate apical shape (Pezzi et al., 2017)
1381, Thorax black, not hunchbacked, calyptra not elongated.
Prominent shiny black scutellum with humeral callus. Post-
wing callus and posterior margin of black scutellum (Roy et
al., 2018) B34, The wings can be black to brown in color. Four
median veins arise from the discal cell and disappear as they
approach the wing margin. Halteres whitish and greenish in
distal area. Black legs with white tarsi, upper half of tibia
white without spines. Black abdomen with oblong translucent
tergites 1 and 2 (Oliveira, Doelle and Smith 2016) %, The
genitalia of the female had two long segmented cerci, an
elongated subgenital plate, and an acute angle distally.
Subtriangular genital furcation with an unusually wide
median opening. Leaf-shaped posterolateral projections
(Usttiner, Hasbenli and Rozkosny 2003) 31, The genitalia of
males present a relatively short epandrium with a proximally
emarginate shape, genital capsule (Synsternite) with two
posterolateral lobes, one on each side, and pair of reduced
gonostyles (Roy et al., 2018) 4. Gonostyle with a finger-like
shape with projections in the distal and proximal margins and
a median lobe subtriangular proctiger. Well-developed
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sternum 10, shorter than epandrium, round-shaped cerci,
elongated at tip Aedeagal complex very thin and dilated in
basal part (Ustiner, Hasbenli and Rozko$ny 2003) 3%, The
presence of wing curling deformations in adults, particularly
in response to specific treatments, highlights the potential
physiological and developmental effects of pesticide
exposure. This type of deformity can have functional
consequences for affected arthropods and may provide insight
into the specific ways in which lufenuron or other treatments
affect the development of these organisms.

In the genitalia of the female, a wound with liquid release was
observed in the pleura of the ninth abdominal tergite (Figure
9). This damage was observed only in the 0.282, 0.878, and

http://www.entomoljournal.com

1.066 mg/kg lufenuron treatments. In the male sample
obtained from the 1,066 mg/kg lufenuron treatment group, a
specimen with a malformation in one of its flagella was
observed. In the form of an elongated appendage attached at
the same point as the rest of the flagellum (Figure 10). In this
treatment, damage was also observed in the male genitalia
cerci, absence of both cerci, and asymmetry in one of them
(Figure 11). The observation of a wound with liquid release in
the genitalia of females, particularly in the pleura of the ninth
abdominal tergite, suggests that exposure to treatments
(presumably involving lufenuron) may have resulted in
physical damage or stress to these reproductive structures.
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Fig 1: Box plot of percentage of surviving larvae of Hermetia illucens reared on diets contaminated with different concentrations of lufenuron
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Fig 6: Ventral view of incomplete ecdysis of Hermetia illucens
pupae from the group exposed to lufenuron at concentrations of
0.149, 0.282, and 1.066 mg/kg

Fig 3: Morphological aspect mouth part of the fifth-instar larvae of
Hermetia illucens from the group exposed to lufenuron at a
concentration of 1,066 mg/kg

Fig 7: A larger wound with increased secretion of fluid on the eighth
abdominal segment in the ventral section of pupae of Hermetia
illucens from the group exposed to lufenuron at concentrations of
0.149, 0.282, 0.878, and 1.066 mg/kg

Fig 4: Ventral

Fig 5: Dorsal view of morphological damage of fifth-instar larvae of
Hermetia illucens. From the group exposed to lufenuron at a Fig 8: Wings deformations in adult of Hermetia illucens were in
concentration of 1,066 mg/kg observed in all treatments except the control and treatment with

0.149 mg/kg lufenuron
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Fig 9: Wound with release of liquid was observed in the pleura of
the ninth abdominal tergite of Hermetia illucens in the groups
exposed to lufenuron at concentrations of 0.282, 0.878 and 1.066
mg/kg

Fig 10: Malformation of the male antenna in a flagellomere. In the
form of an elongated appendage and attached to the same point as
the rest of the flagellomeres Hermetia illucens from the group
exposed to lufenuron at a concentration of 1.066 mg/kg

Fig 11: Male genitalia with a cerci asymmetry malformation on
adults of Hermetia illucens from the group exposed to lufenuron at a
concentration of 1.066 mg/kg

Discussions
The inhibition of chitin synthesis leads to deficient cuticle
formation, resulting in weak, malformed, or irregular

http://www.entomoljournal.com

exoskeletons. This compromises the ability of arthropods to
function properly and exposes them to various environmental
stresses. (Hammock and Quistad, 1981; Mommaerts, Sterk
and Smagghe 2006) % ¥71, The present study determined the
potential impact of the insecticide lufenuron, which belongs
to the group of chitin synthesis inhibitors, benzoyl phenyl
ureas, which was tested on 5 concentrations (0.069, 0.149,
0.282, 0.878 and 1.066 mg/kg lufenuron) plus the control
(lufenuron-free) on the feeding of 7-day-old H. illucens
larvae.

The results presented here show that the mortality of fifth
stage (L5) larvae exposed to increasing concentrations of
lufenuron was significantly higher than that of the control
larvae. However, mortality did not increase with the
concentration of lufenuron (Figure 1). At the pupal stage,
lufenuron concentrations greater than or equal to 0.878 mg/kg
(treatments 5 and 6) resulted in a significant increase in the
percentage of non-emerged pupae (Figure 2). These results
are consistent with those observed in Drosophila
melanogaster larvae (Diptera: Drosophilidae). Newly
emerged larvae (0-4 hours) fed high lufenuron doses (0.3-0.5
ppm showed a negative effect on the survival of larvae,
pupae, and even adult flight, with a subsequent decrease in the
number of eggs collected (Wilson and Cryan 1997) [,
Fonseca et al., (2015) B8 applied a sublethal dose of 4.04 mg
lufenuron/L to the diet of 10-day-old Diatraea flavipennella
(Lepidoptera: Crambidae) larvae. It was observed that this
concentration, the lowest in this test, caused movement
difficulties in the individuals and various morphological
deformations in the larvae, such as incomplete molting,
exuvial retention, and air bubbles or liquid in the cephalic
area. These findings are similar to the deformations observed
in the H. illucens larvae test (Figure 5). In Ephestia figulilella
(Lepidoptera: Pyralidae), the mode of application of lufenuron
was different from that described by Fonseca et al., (2015)
8], The insecticide Match™% 50 EC from Syngenta Crop
Protection was sprayed at concentrations of 500, 750, 1,000,
1,250, and 1,500 mg/I of lufenuron during the last larval stage
of the species. In addition to detecting the mortality of
individuals, malformations were found. The treated larvae
presented a dark coloration in the distal part of the abdomen,
and in addition, they were not able to feed and died. Other
findings include malformations in pupae and dark coloration
deformation in adults (Khajepour, Izadi and Asari 2012) [,
Since lufenuron is used in salmon farming, the Scottish
Executive (2002) 1“0 reported that benzoylphenyl urea agents
have poor absorption across the gastrointestinal tract of
salmon. Samuelsen et al., (2015) ¥ found that approximately
90% of benzoylphenyl urea compounds are teflubenzuron.
administered on medicated feed and eaten by the fish, is
excreted in its active form and spread to the environment.
This represents a major ecological concern for non-target
species, such as wild crustaceans that live near salmon farms.
The findings suggest that lufenuron, once taken up by the
larvae of H. illucens, can have profound effects on the
survival of larvae L5 and affect the survival of pupae when
exposed to lufenuron at concentrations of 0.878 and 1.066
mg/kg. Lufenuron interferes with chitin synthesis, abnormal
endocuticular deposition, and abortive molting. This study
showed damage and significant morphological alterations in
the larvae, pupae, and adult stages of this insect. These factors
can cause profound damage to the H. illucens colonies.
Further studies are needed on the effects of BPU insecticides,
such as lufenuron, on the metabolic pathways used by insects,
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such as H. illucens, to deal with this type of substance or other
agents. It is recommended to investigate the frass that the
larvae generate when they are fed an insecticide, such as
lufenuron. It is not known whether the effectiveness of the
insecticide is maintained or diminished by ingestion and
excretion by larvae.

Conclusion

The study shows that lufenuron causes morphological damage
that affects larval rearing, reproduction, and fertility of the
female. These factors can cause profound damage to the
Indoor breeding of edible insects H. illucens.
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