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Abstract

This study investigated Fusarium-damaged wheat kernels (FDK) as a potential feeding substrate
for black soldier fly larvae (Hermetia illucens; BSFL). Fusarium-damaged kernels are considered
unsuitable for food and feed due to the presence of mycotoxins. Mycotoxins, like deoxynivalenol
(DON), pose health risks when consumed by animals at concentrations exceeding the limits
established by the Canadian Food Inspection Agency. However, BSFL have shown higher
tolerance to mycotoxins, suggesting that FDK may be used as a feeding substrate for BSFL
intended for animal consumption. To assess this, three FDK-based diets with varying
concentrations of DON (4.49 = 0.08 ppm, 6.04 + 0.02 ppm, and 6.83 + 0.04 ppm) and a healthy
wheat-based diet (0 ppm DON; control diet) were formulated to grow the larvae. The diets were
fed to larvae to assess their preference based on DON concentration. Concurrently, the
accumulation of DON in BSFL biomass and its effects on growth parameters were evaluated. The
larvae showed no preference for any DON concentration. The DON levels accumulated in the
BSFL biomass were minimal, regardless of the DON concentration in the feed (p<0.05), with the
highest recorded at 0.87 + 0.04 ppm compared to 6.83 + 0.06 ppm in the diet. Despite the potential
harm of FDK to animals, the growth parameters of BSFL improved, with larvae on FDK-based
diets reaching a live body weight of 185.0 + 3.2 mg compared to 177.6 £ 4.2 mg for the control on
Day 15. The nutritional profile remained nearly identical across all DON concentrations (~41%
crude lipid and ~39% crude protein in dried biomass). These findings suggest that BSFL raised on
FDK-based diets can be used effectively for feed purposes.
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1 Introduction

Fusarium head blight (FHB), also known as scab, is a fungal disease that affects wheat (including
durum), barley, oats, and other small cereal grains globally (Mielniczuk & Skwaryto-Bednarz,
2020). The fungal toxin (mycotoxin) produced by Fusarium-infected seeds can contaminate the
grain, making it unconsumable to animals. Moreover, fungal development in the grain disrupts
kernel development, lowering yield and quality (Alisaac & Mahlein, 2023). In Canada alone, at
least $1 billion of loss was observed in wheat harvest due to FHB in 2016 (Chin et al., 2023). The
most prominent mycotoxin found in wheat due to the FHB is deoxynivalenol (DON). Structurally,
DON belongs to the trichothecene family of mycotoxins, characterised by a tetracyclic ring
structure with three hydroxyl (-OH) groups (Figure 1). Its chemical name, 12,13-epoxy-3a,7a,15-
trihydroxytrichothec-9-en-8-on, reflects its complex molecular structure (Kamle et al., 2022; Nagl
& Schatzmayr, 2015). The hydroxyl groups are integral to DON's toxic effects, facilitating
interaction with cellular components and disrupting essential biochemical processes.
Deoxynivalenol is also considered heat stable, remaining intact even at high temperatures during
food processing (80-120°C) (Kabak, 2009). Other mycotoxins found in wheat due to FHB are
Enniatin A and B, T-2, HT-2 and moniliformin. Other mycotoxins associated with FHB in wheat
include Enniatin A and B, T-2 toxin, HT-2 toxin, and moniliformin (Janaviciene et al., 2023).

Figure 1 Chemical structure of Deoxynivalenol (DON)

If consumed beyond a certain quantity, DON can pose several acute health problems like diarrhoea,
abdominal pain, headache, and fever (Ji et al., 2019). Some studies have also shown that prolonged
consumption of DON can reduce body weight and prevent weight gain (Tomaszewska et al., 2016;
Wellington et al., 2020). According to the Canadian Food Inspection Agency (CFIA), the
maximum permissible limit of DON in unclean soft wheat intended for human consumption is 2
ppm. For poultry, the limit is 5 ppm in the final diet, while for swine, it is 1 ppm. Due to these
reasons, the nutritional value of Fusarium-infected wheat is often undervalued. However, if these
nutrients can be recovered, they could alleviate the economic losses for wheat producers and
contribute to food security.

Black soldier fly larvae (Hermetia illucens; BSFL) are insect species from the tropical/subtropical
western hemisphere and Australia (Oliveiraetal., 2015). BSFL is known to feed on diverse organic
substrates and convert them into nutrient-rich body mass. The dried BSFL biomass contains about
36% — 43% crude protein and 22% — 40% crude lipids, depending upon the feeding substrate used
for BSFL rearing (Spranghers et al., 2017). The nutritional value and practical rearing conditions
have placed BSFL as a selected candidate source of nutrients for domesticated animals such as
poultry, swine, and fish (Leeper et al., 2022; Newton et al., 1977; Onsongo et al., 2018; Rawski
et al., 2020). Moreover, the larvae are saprophagous, which means a wide variety of underutilised
organic substrates can be utilised to grow them (Gold et al., 2018; Rehman et al., 2019; Sheppard
et al., 2002), potentially reducing the overall cost of feed production. Several studies have shown
that BSFL tend to feed on organic substrates contaminated with mycotoxins without exhibiting
detrimental effects on its performance. The accumulation of mycotoxins in the larvae body was
also found to be minimal and, in some cases, below the detection limit compared to the initial feed
concentrations (Bosch et al., 2017; Camenzuli et al., 2018; Gulsunoglu et al., 2019; Meijer et al.,
2019). Gulsunoglu et al. (2019) analysed the DON concentration in 12-day-old BSFL raised on
FDK-based diets and found that the accumulation of DON in the larval biomass was minimal.
Camenzuli et al. (2018) also analysed the DON concentration in BSFL raised on three distinct
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diets artificially spiked by the DON and found minimal DON accumulation in the larvae, similar
to the previously mentioned study. One of the major reasons behind the minimal accumulation of
mycotoxins is the enzymes present in the BSFL gut. Meijer et al. (2019) showed that cytochrome
P450s were responsible for the conversion of aflatoxin B1 (AFB1) into a less toxic metabolite,
AFP1, whereas a cytoplasmic reductase may have converted the AFB1 into Aflatoxicol, another
AFB1 metabolite with lower toxicity. Similar enzymatic activities may have reduced other
mycotoxins in the BSFL biomass. Another factor to consider is that BSFL stops feeding as early
pupae, and intestinal contents are slowly defecated, lowering the overall content of the
contaminated feed, and hence the mycotoxins, in the BSFL gut.

Another important aspect is analysing the behaviour of BSFL in response to feed based on its
mycotoxin concentration. Studies have shown that animals like swine tend to have lower feed
intake when exposed to feeds contaminated with DON. For instance, Dénicke et al. (2017) used
Fusarium-damaged kernel (FDK)-based diets (5 ppm DON) and healthy wheat-based diets to feed
piglets, finding a significant reduction in feed intake for the FDK-based diets. Similarly,
Wellington et al. (2020) reported that wheat-barley-soybean meal-based diets with varying DON
concentrations (0, 1, 3, and 5 ppm) resulted in reduced feed intake as DON concentration increased
in the diets. These findings indicate that animals are sensitive to DON concentrations in their feed.
Given this sensitivity, it is crucial to understand the effect of DON concentration on the feeding
behaviour of BSFL, especially since they are cultivated for feeding purposes. Although BSFL can
grow in a wide range of organic substrates, studies have shown that insects tend to prefer certain
feeds over others. Parodi et al. (2020) showed that BSFL preferred pig manure over the mass-
rearing diet. When discussing the preference based on the mycotoxin concentration, a study
conducted by Ochoa Sanabria et al. (2019) showed that yellow mealworm larvae did not have any
feed preferences based on their DON concentrations. However, no such study has observed the
behavioural differences of BSFL towards feeds with different mycotoxin concentrations. The
insights gained from this research could help develop innovative feeding strategies suitable for
industrial application.

This study aims to evaluate, firstly, whether BSFL prefers Fusarium-damaged wheat kernels
(FDK) over uninfected grain. Secondly, to evaluate the performance of BSFL fed on different
concentrations of DON FDK-diets diets. Lastly, the accumulation of DON in BSFL when fed on
the experimental diets.

2 Materials and methods

2.1 Materials

The first instar BSFL were sourced from the BSF colony maintained at Enterra Feed Corporation,
Langley, British Columbia, Canada. The FDK was supplied by Dr Rex Newkirk, and the control
wheat (non-contaminated) was supplied by Dr Pierre Hucl from the University of Saskatchewan.
Wheat germ and wheat bran, manufactured by Rogers Foods (Armstrong, BC), were obtained from
a local grocery market. The 96-vial enzyme-linked immunosorbent assay (ELISA) kit for DON
analysis was purchased from Romer Labs (Vancouver, BC, Canada) under the product name
'‘AgraQuant® Deoxynivalenol Plus 0.25/5.0 ELISA kit'. ACS-grade petroleum ether (for crude
lipid extraction) and ethanol solution (for surface sanitisation) were obtained from Fisher Scientific
(Pittsburgh, PA, USA)
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2.2 Feed Preparation

Four feed preparations with DON concentrations of O ppm (control; Fc), 4.49 + 0.08 ppm (F1),
6.04 + 0.02 ppm (F2), and 6.83 + 0.04 ppm (F3) were formulated using Allix3, a least-cost
formulation software (A-Systems, Versailles, France). The formulation was designed to create four
different feeds with increasing concentrations of DON while maintaining comparable
macronutrient composition across all feed preparations. This ensured that any differences in BSFL
growth parameters could be directly attributed to the varying DON concentrations. The ingredients
used for feed formulation were FDK (12.3 ppm naturally contaminated DON), healthy wheat (0
ppm DON), wheat germ, wheat bran, and distilled water. Before mixing, FDK and healthy wheat
were soaked overnight in different containers for separate feeds in a specific amount of water to
ensure a final water content of 66.7%. Once formulated, the feed was ground using a food
processor (Black Decker, Model: FP3300SKT) to facilitate easier consumption by the larvae. The
specific proportions of ingredients used in the feed preparations are presented in Table 1, while
the final nutrient composition (dry basis) of each preparation is shown in Table 2.

Table 1 Composition of ingredients used for feed formulation.
Feed Water Infected wheat Healthy wheat Wheat germ Wheat bran

(%0) (%0) (%0) (%) (%0)
Fc 66.7 0.0 24.3 5.0 4.0
F1 66.7 7.9 16.4 5.0 4.0
F2 66.7 15.8 8.5 5.0 4.0
F3 66.7 23.7 0.6 5.0 4.0

Fc — Control feed; F1-F3 — FDK-based feeds with increasing DON concentrations, where F1
contains the lowest DON concentration and F3 the highest.

Table 2 Proximate composition (dry basis) of feed formulations.*

Feed Crude Lipid Crude Protein Carbohydrates Ash
(%) (%) (%) (%)
Fc 20+0.1° 20.9+0.28 746 £0.2° 25+0.1°
F1 2.0+0.0° 19.1+0.1° 76.1+0.3% 2.7+0.22
F2 2.5+£0.0° 17.4 £ 0.5¢ 77.1+0.9° 3.0+£0.3°
F3 2.6 +0.0° 15.2 + 0.0¢ 79.3+0.32 3.0+0.3?

! The data is shown as mean + standard deviation (n = 3). Means for each nutrient marked with
different lowercase alphabets are significantly different from each other (p<0.05). Fc — Control
feed; F1-F3 — FDK-based feeds with increasing DON concentrations, where F1 contains the lowest
DON concentration and F3 the highest.

2.3 Preference trial

This trial aimed to ascertain the preference of BSFL towards a specific feed based on its DON
concentration. For this study, the 3rd instar BSFL, approximately 14 — 16 mm long, were chosen
and placed in three different setups.

In the first setup, all four feed preparations were filled in separate aluminium dishes (5.7 mm
diameter, 50 ml capacity), and 10 BSFL were introduced into each dish. They were then left
undisturbed inside the incubator at 30°C for 60 minutes (Figure 2, part A). This setup aimed to
determine whether BSFL exhibited a preference or rejection towards a specific feed. A feed from
which most BSFL attempted to escape was presumed to be the least preferable. In the second setup
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(Figure 2, part B), 10 BSFL were selected and surrounded by all four feed preparations. After
being introduced, they were left undisturbed inside the incubator at 30°C for 60 minutes, and the
final location of the larvae was noted. The positions of the feed preparations were randomised and
changed after every run. The third setup mirrored the second one with a minor alteration: fasting
larvae. In this setup, BSFL were starved for 24 hours before conducting the preference trial to
observe whether starvation affected their behaviour towards the feed. This setup was also
conducted inside the incubator at 30°C for 60 minutes. The purpose of using the second and third
setups was to observe the preference of BSFL towards a specific feed when all feed options were
available to them.

Each setup was repeated 15 times. After the data collection, the mean number of larvae detected
in each feed was calculated. A one-way analysis of variance (ANOVA) was then applied to
evaluate any statistical disparities among the groups. To determine the differences in treatment
means, Tukey's t-test was conducted, with a significance level set at p < 0.05.

Figure 2. Experimental setup used for preference trail.

2.4 BSFL feeding

One hundred healthy BSFL (first instar, about 3 —5 mm in length), counted with a pair of forceps,
were introduced in 75 g of each feed replicate, enclosed in a glass jar with a meshed lid. For each
type of feed, 12 biological replicates were prepared. All the jars were stored in the incubator at
30°C, and distilled water was added to each jar every day, ensuring that weight loss due to
evaporation was constant. On Days 5, 10, and 15, three replicates were analysed for each type of
feed preparation. The BSFLs were removed from the spent feed with forceps, cleaned with distilled
water, and dried with paper towels, and their live body weight was recorded. After growth analysis,
the BSFL were euthanised by storing them at -20°C. All the samples collected were also stored at
-20°C until further analysis.

2.5 Growth Analysis

The parameters measured to analyse the overall growth of the larvae were live body weight and
larvae dimensions. For live body weight analysis, 50 random live larvae were selected from each
replicate, and their mean weight was measured, ensuring that the live weight included the
population’s average weight for each type of feed. For measurement of larvae dimensions, the
length and width of larvae were recorded for each replicate via vernier callipers.

2.6 Proximate analysis

The proximate composition of the samples was measured using the AACC methods of analysis.
The moisture content of the samples was analysed as per AACC International Method 44-15.02
with slight modifications. The samples were dried overnight at 68°C in the hot air oven, and the
difference in sample weight was used to calculate the moisture content. For crude lipid analysis,
AACC international method 30-20.01 was adopted, where Goldfisch extraction was followed, and
petroleum ether was used as the extraction solvent. The dried samples were weighed, 0.5 g for
BSFL biomass and 5.0 g for feed and spent feed, onto Whatman filter paper (type 1), and the
extraction time was 4 hours. The crude protein combustion method, as per AACC International
Method 46-30.01, was employed to measure the crude protein content of the samples. The
conversion factor of 6.25 was employed to measure the protein content of BSFL biomass, whereas
the conversion factor of 5.70 was used for the feed and spent feed (Gulsunoglu et al., 2019). For
ash analysis, AACC Approved Method 08-01.01 was adopted, where 3.0 g of dried sample was
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placed onto ceramic crucibles and charred onto a hot plate inside the fume hood to remove the
volatile organic compounds. These organic compounds can produce much smoke if placed directly
inside the muffle furnace. Finally, the charred samples were placed into the muffle furnace at
550°C overnight. The total carbohydrates (dry basis) were calculated by subtracting the crude lipid,
crude protein, and ash content from the total sample weight (dried).

2.7 DON analysis

The DON content of the samples was analysed via enzyme-linked immunosorbent assay (ELISA)
kit. All the reagents used for the ELISA came with the kit and were used as instructed by the
manual. The samples were also prepared per the Kit instructions but with slight modifications.
Ground sample (0.5 g) was mixed with 2.5 ml of distilled water (1:5 dilution factor). The dilution
factor of 5 was chosen to ensure that the final concentration of samples lies between the upper and
lower limit of DON detection for the kit. The samples were centrifuged at 3500 rpm for 3 minutes
(Microfuge 20, Beckman Coulter, Brea, CA, United States), and 100 pL of supernatant was added
to 200 pl of the conjugate solution in the antibody wells of the micro-ELISA plate provided with
the Kkit. The plate was incubated at room temperature for 10 minutes, and each well was washed 5
times with the wash buffer. Then, 100 ul of the substrate solution was added to each well and
incubated at room temperature. After 5 min, 100 pl of the stop solution was added to each well.
The absorbance of each well was determined at a wavelength of 450 nm using a Varioskan LUX
multimode microplate reader, which incorporated a differential filter set at 630 nm for reference.
This differential filter at 630 nm assisted in minimising background signals or interference,
ensuring more accurate absorbance measurements in the experiment. The control samples
provided with the kit were treated using the same method to provide the reference curve to
determine the DON concentrations of the samples.

2.8 Statistical analysis

Each feeding setup consisted of 3 biological replicates, with 2 technical duplicates for each
biological replicate. This approach provided a total of six replicates for each category (n=6),
ensuring accuracy and precision. For the analysis of the nutrient composition of the initial feed
preparation, three technical replicates were used (n=3). The results were presented as a mean with
the standard deviation, and the statistical significance was analysed using the one-way analysis of
variance (ANOVA). The statistical difference in the treatment means was determined via Tukey's
t-test at p < 0.05. The software employed for the statistical analysis was OriginLab's Origin Pro
2023 (Northampton, Massachusetts, USA).

3 Results and discussion

3.1 Preference trial

The outcome of the preference trials did not observe any predilection of BSFL towards any feed
preparation (Table 3). For the first setup, none of the BSFL tried to escape from any treatment
except for a few cases, but no pattern was observed. In the second and third setups, the final
position of BSFL were different after every run and were not attracted to any particular feeds,
suggesting that the difference in DON concentration of the feed did not affect the preference of
BSFL towards any feed. Parodi et al. (2020) showed that BSFL preferred pig manure over a mass-
rearing diet. It shows that the BSFL may prefer a feed based on its smell, palatability, moisture
content, and particle size. Since no study is available to show that DON contributes to any aroma
or taste, all the feed preparations may have been similar from the perspective of BSFL and hence,
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no preference was given to any feed. However, since the BSFL did not try to escape from the feed,
it was assumed that all feed preparations were acceptable to BSFL. Similar results were reported
by Ochoa-Sanabria et al. (2019), where four FDK-based diets with different DON concentrations
were utilised to feed the yellow mealworm larvae, and the larvae showed no feeding preference.
These results suggest that insects, such as BSFL and yellow mealworm larvae, may not possess
sensory organs as advanced as those of animals, like swine, to exhibit sensitivity to feed based on
their DON concentration (Déanicke et al., 2017; Wellington et al., 2020).

Table 3 Number of larvae found in each feed during the preference trial.

Runs Setup 1 Setup 2 Setup 3
Fc F1 F2 F3 Fc F1 F2 F3 N Fc F1 F2 F3 N!
1 10 9 10 8 11 8 4 6 1 10 6 4 9 1
2 7 9 9 10 6 3 6 14 1 4 9 12 3 2
3 9 9 10 8 7 7 9 7 0 6 5 14 5 0
4 10 10 10 10 7 3 10 9 1 3 11 7 8 1
5 9 9 10 10 4 12 5 7 2 7 4 12 7 0
6 8 10 9 10 3 6 11 8 2 2 3 8 16 1
7 6 10 9 8 9 8 6 5 2 5 12 6 7 0
8 10 9 9 8 8 8 5 6 3 11 6 10 3 0
9 9 10 9 10 4 8 12 6 0 1 9 14 6 0
10 8 9 9 9 5 14 4 7 0 9 11 8 2 0
11 10 8 9 8 4 13 1 9 3 6 12 7 4 1
12 9 5 10 9 13 5 3 8 1 8 5 8 9 0
13 10 10 9 10 4 9 6 11 0 7 13 3 6 1
14 9 8 10 6 16 3 5 2 4 2 8 4 13 3
15 10 9 10 8 4 4 13 9 0 10 12 5 3 0
Mean? 89 89 95 88 70 74 67 76 13 61 84 81 67 07
+ + + + + + + + + + + + + +
128 13 05 122 38 36° 35° 27° 13¢ 320 349 369 399 0.9

IN: number of larvae found in locations other than the feed.

2 The data in the last row is shown as mean + standard deviation (n = 15). Means for each
experiment marked with different lowercase alphabets are significantly different from each other
(p<0.05). Fc — Control feed; F1-F3 — FDK-based feeds with increasing DON concentrations, where
F1 contains the lowest DON concentration and F3 the highest.

3.2 DON concentration of the BSFL and spent feed

The DON concentration analysis of BSFL showed that DON remained at levels less than 2 ppm
(Table 4). On Day 10, the DON concentration peaked in the biomass, then it reduced to less than
1 ppm on Day 15, below the maximum permissible limit of DON in human foods as per the FDA.
Specifically, the DON concentration for BSFL fed with F1, F2 and F3 were 0.61 + 0.06 ppm, 0.64
+0.16 ppm and 0.87 £ 0.10 ppm, respectively, at Day 15. This trend in DON accumulation can be
directly correlated to the feeding behaviour of the BSFL. Until the prepupal stage, the rate of feed
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consumption by BSFL was at its maximum, meaning that the inflow of DON was high. The DON
concentration in the biomass was also high during this period. After Day 10, the larvae grew
entirely and stopped feeding, preparing for pupal metamorphosis. At this stage, the BSFL shed the
feed remnants from the gut, which aids in the reduction of DON concentration.

Additionally, this reduction may be associated with the metabolism of DON by BSFL gut and
microbiota. There is limited literature regarding DON metabolism in the BSFL gut. Lee &
Campbell (2000) studied the in-vitro metabolism of Aflatoxin B1 (AFB1) by navel orangeworm
(Amyelois transitella) larvae. Their findings suggested that cytochrome P450-dependent
monooxygenase and NADPH-dependent cytoplasmic reductase were responsible for the
conversion of AFB1 into its metabolites. A similar pathway may be present in the BSFL to convert
the DON into less toxic metabolites like 3-acetyl-DON (3-ADON), 15-acetyl-DON (15-ADON)
and DON-3-glucoside (D3G). Analysis of these metabolites along with DON can put further light
on the metabolism of DON by BSFL.

In the case of the spent feed, the DON concentration in the FDK-based feed remained high or
slightly increased at the end of the feeding cycle. For F1, F2, and F3, the initial DON concentration
was 4.49 + 0.11 ppm, 6.04 £ 0.13 ppm, and 6.83 = 0.06 ppm, respectively. On Day 15, the
concentration was 6.41 + 0.36 ppm, 6.78 £ 0.22 ppm, and 6.50 = 0.14 ppm for the respective spent
feeds. A study by Berthiller et al. (2011) showed that the intestinal bacteria belonging to the genera
Lactobacillus, Enterococcus, Enterobacter, and Bifidobacterium were responsible for converting
D3G into DON. It may be possible that the D3G present in the FDK was converted into DON
while passing through the BSFL gut, increasing the overall concentration of DON in the spent
feed. Another possibility could be the presence of Fusarium spp. in the FDK. While feeding, the
environmental temperature was set at 30 °C for 15 days, which was good for promoting microbial
growth and may also have increased the Fusarium spp. colonies already present in the feed. Since
Fusarium spp. is responsible for the production of DON in the FDK, they may have continued to
produce more DON given the favourable growth conditions.

Table 4. DON concentrations in feed, spent feed at Day 15, and in the BSFL biomass for Day 5,
10, and 15. 1

Feed Feed (ppm) Spent feed (ppm) Biomass (ppm)
Day 0 Day 15 Day 5 Day 10 Day 15
Fc LQ LQ LQ LQ LQ
F1 4.49 +0.11¢ 6.41 + 0.36" 0.5+ 0.01" 0.82 +0.14% 0.61 +0.06"
F2 6.04 £0.13¢ 6.78 £ 0.22° 1.04 +0.01" 1.03+0.249 0.64+0.16"
F3 6.83 + 0.06% 6.5 + 0.14°%° 1.55 + 0.04° 2+0.11° 0.87 +0.109"

! The data is shown as mean + standard deviation (n = 6). Means for each experiment marked with
different lowercase alphabets are significantly different from each other (p<0.05). LQ means
below the limit of quantification. Fc — Control feed; F1-F3 — FDK-based feeds with increasing
DON concentrations, where F1 contains the lowest DON concentration and F3 the highest.

3.3 Growth analysis of the BSFL

In examining the impact of DON concentration on BSFL live body mass, notable differences
emerged between the groups fed on a diet containing FDK and the control (Table 5). The larvae
raised on FDK-based feed showed superior growth, as evidenced by significantly higher average
weights for F1, F2, and F3 on Days 5, 10, and 15 compared to their counterparts on the control
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diet (Fc) (Table 4). However, by Day 15, the larvae weight difference between control and FDK-
based feeds becomes narrower. It is important to note that smaller differences at Day 15 do not
necessarily imply comparable growth rates among all BSFL grown on different diets. Around Day
15, fully-grown BSFL metamorphose into prepupae, leading to a slight drop in overall larval body
weight. It happens due to the non-feeding behaviour of BSFL after the initiation of the prepupal
stage (Georgescu et al., 2020). The accelerated growth observed in BSFL consuming an FDK-
based diet suggests an earlier progression to the prepupal stage. Consequently, reduced weight
gain at this point appears comparable to BSFL raised on the control diet (Fc), potentially still in
the later phase of the larval stage. This hypothesis gains support from the observed shift in the
colouration of BSFL at different life cycle stages. At the pre-pupating stage, BSFL darkens their
body colour, eventually attaining a dark brown hue. The prevalence of darker BSFL at days 10
and 15 was notably higher in the FDK-based diet group than in the control group (Fc), indicating
a more rapid growth rate in BSFL exposed to FDK-based diets. The reason behind the faster
growth rate of BSFL in the case of FDK-based diets is likely associated with the presence of
Fusarium spp. in the feed. Studies have shown that Fusarium species express digestive enzymes
that enhance the digestibility of proteins and carbohydrates in their substrate (Bacala et al., 2021;
Dénicke et al., 2003). A wide array of hydrolytic enzymes produced by F. graminearum, including
cell wall-degrading enzymes, are involved in plant cell wall penetration, which may also contribute
to improved overall nutrient digestibility (Moonjely et al., 2023; Zhao et al., 2013). It is also
established that the BSFL growth parameters are heavily dependent on the nutrient digestibility of
the feed substrate. Kuttiyatveetil et al. (2019) have shown that the BSFL feeding on fermented
substrate had a faster growth rate as compared to the unfermented feed, where the dry weight of
BSFL, on Day 12, raised on unfermented flaxseed was around 66 mg, whereas it reached up to 83
mg for flaxseed fermented with L. plantarum and A. oryzae. These factors may have promoted the
growth rate of BSFL feeding on the FDK-based diets compared to the control diet.

Table 5 Live body weight and dry weight of BSFL recorded on the Day 5, 10 and 15 of feeding
for different diet preparations. *

Day 5 Day 10 Day 15
Feed Live body weight (mg)  Live body weight (mg)  Live body weight (mg)
(Dry weight) (mg) (Dry weight) (mg) (Dry weight) (mg)
Ee 53.3+2.7" 137.1+5.2° 177.6 +4.2%®
(14.1 £0.79) (36.4 + 1.4°) (50.5 + 1.2%)
£1 66.8 + 4.6 166.3 £6.2° 180 £1.92
(17.9 + 1.2 (44.3 1.6 (51.4 + 0.5%)
£2 62.8 £ 1.69 151.7 + 4.3¢ 183.3 £ 5.6%
(17.2 0.5 (39.7 + 1.1% (52.6 + 1.6%)
£3 71.5+4.3f 169.1 + 5.7 185 +3.22
(18.7 + 1.17 (45.1 + 1.5 (53.6 + 0.99)

1 The data is shown as mean * standard deviation (n = 6). Means for each experiment marked with
different lowercase alphabets are significantly different from each other (p<0.05). The alphabets
that show statistical differences among live body weights are not comparable to those used for dry
weight values in brackets. Fc — Control feed; F1-F3 — FDK-based feeds with increasing DON
concentrations, where F1 contains the lowest DON concentration and F3 the highest.
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There were no significant differences in larvae length and width across the treatments (p<0.05).
Since the dimensions of BSFL do not change much after a specific point of growth, the difference
in length and width of larvae across the feeds was expected to be negligible. Larvae length (and
width) on Day 5, 10 and 15 were 14.2 £ 0.9 mm (3.6 £ 0.5 mm), 17.7 £ 0.4 mm (4.7 £ 0.6 mm),
19.6 £ 0.5 mm (5.1 £ 0.2 mm), respectively.

3.4 Proximate composition of the BSFL and spent feed

The accumulation of protein and lipids in the BSFL biomass at different feeding stages elucidates
the larvae's growth pattern (Figure 3). In the case of control feed, the crude protein content was
60.5% = 0.0%, 46.9% + 1.6% and 39.2% + 0.8% at Day 0, 5 and 10, respectively, whereas the
crude lipid content was 18.0% = 0.4%, 21.3% + 1.0% and 39.1% = 1.6% for the respective days.
The same pattern was observed in F1, F2, and F3, where the crude protein proportion decreased,
and the crude lipid proportion increased with time in the BSFL biomass. However, the overall
amount of both nutrients increased over time (Figure 3). The shift in proportions can be attributed
to the feeding behaviour of BSFL. Initially, feeding and body development progress
simultaneously, allowing the larvae to meet their energy requirements through continuous feeding
while storing protein for growth and development. However, during the prepupal stage, BSFL
ceases feeding. Consequently, storing energy for the latter part of the life cycle becomes crucial
before the larvae's development into prepupae. Given that lipids are the most efficient in storing
energy, this shift in proportions over time may be a result of an increased emphasis on lipid
accumulation. A similar trend was observed by Gulsunoglu et al. (2019), where the protein
concentration for the control feed dropped from 56.2% on Day 0 to 37.1% on Day 5, and the lipid
proportion increased from 17.9% to 41.1% for respective days.

The carbohydrate content in the BSFL biomass also increased over time, where the concentration
at Day 5 was 2.1 + 0.0 mg/larva and reached up to 9.1 = 0.9 mg/larva at Day 15 for the control
feed. A similar trend was observed in F1, F2, and F3, where the final concentration, at Day 15,
reached 7.9 £ 1.2 mg/larva, 8.4 = 1.0 mg/larva, and 7.9 + 0.6 mg/larva, respectively.

The ash content followed a similar trend where the initial content for Fc, F1, F2, and F3 was 0.9 +
0.0 mg/larva, 1.1 + 0.1 mg/larva, 1.0 £ 0.0 mg/larva and 1.0 £ 0.0 mg/larva respectively and
reachedupto1.5+0.1,1.7+£0.2,1.6 £0.2 and 1.6 £ 0.2 mg/larva, respectively.

Figure 3. Proximate composition (mg per larva) of BSFL in dry weight raised on Fc, F1, F2, and
F3at Day 5, 10, and 15.

4 Conclusion and future studies

BSFL demonstrated the ability to thrive on substrates with varying concentrations of DON without
experiencing any adverse effects on its growth parameters. The accumulation of DON in the
biomass was insignificant. Regarding nutritional quality, no significant differences were observed
in the BSFL biomass based on the DON concentration in the feed. These indicate that BSFL can
recover nutrients from DON-contaminated substrates without the DON adversely affecting its
performance. The preference trial supported the conclusion that DON-contaminated substrates can
be effectively utilised on a larger scale without BSFL exhibiting any rejection towards the feed.
Thus, BSFL can be a promising tool for recovering nutrients from underutilised wheat production
streams.

10



369
370
371
372
373

374
375
376
377
378
379
380
381
382
383
384
385

386

387
388
389

390

Future studies are crucial to study the metabolism of DON within the BSFL and investigate the
toxicity of its metabolites. Additionally, it is important to determine any traceable concentrations
of mycotoxins in livestock that consume BSFL raised on Fusarium-infected feeds. These
investigations will provide insight into the thresholds at which DON-contaminated substrates can
be utilised as a feed for BSFL and, consequently, as an ingredient for animal feed.

In the context of using FDK as a substrate for BSFL cultivation, future studies should investigate
the potential carryover of Fusarium spp. and other microorganisms into the BSFL biomass.
Understanding how these microbes interact with and persist in the insect biomass will be crucial
for ensuring the microbial safety of BSFL as a feed ingredient. Furthermore, a detailed
examination of the metabolism of DON and other mycotoxins in the BSFL gut is necessary to
evaluate how these toxins are processed or reduced by the larvae. Additionally, it is important to
assess the impact of feeding animals with BSFL grown on FDK on their health, morphology, and
nutritional profile. This includes evaluating any potential carryover of mycotoxins from the BSFL
to animal products and determining the overall nutritional benefits of using these larvae as feed.
Scaling up the use of FDK for industrial BSFL cultivation also requires an assessment of economic
feasibility. This includes analyses of the costs associated with procuring and processing FDK, as
well as the potential revenue from BSFL and their by-products.
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Figure 2

Note: The firstimage (A) & the design usad for te first setup, wheraas e sacond image (B} is the design used for the
second setup. In setup A, all the fiead praparations were Slled in separate aluminum pans as shown in the image, and 10
BSFL wem introduced in all he pans, whereas in setup B, ten BSFL were infroducad in three depressions, adjainin to al
four feed preparations, and the mavement of the larvae through the grooves lowards the feed preparaicns was
manitared.
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