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and macronutrient composition
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Stratiomyidae) larvae produced
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Organic waste is a rapidly increasing problem due to the growth of the agricultural production needed
to meet global food demands. Development of sustainable waste management solutions is essential.
Black soldier fly, Hermetia illucens (L.) (Diptera: Stratiomyidae) (BSF), larvae are voracious consumers
of a wide range of organic materials ranging from fruits and vegetables to animal remains, and
manure. Thanks to this ability and considering the larval high protein and lipid content, BSF larvae are
a useful additive in animal feeds and biodiesel production. Unfortunately, the feasibility of using the
black soldier fly as a tool for waste valorization and feed production has primarily been investigated at
the benchtop scale. Thus, mobilization of current practices to an industrial scale is challenging because
scaling up from small laboratory studies to large industrial studies is not necessarily linear. The goal of
this study was to demonstrate the ability of the BSF to recycle organic waste at an industrial scale. To
accomplish this goal, three organic waste streams were used (e.g., apples, bananas, and spent grain
from a brewery) to test six diet treatments (1) apple, (2) banana, (3) spent grain, (4) apple and banana,
(5) apple and spent grain, and (6) banana and spent grain. Working at scale of 10,000 BSF larvae life
history traits, waste valorization, protein and lipid profiles were measured for each diet treatment.
Differences were recorded across all variables, except substrate conversion, for larvae fed on fruit and
spent grain (alone or with fruit). Growth rate significantly differed across treatments; larvae reared on
spent grain grew twice as fast as those fed apples alone, but those reared on the apple and spent grain
mixture produced twice as much insect biomass. However, it should be noted that larvae resulting
from the apple diet contained 50% more fat than larvae fed the fruit and spent grain mixtures.
Commonly-available organic wastes were successfully used at an industrial scale to produce BSF
larvae that have the potential to substitute other sources of protein and lipids in different industrial
applications. Industrialization efforts are encouraged to assess these impacts when integrating diverse
ingredients into larval diets as a means to more precisely predict output, such as larval development
time and final larval biomass.

Organic waste management is a rapidly growing, yet difficult problem to solve, given increased waste production
and high costs of disposal'. The agricultural sector has grown considerably in the last two decades, both in land
use and production, as a means to fulfill global demand for food2.

Among agri-food companies, breweries generate different by-products, such as spent grains and brewers’
yeast. These by-products are produced in huge amount daily**. Only a small amount of these by-products streams
is used as livestock feed, as the shelf life of spent grain is less than 48 h. Most brewing by-products end up in
landfills, which could pollute the surrounding environment®. Specifically, each year brewers produce about 38.6
million tons of spent grain® and the main use for its valorisation is as animal feed due to its high protein and
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nutrition content’. Brewing has negative environmental impacts both during production and waste management,
and spent grain constitutes the largest waste by volume, followed by brewers’ yeast. Almost 70% of spent grain
is used as feed, but is a very wet product, with up to 80% water content and high microbial load. For this reason,
in its raw form, spent grain needs to be re-used very quickly before its deterioration (around 48 h). Around 10%
of spent grain is used to produce biogas, and the remaining 20% is landfilled. Every tonne of spent grain in a
landfill releases 513 kg CO, equivalent of greenhouse gases®.

Developing sustainable waste management methods for these agricultural by-products is essential. Not only
are such methods needed to protect the environment, they could also serve as new economic opportunities. In
the context of waste valorisation, the use of insects to recycle such wastes has opened up new frontiers in bio-
conversion strategies’. The ability of saprophagous macroinvertebrates to convert a wide range of decomposing
organic substrates, such as vegetable matter, animal manure, and other organic refuse, could provide a sustain-
able method for waste recycling, while at the same time producing valuable secondary products such as animal
feed, compost, and biofuels.

Insects have the ability to convert these organic wastes into insect biomass, with higher efficiency compared
to poultry, cattle, and swine'*-'2. Moreover, rearing insects at an industrial scale emits lower greenhouse gases
compared to conventional farming methods and requires less water and land'®!**. Thus, rearing insects on agri-
food waste for use as feed for livestock is potentially more sustainable and efficient than intensive cultivation of
cereals and legumes intended for this purpose'.

The black soldier fly (BSF), Hermetia illucens (L.) (Diptera: Stratiomyidae), is a saprophytic insect, which
currently has a near cosmopolitan distribution in the tropical and temperate areas'®. During its larval stage,
BSF larvae are voracious consumers of a wide variety of organic material, ranging from fruits and vegetables to
animal remains, and manure'>'. Small-scale waste management using BSF larvae has already been tested with
a variety of organic by-products, such as rice straw'’, grains'®, faecal sludge and manure'®?’, and kitchen waste's.
Harvested larvae are high in protein (41-44%) and lipid (15-49%) content, which can be used as animal feed*'-**
and biodiesel production!”?*?*; however, the use of the larvae is dependent on their nutritional makeup which
is directly a result of what they feed on®*%".

The economic importance of BSF as a potential candidate for mass rearing is well established. But, knowledge
on important aspects of BSF feeding performance on different agro-industrial waste streams at an industrial scale
remains largely unknown. Historically, studies have been done at benchtop scale (i.e., several hundred larvae per
replicate on grams of substrate) which may not truly represent what occurs on a larger industrial scale (thousand
larvae fed on kilograms of diet).

The translation from benchtop to industrial scale is not necessarily linear, thus moving from benchtop results
to industrial production, without first testing results at the industrial level, is not acceptable. Many studies are
related to the possible modifications caused by scaling from laboratory to mass rearing®®?’. For example, it
was observed that mass rearing system positively influenced number of progeny (higher) and developmental
time (shorter) of Cylas formicarius elegantulus (Coleoptera: Brentidae)*® and weight and size (both higher) of
Aedes aegypti (Diptera: Culicidae) and Aedes albopictus (Diptera: Culicidae) eggs®!. Moreover, higher density of
individuals has potential advantages related to genetic variability in many species, including the ectoparasitoid
Habrobracon hebetor (Hymenoptera, Braconidae)®? and H. illucens itself*’. In particular, the high density of H.
hebetor greatly improves genetic variability, fostering out-breeding and preventing side effects of inbreeding?
and the mass rearing of H. illucens (about 2500 adults for cage) counteract inbreeding depression®.

In this work, we fed BSF larvae on six types of agricultural by-products: Apple (A); Banana (B); Spent Grain
from a local brewery (SG); Apple and Banana (AB) mixed in 1:1 ratio (w/w—weight per weight); Apple and
Spent Grain (ASG) mixed in 1:1 ratio (w/w); Banana and Spent Grain (BSG) mixed in 1:1 ratio (w/w) and we
examined larval development, growth, final biomass, protein and lipid content, and substrate reduction on an
industrial scale. These waste streams are produced at a large scale, but everything we currently know about waste
remediation using BSF is on a small scale; thus, we verified the need to test results on a larger scale.

The purpose of this study was to evaluate growth rate, total biomass and macronutrients of BSF fed com-
monly found agricultural by-products, whose availability is not linked to seasonality, by using industrial scale
methods. Most of the data available on BSF growing performance and macronutrients composition originates
from benchtop studies, which may not translate to a larger production scale. Results from this study provide a
basis to compare findings from benchtop studies and help to optimize the BSF industrial rearing on vegetable
waste streams.

Results

Larval growth rate. BSF larval development on the experimental diets was compared from day 5 to day
11 (Fig. 1). Diet significantly affected larval growth (Fs 3 =12.22; p<0.001). Differences among growth pat-
terns depend on development time indicating that the pattern of the growth curves was significantly different
among the experimental groups (F s 50 =6.16; p<0.001) (Fig. 1). Polynomial contrasts showed that the lin-
ear (F530)=5.14; p=0.002), quadratic (F 55 =16.16; p<0.001) and cubic (Fs;0=4.69; p=0.03) components
accounted for the differences among the shape of the growth curves. Polynomial tests of higher orders showed
no differences.

We evaluated both the larval growth and the time length of larval development with an index of growth by
time. This index returns the evaluation of the “best diet”, that is the one on which BSF larvae can convert the
higher biomass in the shorter time. This index was different in a highly significant way (F s 30 = 19.43; p <0.001)
among the experimental groups. Any diet with spent grain (either alone or in combination with fruit) returned
the highest value of this index, while all the other diets scored the lowest values.
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Figure 1. Daily average weight (mean +SEM) (g/10 larvae) of BSF larvae reared on the six different diets; apple
(A), banana (B), apple and banana mixed in 1:1 ratio (w/w—weight per weight) (AB), spent grain (SG), apple
and spent grain mixed in 1:1 ratio (w/w) (ASG), banana and spent grain mixed in 1:1 ratio (w/w) (BSG).

Diet reduction. Diet type significantly impacted both the reduction of diets by BSF and the amount of resi-
due remaining (combination of left-over diet and frass), where diet reduction ranged from 59 to 74% and residue
remaining ranged from 2.0 to 3.0 kg (F s 3p,=3.011; p=0.0256) (Table 1). However, differences were only found
between the AB and ASG diet treatments, while all other diet treatments showed similar rates of diet reduction
and residue remaining.

Larvae total biomass. Diet significantly affected total larval biomass (F5 39, =10.71; df 5, 30; p<0.0001).
Larvae reared on diets containing spent grain (ASG and BSG) were significantly higher in biomass (1.5 kg on
average) than those on fruit alone (A, B and AB) (1.0 kg on average) (Table 1).

Crude protein and lipid content. Diet significantly affected crude protein content of the larvae
(F(s,30)=38.59; p<0.0001). Larvae fed on diets containing spent grain (SG, ASG, BSG) contained 15% or more
protein than those reared on fruit only diets (Table 1). We observed that larvae fed on diet A also differed
from larvae fed on diet containing B (Table 1). Diet significantly affected also crude lipid content (F s ;0= 5.414;
p=0.0012). We observed that larvae fed on A diet, with on average 36% of lipids, differed from larvae fed on all
diets containing SG, characterized by about 22% of lipids, but did not differ from larvae fed on diets without SG
(on average 30.65%) (Table 1).

Discussion

BSF growth and biomass at the end of the bioconversion process, as well as nutrient composition in terms of
crude protein and lipid content, were dependent on the provided diet and the rearing conditions. To the best
of our knowledge, this is the first time that the real feasibility of organic waste bioconversion process mediated
by BSF is shown using industrial quantities of commonly-found agricultural by-products. Historically most
studies operate at a benchtop or laboratory scale, in which larval numbers and substrate amount are reflective
of these smaller scale studies, which may impact BSF development. This limitation (i.e., lack of industrial scale
data) could prove problematic for future applications as data most likely do not scale linearly. This concept is
not new to science: the transition from laboratory to mass rearing, in fact, could bring about variations in life
history parameters?»*>*4. Also H. illucens mobilization from benchtop to the industrial scale could produce
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Index of growth by Larvae total Residue total Crude protein Crude lipid
Diets time (g/d) Diet reduction (%) | biomass (g) weight (g) content (%) content (%)
A 55.13+2.9* 64.4+4.8° 882.1+47.74 2740.3 +371.7% 31.12+1.54* 36.1+1.5"
B 75.18+3.0° 63.4+3.3® 1052.5+42.0® 2811.6+255.4% 36.50+0.88° 27.9+3.9%
AB 69.59+2.5 59.4+1.7% 1043.8 £38.1%° 3121.6+136.3° 35.60+1.19% 33.4+1.8%
SG 124.06 +10.8" 68.5+1.4% 1364.6+118.7> 2419.3+111.8% 47.83+1.04¢ 22.5+1.5
ASG 127.15+11.1° 74.0+2.6° 1653.0 + 144.9¢ 2001.5+203.2° 48.01+1.5¢ 20.1+4.3*
BSG 121.08 +7.4° 69.7 £2.6° 1453.0+88.9 2329.0+203.1% 45.61+0.50° 23.142.3*

Table 1. Index of growth by time (g/d), diet reduction (%), larvae total biomass (g), residue total weight

(g), crude protein (%) and crude lipid (%) content of BSF larvae fed on the six different diets. Diet moisture
content (%) was calculated on 10 g of substrates, dried for 24 h at 55 °C, as the difference between the weight
before and after drying using an analytical balance. Ten larvae were randomly sampled with replacement

daily from each replicate and weighed. The end of the experiment for each tested diet was determined when,
following daily measures, no increase or a decrease in larval weight was recorded. The index of growth by time
was generated applying Eq. (1). Percentage of substrate reduction (on a wet basis) was calculated applying

Eq. (2). Total biomass (g) of BSF larvae and total weight of residue (g) derived from BSF larvae were measured
at the end of the experiment, separating BSF larvae from residue. Larvae and residue were weighed separately.
Twenty grams of larvae were harvested from each diet and used for crude protein and lipid analyses (i.e. 10 g
per analysis), on a dry basis. The Kjeldahl method was used for crude protein content analysis. For crude

lipid content larvae were first dried and then immersed in chloroform to extract the fat body. The residual

dry matter was used to calculate the percentage of lipids in each group of larvae fed with the different diets
applying Eq. (3). Data are presented as means + SEM (standard error of the mean) and compared by One-Way
Analysis of Variance (ANOVA) and Bonferroni post-hoc test. Different letters indicate a significant difference
(p<0.05). A=apple; B=banana; AB =apple and banana mixed in 1:1 ratio (w/w—weight per weight);
SG=spent grain; ASG=apple and spent grain mixed in 1:1 ratio (w/w); BSG =banana and spent grain mixed
in 1:1 ratio (w/w).

significant change, could be not linear, as in this context, and different factors could influence BSF production
and performances.

Many examples of BSF reared at laboratory scale on fruits and on spent grain are reported®***-4 (Supple-
mentary Tables 1, 2). When working on a laboratory scale, with small quantities of larvae, BSF performances
clearly vary based on the rearing conditions (substrate, temperature and relative humidity), even in a relevant
way regarding time to reach the prepupal instar and the recorded prepupal weight (Supplementary Tables 1, 2).

When BSF benchtop and mass rearing are compared in similar conditions (substrate, temperature and rela-
tive humidity), differences in developmental time and final prepupal weight are recorded. In benchtop studies
developmental time is longer and single prepupal weight is really lower compared to our findings: in laboratory
studies larvae take from 6 to 24 extra days to reach the prepupal stage (Supplementary Tables 1, 2); moreover,
the prepupal instar is reached with a weight of 2 to 50-times lower (Supplementary Tables 1, 2). Exceptions are
found in Nguyen et al.*” and in Chia et al.**, in which BSF larvae fed on fruit and vegetable mix and spent grain
respectively, despite their longer development time, have similar weight to prepupal fed on mass rearing condi-
tion, and in Meneguz et al.*’, in which larvae fed on spent grain, although the lower weight, reach the prepupal
stage in brief time, more similar to our findings.

Beside the environmental temperature, the large amount of BSF larvae reared in an industrial process surely
generates heat*, that, consequently, positively influences BSF development performances. In literature, there
are many examples of larvae reared individually or in small groups growing more slowly than larvae reared in
large groups**~*4. The external heat can also influence the regulation of larval gut enzymes, inducing a faster
proteolytic activity in BSF midgut, which optimum is about 45 °C*.

Similar to the laboratory scale experiments, also in our work BSF larvae fed on fruit have the longest develop-
ment time and the lower biomass compared to spent grain substrate, probably due to the low protein content of
these substrates (A: 0.26 g/100 g; B: 1.09 g/100 g, according to data extrapolated from USDA Food Composition
Databases)'*>4647_ Furthermore, A, B, and AB have higher moisture content in comparison to diets containing
spent grain, resulting in a lower quantity of nutrients considering their equal weight. Combined protein and
moisture content likely influenced larval development on these substrates'>*”. BSF larvae are able to grow on
diets with low protein content, although with a prolonged time of feeding to reach their final weight, compared
to larvae fed on diets richer in proteins®>*. The high fibre content of apples and bananas did not appear to impact
the ability of larvae to digest these diets, which could be in part due to gut bacteria able to digest cellulose*®. The
fast growth rate and high larval biomass observed in SG larvae and, above all, on diets containing SG mixed with
fruit, could be attributed to a more balanced ratio between proteins and carbohydrates®**. Apple and banana, in
fact, are substrates rich in carbohydrates (A: 13.81 g/100 g; B: 22.84 g/100 g, source: USDA Food Composition
Databases) and BSF are able to convert these carbohydrates into lipids**?, the energy storage molecules later
used by the adult flies®'. Larvae reared on energy-dense diets produce prepupae with a high fat content, rich in
medium chain fatty acids, that could provide an added value in comparison to conventional feed resources®.

Summarizing, moving from small to larger scale the expected linear increase in biomass is not observed,
but surprisingly a consistent improvement of BSF performance efficiency is recorded, both in prepupal instar
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development time (lower) and prepupal weight (higher). The quickness of mass rearing process could have posi-
tive implications in waste disposal and in rearing costs: benchtop conditions could negatively affect the develop-
ment and the digestion processes in BSF larvae, compromising their growth; on the contrary, mass rearing, with
a shorter development time and a greater final larval biomass reduce costs of rearing and allows the achievement
of much more product of high economic and biological value (protein- and fat-rich larvae). Results obtained
in our study and the comparison with other small scale studies show that scale conditions influence the BSF
rearing and that the transition from a benchtop to a large/industrial scale may not be linear for all life history
traits and valorization variables (e.g. waste reduction). Applications of benchtop data could result in under, or
even over, estimations of expected output, in fact growth, development and final biomass of BSF are higher for
insects reared at industrial scale compared to benchtop or even individually rearing. Such miscalculations could
have significant consequences when attempting to build a facility and predict output. Future research should
incorporate industrialized versions of treatments along with benchtop as a mean to allow more accurate inter-
pretations. At minimum, this limitation should be presented when conducting benchtop studies. However, the
same can be said when drawing generalized conclusions without considering matters such as, but not limited to,
experimental design and population genetics, outcomes are specific>>-**. The mass rearing condition reproduces
more accurately BSF natural attitude of developing in large aggregate masses and gregariously feeding on their
substrates™. For waste management, large scale studies are ideal and strictly necessary, since no linear correlation
with laboratory studies are detected. Benchtop studies, on the other hand, could be useful to firstly verify with a
more quick and economic method different substrates on which H. illucens could be reared on and progressively
move to the industrial scale (scaling up).

In this study, we demonstrated that commonly available organic waste of the agri-industrial sector such as
apple, banana and spent grain can be successfully used at an industrial scale to produce high quality BSF larvae
that have the potential to substitute other sources of protein and lipids in commercial livestock feed and energy
production, respectively. Specific diets or mixes of them should be selected in order to produce insects with the
desired nutrient profile to satisfy the needs of the intended markets. SG, ASG and BSG larvae were the most
successful groups considering the total larval biomass and crude protein content. BSF fed on these kinds of
diets are good candidates for the production of high protein flours and protein-enriched meals, representing a
good feed alternative both to the conventional fish meal and above all to proteins of vegetable origin (e.g. soy).
Moreover, this study could be helpful to optimize the industrial scale application of H. illucens feeding, which
would greatly reduce the ecological and economic footprint of feed and energy production, thereby contributing
to more sustainable productive systems.

Methods

Insectrearing. Black soldier fly eggs were collected from a colony maintained in the Forensic Laboratory for
Investigative Entomological Sciences (EL.LE.S. Facility) at Texas A&M University (College Station, TX, USA)
in 5(L) x 3(W) x 3(H) cm triple-layer corrugated cardboard egg traps®® and stored in 500 ml glass jars in an
environmental chamber (Rheem Environmental Chamber) at 27.0 £ 1.0 °C, 70.0% relative humidity (RH), 14:10
L:D until hatching. After hatching, approximately 60,000 neonate larvae were divided among six diets (10,000
per diet) and placed in 500 ml plastic containers. They were provided 200 g of Gainesville diet (30% alfalfa, 50%
wheat bran, 20% corn meal)*” at 70% moisture for four days. Containers of larvae were kept in the same environ-
mental chamber at 27.0 £1.0 °C, 70.0% relative humidity (RH). We replicated this study six times.

Experiment trials. Five-day old larvae including all the contents of the 500 ml plastic containers (larvae,
residue, dry Gainesville diet) were transferred to Sterilite” plastic trays (56 cm x40 cm x 13 cm) containing 7.0 kg
of their respective diet treatment (1) Apple (A); (2) Banana (B); (3) Spent Grain from brewery waste (SG); (4)
Apple and Banana (AB) mixed in 1:1 ratio (w/w—weight per weight); (5) Apple and Spent Grain (ASG) mixed
in 1:1 ratio (w/w); (6) Banana and Spent Grain (BSG) mixed in 1:1 ratio (w/w). Dry Gainesville diet was placed
around the perimeter of diets to prevent larvae from escaping. Plastic trays with larvae were placed in the previ-
ously described environmental chamber. Fruit was purchased from a local grocery store (Wal-Mart Supercenter,
College Station, TX, USA) and used fresh; spent grain was provided by a local brewery. Apples and bananas
(whole fruit with peels and cores) were cut into small pieces using a fruit crusher (50 cmx31 cmx26 cm)
(Model 1141 EJWOX, Santa Ana, CA, USA) prior to the use. Moisture content of the six diets was calculated
on 10 g of substrates, dried for 24 h at 55 °C in a Precision Scientific Thelco Oven (Thermo Fisher Scientific,
Waltham, MA, USA), as the difference between the weight before and after drying using an analytical balance
(Adventure Pro balance, Ohaus, Pine Brook NJ, USA) (Supplementary Figure 1). Six replicates were completed
over two experimental periods (i.e. three replicates per trial).

Growth rate, larval biomass and diet reduction. To quantify larval growth rate and biomass, larvae
were sampled daily to record their weight. Starting with 5-day-old larvae, samples (with replacement) of ten lar-
vae were collected and weighed on an analytical balance (Adventure Pro balance, Ohaus, Pine Brook NJ, USA).
Sampling continued within a diet treatment until the first day of larval weight decreasing (prepupal instar).

An index of growth by time was generated for each diet treatment applying the following Eq. (1):

Total larval bi
Index of growth by time = otal larval biomass (g)

Days of experimental trial (d)
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When larval weight decreased, BSF larvae were separated from their diets and collected manually after sieving
the residue, a combination of left-over diet (not consumed) and frass. Larvae and residue were weighed separately.
Diet reduction was calculated applying the following Eq. (2)*:
Initial diet (g) — Residue (g)
*
Initial diet (g)

Diet Reduction (%) = 100 (2)

Crude protein and lipid analysis. Crude proteins and lipids were analysed at the end of the experiment.
Twenty grams of larvae were harvested from each diet and used for crude protein and lipid analyses (i.e. 10 g
per analysis). Larvae were first frozen at — 20 °C and then sent to SDK Laboratories, Inc., Hutchinson, KS, USA,
where they were used for crude protein analysis on a dry basis using the Kjeldahl method. For lipid analysis we
followed modified methods reported by Loveridge®. Larvae were dried for 24 h at 55 °C in a Precision Scien-
tific Thelco Oven (Thermo Fisher Scientific, Waltham, MA, USA) to remove water. Then they were weighed
on an Adventurer Pro balance (Ohaus, Pine Brook, NJ) (initial dry weight). To extract the fat body, they were
immersed in three changes (24 h each) of cold chloroform in glass test tubes. The first two changes of chloroform
became yellowish, while the last remained colourless indicating that the fat extraction was complete. Larvae were
then dried for 2 h in the aforementioned oven and reweighed. This second weighing gave the dry mass deprived
by chloroform-soluble substances (final dry weight). This residual dry matter was used to calculate the percent-
age of lipids in each group of larvae fed with the different diets. The Eq. (3) was applied:

Larvae initial dry weight (g) — Larvae final dry weight (g)
%

Crude lipids (%) = 100 (3)

Larvae initial dry weight (g)

Statistical analysis. Growth curves of the larval biomass of each group fed on the different diets were com-
pared by Repeated Measures Analysis of Variance®. The interaction of diet and the within-factor time was tested
using linear, quadratic and higher-order polynomial contrasts in order to assess differences in the slope of the
growth curves. Compound symmetry was checked through Huynh-Feldt statistics (Systat 13, Systat Software
Inc.).

Crude protein and lipid content, total larval biomass, diet moisture, residue remaining (combination of
left-over diet and frass), index of growth by time, and percentage of diet reduction were analyzed by One-Way
Analysis of Variance (ANOVA) and Bonferroni post-hoc test. Normality of data was checked by Lilliefors cor-
rected Kolmogorov-Smirnov test and Shapiro-Wilk test. Statistical analysis was performed with the statistical
package Systat 13 (Systat Software Inc.).

For each analysis alpha was set at 0.05 for significance.

Data availability

The datasets generated during the current study are available from the corresponding authors on request.
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