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Abstract: In recent years, the larval stage of Hermetia illucens, commonly known as the black soldier fly
(BSFL), has been used to promote the circularity of the agri-food sector by bioconverting organic waste
into larval biomass which has been used as a livestock feed. A secondary byproduct of this process is
frass that can be used as an organic fertilizer. This study compared two different plant-based diets
on frass characteristics as well as larval performance, nutritional composition, and waste reduction
efficiency. A fruit/vegetable/bakery waste-based diet supplemented with brewery waste (FVBB)
was compared to a control Gainesville (GV) reference diet and fed to BSFL under standard conditions.
The results demonstrated that NPK and some of the macro and micronutrients in both frasses
are comparable to commercially available organic fertilizers. It was shown that microorganisms
present in frass from the two diets inhibit the mycelial growth of several plant pathogens through
the production of antifungal and/or anti-oomycetes compound(s) (antibiosis). This diet also had a
positive effect on individual larval mass (162.11 mg), bioconversion rate (13.32%), and larval crude
lipid (35.99% of dry matter) content. The BSFL reared on this diet reduced feedstock dry matter by
67.76% in a very short time (10 days), which is a promising solution for food waste management.

Keywords: frass characteristics; sustainability; organic fertilizer; nutrient management; black soldier
fly; waste management; bioconversion; antifungal activity; biofungicide

1. Introduction

According to the United Nations, the world population is estimated to reach 9.7 billion
people by 2050 [1], which will increase demand for food and bring added pressure on
traditional resources used to produce, process, and distribute food. This population increase
will also impact food waste generation, currently estimated to be around one third of all
food generated globally for human consumption [2]. Fruit and vegetables represent a high
proportion of food waste, especially in industrialized regions mostly due to postharvest
downgrading related to quality standards set by retailers [3]. Furthermore, food waste
streams are currently inefficiently managed by conventional approaches such as landfilling,
bioconversion via composting, and anaerobic digestion to methane [4,5].

Bioconversion of food wastes by black soldier fly (Hermetia illucens (L.) (Diptera: Stra-
tiomyidae)) larvae (BSFL) is a promising solution for the management and valorization
of organic waste streams [6,7]. The BSFL can feed on a wide range of organic substrates,
including food waste, processing residues, and human and animal fecal wastes to efficiently
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convert organic matter (OM) into a high-value source of protein and fat biomass that pro-
vide sustainable solutions for both organic waste management and food security [6-11]. In
Canada, each insect producer requires separate safety registration to obtain their autho-
rization for animal feed [12]; for instance, dried whole BSFL have been authorized to feed
broiler chickens [13], farmed fish including salmon, trout, arctic char, and tilapia [14], and
as feed for poultry including chickens, ducks, turkey, and geese [15]. Current regulations
require insects to be grown on pre-consumer plant-based feedstocks. Hence, fruit- and
vegetable-based feedstocks have received attention given their potential to be used as feed
for BSFL [16,17].

Studies performed employing plant-based diets have demonstrated that fruit- and
vegetable-based diets increase larval development time. For example, Jucker et al. [16]
reported that the required development time to reach 40% prepupae was 36-52 days for
different fruit and vegetable diets. Lalander et al. [6] reported the required time to emerge
50% prepupae was 42—47 days, which is relatively long and can be improved to optimize
the waste recycling process by BSFL [18]. The substrate reduction rate is an important
parameter in waste management studies, as it indicates the ability of larvae to bioconvert
food waste residues [19]. In previous studies, the substrate reduction rate of fruit and
vegetable diets ranged between 46.7 and 60.0% [6,20], demonstrating the ability of BSFL to
efficiently up-cycle organic wastes.

However, the crude protein of BSFL reared on fruit and vegetable diets was reported
from 24.5 to 39.8% of dry matter [7,20,21], which is quite low compared to other diets such
as food waste, insect waste, and animal manure (41.2-49.2) [22,23]. The crude ash content
of BSFL biomass in these articles was also relatively high (5 to 7.88 of dried matter (DM)),
which may negatively affect mineral availability of larvae as feed [22].

Frass is an important byproduct of the BSFL bioconversion process, frass being com-
posed of larval excreta, exuviate, and unconsumed feedstock; a number of recent studies
have reported its utility as an organic fertilizer [24-28]. Like other organic amendments
such as composts or vermicompost, it is considered as a highly valuable source of nutrients
for horticultural crops to improve soil structure, provide slow release micro- and macro-
nutrients, minimizing nutrient excess and runoff to the environment [29]. Frass derived
from BSFL raised on food waste has an average NPK value of 4.54-1.23-2.44, which is com-
parable to that of other organic fertilizers such as composted poultry litter (2.8-1.81-2.24),
composted leaves (1.5-0.5-1), and worm castings (2.57-0.14-0.25) [24,30]. However, the
NPK of frass varies considerably depends on the type of BSFL feedstock employed. For
example, the NPK value of frass derived from the food waste diet is 1.7-0.7-0.9 [31], from
the Gainesville diet is 4.4-5.2-4.1 [28], from brewery grain is 2.1-1.16-0.17 [32], and from the
fruit and vegetable diet is 3.3-0.37-2.3 [33]. Using BSFL for bioconversion of organic waste
has also demonstrated advantages such as reduction of CO, emissions by 50% versus com-
posting [18] and can shorten the compost maturity period from 3 months to 5 weeks [34],
which is important in terms of global warming issues. It was also reported that using BSFL
frass has higher nitrogen recovery for plant growth [26]. Most of the studies that have
been performed on frass to date have considered frass as a final waste product from larval
growing. Consequently, the impacts of the diet on the agronomic value of the frass when
used as organic fertilizers have been largely neglected.

Frass from BSFL possesses additional advantages; in field-scale experiments, Quilliam
et al. [35] and Setti et al. [28] showed suppressive effect of BSFL frass against the plant
pathogens Fusarium oxysporum and Sclerotinia minor, respectively. Previous in vitro experi-
ments have shown that frass derived from Gainesville diet has antagonistic activity against
the plant pathogens Botrytis cinerea, Pythium ultimum, Phytophthora capsici, F. oxysporum,
and Rhizoctonia solani [36]. These studies suggest that BSFL frass could be employed to
control the development of plant pathogens in addition to improving soil physico-chemical
conditions. Effective, safe, and eco-friendly alternatives are needed for the management
of plant pathogens which cause significant economic losses in agriculture. In this respect,
the exploitation of BSFL frass appears as a promising alternative, particularly for the or-
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ganic production, where authorized phytosanitary products are limited [37]. The aim
of this research was to (1) formulate and characterize a heterogeneous reference diet of
fruit/vegetable /bakery/brewery residue-based diet (mimicking a 6-month composite sam-
pling from grocery store and brewery wastes) for growing of BSFL and to evaluate the
effects of this diet on the growth, bioconversion rate, larval nutritional value, as well as
waste reduction efficiency and development time versus the Gainesville diet as a refer-
ence substrate; (2) investigate the effect of BSFL bioconversion on the physico-chemical
properties and fertilization value of frass considering the initial characteristics of the diet;
and (3) characterize the antifungal activity of frass derived from two diets. We hypothe-
sized that the formulation of a heterogenous, practical plant-based diet will support BSFL
growth/development, nutritional value, and bioconversion as well as waste reduction effi-
ciency and will provide frass with a high agronomic value compared with the Gainesville
diet, while maintaining antagonistic activity against a range of fungal pathogens.

2. Materials and Methods
2.1. Diet Preparation

Two diets were employed in this experiment: (1) fruit/vegetable/bakery/brewery
(FVBB) at 70% humidity consisting of 39% fruits (5% pineapple, 2% cantaloupe, 7% orange,
3% apple, 2% grape, 2% strawberry, 7% bell pepper, 5% tomato, 2% lemon, 2% banana,
and 2% pear), 36% vegetables (10% lettuce, 3% carrot, 3% cabbage, 2% onion, 3% leek, 3%
celery, 3% broccoli, 2% cauliflower, 5% potato, and 2% corn), 15% bread, and 10% spent
brewer’s grains, and (2) Gainesville house fly diet (GV, 50% wheat bran, 30% alfalfa meal
and 20% cornmeal) at 70% humidity as a reference diet [38]. Fruits and vegetables were
purchased in March 2021 from a local supplier (Tout Prét Inc., Sainte-Foy, Québec, QC,
Canada), shredded using an industrial food processor (Rietz disintegrator, model: RA2-8-
K322; Bepex International LLC, Minneapolis, MN, USA) and mixed into a homogeneous
mixture in a tank (Qualtech model: DSC12336, Company Qualtech, Saint-Hyacinthe, QC,
Canada). The diets were divided and kept at —20 °C until required.

2.2. Plant Pathogens

Alternaria solani, B. cinerea, F. oxysporum, R. solani, Sclerotinia sclerotiorum, and P. capsici
were graciously provided by the Laboratoire d’expertise et de diagnostic en phytoprotection
(MAPAQ, Québec, QC, Canada). They were grown at room temperature (22.5 °C) on potato
dextrose agar (PDA; Becton, Dickinson and Company, Sparks, MD, USA).

2.3. Rearing and Harvesting

Black soldier fly eggs were obtained from a fly colony located at the Laboratoire de
Recherche en Sciences Aquatiques, Université Laval, Québec, QC, Canada. The larvae were
reared in a climate chamber (T 27 °C, RH 70%, photoperiod 12:12 (L:D)) on 70% moisture
of Gainesville diet until 5-days old. Larvae (n = 800) were then counted, weighed, and
transferred into the experimental containers with 800 g of the new diets. Larval density
was approximately 3 larvae per cm? and the feeding rate for both was 100 mg (30 mg of
DM) per larvae per day. Each treatment was replicated three times. All containers were
kept in the climate chamber described above.

Every two days, 20 larvae were sampled randomly from each replicate, placed on a
pre-chilled plastic plate for a short time to temporarily immobilize larvae; weight and length
of the larvae were measured by using an analytical balance (Sartorius CP64, Gottingen,
Germany) and electronic caliper (digital, model: 58-6800-4, Canadian Tire Corp., Toronto,
ON, Canada), respectively, and the larvae returned to their respective containers. The
temperature and pH of feed substrate were recorded daily (Thermo Scientific Orion Star
A 32 portable pH meter, Beverly, MA, USA). As described by Tomberlin et al. [39] and
Nguyen et al. [40], when 40% of all individuals in a treatment reached the prepupal stage
(indicated by the change in their color from creamy white to black), they were sieved to
separate from frass, washed, dried with a towel, and then counted. Fresh larvae and frass
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were weighed separately and kept at —20 °C for further analysis. To determine the dry
matter content, 5 g of frass and larvae were dried at 105 °C for 48 h.
The bioconversion rate (BCR) was estimated with the following formula:

(Lend - Lstart)

start

BCR = x100 1)
where Lopq and Lgtart are the larval biomass (in g of DM) determined at the end and at the
beginning of the experiment, respectively, and Dgtart is the amount of diet provided (in g
of DM) at the beginning [41] since the entire diet was provided as a single feeding at the
beginning of the experiment. Bioconversion efficiency corrected for residue (BER) was also
measured by the following formula:

Leng — L
BER = —ed — —s@rt 100 )
Dstart — Rend
where Repq is the residue at the end of the experiment (frass in g of DM) [41]. For estimation
of the substrate reduction rate (SRR), the following formula was used:

R

SRR = start ~Rend | 19 €)
start

The percentage protein conversion ratio (PCR) on a dry matter basis was calculated as:

Leng X PL%
Dstart x PD%
where % PL and % PD were the percentage of crude protein (% of DM) in the larval biomass

and the provided diet, respectively [6]. The larval mortality (LM) was calculated by the
following formula [42]:

PCR = %100 @)

__Initial number of larvae — Final number of larvae and prepupae y

LM
Initial number of larvae

100 (5

2.4. Biochemical Analysis of Diets, Larvae, and Frass

Samples of larvae, diet, and frass were lyophilized (Virtis 50 SRC-0433, SP Scientific
Company, Warminster, PA, USA) for 7 days for larvae and 5 days for diet and frass, then
were ground with a coffee grinder (Smartgrind™ Black and Decker, model: CBG100SC,
Towson, MD, USA). Subsequently, analyses of the composition were performed in triplicate.
Crude protein was determined using Kjeldahl digestion method AOAC 2001.11 [43] using
(Foss Kjeltech™ 8400, Fisher Scientific Company, Ottawa, ON, Canada). Total protein
content was calculated by multiplying total nitrogen with the N-factor of 6.25 but since
this N-factor overestimates the larval protein content due to the presence of nonprotein
nitrogen, the N-factor of 4.67 was also used for larvae [44]. The percentage ash of larvae,
diets, and frass was determined after incineration at 600 °C for 13 h according to the
official method AOAC, 942.05 [45] using a muffle furnace (Lindberg/Blue M 1100 °C Box
Furnace, Ottawa, ON, Canada). Dietary hemicellulose was calculated by subtraction of
acidic detergent fiber (ADF) from natural detergent fiber (NDF) and dietary cellulose was
measured by subtraction of acidic detergent lignin (ADL) from ADF. The ADE, NDF, and
ADL fractions were assayed by the Ankom method (Ankom® Technology Corporation,
Fairport, Macedon, NY, USA) according to the official method AOAC, 973.18 [46]. The
method of Hall [47] was used for dietary starch measurement. Total lipid content of diets
and larvae was determined by extraction with diethyl ether (XT15 ANKOM Technology,
Macedon) according to the official method AOAC, 2003.06 [48]. The dietary gross energy
(M] kg~ !) was determined via an oxygen bomb calorimeter (6300 Automatic Isoperibol
Calorimeter, Parr Instrument Co, Moline, Colonnade Rd, Ottawa, ON, Canada). The larval
chitin content was measured according to Spinelli [49]. For simple sugars measurements,
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diet samples were extracted with Milli-Q water by heating and sonication at 80 °C for
30 min. The supernatant was filtered through 0.45 um nylon for HPLC analysis. The simple
sugars were analyzed by HPLC 1100 system (Agilent 1100 Series with Agilent 1260 Infinity
Refractive Index Detector, Agilent Technologies, Santa Clara, CA, USA) containing a Waters
sugar pak-I column (6.5 x 300 mm) with an injection volume of 50 uL, a column flow rate
of 0.5 mL min~!, and a mobile phase of EDTA 50 ppm for 30 min. The analyses were
performed at 90 °C.

Mineral analyses of diet and frass were performed by the following methods: Micro-
Kjeldahl digestion for N total [50], water extract for N-NO3; and N-NH,4 [51], calcination
for Mg and Na [52], loss on ignition (LOI) for organic matter (OM) [53], organic matter
division by conversion factor (1.72) for organic carbon [54], and energy dispersive X-ray
fluorescence (EDXRF) for P, K, Ca, S, Cl, Si, Al, Mo, Sr, Rb, Pb, Se, As, Hg, Zn, Cu, Fe, Mn
measurement [55,56]. Electrical conductivity was measured as the ratio of frass weight
to deionized water suspension (1:2.5) by conductivity meter (Fisherbrand™ Accumet™
XL500, benchtop dual channel pH/mV /Ion/Conductivity meter, Waltham, MA, USA).

2.5. Effect of Frass Extracts on Mycelial Growth of Plant Pathogens (Dual-Culture Overlay Assay)

Frass extract was prepared by mixing 10 g fresh frass in 100 mL of sterile physiological
saline solution (0.5% NaCl) under agitation (150 rev min~!) for 60 min at 27 °C. The
supernatant was recovered using 8 layers of sterile cheesecloth and was microfiltered
(0.2 pm) or not. Supernatant was then incorporated to warm (48 °C) PDA 10% at final
concentration of 1% (w:v, frass:PDA). The first layer (20 mL) of PDA 10% containing either
frass extract, microfiltered frass extract, or no frass extract (control) was poured into Petri
dishes. Petri dishes were then incubated at room temperature (22.5 °C) in darkness for 48
h. A second layer (10 mL) of PDA 10% was poured into the Petri dishes that were then
incubated at 4 °C for 24 h. After the incubation period, a plug of PDA (10 mm diameter)
covered with actively growing mycelium of B. cinerea, P. capsici, A. solani, F. oxysporum, S.
sclerotiorum, or R. solani was placed in the center of the second layer. After an incubation
period of 7 days in darkness at room temperature (22.5 °C), the mycelial radial growth of
each fungus was measured in mm with a ruler as the average of four perpendicular radii of
the fungal colony. The percent inhibition of radial growth (PIRG) was calculated according
to the following equation:

Mycelial radial growth (control) — Mycelial radial growth (treatment)
Myecelial radial growth (control)

PIRG = %100 (6)

The experiment was conducted as a completely randomized design with three repli-
cates; a Petri dish being the experimental unit.

2.6. Statistical Analyses

Statistical analyses were performed using RStudio version 1.4.1106 (RStudio Inc.,
Boston, MA, USA). Independent-sample Student’s t-test was applied to compare means
between two tested diets, for bioconversion rate, final larval weight, substrate reduction
rate, mortality, BER, protein conversion, nutritional value of larvae, and chemical compo-
sition of frass. The dynamic of larval weight and length as well as pH and temperature
of frass during the experiment were subjected to a two-way repeated measure ANOVA
where larval age was within-subject, and the diets were between-subject. Multiple com-
parisons were carried out using the Tukey method. Residuals were examined to assess the
normality and homoscedasticity assumptions. Logarithmic transformation was applied if
the assumptions were violated. The results were considered significant if p < 0.05.

3. Results

The DM of GV and FVBB diets were 29.94% and 30.27%, respectively, which indicates
the moisture content of approximately 70% for the two diets. The nutrient composition
varied significantly between the two diets (Table 1). The protein concentration of FVBB diet
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was 58% higher (19.66% of DM) than the GV diet (12.46% of DM). Crude lipid content on
a dry matter basis was 2.51 times higher in the FVBB diet (8.26) versus the GV diet (3.29).
Higher gross energy in the FVBB diet (+11%) was measured versus the GV diet. The GV
diet has higher ash content (+20%), cellulose (+79%), and hemicellulose (+82%) than the
FVBB diet. The value of monosaccharides and disaccharides (sucrose) was significantly
higher in FVBB (by 13 times and 2.4 times, respectively) versus the GV diet, except for
galactose which was not detectable in the FVBB diet. Starch in the GV diet was 28% higher
than the FVBB diet. The level of organic carbon (organic C; +1%), nitrogen (N; +46%) and
phosphorus (P; +20%) were higher in the FVBB diet, while potassium (K; —14%) was lower
compared with the GV diet (p-value < 0.05).

Table 1. Chemical composition of the Gainesville (GV) and the fruit/vegetable /bakery/brewery
(FVBB) diets.

Parameter GV FVBB p-Value

DM (%) 2994 +0.312 30.27 + 0.44 0.57
Crude protein (% of DM) 12.46 + 0.08 19.66 + 0.11 <0.001
Crude lipid (% of DM) 329 +1.21 8.26 + 1.01 <0.001
Crude ash (% of DM) 498 + 0.05 4.16 £ 0.00 <0.001
Starch (% of DM) 25.52 £0.11 19.93 +0.20 0.004
Sucrose (% of DM) 2.85+0.03 6.98 + 0.03 <0.001
Glucose (% of DM) 0.58 £ 0.01 7.22 +£0.03 <0.001
Galactose (% of DM) 0.61 +0.00 0.00 = 0.00 0.000
Fructose (% of DM) 0.52 £ 0.01 7.20 £0.03 <0.001
Cellulose (% of DM) 10.15 £ 1.04 5.66 + 0.51 0.018
Hemicellulose (% of DM) 16.13 + 0.64 8.87 £ 0.33 <0.001
Energy (cal g 1) 3950.15 + 15.09 4373.71 £ 4.19 <0.001
Organic C (%) 54.72 £ 0.04 55.26 +0.01 0.004
N (%) 2.24 +0.04 3.28 £0.04 <0.001

P (%) 0.45 £+ 0.01 0.54 +0.00 0.003

K (%) 1.33 +0.03 1.14 £ 0.01 0.013
CN 24.46 + 0.38 16.76 +0.18 <0.001

2 Results are expressed as mean + SE, n = 3.

3.1. Larval Development

Bioconversion and substrate reduction rate are reported in Table 2. The final larval
biomass (114.7 g) and individual larval mass of BSFL grown on the FVBB diet (162.11 mg)
were higher compared to those in the GV diet (98.77 g and 129.31 mg, respectively).
Bioconversion rate and bioconversion efficiency corrected by residual (BER) for the FVBB
diet were significantly higher (+32% and +38%, respectively) than the GV diet. The larval
mortality was not significantly different between FVBB and GV diets. The required time
to reach 40% of prepupal stage was the same for the two diets, 10 days following larval
transfer to experimental diets (15-day old larvae). BSFL were quickly able to reduce the
GV diet by 70.48 and FVBB diet by 67.76 percent, which showed no significant difference
at p-value < 0.05. The larvae raised on the FVBB diet converted dietary DM to larval
biomass more efficiently than those raised on the GV diet. The same mortality rate occurred
between diets, though there was a tendency for increased mortality with the FVBB diet
(p-value = 0.059).
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Table 2. Larval growth and substrate reduction efficiency of BSFL reared on the Gainesville (GV) and
the fruit/vegetable/bakery/brewery (FVBB) diets.

Parameter GV FVBB p-Value
Larval biomass (g as is) 98.77 £3.502 114.7 £ 1.22 0.034
Larval biomass (g of DM) 24.82 + 0.62 32.68 + 0.47 <0.001
Individual larval mass (mg as is) 129.31 + 2.45 162.11 £ 2.22 <0.001
Individual larval mass (mg of DM) 32.52 + 0.58 46.18 + 0.54 <0.001
Bioconversion rate (%) 10.05 + 0.27 13.32 + 0.20 <0.001
Substrate reduction rate (%) 70.48 £ 0.85 67.76 £ 0.75 0.074
Mortality (%) 458 + 1.57 11.5+2.13 0.059
BER P 14.26 + 0.44 19.65 + 0.09 <0.001
Protein conversion rate (%) 42.88 + 0.89 32.39 £ 0.76 <0.001

2 Results are expressed as mean + SE, n = 3. b Bioconversion efficiency corrected for residue.

The effect of different diets on the development of BSFL in terms of individual larval
mass and length over time is reported in Figure 1a,b. The results from the two-way mixed
ANOVA showed that rearing diet, larvae age, and their interaction significantly (p < 0.001)
affected larval development after the 10-day old larval stage. No differences were observed
for individual larval mass before the 10-day old larval stage (Figure 1a), while significant
differences appeared at this stage (p < 0.001) with a higher individual mass in the FVBB
larvae (156.62 mg) compared to the GV larvae (122.43 mg). Such a trend was maintained
until day 14 when 40% of larvae turned to the prepupal stage (p < 0.01). The larvae
reached a maximum individual mass at day 12 for both diets (GV: 163.83 mg and FVBB:
204.62 mg). In terms of larval length, differences between diets were noted starting at
day 10 (p < 0.05) where the larvae were 16.91 mm and 15.57 mm in FVBB and GV diets,
respectively. The significant difference of larval length (Figure 1b) between two diets was
maintained until day 14 when 40% of larvae turned to the prepupal stage (p < 0.01). Larvae
reached maximum length at day 12 for both diets (GV: 17.81 mm and FVBB: 19.24 mm).

oGV eFVBB (b) oGV @FVBB
25
F k3 $5% E e b
[ ® g 20 % °
ook = $ ®
[ ) Ld [ ] E@ 15 ’
° <
= 10 e
£ [ ]
e é 5
T 0
8 10 12 14 = 4 6 8 10 12 14
Larval age (day) - Larval age (day)

Figure 1. BSFL development: (a) Individual larval mass; (b) individual larval length. GV = Gainesville
and FVBB = fruit/vegetable/bakery/brewery diets. p-value: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
Error bars represent the standard error of the mean (n = 3).

3.2. Chemical Composition of BSFL

The nutrient composition of the BSFL is presented in Table 3. The results demonstrate
significant differences in the proximal composition of BSFL fed the FVBB and the GV
diets. Crude lipid and dry matter were significantly (p < 0.05) higher (+108% and +13%,
respectively) in larvae raised on the FVBB diet, whereas the crude protein (—10%) and
crude ash (—56%) were significantly lower. There was no significant difference in larval
chitin levels between diets.
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Table 3. Composition of BSFL biomass reared on the Gainesville (GV) and the fruit/vegetable/
bakery/brewery (FVBB) diets on dry matter basis.

Parameter (%) GV FVBB p-Value
Crude protein (6.25) 51.66 +0.24 2 46.75 + 0.55 0.0012
Crude protein (4.67) 38.60 £ 0.18 34.89 + 0.41 0.0012

Crude lipid 17.26 + 1.81 35.99 + 1.02 <0.001
Crude ash 9.60 £ 0.09 422 +0.18 <0.001
Dry matter 25.17 £+ 0.69 28.49 £+ 0.17 0.009

Chitin 6.92 +0.13 6.81 £0.23 0.654

@ Results are expressed as mean + SE, n = 3.

3.3. Mineral Composition of Frass

The results of frass minerals were analyzed and are provided in Table 4. The elemental
analysis revealed that the chemical composition of the samples was significantly different
between frass derived from the two diets. The DM, OM, and EC values were significantly
different between frass derived from the two diets.

Table 4. Chemical composition of Gainesville (GV frass) and fruit/vegetable/bakery/brewery (FVBB
frass) frass.

Parameter GV Frass FVBB Frass p-Value
DM (%) 22.09 £ 0.622 25.57 £+ 0.23 0.02
OM (%) 87.50 +0.18 88.67 +0.34 0.029
Ash (%) 11.86 + 0.16 11.05 £ 0.31 0.099

Organic C (%) 50.76 & 0.10 51.44 £ 0.20 0.030

N (%) 2.01 +0.08 2.70 £ 0.01 0.006
NO; (%) <0.02 <0.02

NHy (%) 0.17 + 0.00 0.78 £ 0.02 0.002

Mg (%) 0.82 +0.02 0.42 + 0.02 <0.001

P (%) 1.94 +0.03 1.27 +0.01 <0.001

K (%) 3.65 + 0.01 2.97 £ 0.05 0.003

Ca (%) 0.20 + 0.01 0.04 £ 0.00 0.002

S (%) 0.46 £ 0.00 1.35 £ 0.01 <0.001

CN 25.36 £ 1.10 19.10 £ 0.13 0.022

EC (mScm™1) 5.35+0.13 10.21 + 0.1 <0.001

Zn (mg Kg~1) 99.18 + 0.92 57.32 +1.25 <0.001
Cu (mgKg™1) 18.02 & 1.57 <9.00

Fe (mg Kg™1) 285.74 + 9.08 150.45 4 5.54 0.0013
Mn (mg Kg~!) 31.33 £ 6.95 <17.00

Na (%) 0.07 + 0.00 0.97 £ 0.05 0.0017

Cl (%) 0.17 + 0.00 1.53 £ 0.03 <0.001
Mo (mg Kg~1) <4.00 <4.00

Sr (mg Kg~1) 13.30 + 0.61 5.56 & 0.67 <0.001

Rb (mg Kg1) 23.41+0.18 23.73 4+ 0.57 0.952
Pb (mg Kg~1) <1.00 <1.00
Se (mg Kg~1) <2.00 <2.00
As (mgKg™1) <2.00 <2.00
Hg (mg Kg~1) <3.00 <3.00

Si (%) 0.26 + 0.00 0.05 + 0.00 <0.001
Al (%) <0.17 <0.17

2 Results are expressed as mean + SE, n = 3.

Figure 2a revealed that during the initial phase of bioconversion, pH declined and
reached the lowest value at 7-day old in GV (4.27) and 8-day old in FVBB (3.88). Thereafter,
the pH gradually increased reaching a peak value of 8.59 on day 13 and 8.36 on day 14
for the GV and FVBB diets, respectively. The temperature of the biomass during the
initial larval rearing phase increased and peaked on day 8 (33.66 °C) for the GV and day 9
(32.53 °C) for the FVBB diet and tended lower for both diets thereafter.
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Figure 2. Effect of the Gainesville (GV) and the fruit/vegetable /bakery/brewery (FVBB) diets on:
(a) pH; (b) temperature during BSFL rearing. Error bars represent the standard error of the mean,
n=23.

3.4. Effect of Frass Extracts on Mycelial Growth of Plant Pathogens

Gainesville frass extract demonstrated an extremely high inhibition of mycelial growth
for all plant pathogens tested while FVBB frass extract had a complete inhibition of mycelial
growth for S. sclerotiorum, high inhibition for A. solani and B. cinerea, moderate inhibition
for P. capsici and F. oxysporum, and very low inhibition for R. solani (Figure 3). Except for
B. cinerea, filtered frass extract caused no inhibition of mycelial growth.
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Figure 3. The effects of filtered (F-GV and F-FVBB) and non-filtered (GV and FVBB) frass extracts
from the two diets on mycelial growth of Rhizoctonia solani, Sclerotinia sclerotiorum, Phytophthora
capsici, Botrytis cinerea, Fusarium oxysporum, and Alternaria solani. Each value represents the mean of
3 replicates & standard error. PIRG = percent inhibition of radial growth.

4. Discussion

Although frass from insect bioconversion of waste organic residues has been pre-
viously promoted as a source of nutrients to enhance plant growth, the present study
demonstrates the utility of frass to offer protection against a range of phytopathogens.
These findings are important as they demonstrate a potentially innovative approach for
integrated pest management in parallel with frass application as a soil amendment. These
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attributes along with the ability of BSFL to manage food waste and produce valuable animal
feed ingredients serve to demonstrate the robust value chain resulting from this bioprocess.

Larvae from Hermetia illucens can be grown on a wide range of organic substrates,
including food waste, vegetable waste, and human and animal fecal wastes [6]. It was
demonstrated that the bioconversion rate is influenced by feedstock characteristics [57];
in plant-based diets, bioconversion rate can vary from 4.1 to 10.8 due to heterogeneity
of substrate components, different larval density, and feeding rate [6,17,20,58,59]. It was
also reported that larval biomass is dependent on rearing density due to competition for
food [60]. In our study, the same density was used for both treatments and the mortality
rate was not significantly different between diets, although a tendency of higher mortality
was observed for the FVBB diet. The final individual larval mass was significantly higher
in the FVBB diet versus the GV diet (p < 0.001).

The bioconversion rate of the FVBB diet was significantly higher than the GV diet
likely due to higher levels of protein, non-structural carbohydrates, and lipid in the FVBB
and lower level of structural carbohydrates (fiber including cellulose and hemicellulose). It
has been shown that dietary protein and non-structural carbohydrate content are primary
determinants of bioconversion efficiency [7,61-63]. Nevertheless, increasing dietary protein
levels do not necessarily lead to higher larval performance [7] since the amount, quality, and
ratio of protein, carbohydrates, and lipid should be considered as well [64,65]. Diets with
higher levels of fiber decrease larval growth rates, since BSFL does not express enzymes
required for the digestion of cellulose and hemicellulose [66]. Although some microbes in
the larval gut and substrate are capable of hydrolyzing fiber [67,68], digestion of protein,
lipid, and non-structural carbohydrates are still favored [62,69,70]. It has been reported
that the survival rate in BSFL is less dependent on substrate characteristics versus other
insect species [64]; indeed, the current study reports no significant difference between
larval mortality between FVBB and GV diets, although a higher tendency was observed for
the FVBB diet (p = 0.059).

In the current study, the FVBB diet resulted in a two-fold increase in fat accretion.
Although the deposition of fat in larvae has been shown to be affected by substrate fat
levels [71], dietary fat is not the only parameter that affects fat accretion. It has been
reported that the larvae have a mechanism of fatty acid biosynthesis and accumulation at
various stages of their life [20,72,73]. In addition, insects have been shown to be able to
convert carbohydrates into lipid [59,74] and use it in the later stages of development like
metamorphosis and reproduction or use it to avoid transpiration [75]. The level of larval fat
reported in this study for the FVBB diet (35.99% of DM) is similar to what was previously
reported by Wang et al. [22] (37.24% of DM) and Giannetto [20] (32.97% of DM) and may
have potential for the production of biodiesel.

A large number of studies have demonstrated that BSFL has an efficient capacity to
convert dietary proteins into larval protein biomass [6,62,65,76]. The protein conversion
rate of the FVBB diet was 32.39%, which is in line with the results of Lalander et al. [6]
feeding a fruit and vegetable diet (34.3%) and it is significantly different from 42.88% in the
GV diet. According to the results of this study, when dietary protein content was lower,
larval crude protein content was higher. This result is in line with the findings of Tschirner
and Simon [76] and Barragan-Fonseca [62,65] who reported that the diet with the lowest
crude protein content results in higher larval body crude protein content. Previous work
has demonstrated that dietary carbohydrate levels had a higher effect than dietary protein
on larval biomass gain [65]. Crude protein level (N-factor of 6.25) of BSFL reared on fruit
and vegetable diets were reported 30.75, 41.8% [42], 39.8% [21], and 36.7% of DM [20],
which are low compared to our results in FVBB (46.75% of DM).

Wang et al. [22] have shown that the larval ash was affected by the rearing substrate
which confirms our results where crude ash level of larvae grown on the GV diet was
significantly higher than the FVBB diet. The ash value for larvae grown on the fruit and
vegetable waste is 7.88% [21], 7.22, 12.98% [42], 5% [20], and 10.8% of DM [59], which is
probably caused by different percentages of mineral content such as Ca, Mg, K, and P
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in biomass [22]. It was demonstrated that high levels of ash in the larval biomass may
have a negative effect on mineral availability of larvae used as animal feed. Therefore,
larvae with a low content of ash grown on the FVBB diet might be more suitable as a feed
ingredient [22].

Studies that have been performed feeding vegetable-based diets have shown that fruit
and vegetable-based diets increase BSFL development time. For example, Jucker et al. [16]
reported that the required development time to reach 40% prepupae was 36-52 days; Lalan-
der et al. [6] showed the required time to attain 50% prepupae development was 42-47 days.
The current study required 15 days to reach 40% prepupae, which is significantly lower
than these previous reports; the accelerated development time could be due to the higher
protein levels in our diet due to the presence of spent brewer’s grain and bread in the
FVBB diet and protein fraction in the GV diet. These results are in line with data reported
by Meneguz et al. [42] who found a significant difference in development time between
brewery byproduct waste (8 days) and fruit and vegetable diets (20-22 days) where the
brewery waste had a considerably higher protein content. The same development time for
larvae reared on two different diets can be ascribed to sufficient protein and same moisture
contents, confirming the results obtained by other authors [61,64]. Shorter development
time is especially important as it leads to less production of greenhouse gases such as CO,
and NHj during the waste bioconversion process by BSFL [6,18,77].

In waste management studies, the substrate reduction rate is an important parameter
as it shows the ability of larvae to bioconvert waste [19]. In previous studies, the substrate
reduction rate in fruit and vegetable diets ranged from 46.7-60.0% [6,20]. We report herein
a substrate reduction rate of 67.76% in the FVBB diet, which shows the potential of BSFL in
up-cycling organic wastes having this profile.

The larval growth curves showed that the individual larval mass offered the two
different diets stated to significantly diverge on the fifth day after larval transfer to their
respective diets. Although not measured in current study, potential microbial activity in
the substrate may help digest polysaccharides (which is higher in the FVBB diet) into their
simpler form of saccharides [78]. Thus, after 5 days, the larvae grown on FVBB diet have
access to more digestible nutrients than larvae grown on the GV diet. This result is in line
with those of Meneguz et al. [42] where larval mass differences appeared after the 10-day
old larvae stage. The highest mass and length of larvae were observed when the larvae
were 12 days old after which, they enter the prepupa stage which is associated with a loss
of larval body mass.

Frass derived from BSFL raised on the GV and FVBB diets had NPK values of
2.01-1.94-3.65 and 2.70-1.27-2.97, respectively, which are comparable to those of other
BSFL frasses derived from the food waste diet (1.7-0.7-0.9, [31]), from the Gainesville diet
(4.4-5.2-4.1, [28]), from brewery grain (2.1-1.16-0.17, [32]), from food waste (4.54-1.23—
2.44, [24]), and from a fruit and vegetable diet (3.3-0.37-2.3, [33]). The NPK values in this
study are also comparable to that of organic fertilizers such as composted poultry litter
(2.8-1.81-2.24), composted leaves (1.5-0.5-1), and worm castings (2.57-0.14-0.25) [24,30].
The nitrogen content of BSFL frass in this study is similar to those generated with the fruit
and vegetable diet (1.83% of DM, [25]), organic waste (2.16% of DM, [79]), and wheat bran
(2.8% of DM, [80]). The low frass nitrogen content was probably due to the fact that BSFL
absorbs the nitrogen in the biomass for protein synthesis to develop larval biomass [6] or the
diet microbial community that utilized the nitrogen [31]. Another possibility is the emission
of ammonia during the waste recycling process by BSFL [77]. Similar to the results of Liu
et al. [31] and Kawasaki et al. [79], BSFL frass had a higher concentration of N-NH, than
N-NOs;. This result was also reported by [81] where BSFL feeding on decaying vegetable
and food waste leachate increased N-NH,4 concentration 5 to 6 times by mineralization of
organic nitrogen within the frass. The acidic substrate inhibits the generation of N-NOs
and causes the conversion of nitrogen compounds to N-NHy4 [82]. Moreover, the results of
this study revealed that the temperature increased during the initial bioconversion phase,
which might be due to the generation of heat by the rapid degradation of organic matter
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in the initial stages [31] derived from larval metabolic and microbial activity. The frass
temperatures below 45 °C observed in this study and in Beesigamukama et al. [27] can
conserve ammonia, which is highly volatilized at temperatures above 45 °C [83], and then
limit nitrogen losses as GHGs.

Irrespective of diet, frass from BSFL generally showed low levels of heavy metals;
the values reported herein allow for commercialization as a soil amendment based on
regulation EC 2003/2003 in the European Community. It should be noted that some
detection limits were higher than the EC limits; future analyses may need to be adapted to
ensure low levels for all heavy metals.

The amount of carbon was similar in both types of frass and was comparable to
48.8% and 47.9% in frass derived from fruit/vegetable and chicken feed diets reported
by Klammsteiner et al. [25]. The reduction of carbon during BSFL growing could be due
to carbon utilization by BSFL [84] or loss of carbon in the form of CO, by respiration
of the larvae through the skin [85]. The degradation of carbon will continue in the soil
and consume oxygen which may influence root respiration in the crops and produce toxic
compounds [86] and that is why the composting of frass is recommended before applying in
the soil [87,88]. It was shown that high carbon materials enhanced ammonia immobilization
by binding onto phenolic compounds, which resulted in free ammonia decreasing and
lower ammonia volatilization [89].

Although a high C:N ratio (25-35) has been reported as a crucial parameter for the
production of nutrient-rich compost [83], this might not be favorable for the BSFL growth
performance, as they require high nitrogen substrates [6,59]. Beesigamukama et al.’s [27]
study demonstrated that the substrate with a C:N ratio of 15 for BSFL composting could
generate desirable nutrients in frass for use as high-quality fertilizer for organic farming.
To be able to decide whether frass can be used as a soil fertilizer or co-substrate for
composting aerobically or anaerobically, the C:N ratio must be considered as one of the
major parameters [90,91]. The C:N ratio value of 25 or below has been reported as a
recommended range for application of fertilizer in the soil [92], while the C:N ratio value of
less than 20 is highly preferable for field or greenhouse application due to mineralization
of organic nitrogen to inorganic [93-95]. A C:N ratio higher than 25 likely immobilizes
nitrogen if applied to soil and consequently inhibits plant germination [96]. The C:N ratio
in frass from FVBB was 19, which is within the recommended range while this amount
in frass from GV is 25 which is slightly high and could be considered optimal for the
composting process.

The pH of both feedstocks was initially reduced during BSFL bioconversion. The
lowest pH was observed during the initial phase, which might be due to the rapid degra-
dation of easily available organic waste by BSFL as well as native microbial activity that
led to the generation of organic acids [31]. As larvae grow, the pH gradually increased
during the bioconversion process in which organic matter is transformed to minerals such
as ammonium [27]. This pattern of changes in pH is similar to other observations made by
Beesigamukama et al. [27], Rehman et al. [97], and Liu et al. [31]. Although the initial pH of
two diets was different (5.85 for GV and 4.55 for FVBB), the harvested frass had similar final
pH values (8.41 for GV and 8.35 for FVBB). These results are in agreement with the results
presented by Meneguz et al. where the diets with different initial pH ended up at pH
around 8.9-9.4 following BSFL bioconversion [98]. The range of pH for conventional horti-
culture applications is generally between 5.5 and 6.5, while for organic farming may range
from 5.5 to 8.0 [31]. BSFL frass at the end of the experiment had an EC value of 5.35 mS
cm~! for GV and 10.21 mS cm ™! for FVBB. Frass EC values are above the threshold value
of 3.5 dS m~! for organic growing media, which is advisable for seedling growth [99,100].
Consequently, frass must be mixed in order to avoid high pH and EC and to maintain
optimal physico-chemical properties of the growing media or soil [24,28,79,94,95,101,102].

A range of bioconverted organic residues (e.g., traditional composts, vermicomposts)
have been reported to offer organic advantages beyond providing nutrients and organic
amendment. For example, composts are known as excellent soil amendments and or-
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ganic fertilizer for increasing the growth and yield of many plants. A range of studies
demonstrated that compost and compost tea (liquid preparations made from compost) also
suppress soil-borne diseases [103,104]; due to the antimicrobial activities of compost teas,
they have been proposed as alternatives to synthetic chemical fungicides [105].

As an application of vermicompost, Yasir et al. [106] reported that some fungi (R. solani,
Colletotrichum coccodes, P. ultimum, P. capsici, and Fusarium moniliforme) were suppressed by
vermicompost effectively; they suggested there is an antifungal activity in its microflora
and chitinase genes. Suppression of F. moniliforme in order to control foot rot disease of
rice has been reported by aerated vermicompost teas [107]. It is shown that vermicompost
produced by vegetable wastes, bark, and cattle manure suppressed R. solani [108].

Several studies on compost and compost tea have been carried out to identify anti-
fungal activity against soil-borne pathogens. Pane et al. [109] reported using compost-peat
mixture was useful for P. ultimum, R. solani, and Sclerotinia minor suppression. Another
study on seedling damping-off of cucumber caused by P. ultimum showed that the inocula-
tion of samples with compost tea can suppress the effect of fungi [110]. Adding yeast to
compost tea enhanced its antifungal activity against chocolate leaf spot disease in broad
bean caused by Botrytis fabae [105]. In another experiment, the use of compost derived
from industrial wastes prepared by mixing olive oil mill waste water, coffee grounds,
olive pomace, and phosphogypsum led to the improvement of potato growth as well as
protection against Fusarium solani [111].

In particular, the effect of compost teas was studied for their ability to control tomato
disease. On et al. [112] reported that specific isolated bacteria from compost tea (Brevibac-
terium linens and B. subtilis) can inhibit A. solani and B. cinerea in vitro culture as well as
suppress tomato disease caused by these fungi in vivo. Their results also showed that the
co-application of these two isolated bacteria has a synergetic effect on the inhibition of
fungal pathogens in tomato. To understand the mechanism of action for inhibition, they
extracted potential compounds from B. linens and B. subtilis and found surfactins as antifun-
gal compounds in the bacterial extracts which suggested that production of antimicrobial
compounds through antibiosis mechanism plays the main role in inhibition mechanism
of action.

In similar experiments, aerated-fermented compost teas from biowaste compost and
composted tomato suppress foliar pathogens of tomato caused by B. cinerea and Alternaria
alternata and one soil-borne disease caused by Pyrenochaeta lycopersici [113]. Non-aerated
compost teas prepared from sheep manure compost also significantly suppressed the
mycelial growth of foliar pathogens including A. solani, B. cinerea, and Phytophthora infestans
in vitro and inhibited gray mold disease caused by B. cinerea on tomato plants in the
greenhouse [114]. Another study on tomato root pathogens including P. ultimum, R. solani,
F. oxysporum {. sp. radicis-lycopersici, and Verticillium dahlia demonstrated inhibition effects
of five different compost teas in vitro and reducing tomato seedling damping-off diseases
caused by P. ultimum in vivo [115].

The above studies provide evidence to support the possibility that frass from BSFL
may possess antifungal activity; indeed, emerging evidence has demonstrated fungal
suppressiveness following BSFL frass [116,117], although data remain limited to understand
this phenomenon.

In the current study, dual-culture overlay assays conducted with filtered and non-
filtered frass demonstrate that frass derived from the two diets contain microorganisms
which secrete compound(s) inhibiting the growth of the plant pathogens A. solani, B. cinerea,
P. capsici, F. oxysporum, S. sclerotiorum, and to a lesser extent R. solani. These results are in
line with the observation of Setti et al. [28], where the BSFL frass was unable to suppress
R. solani damping-off disease in cress, and Quilliam et al. [35] and Brakspear [117], where
BSFL frass amendment significantly reduced the loss of Fusarium wilt disease in cowpea
and tomato, respectively. Our assays also reveal that GV frass is richer in microorganisms
secreting inhibiting compound(s) as compared to FVBB frass. It is interesting to note that
filtered GV frass allowed a 29.72% inhibition of B. cinerea mycelial growth suggesting that



Agronomy 2022,12, 1765

14 of 19

References

microbial populations present in GV frass produced in situ antifungal compound(s) in
concentrations sufficient to inhibit B. cinerea growth. The results obtained suggest that frass
could be effective to control plant pathogens belonging to the phyla Ascomycota (Fungi
kingdom), Basidiomycota (Fungi kingdom), and Oomycota (Chromista kingdom).

5. Conclusions

In the present study, a fruit and vegetable-based diet with a balanced amount of
protein, lipids, and carbohydrates and reduced fiber was formulated. Frass as a byproduct
from this bioconversion process showed a high macro and micronutrient value, which is
comparable to commercial organic fertilizers used for horticulture production. In addi-
tion, this organic amendment showed an inhibition effect against several phytopathogens
through the production of antifungal and/or anti-oomycete compounds (antibiosis effect).
This information will significantly enhance the insect bioconversion value chain and of-
fer novel solutions to combat commercially important fungal diseases. Our results also
showed that the larvae reared on this diet had higher performance in terms of individ-
ual larval mass (162.11 mg larvae 1) and bioconversion rate (13.32%), as well as larval
proximal composition, including higher DM (28.49%) and lipid (35.99%) and lower ash
content (4.22%) compared with larvae reared on GV diet as a reference. The significant
value of protein (46.75), ash, and lipid content in BSFL raised on the FVBB diet makes
it significant potential as a feed or as range of value-added bioproducts. In addition, an
elevated substrate reduction rate (67.76%) in a short time (10 days) reported in this study
could be a promising solution for food waste management. Ongoing work is currently
focused on determining the optimal levels of BSFL frass amendment for soil or growing
media applications to improve plant productivity and control phytopathogens. Given the
rapidly emerging BSFL sector, this work will potentially provide innovative solutions for
soil amendment and integrated pest management opportunities on an industrial scale as
well as potentially offering positive impacts on soil health and organic horticultural crop
resilience to biotic stresses and crop productivity.
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