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Abstract



Black Soldier Fly — BSF; Hermetia illucens L. (Diptera: Stratiomyidae) has been proposed
as one of the most suitable insect species to be used as animal feed. Advantages of using
BSF that have been identified are their capacity to convert organic waste, to reduce the
numbers of certain harmful bacteria and insect pests, to provide potential chemical pre-
cursors to produce biodiesel, and to provide high quality protein to be used as feed for
a variety of animals. This thesis explores nutritional physiology of BSF and its effect on
larval biomass production and fitness. Knowing the physiological mechanisms that BSF
employs to deal with different nutrient concentrations, and their impacts on BSF life-his-
tory traits and larval body content, may yield valuable insights into the nutritional ecology
of BSF. Experiments involving the study of larval densities, total nutrient content, and
dietary protein (P) and carbohydrate (C) content and ratio on artificial, semi-artificial and
organic residual stream diets were used to unravel their effect on life-history traits, body
nutrient content and reproduction of BSF. Results presented in this thesis show that larval
density and nutrient content interact at low nutrient content to affect BSF larval perfor-
mance and body composition, nutrient content overall having a stronger effect. Regarding
dietary protein and carbohydrate, I conclude that BSF has post-ingestive mechanisms to
deal with imbalanced foods. Carbohydrate-biased P:C ratios positively affect BSF perfor-
mance, both on the artificial diets and the organic residue stream, P-content being limit-
ing for most of the performance variables. In the experiments throughout this study larval
protein content was high and largely independent of dietary protein content, although
small differences were found between treatments. However, larval crude fat varied over a
wider range depending on dietary macronutrient content, protein content affecting larval
crude fat content to a large extent. The data presented in this thesis contribute to our un-
derstanding of how nutrition, mainly in terms of protein and carbohydrate content and
ratio, affects life-history traits, nutrient body content and reproduction of BSF and how
this knowledge can be applied to improve the productive performance and larval body
composition in BSF production systems.
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Introduction & thesis outline

Within the class Insecta a diversity of diets is utilized to acquire nutrients. Approximately
50% of the 1 million insect species that have been described to date feed on plants, 25%
are carnivorous parasites and predators and among the remaining 25% are detritivores
feeding on decaying organic matter (Gullan & Cranston, 2010). Insects are poikilother-
mic organisms that have a variable body temperature that is affected by the temperature
of the environment (Gullan & Cranston, 2010; Oonincx et al., 2010). This is expected to
result in both high feed conversion efliciencies and growth rates (van Huis, 2013). Tens of
thousands of species in the orders Coleoptera (beetles) and Diptera (flies) are detritivores
and fulfil vital roles in nutrient cycling in ecosystems (Dicke, 2017). Over the past decade,
interest in mass rearing of a number of detritivorous insect species has steeply increased
(Van Huis & Tomberlin, 2017). The main reason for this interest is that these species can
be reared on low-grade bio-waste and convert it into high quality proteins, lipids and other
useful products. Examples are Tenebrio molitor (Li et al., 2013), Rhynchophorus spp. (Cerda
et al., 2001; Elemo ez al., 2011) and Musca domestica (Awoniyi, 2007). These insect species
are thereby excellent candidates for low-cost production of animal proteins as a sustainable
high quality feedstuff for production animals including poultry, swine and fish (DeFoli-
art, 1989; Veldkamp ez al., 2012).

Traditionally, the mass-rearing of insects focused on the production of beneficial insects,
used as biological control agents in crop protection (Van Lenteren, 2003) and on the
mass-production of sterile male insects deployed in Sterile Insect Technique (SIT) pro-
grams applied in the control of e.g fruit flies (Enkerlin et al., 2017). Most of the current
large insect production businesses focus on predators and parasitoids for biological con-
trol (Manzano-Agugliaro ez al., 2012). However, insects that can be used as food or feed
have excellent potential to be reared under controlled conditions. These animals are called
‘minilivestock’ (Hardouin, 1995). The challenges facing the ‘minilivestock’ production
sector ask for the development of innovative methods that are suited to the social, environ-

mental and economic needs of regional and local communities.

Over the last decades, scarcity of resources has led to an increase in prices of animal feed-
stock, which represents 60-70% of costs of animal production systems (van Huis, 2013).
The challenges posed by using insects as feed are many and we have to find species which
have favourable characteristics. Black Soldier Fly — BSF; Hermetia illucens L. (Diptera:
Stratiomyidae) has been proposed as one of the most suitable insect species to be used
as animal feed. Advantages of using BSF that have been identified are their capacity to
convert organic waste, to reduce the numbers of certain harmful bacteria and insect pests,
to provide potential chemical precursors to produce biodiesel, and to provide high quality
protein to be used as feed for a variety of animals, including swine, chickens, and fish
(Veldkamp ez al., 2012). Accordingly, BSF could be an ideal candidate to provide sustain-
able high quality and cheap animal-protein-rich feedstuff.
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Chapter 1

Most research on the use of BSF as minilivestock has focused on the larval stages and the
effect of biotic (Tomberlin er al., 2002; Diener et al., 2009; Parra Paz ez al., 2015) and
abiotic (Furman ez al., 1959; Alvarez, 2012) factors in both tropical and temperate regions.
However, scant information is available on how these factors affect the adult stage of BSF,
in particular mating success and fitness. Therefore, it is essential to study all fitness-related
life-history traits to fully understand the effects of larval food quality on fitness and body

composition.

Body composition of the larvae depends on the quality and quantity of ingested food
(Nguyen ez al., 2015; Oonincx et al., 2015). Larvae fed on different substrates had varying
body protein content (ranging from 37.0 to 62.7% DM) and fat content, which showed
more variation (ranging from 6.6 to 39.2% DM) than protein content (Barragan-Fonseca
et al., 2017). This variation suggests that larval dietary nutrient concentration affects larval
protein and fat content, and in order to produce insects of a defined quality in terms of
both macro- and micronutrients for animal feed, it is important to evaluate how larval

nutrient content is regulated and affected by dietary nutrient concentration.

For optimal performance insects need to ingest enough food and to maintain a balanced
diet (Prabhu ez al., 2008). Insects are able to compensate for an unbalanced diet through
both behavioural and physiological mechanisms to obtain an optimal intake of energy and
nutrients (Zudaire ez al., 1998; Raubenheimer & Simpson, 2003; Behmer, 2008; Roeder
& Behmer, 2014). Since proteins and carbohydrates are the most important nutrients for
insect survival, growth and reproduction (Aguila ez al., 2013), the balance between pro-
tein and carbohydrate (P:C) provides a fruitful starting point to investigate the regulatory
trade-offs in macronutrient intake in insects (Simpson & Raubenheimer, 1993; Rauben-
heimer & Simpson, 1999). Most studies on the optimal balance between proteins and
digestible carbohydrates and its effect on insect performance have focused on grasshop-
pers, cockroaches, aphids, larval Lepidoptera and larval Coleoptera (Simpson ez /., 1988;
Raubenheimer & Simpson, 2003; Behmer, 2008; Roeder & Behmer, 2014).

Nutritional studies on BSF thus far have addressed the effects of diets composed of only
partly defined ingredients such as organic waste or industrial by-products on BSF devel-
opment and adult life-history traits (Barragan-Fonseca ez al., 2017). This saprophagous
species exploits diverse diets, so larval stages are likely to encounter a wide range of dietary
macronutrient ratios. When analyzing food sources on which this species is found in the
wild (vegetable waste, manure, etc.), P:C ratios tend to be carbohydrate-biased (1:1.5 - 1:2)
and present a wide range of crude protein and digestible carbohydrate contents (40-80%
DM). However, it is unknown how BSF regulates the balance of nutrients ingested and
absorbed and how this affects its performance and larval body content.
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Introduction & thesis outline

Knowing the physiological mechanisms that BSF employs to deal with different nutri-
ent concentrations, and their impacts on BSF life-history traits and larval body content,
could yield helpful insights into the nutritional ecology of BSE. This knowledge will al-
low to increase body mass and/or size of individuals and consequently the continuous
production of eggs needed for mass-rearing. This will ensure more dependable yields of
BSF-mass rearing and development of economically feasible methods to take advantage
of this species as animal feed. Therefore, in this thesis I focus on nutritional physiology of
BSF, and address the following main questions: (1) How does larval density and nutrient
concentration affect biomass production, larval performance and nutrient body content?
(Ch. 3) (2) How do dietary protein and carbohydrate content and ratio affect life-history
traits, nutrient body content and reproduction of BSF? (Ch 4 and 6) (3) Can protein and
carbohydrate contents and P:C ratio be applied to optimize diets composed of different
organic residues? (Ch. 5)

Figure 1 summarizes the research undertaken to answer the main research questions.

Content Ratio
A Biomass Resource allocation Fitness
Larval density and Larval performance larval content Reproduction
nutrient content 4 4 4
(Dilution with cellulose) T
(semi-artificial diet) How BSF regulate dietary
i macronutrient P&C

Adequate density and a L|

interaction Density — Nutrients
Nutrient content Macronutrient imbalance P&C

P&C (artificial diet)

A P+C content — low P:C ratio

Immature and mature fitness Effect of P+C — P:C on fitness
and larval body content

(semi-artificial diet) I

Effect of P+C— P:C on fitness _, Optimal P:C content — P:C ratio

and larval body content Larval and adult performance
(organic diet)
Qualiy
A - Experiments = Outcomes  P= Protein ~ C = Carbohydrate

Figure 1. Nutrition of Black Soldier Fly (Hermetia illucens L.): tailoring diet composition for larval
biomass production and fitness
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Chapter 1
Outline of this thesis

Chapter 2 provides background information on the nutritional value of BSF larvae, its
suitability as animal feed, biotic and abiotic conditions that affect its performance, and
identifies which knowledge is required to ensure more dependable yields of BSF-mass rear-
ing and development of economically feasible methods to take advantage of this species
as animal feed.

Chapter 3 addresses the effect of dietary nutrient concentration, larval rearing density,
and the possible interaction between these two factors on growth characteristics and nu-
tritional content of BSF larvae in terms of crude protein and fat. In this study, BSF larvae
were fed with one of three nutrient concentrations, low, intermediate and high, and four
rearing densities. Additionally, two feeding regimes were tested and larval yield, larval
development time, larval crude protein and crude fat were recorded.

Chapter 4 explores the regulatory trade-offs in macronutrient intake of BSF, and how this
affects larval and adult life-history traits of BSF, and larval body content. I investigated
the influence of dietary protein (P) and digestible carbohydrate (C) contents and protein
to carbohydrate (P:C) ratio, testing three protein concentrations and three carbohydrate
concentrations and their combinations within the range of its natural food sources. In
this study, I quantified larval performance, larval body crude protein and fat contents and
adult fecundity.

Chapter 5 examines how diets derived from vegetable by-products from the food industry
formulated to obtain an average macronutrient content in terms of digestible protein and
carbohydrates, and a C-biased carbohydrate ratio influences larval performance of BSE.
In this chapter, I also took the ingredients from the best vegetable waste-based diet from
the first experiment, and formulated two vegetable waste-based diets differing in total
macronutrient content and C-biased carbohydrate ratios, and evaluated their effects on
life-history traits of BSF and larval body content in terms of crude protein and fat.

Chapter 6 addresses the question whether and how widely varying macronutrient contents
and ratios affect both larval performance and body nutrient composition and adult life
history traits of BSF. This chapter not only addresses how larval and adult stages of BSF re-
spond to a broad range of P:C ratios at different nutrient concentrations, but also presents
useful findings in guiding the formulation of diets in mass-rearing of BSF as minilivestock
aimed at obtaining high yields of larval biomass of desired body composition.

In Chapter 7, the findings of this thesis are integrated. I discuss how nutrition influ-
ences the larval and adult performance of BSF and how this knowledge can be applied
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Introduction & thesis outline

to improve the productive performance and larval body composition in BSF production
systems. I also emphasize that to ensure stable yields and high larval nutritional quality of
BSF-mass rearing a better understanding is required of the complex interactions between

quality and quantity of dietary nutrients.
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Chapter 2
Abstract

The Black Soldier Fly [BSF; Hermetia illucens L. (Diptera: Stratiomyidae)] has been stud-
ied for its capability to convert organic waste to high quality protein, control certain harm-
ful bacteria and insect pests, provide potential chemical precursors to produce biodiesel
and for its use as feed for a variety of animals. Nutritional value of BSF larvae is discussed,
as well as the effect of biotic and abiotic factors on both larval body composition and
performance. Although BSF larvae contain high protein levels (from 37 to 63% DM),
and other macro- and micronutrients important for animal feed, the available studies on
including BSF larvae in feed rations for poultry, pigs and fish suggest that it could only
partially replace traditional feedstuff, because high or complete replacement resulted in
reduced performance. This is due to factors such as high fat content (from 7 to 39% DM),
ash (from 9 to 28% DM), and consequences of processing. Therefore, further studies are
needed on nutrient composition, digestibility and availability for target species and on
improved methods to process larvae, among other aspects. Additionally, it is clear that fac-
tors including quantity and quality of food, temperature, substrate moisture and/or larval
crowding can affect BSF performance. However, the biology of BSF, in particular of the
adult stage, has not been studied in detail. This review provides background information
on the nutritional value of BSF larvae, its suitability as animal feed, biotic and abiotic con-
ditions that affect its performance, and identifies which knowledge is required to ensure
more dependable yields of BSF-mass rearing and development of economically feasible
methods to take advantage of this species as animal feed.

Key words Black Soldier fly, Hermetia illucens, animal feed, nutritional value.
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Nutritional value of the Black Soldier Fly and its suitability as animal feed
Introduction

The demand for animal-derived protein sources will increase due to the combined effects
of the growing human population and rising living standards in developing countries
(FAO, 2009). Scarcity of resources has increased prices of animal feedstock during the
last years, which represents 60-70% of production costs of animal production systems
and results in competition between human food and animal feed. For instance, use of
ingredients like fishmeal, fish oil, soybean meal and grains is on the rise in both human
food and animal feed (van Huis, 2013). Insects are proteinaceous (Bosch ez a/., 2014) and
have high feed conversion efficiencies and growth rates (van Huis, 2013), making them a
high quality and potentially profitable feedstuff for production animals (Veldkamp ez al.,
2012, DeFoliart, 1989).

The animal production industry is faced with the challenge to develop innovative meth-
ods that are suited to meet future social, environmental and economic needs. Insects that
can be sustainably reared on organic side streams could offer a suitable alternative animal
protein source (Smetana et al., 2016). There are various species of Coleoptera and Diptera
that can be reared on low-grade bio-waste and convert it into high quality proteins. Ex-
amples are the beetles 7enebrio molitor Linnaeus, 1758 (Coleoptera: Tenebrionidae) (Li ez
al., 2013) and Rhynchophorus spp. Herbst, 1795 (Coleoptera: Curculionidae) (Cerda ez al.,
2001; Elemo ez al., 2011), and the flies Musca domestica Linnaeus, 1758 (Diptera: Musci-
dae) (Calvert ez al., 1969; Awomyi, 2007) and Hermetia illucens Linnaeus, 1758 (Diptera:
Stratiomyidae) (Newton ez a/., 2005).

The Black Soldier Fly — BSF (Hermetia illucens) is native to the Americas and is widespread
from Argentina to central USA, throughout tropical and temperate regions (Sheppard ez
al., 1994). Transported by humans, BSF has established in Australia, India, Africa and Eu-
rope (Martinez-Sanchez ez al., 2011; Gujarathi & Pejaver, 2013), because BSF can tolerate
a broad range of environmental conditions (light, temperature, humidity).

For use as animal feed, BSF has several major advantages over other insect species. The
species is polyphagous and its gut extracts have high amylase, lipase and protease activities
(Kim ez al., 2011). Thus, it is employed in sustainable recycling of animal waste (Sheppard
et al., 1994; Nguyen ez al., 2013), facces (Diener ez al., 2009; Lalander ez al., 2013), and
other type of organic waste (Rachmawati ez /., 2010; Diener ez al., 2011; Green & Popa,
2012; Gujarathi & Pejaver, 2013; Kalovd & Borkovcovd, 2013; Nguyen ez al., 2013), turn-
ing bio-waste into a high quality nutrient source for animal feed (Veldkamp ez a/., 2012).
As a result, BSF has been used as feed for a variety of animals, including swine, poultry,
and fish, and is being explored as an important ingredient for pet food.
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Chapter 2

Moreover, BSF is not a pest, so its rearing requires no specific precautionary measures and
it reduces the presence of harmful bacteria (Liu ez a/., 2008) in contrast to other dipteran
species such as the house fly M. domestica. The list of “services” that have been developed
includes the conversion of liquid manure and other domestic and agro-industrial waste
types into a source of animal proteins (Caruso ez al., 2014). Because of the valuable nu-
trient content of the BSF larvae, they can be employed as the basis of a highly promising
technology to sustain a circular economy, which is the concept of an economy that is
producing no waste and reducing consumption of raw materials and energy by improving
their utilization, based on the interrelationships between the environment and economics.
This concept will contribute to remediating the expected future scarcity of sufficient, nu-
tritious and healthy food.

The present review aims to summarise the published information on the nutritional value
of BSF larvae as animal feed. The review also discusses the biological aspects important
to develop a BSF production system, as ‘minilivestock’ (Hardouin, 1995), and identifies
knowledge gaps that require future research on this species.

Nutritional value of BSF larvae

Body composition

Body composition of BSF larvae varies among substrates not only in protein content (rang-
ing from 37 to 63% DM) but also fat content, which has the most variation (ranging
from 7 to 39% DM). Although BSF larvae on average contain both a high protein and fat
content (Zheng ez al., 2012), body composition of the larvae depends on the quality and
quantity of food ingested (Nguyen ez al., 2015). For instance, larvae fed swine manure
have higher protein content than those fed cow manure (St-Hilaire ez 4/., 2007b), and
diets based on spent grains result in higher protein content (Oonincx ez al., 2015b). The
same applies for crude fat. Fat content accounted for about 30% of the BSF larval biomass
fed on manures, but chicken manure supported maximal larval growth and crude fat con-
tent (Li ez al., 2011a) (Table 1). Nguyen ez al. (2015) found that larvae fed fish and liver
contained more protein and fat than those fed chicken feed. Large variation in body com-
position can also exist throughout the course of larval development itself. For example,
crude protein content decreases with increasing age, the highest percentage was reported
for larvae of 5 days old (61%), while it was less in 15 (44%) and 20 (42%) days old larvae
(Rachmawati ez a/., 2010).
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Nutritional value of the Black Soldier Fly and its suitability as animal feed

Table 1. Content of crude protein (CP) and crude fat (CF) of BSF larvae reared on different

substrates

Substrate %CP! n %CF! References

Cattle manure 42.1 1 34.8;29.9 2 Newton et al. (1977); Li et al. (2011a)
Sheppard ez al. (1994); Arango Gutiérrez ez al.
(2004); Li et al. (2011a)

Newton et al. (2005b); St-Hilaire ez al. (2007b);

=

Chicken manure 40.1£2.5 3 27.9+8.3 3

Swine manure 43.6:43.2 2 26.447.6 4 (Li et al., 2011a, Manzano-Agugliaro ez al., 2012)
Palm kernel meal 42.1;45.8 2 275 1 Rachmawati et /. (2010)
Restaurant waste - 39.2 1 Zheng et al. (2012)
Chicken feed 47.9+7.1 3 14.6+4.4 3 Bosch ez al. (2014); Nguyen ez al. (2015); Oonincx
et al. (2015a)
By-products® 41.7+¢3.8 4 - Oonincx et al. (2015a)
Liver 62.7 1 25.1 1 Nguyen ez al. (2015)°
Fruits and vegetables 38.5 1 6.63 1 Nguyen et al. (2015)
Fish 57.9 1 34.6 1 Nguyen ez al. (2015)°

' All values expressed on a dry matter basis. Values are mean + standard deviation; (n) gives the
number of replicates. If n = 2, individual values are stated, separated by a semicolon.

2 Beet molasses, potato steam peelings, spent grains and beer yeast, bread and cookie remains.

3 Original values on a fresh matter basis have been converted to dry matter basis using the water
content reported.

Dry matter content of fresh larvae is between 20% and 44% (Nguyen ez al., 2015; Oon-
incx et al., 2015a), and depends on both diet and larval stage (Rachmawati ez /., 2010),
because DM is higher in the later instars.

Amino acid content

Amino acid content of dried BSF larvae does not differ much between studies (Table 2),
it appears that contents of some amino acids change in relation to larval diet, amino acid
content showing a tendency to be slightly higher in larvae fed cattle manure (Se-Hilaire
et al., 2007b), than in larvae fed either swine manure (Newton ez /., 2005) or chicken
manure (Arango Gutiérrez, 2005). The amino acid profile shows that BSF larval protein
is particularly rich in lysine (6-8% of protein content) (Sheppard ez /., 2008), and com-
pares favorably with published values for animal feed (Newton ez al., 1977). For example,
essential amino acid levels in larvae produced on swine manure are similar to soybean
meal in lysine, leucine, phenylalanine, and threonine (Newton ez al., 2005). When com-
paring BSF larvae and soy meal values (based on g/16 g N), larvae contain higher contents
of alanine, methionine, histidine, and tryptophan, and a lower content of arginine than
soybean meal.
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Table 2. Amino acid content (%DM and g/16 g Nitrogen®) of BSF larvae fed swine, cattle or
chicken manure and soy meal

Amino acid Swine Swine Cattle Chicken BSF larvae* Soy meal*
Alanine 3.02 2.55 3.7 2.3 7.7 4.48
Arginine 2.65 1.77 2.2 2.12 5.6 7.48
Aspartic acid 3.72 3.04 4.6 1.36 11.0 12.1
Cystine - 0.31 0.1 0.32 0.1 1.2
Glycine 2.28 2.07 2.9 2.31 - 4.25
Glutamic acid 3.78 3.99 3.8 2.75 10.9 19.3
Histidine 1.18 0.96 1.9 1.16 3.0 2.53
Isoleucine 2.03 1.51 2.00 1.55 5.1 5.04
Leucine 3.1 2.61 3.5 2.6 7.9 8.04
Lysine 2.62 2.21 3.4 2.14 6.6 6.39
Methionine 0.74 0.83 0.9 0.78 2.1 1.17
Phenylalanine 2.00 1.49 2.2 1.53 5.2 5.05
Proline 2.39 2.12 3.3 2.27 6.6 5.51
Serine 1.68 1.47 0.1 2.8 3.1 4.85
Threonine 1.78 1.41 0.6 1.87 3.7 3.93
Tryptophan - 0.59 0.2 0.63 0.5 -
Tyrosine 3.08 2.38 2.5 2.62 6.9 3.64

Data from Newton ez al. (1977); Arango Gutiérrez (2005); Newton ez al. (2005b); Makkar e al.
(2014).

Fatty acid content

BSF larvae and prepupae have been found to contain 58 — 72% saturated fatty acids
(SAFA) and 19 - 40% mono- and poly-unsaturated fatty acids (MUFA and PUFA) of total
fat content (Makkar ez al., 2014; Surendra ez al., 2016), containing high levels of lauric,
palmitic and oleic acid (Surendra ez al., 2016). It seems that the fatty acid (FA) profile of
larvae and prepupae depends on the FA composition of the diet (Table 3). For instance,
BSF prepupae may incorporate some ®-3 FA, like M-linolenic acid or eicosapentaenoic
acid, when these occur in their diet (Sealey ez 4/., 2011). Oonincx et al. (2015a) found that
higher dietary fat content resulted in a larger proportion of FA being metabolized to lauric
acid, suggesting limited possibilities to adapt the FA profile of BSF larvae. Although diet
has been suggested to exert strong influences on FA profiles, development and enzymology
of fatty acid biosynthesis should also be taken into account to explain overall FA compo-
sition (Stanley-Samuelson ez a/., 1988).
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Table 3. Fatty acid content (% of total fatty acids) of BSF larvae fed different substrates

Cattle Chicken ~ CM+Fish By- By- Swine  Restaurant
manure feed offal products  products manure waste
Fatty acid (CM) (High fat)  (Low fat)
n=3 n=2 n=2 n=2 n=2 n=1 n=1

Capric acid 3.1 0.9 - 0.7;0.8 0.3;1.2 - 1.8
Lauric acid 26.7+7.8 47;46.6 34.1;371  28.9;38.4  48.4;50.7 49.3 23.4
Myristic acid 3.9+1.6 6.5;9.2 6.3;6.5 7.457.8 9.9;9.5 6.8 -
Palmitic acid 16.9+2.6 15;12.7 14.3;17.3 14.4;17 11.6;11.8 10.5 18.2
Palmitoleic acid 5.1+1.8 3.4 7.6 2.9;3.4 4.7;6.6 3.5 9.4
Stearic acid 5.3¢1.5 2.2;2.1 2;2.4 2.4;2.8 1.8;2 2.8 5.1
Oleic acid 26.1%5.2 10.2;14 16.5;18.8 15.9;18.1 10.3;10.8 11.8 27.1
Linolenic acid 4.5£2.4 9.4 3.9:5.9 8.3;17.1 3.656 3.7 7.5
a-Linolenic acid 0.2 0.6;0.8 0.5;0.7 0.8;1.5 0.651 0.1 -
Stearidonic acid - - 0.5 - - - -
Arachidonic acid 0.04 0.1 0.2 0.1;0.2 0.1;0.6 - -
Eicosapenta-enoic acid 0.07+0.1 - 1.8;3.5 - - - -
Docosapenta-enoic acid 0.01 0.1 0.1;0.4 - - - -
Docosahexa-enoic acid 0.06 0.1 0.4;1.7 - - - -

Data taken from St-Hilaire ez /. (2007a); Li ez al. (2011a); Sealey er al. (2011); Kroeckel ez al.
(2012); Zheng ez al. (2012); Oonincx ez al. (2015a). Values are mean + standard deviation. n gives

the number of replicates. If n = 2, individual values are stated, separated by a semicolon.

Mineral content

BSF larvae contain higher mineral concentrations compared to other insects used in man-
aged feeding programs (Dierenfeld & King, 2008). Manganese (Mn), iron (Fe), zinc (Zn),
copper (Cu), phosphorus (P) and calcium (Ca) are found in high concentrations, with the
highest Ca:P ratio reported being 8.4 (Makkar ez al., 2014). Sodium (Na) occurs in a lower
concentration compared to the levels in other insects (Dierenfeld & King, 2008). New-
ton et al. (2005) found differences in mineral contents in BSF larvae reared on poultry
or swine manure, possibly reflecting differences in mineral concentrations or availability
between the two manure types (Table 4). For instance, P content was significantly higher
in BSF reared on poultry manure. Ash content is relatively high and ranges between 9 and
28% DM (Makkar ez al., 2014). All authors report a high Ca content in BSF larvae, which
might be partly explained by the fact that the epidermis of BSF secretes a deposit of calci-
um carbonate (CaCO,) which may account for the high Ca and ash content (Johannsen
(1922) in Newton ez al. (1977)). Conversely, newly emerged adults contain very little Ca
(0.03%) since Ca occurs concentrated in the shed pupal cuticle (Finke, 2013).
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Table 4. Mineral content (%DM) of BSF larvae fed different substrates

Mineral Poultry Swine Chicken feed Unknown
manure manure

Calcium 5;7.8 5.36 3.14 2.41
Phosphorus 0.7;1.5 0.88 1.28 091
Magnesium 0.37;0.39 0.44 0.79 0.45
Sodium 0.15 0.13 0.27 0.23
Potassium 0.6;0.7 1.16 1.96 1.17
Iron 0.01;0.14 0.08 0.04 0.02
Zinc 0.01;0.013 0.03 0.02 0.01
Copper 0.001 0.003 0.002 0.001
Manganese 0.02;0.06 0.03 0.04 0.02

Data taken from Arango Gutiérrez (2005); Newton ez al. (2005b); Dierenfeld & King (2008);
Finke (2013). If n = 2, individual values are stated, separated by a semicolon.

Suitability as animal feed
The following section will give a brief overview of studies that investigated BSF as animal feed.

BSF as pig feed

BSF larval meal is a suitable ingredient in pig diets, because of its high contents of amino
acids and calcium, and its good palatability. However, its relative deficiency in methionine
and cystine requires the inclusion of those amino acids in balanced diets (Makkar ez al.,
2014). Moreover, due to the high ash and crude fat content, BSF larvae should better be
mixed with other proteinaceous ingredients (Newton er al., 1977). Apparent digestibil-
ities of dry matter and nitrogen tended to be better for the pigs fed soybean meal than
BSF larval meal (85.3% and 77.2% vs 77.5% and 76%). In addition, weaned pigs did not
perform well when fed on BSF larval meal, suggesting that additional refinement (cuticle
removal and rendering) may be necessary to improve the performance of early weaned pigs
(Newton et al., 2005).

BSF as poultry feed

To the best of our knowledge there are few studies available on this topic. BSF larvae
and prepupae, grown on swine manure or kitchen waste, have been used satisfactorily as
a feed additive for young chicks (Hale, 1973). Partial replacement of soymeal (10-20%)
for broilers showed a production performance, feed efficiency, mortality and carcass traits
similar to those fed on commercial diets (Cullere ez /., 2016). The partial (50%) or full
replacement of soybean cake by partly defatted BSF larval meal in a diet for layers did not
affect their laying performance, nor feed efficiency, if compared to organic standard diets
for layers (Maurer ez al., 2016).

The high apparent metabolizable energy and the amino acid apparent ileal digestibility co-
efficients of BSF larval meal, also make it a valuable ingredient for use in the formulation
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of broiler feeds (De Marco ez al., 2015). Additionally, Arango Gutiérrez (2005)suggested
BSF larvae have a suitable mineral content for the nutrition of poultry, according to broiler
mineral requirements, cited by the National Research Council (NRC, 1994).

BSF as fish feed

Protein replacement in fish diets has been investigated using the meals obtained from both
larvae and prepupae of BSF for the following fish species: Channel catfish (Zezalurus punc-
tatus) (Zhang et al., 2014a; Zhang et al., 2014b), Blue tilapia (Oreochromis aureus) (Bondari
& Sheppard, 1987), Hybrid tilapia (Nile tilapia, Oreochromis niloticus crossed with Sabaki
tilapia, Oreochromis spilurus) (Furrer, 2011), Rainbow trout (Oncorhynchus mykiss) (Sealey
et al., 2011), Atlantic salmon (Salmo salar) (Lock et al., 2015), Turbot (Psetta maxima)
(Kroeckel et al., 2012), and Yellow catfish (7achysurus fulvidraco) (Zhang et al., 2014a).

Most of these studies showed that only low inclusion levels of BSF larvae have shown a
similar performance to that of fish fed traditional feedstuff, which may be explained by
high larval protein content (Zhang ez al., 2014a). High inclusion levels in fish feed (> 33%)
reduced not only fish growth (Kroeckel ez a/., 2012), but also palatability of the diet and
protein digestibility (Kroeckel ez a/., 2012). The type of substrate on which BSF larvae
were reared and the processing method might affect their utilization by fish. For instance,
BSF was included at least up to 50% in Atlantic salmon diet without affecting growth or
fillet quality (Lock ez al., 2015).

Although the replacement of fish meal with insect meal can increase the amount of fat or
change the nature of lipids in fish (St-Hilaire ez /., 2007b) and could, therefore, change
the taste of the fish fillets, a partial inclusion of insect meal (10-50%) in the diet of fish
does not affect FA profiles, aroma or flavour to the extent that this is perceived by con-
sumers (Makkar er 4l., 2014). For instance, no difference in organoleptic properties was
found in Atlantic salmon (Lock ez 4/., 2015) or rainbow trout (Sealey ez al., 2011) fed up
to 50% of BSF meal.

BSF as feed for other animal species

Whole BSF larvae and pupae have been used to feed animals like alligators (Aligator
mississippiensis) (Bodri & Cole, 2007) and mountain chicken frogs (Leprodactylus fallax)
(Dierenfeld & King, 2008). A complete replacement of commercial feeds by BSF larvae
fed to young alligators resulted in lower consumption and growth compared to commer-
cial feeds. BSF larvae fed to Mountain chicken frogs resulted in poor nutrient digestibility.
It seems that an unprocessed form of BSF may be less useful for species that swallow their
food whole like these species. For example, calcium digestibility of whole BSF larvae in
frogs was only 44% compared to 88% for BSF larvae that had been “mashed” (Dierenfeld
& King, 2008). Conversely, BSF larvae have been successfully utilized in captive feeding
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and breeding programs for a number of lizard and amphibian species, mainly as source
of minerals (Dierenfeld & King, 2008). Frass of BSF reared on dried distillers grains was
evaluated as feed for commercial Giant River prawn (Macrobrachium rosenbergii), resulting

in similar performance as regular prawn feed, with better economic returns (Tiu, 2012).
BSF as minilivestock

Traditionally, the mass-rearing of insects has been focused on the production of beneficial
insects, used as biological control agents for crop protection (Van Lenteren, 2003). In par-
ticular, most of the currently developed insect production businesses focus on predators
and parasitoids for biological control (Manzano-Agugliaro ez /., 2012). Small non-do-
mesticated animals, such as BSF and other insect species that have a potential benefit
either nutritionally for food and/or economically for animal feed or other revenues, and
are currently not being utilized to their full potential, could be bred under controlled
conditions in captivity as in a traditional animal production system and have been called
‘minilivestock’ (Hardouin, 1995).

The development of BSF is influenced by abiotic factors (Furman ez /., 1959). In temper-
ate countries reproduction of BSF requires temperature-controlled conditions (Alvarez,
2012). Therefore, technical improvements are necessary to arrive at economically viable
BSF production systems (Alvarez, 2012). The use of BSF in low and middle income coun-
tries, where temperatures and sunlight are well suited for the propagation of the species
year-round, offers small entrepreneurs the possibility of income generation without high
investment costs. For instance, under field conditions in tropical countries, BSF was able
to reduce organic waste more efficiently (65-75%) than in laboratory conditions in tem-
perate countries (40%) (Diener, 2010). Tomberlin ez /. (2002) found that specimens of a
wild population reared under laboratory conditions had reduced size, weight, longevity,
and caloric content in comparison to specimens collected directly from the wild.

Rearing BSF

The BSF is not active in the winter months in temperate countries, and this requires that
rearing needs to take place indoors under artificial conditions (Zhang ez /., 2010). Under
laboratory conditions BSF larvae, which have six larval instars including prepupae, reach
the prepupal stage in two weeks at 30 °C (Furman ez al., 1959). Prepupae leave the food
substrate to pupate (Sheppard ez al., 1994). Adults emerge after 10 - 14 d at 27 - 30°C
(Sheppard et al., 2002). Adult BSF do not require food to survive but their longevity is
increased when provided with a source of water (Tomberlin ez /., 2002), and sugar (Na-
kamura ef al., 2016) or honey (Rachmawati ez /., 2010). Two-day-old adults mate and
females oviposit two days after copulation (Tomberlin & Sheppard, 2002). Females tend
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to lay eggs in crevices near food sources, with eggs hatching after four days at 27°C (Booth

& Sheppard, 1984).

As previously mentioned, life history characteristics of BSF, such as survival rate and de-
velopment time, are determined by a variety of factors such as temperature (May, 1961;
Holmes ez al., 2016), relative humidity (Holmes ez al., 2012), food availability (Diener ez
al., 2009), and food composition (Gobbi ez al., 2013), among others. The wide geographic
distribution of BSF demonstrates its tolerance for a wide range of abiotic conditions. How-
ever, it is clear that there are optimal values for these conditions to maximize BSF per-
formance. Threshold values of abiotic factors for BSF development are shown in Table 5.

Table 5. Abiotic factors for rearing BSF

Abiotic factor Min. Optimal Max. References
Temperature (°C) 12 26-27 36  Holmes (2010); Holmes ez /. (2016)

Relative humidity (%) 25 60-70 99  Tomberlin & Sheppard (2002); Gobbi (2012); Holmes ez al. (2012)
Substrate moisture (%) 40 52-70 70  Tomberlin ez al. (2002)
Light intensity! 60 135-200 - Alvarez (2012); Holmes (2010); Zhang ez /. (2010)

! Light intensity is expressed in pmol/m?/s and affects mating and egg fertilisation of BSF. Howev-
er, it has been suggested that light spectral composition plays a more important role in fertilisation
than light intensity. Light-emitting diodes producing wavelengths in the UV, blue and green rang-
es have proved to increase the proportion of fertilized eggs (Oonincx ez al., 2016).

Larval food quality

Larval food quality is the determinant for the fitness of phytophagous insects with a
non-feeding adult stage (Moreau ez al., 2006), this applies also to the BSF which stores
most of its nutrients during the larval stage. BSF larvae prefer to consume diets with high
fat content to build up a fat body necessary to complete development (Nguyen ez al.,
2015). This is the reason why food quality is one of the most important factors affecting
BSF growth rate and positively correlates with survival rate and larval length (Gobbi ez 4.,
2013). Moreover, BSF larval weight gain is also affected because of their potential depen-
dence on bacteria as food (Liu ez al., 2008), which has also been found for other dipterans
(Spiller, 1964). For instance, Yu ez al. (2011) observed that the bacterium Bacillus subtilis,
which was isolated from the BSF larval gut, promotes the growth and development of
conspecific larvae by fermenting their food. This is probably because B. subtilis has the
ability to digest protein and provide organic phosphorus (GuoHui ez al., 2010). Zheng ez
al. (2013b) classified 78 genera of bacterial species obtained from larval, prepupal, pupal,
adult, and egg samples of BSF. Bacteroidetes (42.0%) and Proteobacteria (33.4%) were
the most dominant phyla associated with BSF across all life stages. These results indicate
the high diversity of bacterial species associated with BSF. However, food substrate might
influence microbial flora composition (Jeon ez al., 2011).
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There are some studies about the effects of artificial diets on BSF development and adult
life-history traits (Gobbi ez al., 2013), and others related to the effects of different types
of organic waste or industrial by-products on BSF life-history traits (Lardé, 1989; Larde,
1990). Unfortunately, it is difficult to derive conclusions on the effect of food quality, be-
cause there are other aspects that also affect larval performance (larval density, substrate
humidity or relative humidity) which are not reported.

In Table 6 life-history traits and performance are shown for BSF fed diets of similar mac-
ronutrient content (crude protein ~17%, crude fat ~4%): chicken feed, Chemical Special-
ties Manufacturers’ Association fly larval medium (CSMA) and Gainesville house fly diet
(Tomberlin ez al., 2002), at similar larval feeding rations (0.82 + 0.005 g/larva) and abiotic
conditions (temperature 27 + 2 °C, relative humidity 70 + 10 % and food moisture 66 + 4
%), and larval densities between 0.1 and 2.5 larvae/cm?.

Table 6. Life-history traits and performance of BSF fed either chicken feed or diets of similar crude
protein and fat contents

Life-history or performance trait n® Mean + SD References

Larval developmental time (d) 13 24.6+6.2  Tomberlin & Sheppard (2001); Diener ez al. (2011); Gobbi
(2012); Nguyen et al. (2013); Li (2014); Oonincx ez al. (2015a)

Pupal developmental time (d) 8 14.8+6.8  Nguyen ez al. (2013)

Total cycle (d) 8 40.2+6.4  Tomberlin (2001); Gobbi (2012); Nguyen ez al. (2013)

Larval survival rate (%) 5 89.4+9.4  Oonincx et al. (2015a)

Pupal survival rate (%) 1 91 Gobbi (2012)

Larval weight (g FM") 6 0.158+0.02 Oonincx et al. (2015a)

Larval weight (g DM?) 1 0.044 Li (2014)

Prepupal weight (g FM) 5 0.105£0.005 Tomberlin and Sheppard (2001)

Prepupal weight (g DM) 3 0.037+0.004 Diener ez al. (2011)

Pupal weight (g FM) 3 0.150+0.03 Gobbi (2012)

Adult weight (g FM) 3 0.053£0.01 Tomberlin and Sheppard (2001)

Adult weight (g DM) 1 0.021 Tomberlin and Sheppard (2001)

Adult length (mm) 1 15.8 Gobbi (2012)

Adult longevity (d) 3 9.4+0.2  Tomberlin and Sheppard (2001)

ECI° DM (%) 4 17.6+6.3  Diener et al. (2011); Li (2014); Oonincx et al. (2015a)

ECD* DM (%) 3 32.1+4.3  Diener et al. 2011; Li (2014)

FCR> 1 1.8 Li (2014)

Larval DM content (%) 3 36+1.8 Diener et al. (2011); Oonincx et al. (2015a)

'FM (fresh matter), 2DM (dry matter), *ECI: efficiency of conversion of ingested food; “‘ECD: effi-
ciency of conversion of digested food; >FCR: feed conversion ratio, defined as feed intake /average
daily gain).

¢ Number of independent experiments.

More food available per larva positively affects both development and larval weight in BSF
(Banks e al., 2014), but negatively affects waste reduction efficiency (Diener ez al., 2009).
For chicken feed, Diener ez al. (2009) reported an extended larval development (42 d)
and a lower prepupal weight (0.09 g) but higher efficiency of conversion of digested food
(ECD) (38%) at a low feeding ration (0.5 g/larva over the total larval development until
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prepupa), and observed shorter larval development time (15-16 d) and heavier prepupae
(0.12 - 0.16 g FM), but low ECD (24.4 - 25.8%) at high feeding rations (1.66 - 3.18 g/lar-
va). However, since BSF metabolism was not measured independently, these unexpected
results for ECD may be spurious (van Loon, 1991). For chicken feed, an optimum feeding

ration seems to lie between 0.8 — 1.2 g of food per larva.

Information on the quality of organic waste as feed for BSF larvae is scattered and many
of the biotic and abiotic factors that were mentioned above have not been reported. Thus,
we have tried to compare life-history traits and performance of BSF larvae fed different
substrates. Hence, we organized the information per type of substrate: faeces, vegetable
and meat waste (Table 7).

Table 7. Life-history traits and performance of BSF fed organic waste

X . . Diet

Life-history or performance trait Faeces' n Vegetable waste> n Meat waste® n
Larval developmental time (d) 27.5+3.8 13 34+13.5 17 32.5+8.2 6
Pupal developmental time (d) 17.8+3 5 22.9+1.2 3 16.5¢7.5 6
Larval survival rate (%) 89+7.5 3 78.9+13.2 10 48.2+8.7 3
Larval weight (g FM) 0.17+0.03 5 0.13+0.03 13 0.158 1
Larval weight (g DM) 0.031+0.02 4 0.028+0.01 5 - -
Prepupal weight (g FM) 0.193+0.08 11 0.179+0.03 4 -
Prepupal weight (g DM) 0.018;0.04 2 0.071+0.01 6 - -
Pupal weight (g FM) - - - - 0.115+0.01 -
Adult weight (g FM) 0.046+0.01 4 - - - -
Adult longevity (d) 12.5+2.1 4 - - - -
ECI (DM) (%) 13.1£1.3 4 17.2+4.3 9 - -
FCR (FM) 7.645.4 8 8.3+6.2 8 - -
Larval DM content (%) - - 36.3£2.5 6 - -

Values represent mean + standard deviation.n gives the number of replicates. If n = 2, individual
values are stated, separated by a semicolon.

! Swine, poultry, cow and human faeces: Sheppard ez a/. (1994); Newton ez al. (2005a); St-Hilaire
et al. (2007a); Myers et al. (2008); Diener e al. (2011); Li ez al. (2011b); Li ez al. (2011d); Nguyen
et al. (2013); Banks et 2/. (2014); Oonincx et al. (2015b).

* Kitchen, fruit and vegetables, market, municipal organic and catering wastes, by-products, decay-
ing palm kernel meal — PKM, coffee pulp, spent grains and distilled grains: Larde (1990); Diener
(2010); Rachmawati ez a/. (2010); Kalovd & Borkovcova (2013); Nguyen ez al. (2013); Li (2014);
Oonincx et al. (2015a).

3 Swine meal, meat meal, pig liver, fish rendering, cow manure plus fish offal: Nguyen ez a/. (2013).
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In order to assess statistical differences among the studies, we performed parametric and
non-parametric tests on the variables that were sufficiently replicated’. Larval develop-
mental time was similar among all the diets (Kruskal-Wallis, P = 0.119). However, sur-
vival rate was significantly lower when fed meat waste (ANOVA, Tukey post-hoc test, P
< 0.05). BSF larval dry matter yield (facces and vegetable waste) differs neither among
substrates (Student’s t-test, P = 0.249) nor does fresh matter yield differ between substrates
(chicken feed or similar diets, facces and vegetable waste; ANOVA, P = 0.084). Prepupal
weight (FM) tended to be higher in larvae fed faeces and vegetable waste than in larvae
fed chicken feed (Kruskal-Wallis, P = 0.053). However, prepupal dry weight was higher on
vegetable waste than on faeces and chicken feed (Kruskal-Wallis, Pairwise comparisons,
P < 0.05). Neither ECI (chicken, faeces, vegetables) (Kruskal-Wallis, P = 0.838) nor FCR
(chicken, faeces, vegetables) (Kruskal-Wallis, P = 0.097) were different across substrates.

These results should be considered as an attempt to explore how BSF performance is affect-
ed by food quality. The literature data available do not allow to identify the best substrate
for BSF larvae in terms of larval performance. Overall conclusions are hampered due to
the fact that variables differ not only among substrates, but also because of different biotic
and abiotic conditions, as mentioned above. It is possible that controlled biotic and abiotic
factors under laboratory conditions could influence the performance more strongly than
the nutritional content of the substrate. In any case, larvae fed on good quality diets might
need lower feeding rations to achieve a good performance than larvae fed on low quality
diets. Thus, it seems possible to use a low quantity of feeding ration for BSF fed high qual-
ity food, as was suggested by Sheppard (1983), and to get a higher efficiency through more
of the feed being converted to body mass.

As previously seen for chicken feed, higher feeding rations (i.e. amounts of food per larva)
also positively affected development and larval, pupal and adult weights in BSF reared on
cow manure. Myers ez al. (2008) obtained a shorter developmental time (25.8 - 26.2 d)
and, higher larval (0.16-0.18 g FM), prepupal (0.12 - 0.14 g FM) and adult (0.05-0.06 g
FM) weights at high feeding ration for the whole experiment (4.7 - 6 g/larva). Moreover,
adult longevity was also positively affected by high feeding ration. On the other hand,
BSF prepupal weight (FM) could be more influenced by frequency of adding food than by
feeding ration, for instance Banks ez a/. (2014) found that prepupae fed human manure at
different feeding rations (12 and 1.2 g/larva), but at a same frequency (fed a single amount
of faeces during the experiment) both reached an average body mass of 0.32 g FM. In

1 One way ANOVA test and t-test were applied if the assumptions of homogeneity of variance
and normality were met, while the Kruskal Wallis test was utilized for the data that did not meet
these assumptions. Post-hoc Tukey test was performed to determine significance of differences (P
< 0.05). IBM SPSS Statistics version 21.0 was used (IBM Corp., Armonk, NY).
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contrast, larvae with a high feeding ration (12 g/larva) fed twice per week were on average

lighter (0.23 g FM).

Regarding the effects of different types of manure on BSF larvae, Tomberlin ez 2/. (2002)
found that the growth period to prepupae on cow manure (almost 2 months) was slower
than what has been reported for poultry manure or swine manure (4-6 weeks). Nguyen
et al. (2013) obtained the lowest values for both weight and length gain for larvae fed pig
manure in comparison with other organic wastes. Tomberlin ez 2/. (2002) found that BSF
larvae fed fresh (5 d-old) hen manure grew at half the rate of larvae fed 18 h old manure. It
seems that aging of manure influences BSF development. This is probably due to a higher
protein content of fresh manure (Sheppard, 1983). Oonincx ez al. (2015b) reported extend-
ed development periods for BSF fed chicken (144 d), pig (144 d) and cow (215 d) dried
manure. These extended development times could be an effect of the drying of the manure
prior to the feeding experiment resulting in reduced nutritional quality.

Simon ez al. (2011) suggested that diets with a higher proportion of protein increase the
development period and survival rate of some predatory fly species. This may be a result
of extended larval development periods, which allowed greater time for storing nutrients.
Conversely in BSF, Oonincx er al. (2015), who used vegetable by-products, observed
larvae fed a diet high in both protein and fat and larvae fed control diet (chicken feed),
also high in protein, resulted in a shorter development time (21 d) than the low protein
diets (37 d). Nguyen e al. (2013) also observed a higher weight gain and length on both
high protein and fat diets. In addition, low fat and protein content caused larvae to have
longer developmental times (+ 30 d). However, high fat contents in feed (20 - 36% DM
crude fat) could be detrimental for both larval and adult survival (Nguyen ez a/., 2015;
Nguyen ez al., 2013).

The biodegradability of manure has been shown to be highly dependent on its lignin con-
tent, which comes mainly from forage fibre in the animal diet. Because poultry and swine
diets generally contain little forage, it would be expected that their faeces would be better
degradable than that of ruminants (St-Hilaire ez /., 2007a). The lower nutritional value of
cow manure may explain why the larvae fed mixed (cow manure and fish offal) diets had
higher average larval weights (0.14 — 0.16 g FM) compared to prepupae fed cow manure
only (0.1g FM) (St-Hilaire ez al., 2007a).

Substrate characteristics

On the other hand, there are also physical factors influencing insect performance. For
example, if the layer of food substrate is too thick, such as meat meal, swine meat, fish or
liver, this reduces larval food intake resulting in lower survival and longer development
(Nguyen ez al., 2013). Lardé (1989) observed that BSF larvae like to grow on a more
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homogeneous, more dense and drier substrate, and it has been established that 60-70%
moisture in chicken feed is adequate for BSF larvae. However, due to the variable compo-
sition of organic waste, food moisture is difficult to control and needs to be evaluated not
only under laboratory, but also under field conditions where evaporation rate tends to be
variable. Kalovd and Borkovcovd (2013) found that BSF larvae fed organic waste with high

moisture content (> 90%), survived, but had lower performance.

Larval crowding

Larval crowding could be a major factor affecting the rate of development like has been
reported for other dipteran species (Jannat & Roitberg, 2013). Unfortunately, in few stud-
ies on BSF larval density has been reported. However, taking into account the size of
containers used in different studies (Sheppard ez al., 2002; Myers ez al., 2008; Diener ez
al., 2009; Tomberlin ez al., 2009; Gobbi, 2012; Nguyen ez al., 2013; Oonincx ez al., 2015a)
and assuming that the substrate layer is around 1-2 cm thick, an average density of 1.4 lar-
vae per cm” can be calculated (min. 0.1 and max. 3.33 larvae/cm?). Sheppard ez a/l. (2002)
suggest a density of 2.5 larvae per cm? of surface area for BSF fed chicken feed, in order
to obtain an adequate growth. Banks ez a/. (2014) recorded similar larval developmental
time (28 — 30 d) in BSF larvae fed human faeces at different densities (0.02, 0.2, and 0.31
larva/cm?), but they reached the highest prepupal weight (0.32 ¢ FM) and the lowest FCR
(10.4) at the lowest density®. Density is an important biotic factor for dipterans such as
BSE, because larval aggregation is characteristic for the biology of these species (Rivers
& Dahlem, 2013). Larval aggregation has consequences such as heat accumulation and
coprophagy and, resulting in more exhaustive nutrient utilization and should be studied
more in depth.

Since biotic and abiotic factors can affect both BSF performance and its nutritional value,
it would be useful to select BSF strains adapted to specific factors, for a particular target
animal to be fed with BSF larval meal. Many of the factors that clearly impact the perfor-
mance of larval stages remain poorly studied. For instance, moisture and texture of the
food, larval density and feeding ration could in part explain differences among the studies
on BSF fed diets of similar composition.

Perspectives on BSF as animal feed
Most feeding studies with diets containing BSF larvae and prepupae have been conducted

on fish, pigs and poultry. The available studies that include BSF larvae in poultry, pig and
fish diets suggest that it could partially replace traditional feedstuff in their diets, because

2 Expression of density per unit surface is a proxy for actual relevant density which should be
expressed per unit of volume.
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high or complete replacement did not result in good growth performance. There are some
factors that might be affecting the performance of animals fed on diets containing BSF
larvae or prepupae. First, BSF not only contains a high protein content, but also contains
more fat than necessary in the diet of most animals, which could affect the digestibility
and/or the palatability of BSF larval meal, as it was showed by Kroeckel ez a/. (2012). Sec-
ond, BSF larvae also contain high levels of ash and hence higher levels of inclusion in the
diet, especially of monogastrics, can decrease feed intake and cause other adverse effects
(Makkar ez al., 2014). Third, an unprocessed form of BSF may affect its digestibility and
be less utilizable for species that swallow their food whole (Dierenfeld & King, 2008).
Fourth, although many authors have stated that BSF larval meal contains high quality
protein, it is important to evaluate the quality for specific animals fed BSF meal and to
define what limiting amino acids are provided by BSF meal.

In order to enhance the percentage replacement of traditional feedstuff, without compro-
mising both growth or health, different strategies could be adopted in order to enhance
nutritive value, the palatability and/or digestibility of the BSF larval meal. For example,
it might be advisable to defatten BSF larvae and use the proteins for animal feed and the
lipids for other purposes e.g. biodiesel production (Li ez al., 2011a; Surendra ez al., 2016),
or as a good alternative lipid source in practical diets for animal feed (Li ez 4/, 2016). Thus,
BSF larvae can convert dairy manure into biodiesel (Li ez al., 2011c), and compared with
oil crops, BSF has higher reproductive capacity and a shorter lifecycle. BSF production
requires less land than growing oil crops and may thereby alleviate conflicts between hu-
man food use and industrial use of crops (Li ez al., 2011b; Li ez al., 2011c). Additionally,
processing of BSF larvae (e.g. drying, defattening, cuticle removal) appears to increase
nutrient availability and/or acceptability of the larvae, and their high dry matter content
makes them easier and less costly to dehydrate than other fresh by-products (Sheppard ez
al., 2008). In order to increase the crude protein content of the insect meal, defattening
is a feasible option (Makkar ez a/., 2014). Surendra et al. (2016) found that mechanical
pressing and solvent extraction significantly decrease the crude fat content (3.4%). For
some species like frogs, mashed, rendered or chopped BSF larvae might increase Ca and P
digestibilities (Dierenfeld & King, 2008).

Although most essential amino acid levels in BSF larvae are high, even higher than in
soymeal or the FAO Reference Protein (Makkar ez al., 2014), some amino acids are low,
like methionine which is one of the major limiting amino acids for growing pigs and
broilers. However, each animal species has particular requirements. For example, while
total sulphur-containing amino acids are first limiting when insects are incorporated into
diets fed to mammals, to uricotelic animals such as birds and reptiles or ammoneotelic
animals such as fish, arginine may also be important (Finke, 2013). Regarding young cats
and dogs, Bosch er al. (2014) found that the first limiting amino acid in BSF larvae was
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the combined requirement for methionine and cystine. Moreover, iz vitro protein digest-
ibility of BSF larvae is high, 82 — 90% (Bosch ez al., 2014). However, the digestibility of
BSF pupae was lower (77.7%) (Bosch et al., 2014), which is likely caused by a high chitin
content. On the other hand, BSF could be used to provide macro- and micro-nutrients
other than protein. For instance, this species can be used as suitable alternative feed high
in minerals, taking away the need for mineral supplementation for some wild animals in

captivity (Dierenfeld & King, 2008).

Further work is necessary to evaluate the possible use of BSF as a feed supplement or as the
main source of protein in commercial diets. Bacteria isolated from BSF larvae also can be
used as probiotic for improving animal performance, as was found in fish (Ushakova ez a/.,
2016). Before incorporating BSF larvae into the diet of an animal species, it is necessary to
evaluate the exact composition of the BSF larvae and to compare it with the requirements
of the animal species of interest, species with high protein requirements being particularly
suitable candidates. In addition, digestibility measurements (in vitro, in vivo and in situ)
are also considered necessary to predict accurately the protein quality of foods for animal
diets. Likewise, differences in nutrient composition, digestibility and availability among
the BSF developmental stages have been found. Since prepupae are easy to collect, high in
protein, and have lower chitin content than pupae, the best larval stage to use as animal
feed might be the prepupa. In any case, BSF processing issues also require further studies
as the chitin content may not be the only factor responsible for these issues, and may even
not be involved at all (Makkar ez a/., 2014).

As discussed above, nutrient composition in BSF varies according to the diet, life stage and
rearing conditions; therefore, the use of low-nutrient organic wastes to feed BSF larvae are
aspects that require more in-depth studies (Henry ez al., 2015). Although there are some
studies on the effect of various rearing media on biological parameters of BSF, most of them
did not evaluate how those affected its nutritional composition. Hence, it is indispensable to
perform rigorous experimental work on the nutritional quality of different diets and their
effect on both feed conversion efficiency and body nutrient composition.

Next to nutrient quality, also other aspects like product safety and processability are im-
portant for using BSF in future animal feed formulations. For example, defatting has been
showed a good method to process BSF larvae, however, temperatures involved need to be
evaluated as they can influence nutrient composition and the growth of animals fed on
them (Lock e al., 2015). Regarding to palatability, the problem with lipids may be related
more to their oxidation at a high temperature than to the actual high dietary lipid content
or the presence of anti-nutritional factors, flavonoids and terpenoids in the insect meals
(Shantibala ez /., 2014).
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It is important to underline that BSF is a member of the complex detritivore commu-
nity competing for resources, and the interaction with microbes significantly influences
BSF oviposition preference (Zheng ez al., 2013a) and changes the composition of the sub-
strate. Hence, BSF larvae have been shown to reduce not only waste dry mass but also
its content of nutrients such as nitrogen and phosphorus (Myers ez al., 2008; Sheppard ez
al., 2008), and modify the microflora of manure, potentially reducing counts of harmful
bacteria (Liu ez al., 2008). For example, larval activity significantly reduced Escherichia
coli 0157:H7 and Salmonella enterica serotype Enteritidis (ME 18) populations in poultry
manure (Erickson ez al., 2004). Lalander ez a/. (2013) found a reduction in Salmonella spp.
in human faeces after eight days of starting the experiment. Arango Gutiérrez ez al. (2004)
conducted a microbiological study on BSF prepupal meal and found Salmonella spp. and
E. coli to be absent.

Temperature also significantly influenced the ability of BSF larvae to develop and reduce
E. coli counts with greatest suppression occurring at 27°C (Liu ez al., 2008). Zheng et al.
(2013b) mentioned that Providencia appears to be a candidate for vertical transmission in
BSF as it was found in adults and eggs. The possibility of bacteria being retained through
successive BSF life stages should be investigated and if shown could necessitate the testing
of the initial bacterial load and diversity in these flies before introduction into waste or feed.
In this way any inadvertent disease transmission can be mitigated and can eliminate those
bacteria that pose potential harm to animals or humans. Additionally, BSF larvae seem to
secrete chemicals that prevent other fly species to lay eggs on a food source colonized by
BSF, which results in effective reductions of the common housefly M. domestica L. (Bradley
& Sheppard, 1984).

Regarding toxic feed contaminants, Diener (2010) found cadmium, lead and zinc in BSF
prepupae fed on organic waste. None of the three heavy metals had significant effects on
life cycle traits (prepupal weight, development time, sex ratio) nor on the bilateral symme-
try of the adult flies. However, cadmium accumulated in the prepupae and could thereby
potentially limit its use in the production of animal feed. Diener (2010) also concluded that
neither lead nor zinc accumulate in larvae or prepupae, which means concerns about the use
of prepupae in animal feed might be less critical. Potential hurdles, such as the bioaccumu-
lation of insecticides, medical drugs, heavy metals and natural toxins can be controlled in
mass rearing setups through quality control of their rearing substrates (van der Spiegel ez L.,
2013), especially when organic by-products are an important feed source for BSE.

In relation to its ecological footprint, the BSF has favorable properties, not only due to
its ability to recycle nutrients, but also because insects have been reported to emit fewer
greenhouse gases and less ammonia than cattle or pigs (Oonincx ez a/., 2010). Moreover,
they require significantly less land and water than cattle rearing (van Huis ez a/., 2013).
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Accurate data must still be generated on feed conversion efficiency of BSF and its use of
water and substrate both per unit of biomass and nutrient production, to make decisions
on the environmental impacts of using BSF meals rather than other conventional feed re-
sources. Therefore, even though BSF larvae are not a major contender of other ingredients
for animal feed yet, taking into account these economical and ecological aspects, BSF
larvae might be included in the industrial formulation of animal feed. These perspectives
will still require further research and adaptations, but are already supported by scientific

results from several research projects or applications around the world.
Perspectives on BSF as minilivestock

If BSF meal is to become a significant part of the animal diets produced by the feed in-
dustry, it is necessary to ensure a steady production of BSF in terms of quantity, quality
and price. Despite BSF having a favorable nutritional content, the actual cost of the pro-
duction and harvesting of BSF is still high. There is a need for establishing cost-effective
and optimized insect mass-rearing facilities that use well-defined substrates, producing
insects of a defined quality (macro- and micronutrients). It is necessary to take advantage
of the multiple benefits of using it in an animal production system and/or a mass-rearing
production (minilivestock). Given that BSF larvae consume a wide range of organic re-
sources, recycling nutrients not only adds to overall sustainability of its production, but
the use of locally produced material to feed BSF larvae might contribute to the economic
efficiency of the operations, reducing the costs of the feed. In addition, the use of BSF oil
for biofuel production and use of the defatted meal as animal feed would enhance the eco-
nomic returns from the mass-rearing establishments. An alliance between companies and
both small and big agricultural producers should be reached in order to achieve economic

profit for both sides.

The use of BSF minilivestock is a challenge because despite ample research on various top-
ics related to the effect of biotic and abiotic factors on its larval biology not only in tropical
regions, but also in temperate regions, little information is available on how these factors
affect the mature stages of BSF, such as mating success, fecundity, egg size and fertility.
The latter is particularly important because reproductive potential critically depends upon
resource accumulation during the larval stage in BSF. Therefore, it is essential to study
all fitness related life-history traits to fully understand the effects of larval food quality
on fitness. This knowledge will allow to increase body mass and/or size of individuals to
maximize the continuous production of eggs necessary for the mass-rearing of this species.

Filling all the knowledge gaps identified above will contribute to controlled management

of BSF mass rearing. There is a need to improve risk assessment methodologies. Scientific
understanding of BSF as minilivestock, embedded in local contexts, needs to be addressed
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to achieve that people not only in tropical and developing countries, but also in temperate
regions could take advantage of this species through new approaches, based on sustain-
ability, on protection of the environment, to meet increasing food demands. Indeed, this

species holds promise to become an integral part of livestock and agriculture.
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Chapter 3
Abstract

Performance and body composition of insect larvae depends on quality and quantity of
their diet, and on biotic factors such as larval density. Experiments were conducted on the
Black Soldier Fly [BSF; Hermetia illucens L. (Diptera: Stratiomyidae)] to investigate the
effect of dietary nutrient concentration, larval rearing density on larval survival, devel-
opment, growth and larval protein and fat contents. Neonate larvae were fed with either
a low (NC1), an intermediate (NC2) or a high nutrient concentration (NC3), and four
rearing densities (50, 100, 200 or 400 larvae per container). Two feeding regimes were
tested: in feeding regime 1 (FR1), the amount of diet added during the experiment was
based on the visually estimated larval mass present, whereas in feeding regime 2 (FR2),
a fixed feeding ration of 0.6 g of food per larva was applied at the start. FR1 resulted in
food limitation resulting in significantly lower body crude protein contents on diet NC1
than on NC2 at larval densities 100 and 200. Larval crude fat content was higher on diets
with higher nutrient concentration and at lower larval densities. For FR2, development
time was shorter on diets with higher nutrient concentration and at lower larval densities.
Individual larval weight and total larval yield increased with higher nutrient concentration
at all four larval densities. At lower nutrient concentration, higher larval density resulted in
higher individual larval weight and total larval yield, revealing an interaction between lar-
val density and dietary quality. Larval crude protein content was higher at lower densities
and lower nutrient concentration. Larval crude fat was higher at higher larval densities and
nutrient concentrations. This study shows that larval protein content is regulated within
narrow limits whereas larval crude fat content is strongly affected by nutrient concentra-
tion and also by larval density.

Key words: Black Soldier fly, detritivory, diet quality, growth, nutritional value, ration,

survival.
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Introduction

The size to which an individual grows is affected by both genetic and environmental factors
that operate through complex molecular and physiological mechanisms (Nijhout, 2003).
Growth rate varies substantially in response to various stimuli, including resource avail-
ability, competition, predator presence, time of season, humidity and temperature (Scriber
& Slansky, 1981; Harnden & Tomberlin, 2016). Moreover, food quality affects many
life-history traits of insects such as larval and adult performance (Moreau ez 4/., 20006).

High food quality enhances the rate of development and increases survival in some insect
species (De Haas e al., 2006)2006. For example in the detritivorous larvae of the Black
Soldier fly (Hermetia illucens L.; henceforth abbreviated as BSF), Nguyen ez a/. (2013) and
Oonincx et al. (2015a), who fed larvae on vegetable by-products, observed that larvae fed
diets high in protein had a shorter development time (21 d) than larvae fed low protein
diets (37 d). Conversely, Simon ez al. (2011) suggested that diets with a higher proportion
of protein increase development time and survival rate of some predatory fly species.

Nguyen ez al. (2013) observed an increase in growth rate and decrease in developmental
duration of BSF larvae on both high protein and high fat diets. However, indications have
been found that high levels of fat (20 - 36% crude fat based on DM) may be detrimental
for both larval and adult survival, lifespan and reproductive output (Ujvari ez al., 2009;
Nguyen et al., 2013). It seems that availability of balanced amounts of calories, fat, and
protein may be more important for fast development and higher larval weight than only a
high protein content (Nguyen ez al., 2013).

Although BSF larvae on average contain both a high protein and fat content (Zheng ez al.,
2012a), body composition of the larvae depends on the quality and quantity of ingested
food (Nguyen et al., 2015). For instance, larvae fed swine manure have higher protein
content than those fed cow manure (Oonincx et a/., 2015b), and cereal-based diets, such
as chicken feed, result in higher body crude protein and fat content. Consequently larvae
fed on different substrates had varying body protein contents (ranging from 37.0 to 62.7%
DM) and fat content, which showed more variation (ranging from 6.6 to 39.2% DM)
than protein content (Barragan-Fonseca ez al., 2017).

Furthermore, also physical factors may influence insect performance. For example, if the
layer of food substrate consisting of meat meal, swine meat, fish or liver is too thick, larval
food intake is reduced resulting in lower survival and longer developmental time (Nguyen
etal., 2013). On the other hand, Lardé (1989) who fed BSF larvae on coffee-pulp substrates
with different composition, observed that BSF larvae grow better on the most homoge-
neous, dense and dry substrate (780 g kg wet matter solids). Moisture levels of 60-70%
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in manure and chicken feed have been found adequate for BSF larvae (Fatchurochim ez
al., 1989; Myers et al., 2008). However, due to the variable composition of organic waste,
food moisture is difficult to control and needs to be evaluated not only under laboratory,

but also under field conditions where evaporation rate tends to be variable.

Biotic factors may also affect BSF performance. For example, larval density can be a
major factor affecting the rate of development (Tomberlin ez al., 2002; Diener et al.,
2009). For instance, Parra Paz ez al. (2015) showed that larval density has a significant
influence on the bioconversion process in BSF. When the main goal of the BSF produc-
tion is obtaining biomass, then working with high larval density is important, as long
as overcrowding is prevented. Larval aggregation is an intrinsic trait of BSF biology and
overcrowding increases the length of larval development due to competition for feed
(Rivers & Dahlem, 2013). Moreover, high larval densities may result in decreased sub-
strate quality by accumulation of larval waste products (Green & Popa, 2012) and may
generate direct energetic costs if larvae spend extra energy interacting with each other
(Jannat & Roitberg, 2013).

Compensatory mechanisms are activated in response to crowding and nutritional defi-
ciencies. Insects have a tendency to prolong the larval period (Miller, 1964), or to increase
either the rate of ingestion or the total amount of food ingested during larval development
(Green et al., 2003). Sullivan and Sokal (1963) proposed two basic types of responses to
crowding: the first type is a reduction in the number of individuals able to complete their
life cycles, with the emerging adults maintaining normal body size. The second type of
response is sustaining survival accompanied by reduction in body weight, as has been
reported for the dipterans Phormia regina (Meigen) (Calliphoridae) (Green ez al., 2002),
Drosophila melanogaster L., D. simulans Sturtevant (Miller, 1964), and Aedes albopictus
Skuse (Yoshioka ez al., 2012). According to Sullivan and Sokal (1963) for the second type
of response, substantial losses in numbers will occur only at densities above which adult
weight drops below a critical limit.

Lower larval densities are not always better to maximize growth rate. In some insect spe-
cies, larval aggregations provide adaptive benefits to individuals due to heat generation,
which might enhance food assimilation (Green, 1999 (in Green et al., 2002), and provide
protection from low temperatures and possibly predators (Rivers & Dahlem, 2013). More-
over, BSF larval weight gain would also be affected because of their potential dependence
on bacteria as food (Liu ez al., 2008). Higher larval densities are associated with higher
bacterial densities which might allow larvae to have better access to bacterially recycled
nutrients, thereby resulting in more effective nutrient absorption. Therefore, optimizing
density may benefit the productivity of insect rearing.
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The aim of the present study is to investigate the effect of dietary nutrient concentration,
larval rearing density, and the possible interaction between these two factors on growth
characteristics and nutritional composition of BSF larvae.

Materials and Methods

Experimental insects

Hermetia illucens L. (Diptera: Stratiomyidae) larvae were obtained from a colony main-
tained at constant conditions in a climate room (27 £ 1 °C, 70% R.H., L12:D12) at the
Laboratory of Entomology, Wageningen University (The Netherlands).

Experimental design

This experiment was based on a 3 x 4 factorial design with three levels of dietary nutrients
obtained by diluting commercial chicken feed (Opfokmeel Farmfood, Agruniek Rijnvallei
Voer BV, Wageningen, The Netherlands) with cellulose (Alphacel non-nutritive bulk, MP
Biomedicals, LLC, Illkirch, France) (Table 1), and four rearing densities (D) obtained by
placing 50, 100, 200 and 400 larvae (< 24 h since larval hatching) per plastic container
(15.5 x 10.5 x 6 cm; resulting in 0.31, 0.62, 1.23, and 2.47 larva/cm? respectively). The
expression of density per unit surface is a proxy for actual relevant density which should
be expressed per unit of volume. The densities were selected according to the minimal and
maximal densities calculated from information presented in studies on BSF performed by
(Sheppard et al., 2002). The plastic containers were covered with transparent plastic lids
with 90 holes (diameter 0.05 cm each) for ventilation.

Table 1. Composition of experimental diets

Experimental Diets

Ingredient (%) NC1 NC2 NC3
Chicken feed 23 43 85
Cellulose 77 57 15
Nutrient (%)
Protein 3.5 7 14
Fat 0.7 1.4 1.8
Carbohydrate' 12 23 46

'Non-cellulose carbohydrate

Two experiments tested two feeding regimes respectively: Feeding Regime 1 (FR1) and
Feeding Regime 2 (FR2). In FR1, the amount of diet added per occasion (three times per
week) was based on the visually estimated larval mass present. On each occasion a stan-
dard amount of food per treatment was added (all replicates of the same treatment received
the same amount of food). If the food in the containers was almost fully consumed, based
on visual assessment of the colour of the residue, which is leftover diet mixed with frass,
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more food was provided. For each gram of food provided to the larvae, 1.6, 2.6 and 3 ml
of tap water was added for NC3, NC2, and NC1 diets respectively, to account for the
greater water absorption by higher amounts of cellulose, to obtain ~70% of moisture. In
FR2, there was a fixed food ration of 0.6 g of food (dry matter basis) per larva (density-in-
dependent food availability), which was provided at the beginning of the experiment. A
preliminary experiment had shown that larvae fed once rather than three times per week
reached a higher biomass. For each diet 6 replicates were performed. One replicate was one
container with either 50, 100, 200 or 400 larvae. Both feeding experiments were conduct-
ed in a climate room (4.5 m?) and conducted at 27 + 1 °C, 55 + 5 % R.H., and photoperiod
L12:D12. In order to eliminate possible effects of position in the chamber, all containers

were randomly relocated three times per week.

Immature life-history traits

All larvae in a container were harvested when the first prepupa was observed, distin-
guished by the characteristic black cuticle of prepupae contrasting with the white larvae
(May, 1961). All animals from each container were harvested with forceps, and counted.
Larvae were washed under running water to remove feed and faecal residues, their integ-
ument dried with paper tissue. To obtain dry mass, the samples were oven-dried at 70°C
until constant weight. BSF larval yield (g dry matter) was determined using a precision
balance (Ohaus, Adventurer Pro AV313, Parsippany — USA, precision + 0.001 g). To
determine survival rate, the number of live BSF larvae at the end of the experiment was
divided by the initial number of larvae per replicate. Development time was considered to
be the number of days between the start of the experiment, and the day the first prepupa
was observed.

Proximate chemical analysis of larvae

BSF samples were stored in a freezer (-25°C) after dry mass had been assessed until all rep-
licates were harvested. Both the larvae and the diets were analysed for dry matter (DM),
crude protein, and crude fat at the Animal Nutrition Laboratory of Wageningen Universi-
ty. The samples were oven-dried at 70°C until constant weight and homogenised by grind-
ing the sample in an ultra-centrifugal mill (Retsch ZM 200, Haan — Germany). Nitrogen
content was determined using the Kjeldahl method (ISO 5983-1, 2005) and converted to
crude protein content by multiplication with factor 6.25. Crude fat was analysed accord-

ing to the Berntop method (ISO 6492, 1999).

Statistical analysis

Data were analysed using Generalized Linear Models to test the effect of nutrient concen-
tration and rearing density as the two factors. To compare the effect of nutrient concen-
tration within a larval density, one-way Analysis of Variance (ANOVA) at a significance
level of 0.05 was performed, followed by post-hoc Tukey tests. Kruskal-Wallis tests were
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performed when assumptions of normality and/or homoscedasticity were not met. IBM

SPSS Statistics version 21.0 was used (IBM Corp., Armonk, NY).
Results

Feeding regime 1

Performance

Survival rate was significantly affected by rearing density and density-nutrient interac-
tion (GLM, P < 0.001) but only marginally significantly by nutrient concentration (P =
0.064) (Table 2). Development time, individual larval weight, and larval yield (DM basis)
were significantly affected by nutrient concentration, rearing density, and their interaction
(GLM, P < 0.001). Overall, development time increased with lower protein content. At
densities D200 and D400 fed on the low nutrient diet (NC1) no prepupae were observed
until 45 days after the start of the experiment (Table 2). Individual larval weight was
higher at higher nutrient levels at each larval density (Figure 1A). Total larval yield per
container was higher at higher nutrient levels (Figure 1B).

Table 2. Food added, survival rate and development time (mean + standard deviation) of Hermetia
illucens larvae on three diets differing in nutrient concentration (NC) under feeding regime 1, kept
at four larval densities per container.

Feeding Regime 1

Diet

Food added Survival rate Development time

Density NC (g/larva) (%) d)

50 1 0.24 97.7 £ 2.5¢' 22.5 + 1.5¢'

50 2 0.41 98.1 £2.7¢ 16.7 £ 0.9f

50 3 0.51 93.6 + 4.1f 15.9 + 0.3f

100 1 0.14 95.5 + 2.1g? 26.8 + 3.1g

100 2 0.25 94.7 +2.7g 16.7 + 1.0h

100 3 0.36 89.5 + 6.4h 15.8 + 0.4h

200 1 0.09 87.1 + 6.9i* -

200 2 0.17 92.0 +4.9i 21.0 £ 0.61°

200 3 0.2 93.9 + 3.5i 15.8 + 0.4j

400 1 0.06 88.2 + 3.5k? -

400 2 0.1 90.5 + 4.9k 21.5 + 0.8k*

400 3 0.13 91.7 + 1.0k 19.2 + 1.5k

“No prepupae were observed until 45 days after the start of the experiment.

'Comparison of means between NC-levels per larval density performed by Kruskal-Wallis test;
?Comparison of means by ANOVA and Tukey post-hoc test; ? Comparison of means by Student’s
t-test. Number of replicates per density/NC combination was 6. Different letters next to the stan-
dard deviation indicate differences between means at the indicated larval density.
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Figure 1. Black Soldier Fly individual larval weight and larval yield per container for Feeding
Regime 1 (FR1). Bars (mean + SD) indicate (A) individual larval weight on DM basis (g) and (B)
larval yield on DM basis (g) at different larval densities and nutrient concentrations. Statistical
tests based on Generalized Linear Models are explained in the Results section. Different letters
above bars indicate differences between means at the indicated larval density (D100 and D200:
ANOVA followed by Tukey post-hoc test, P < 0.05; D50 and D400: Kruskal-Wallis test).

Larval body composition

Larval crude protein content was affected by nutrient content of the diet (F(2,24) = 6.3, P
< 0.001), rearing density (F(3,24) = 6.3, P < 0.001), and their interaction (F(6,24) = 2.7,
P =0.039). At D50 and D100, crude protein content was slightly but significantly higher
for larvae fed NC2-diet (D50, Kruskal-Wallis test, P < 0.05; D100, ANOVA, P < 0.05)
(Figure 2a). Also crude fat content was affected by dietary nutrient content (F(2,24) = 71.9,
P < 0.001), rearing density (F(3,24) = 30.2, P < 0.001), and their interaction (F(6,24) =
2.9, P =0.026). Crude fat was clearly higher in BSF larvae fed NC3 compared to the lower
two nutrient concentrations and higher for larvae fed NC2 compared to NC1 (Figure 2b).
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Figure 2. Black Soldier Fly larval crude protein and fat contents for Feeding Regime 1 (FR1).
Bars (mean + SD) indicate (A) larval crude protein (DM%), and (B) larval crude fat (DM%) for
different larval densities and dietary nutrient concentrations. Different letters above bars indicate
differences between means at the indicated larval density (Crude protein: ANOVA followed by
Tukey post-hoc test, P < 0.05. Crude fat: ANOVA followed by Tukey post-hoc test, P < 0.05).

Feeding regime 2

Performance

Larval survival rate was not significantly affected by either rearing density (F(3,60) = 0.84,
P = 0.47), nor by nutrient concentration (F(2,60) = 1.2, P = 0.307) or their interaction
(F(6,60) = 2.62, P = 0.25) (Table 3). Overall, larval performance was positively affected
by both higher nutrient concentration and larval density. Development time was affected
by nutrient content (GLM, P < 0.0001) and rearing density (P < 0.0001), but not by their
interaction (P = 0.124). Lower densities and higher nutrient content accelerated larval de-
velopment (Table 3). Individual larval weight and larval yield per container were affected
by nutrient content (GLM, P < 0.0001), rearing density (P < 0.0001), and their interaction
(P < 0.0001) (Figure 3A). Higher nutrient concentration resulted in significantly higher
individual larval weight for D100 and D200 densities. Larval yield per container increased
at higher nutrient levels and densities (Figure 3B).
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Table 3. Survival rate and development time of Hermetia illucens larvae on different diets FR22.

i Feeding regime 2
Diet
Survival rate! Development time?
Density NC (%) d)
50 1 87.3 + 4.1e 15.3 + 0.5¢
50 2 93.0 + 3.3ef 13.7 + 0.8f
50 3 95.0 + 5.0f 13.3 + 0.5f
100 1 92.8 + 3.4g 15.7 + 0.5g
100 2 90.2 + 4.8g 13.8 + 0.4h
100 3 92.0 +4.9¢ 13.5 £ 0.5h
200 1 90.0 + 4.7i 16.7 + 0.5i
200 2 90.5 + 2.91 15.7 + 1.4jj
200 3 89.2 +2.1i 13.8 + 0.4j
400 1 93.2 + 3.7k 17.8 + 1.3k
400 2 88.7 + 2.1k 17.0 + 0.6kl
400 3 92.8 + 2.8k 15.3 + 1.61

“Values are mean + standard deviation; n = 6 per density/NC combination.

! Comparison of means between NC-levels per larval density performed using ANOVA and Tukey
post-hoc test; > Comparison of means performed using Kruskal-Wallis test. Different letters next to
the standard deviation indicate differences between means at the indicated larval density.
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Figure 3. Black Soldier Fly individual larval weight and larval yield per container for Feeding
Regime 2 (FR2). Bars (mean + SD) indicate (A) individual larval weight (g) on DM basis and (B)
larval yield (g) on DM basis for different densities and dietary nutrient concentrations. Statistical
comparisons were made by Generalized Linear Model analysis, details of which are presented in
the Results section. Mean values that have no letters in common differ significantly at the indicat-
ed larval density (Larval weight: ANOVA followed by Tukey post-hoc test, P < 0.05; Larval yield:
Kruskal-Wallis test).
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Larval body composition

Crude protein content was affected by nutrient concentration (F(2,54) = 8.5, P < 0.001),
rearing density (F(3,54) = 32.1, P <0.001), and their interaction (F(6,54) = 3.4, P = 0.000).
Overall, crude protein content in BSF larvae was lower at higher larval densities. Crude
protein content was similar among NC-levels per larval density; only at D100, crude pro-
tein content was significantly higher for larvae fed on NCl1-diet (ANOVA, P < 0.05)
(Figure 4A). Crude fat was affected by nutrient content (F(2,54) = 67.1, P < 0.001), and
rearing density (F(3,54) = 48.9, P < 0.001), but not by their interaction (F(6,54) = 1.9, P
= 0.096). Larval crude fat was lower at NC1-diet at all four densities (ANOVA, P < 0.05),
and similar at NC2 and NC3 at each density except for D50 at which larval crude fat was
significantly higher at NC3 (ANOVA, P < 0.05) (Figure 4b). There was a significant rela-
tionship between larval weight and larval crude fat content (Pearson correlation coefficient
r = 0.66, P < 0.005). Plotting larval body crude protein against body crude fat contents,
a trend appears by which higher NC at higher larval densities increased larval crude fat
content. Conversely, lower NC at lower larval densities increased larval crude protein con-
tent (Figure 5).
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Figure 4. Black Soldier Fly larval crude protein and fat contents in feeding regime 2 (FR2). Bars
(mean + SD) indicate (A) larval crude protein (DM%), and (B) larval crude fat (DM%) for dif-
ferent larval densities and dietary nutrient concentrations. Different letters above bars indicate
differences between means at the indicated larval densities (ANOVA followed by Tukey post-hoc
test, P < 0.05).
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Figure 5. Black Soldier Fly larval crude fat and protein contents as a percentage of dry matter
plotted for each treatment. Treatment symbols are explained in the legend at the right hand side:
the first two or three digits refer to the larval density (number of larvae per container), followed
by NCI1 for low nutrient concentration, NC2 for intermediate or NC3 for high nutrient concen-
tration (see Material and methods). Vertical and horizontal error bars represent standard error of
the mean.

Discussion

Nutritional strategies used by an individual or group of insects are shaped by their phys-
iology, behaviour and performance (Lihoreau ez /., 2015). The processes of seeking, ob-
taining, allocating and utilising food are influenced by several biotic and abiotic factors,
such as insect density and nutrient concentrations. Studying the effect of these factors on
nutrition and development of insects is particularly important for mass-rearing insects for
feed and food in order to optimise productive performance and nutritional quality. De-
tailed knowledge of the conditions required for optimal growth, development and nutrient
allocation of BSF is necessary for implementation of large-scale production systems (Coel-
ho et al., 2013). The effect of nutrient density of the ingested food on development, growth
and body composition of BSF (Gobbi ez al., 2013) in interaction with larval density has
not been systematically investigated before.

Larval performance
In FR1 food consumption was difficult to estimate for the low and medium nutrient con-
centrations due to the high content of cellulose, that had been added as non-nutritive bulk
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used for dilution of nutrients. The cellulose bulk interfered with visual estimation of how
much diet was uneaten, causing that we added less food to the lower NC treatments which
in turn caused food limitation. Insects can respond to reduced nutrient levels in their diets
by increasing either the rate of ingestion or extending the duration of ingestion (Slansky
& Scriber, 1985; Slansky & Wheeler, 1989). During food shortage or other unfavourable
conditions, BSF larvae reduce food intake or cease to feed (Diener et /., 2011a). Since we
did not measure food intake directly, we cannot distinguish which of the two responses
occurred. We subsequently fed larvae ad libitum in FR2 to properly assess the effects of

nutrient concentration and larval density.

BSF larvae are extremely resilient due to their capability of dealing with unfavourable con-
ditions (Diener ez al., 2011b). This is confirmed by our findings of high survival rate, not
only in FR2, but also in FR1, despite the strong feed limitation in the latter regime at the
lowest NC and highest densities. The data from this study show that BSF larvae, similar to
Drosophila melanogaster and D. simulans larvae, are capable of physiological adjustments
which allow them to survive in nearly equal proportions at low and high larval densities
(Miller, 1964). Other factors may impact survival more than diet availability or larval
density, in particular temperature (Couret e a/., 2014). The direct dependence of develop-
ment on temperature has been shown for a variety of dipteran species. In Musca domestica,
survival rate and larval development time are more affected by temperature than by larval
density (Barnard & Geden, 1993). Ambient temperature largely determines metabolic and
development rates of BSF (Jaros$ik ez al., 2004). Development time is increased at high (>
32°C) or low (< 16°C) temperatures, 26-27°C being the optimum temperature for BSF
larvae (Tomberlin ez al., 2009; Holmes ez al., 2016).

Insect survival rates can be affected not only by a low nutrient quality diet, but also by
an excess of macronutrients like protein or fat. For example, BSF larvae reared on diets
high in protein (32-50% crude protein on DM basis) such as Dried Distillers Grains with
Solubles (DDGS), meat meal, liver or fish had high mortalities (78, 80, 43 and 53% re-
spectively) (Tschirner & Simon, 2015). This may be explained by an excessive energy use
for metabolizing this nutrient excess or by a high ammonium (NH,*) accumulation. Ex-
cess protein nitrogen is excreted as uric acid, as purines related to uric acid, as ammonia
or ammonium salts, and in several other forms. Dipteran species excrete the water-soluble
allantoin, the immediate degradation product of uric acid, which is converted to urea,
and by the action of urease to ammonium (Green & Popa, 2012). Thus, BSF larvae fed
on high protein diets markedly increase N-mineralization and have an elevated faecal

ammonium concentration.

The high survival rate observed for all NC-levels shows that BSF maintain a high survival
rate at the expense of body weight under unfavourable food conditions, as it is observed in
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Musca domestica (Sullivan & Sokal, 1963). Despite the high survival rate, under extreme
food limitation BSF larvae had extended development time (ranging from 16 — 27 days)
or could not complete larval development at all. In FR1, the larvae with the strongest food
limitation at higher densities (D200 and 400 at NC1) did not reach the prepupal stage
until 45 days, after which observations were stopped. The increases in developmental pe-
riod upon crowding are apparently related to the inability of the larvae to complete larval

development with the limited amount of feed and/or its low nutrient content.

In FR2, development time was affected by NC and larval density, increased with lower
protein content and higher density, a pattern similar to that observed by Green ez al.
(2003) in larvae of Phormia regina. Larvae ingested food for a longer period of time, in-
creasing their developmental time to obtain sufficient nutrition for pupation. The shortest
development time (13 d) was achieved at the highest NC and lowest density, very similar
to the time reported for BSF larvae fed with chicken feed (Spranghers ez al., 2016). Larvae
of the mosquito species Aedes albopictus and Anopheles gambiae Giles on high nutrient diets
had shorter development times (Yoshioka ez al., 2012; Jannat & Roitberg, 2013).

Although for FR2 feed availability was density-independent, high larval densities still re-
sulted in prolonged development time. Probably, larvae have to spend more time to locate
food or overcrowding may result in toxic concentrations of by-products (Green & Popa,
2012, Yoshioka et al., 2012). Under crowded conditions, BSF has a tendency to prolong
the larval period similar as has been suggested to occur for Drosophila spp. (Miller, 1964),
Aedes aegypti L. (Couret ez al., 2014) and An. gambiae (Jannat & Roitberg, 2013). A com-
pound that retards growth is produced by overcrowded larvae of these mosquito species
that also acts on the other species (Couret ez al., 2014).

For FR2, individual larval weight and yield were positively affected by nutrient concentra-
tion at all four larval densities. Several authors observed that BSF larvae fed a diet high in
protein and fat had a higher growth rate than fed low protein and fat diets (Nguyen ez al.,
2013; Oonincx ez al., 2015a; Tschirner & Simon, 2015). Grasshopper nymphs (Schistocerca
americana Drury) fed diets having intermediate to high nutrient contents were significant-
ly larger than nymphs fed low nutrient content diets (Hahn, 2005). However, high dietary
fat content can also reduce BSF larval performance, either increasing the development
time or reducing larval weight, ascribed to difficulties in processing fat (Spranghers ez /.,
2016). Considering highest larval weight as an indicator of dietary quality (Green ez /.,
2003), the NC3 diet was the most favourable diet composition tested.

Achieving high larval weight is not only increasing biomass production, but also improv-

ing BSF fertility, because increase in pupal weight generally increases fecundity of flies
(Gobbi ez al., 2013). Maintaining population numbers at the expense of weight (and hence
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fertility) may also maintain the genetic variability of the population (Bhalla & Sokal,
1964). This mechanism is considered to be adaptive (Black & Krafsur, 1986) .

Protein, carbohydrates and fat are not the only components to consider in studying assim-
ilation by BSF. Cellulose, another main component of the diet supplied, could play a role
in BSF nutrition. Lee ez /. (2014) and Supriyatna and Ukit (2016) studied the digestive
capabilities of BSF and reported cellulase activity in the gut microflora of the species,
produced by cellulolytic bacteria, in particular Bacillus spp., hence BSF could be using
cellulose nutritionally. However, the quantity of cellulose that BSF ingests and digests has
not been quantified.

In this study, higher densities positively affected individual larval weight at NC1 and NC2
in FR2. Larval aggregation produces higher temperatures that enhance food assimilation
(Rivers & Dahlem, 2013). For instance, in blowfly larvae (Phormia regina), larval aggre-
gation has been reported to result in more efhicient feeding, because the increased concen-
tration of tryptic and alkaline excretions from groups of P. regina larvae may release more
nutrients from the diet and allowed groups of larvae to forestall the toxic effects of some
chemicals that interfere with conversion of amino acids and peptides into body mass, such
as mimosine (Green ez al., 2002). Probably, the alkaline excretions of groups of larvae neu-
tralises the acidity associated with bacterial growth and pre-digests the substrate (Green
et al., 2003).

Overall, because our second experiment separated crowding per se from the effects of
crowding via reduced food consumption, it appears that larval crowding affects positively
larval performance. For instance, in view of the high survival rate observed for all densities
and the enhanced overall larval performance at the highest densities, we conclude that
overcrowding did not occur in BSF larvae. Parra Paz ez al. (2015) found that larval density
values of up to 5 larvae/cm? do not have significant influence on larval performance (de-
velopment time and weight) as long as they are provided with an amount of food no lower
than 1.7 g/larva (DM). It is possible that an overcrowding environment reduces final larval
weight as it has been seen in Musca domestica L. (Barnard and Geden, 1993).

Larval body content

BSF larvae on average have both a high protein and fat content and their body composi-
tion depends on the quality of food ingested (Barragan-Fonseca ez al., 2017). In this study,
we found that larval crude protein was affected by nutrient concentration, density and
their interaction in both feeding regimes. Larval crude protein content was similar in both
feeding regimes and similar to values found in previous studies for larvae fed on chicken
feed, by-products and manure (43.2 + 2.7 %DM) (Barragan-Fonseca ez al., 2017). Larvae
fed on high protein substrates, such as liver or meat, have higher protein content (60.3 +
3.3 %DM), and larvae fed on vegetable waste have lower protein content (38.5% DM)
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(Nguyen ez al., 2015). Although there were significant differences in larval crude protein

content among the three diets we tested, the absolute differences were small.

Although larval body composition depends on diet quality, dietary protein content did
not determine the protein content in the larval body. In our study, the low protein con-
tent (3.5%) in the NCI diet resulted in a similarly high larval crude protein content as on
the NC2 and NC3 diets. Indeed, at FR2 the highest crude protein content was found in
larvae at the lowest NC. This is in line with the findings of Tschirner and Simon (2015)
who reported that crude protein was higher (52.3% DM) in larvae fed on the diet with
the lowest crude protein content (8.5% DM). Spranghers ez al. (2016) also found a similar
protein content (ranging from 40 to 43% DM) in larvae fed on diets having protein con-
tents ranging from 9 to 25% DM.

Insect crude protein levels have commonly been calculated from total elemental nitrogen
content using the standard nitrogen to protein conversion factor of 6.25. According to
Janssen ez al. (2017), this factor overestimates the protein content, due to the presence
of non-protein nitrogen in insects. For instance, Diener ez a/. (2009) and Spranghers ez
al. (2016) reported that BSF larvae had between 5 and 20% lower crude protein content
when corrected for chitin. Janssen ez al. (2017) propose the conversion factor of 4.67 to be
adopted for determining protein content of BSF larvae to avoid overestimation.

Larval crude fat content was also affected by nutrient concentration, density and their
interaction, and strong differences were observed between both feeding regimens. In FR1
overall crude fat content was lower than in FR2, likely due to food limitation. Larvae
that did not reach the prepupal stage had the lowest crude fat contents and the lowest
larval weights, which points to starvation of the larvae; thus they had to mobilise their
fat reserves (Tschirner & Simon, 2015), did not grow and could not complete develop-
ment. From a physiological perspective development time is an emergent property, because
moulting and metamorphosis are triggered by size, not by time (Grunert ez /., 2015). In
FR2, the crude fat content was lower in larvae fed with diet NC1, than in larvae fed on
the NC2 and NC3 diets at all three densities. Larvae fed on NC2 and NC3 diets had
similar fat content. These fat contents are in the range of values reported in the literature
on BSF larvae and vary substantially among substrates (ranging from 7 to 39% DM)
(Barragan-Fonseca et al., 2017). For instance, substrates with high fat and carbohydrate
contents increase larval crude fat content (Zheng ez al., 2012b), whereas larvae fed on high
fibre and/or low fat diets have lower crude fat content (3.4 — 6.6% DM) (Nguyen et al.,
2015; Tschirner & Simon, 2015).

The fat body is the main energy storage organ of larval holometabolous insects such as
BSF, to be used during metamorphosis as well as to provide reserves for the adult stage
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(Andrewartha, 1952). Lipid is the main fat body component, and more than 90% of the
lipid stored is in the form of triglycerides, which are synthesized from dietary carbohy-
drates, fatty acids, or proteins (Arrese & Soulages, 2010). In BSF, a large proportion of
dietary fatty acids are converted to lauric acid (C12:0) (Oonincx et al., 2015a). The large
differences in larval crude fat content can likely be explained by the differences in energy

content of the feed, and diets high in energy content would increase larval crude fat.

The body size at which a larva stops growing determines adult body size (Grunert ez al.,
2015). In BSF adult weight is positively correlated with adult fertility, females with larger
bodies had the largest ovaries and basal oocytes (Gobbi ez a/., 2013). In this study we also
found that heavier BSF larvae had higher crude fat contents, which could be important
for adult fitness (Andrewartha, 1952). Grasshopper nymphs (S. americana) fed diets with
intermediate to high nutrient contents contained a significantly greater proportion of lipid
stores in the adult stage, but not greater protein or carbohydrate reserves than individuals
fed low nutrient content diets (Hahn, 2005).

In conclusion, our experiments demonstrated that larval density and nutrient concentration
affect BSF performance and body composition, high nutrient concentration being a deter-
mining factor. Moreover, larval protein content is regulated within narrow limits whereas
larval crude fat content is strongly affected by both nutrient concentration and by larval
density. Larger-scale experiments are required to verify that the results reported here can be
extrapolated. Follow-up experiments should also evaluate consequences for the adult stage
as reproduction is a main factor in the continuity of an animal production system.
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Chapter 4
Abstract

Dietary composition can affect larval development time, larval weight, mortality, and adult
fitness in Black Soldier Fly (BSF). Despite the studies on BSF performance on different di-
ets published thus far, it is unknown how BSF larvae respond to protein and carbohydrate
contents and ratios and how this affects larval and adult performance. We investigated
the influence of dietary protein (P) and digestible carbohydrate (C) contents and protein
to carbohydrate (P:C) ratio on both immature and adult life-history traits of BSF, and on
larval body composition. Nine chicken-feed based diets varying in their P:C ratio were
formulated. We tested three protein concentrations (10, 17, 24%) and three carbohydrate
concentrations (35, 45, 55%) and their combinations. All nine diets supported complete
development and reproduction of BSFE. Survival was high on all diets. Development time,
larval yield, larval crude fat and egg yield were more influenced by P and C contents than
by P:C ratio. Low contents resulted in shorter development time. Larval yield was higher
on diets with higher C-contents. Pupal development was faster on low dietary P-content
for all three C-contents. Egg yield, a proxy for egg number, only increased when P-content
increased but also varied with P:C ratio, and was found to be highest at P17:C55 (1:3) and
P24:C35 (1:1.5). The highest egg yield was recorded on P17:C55, followed by the three
P24-diets. Hatching percentage of Fl-larvae was similar on all nine diets. Larval crude
protein content was similar on all nine diets, but increased when C-content was low (10%)
in P10 and P17. Larval crude fat content was high at P24-diets irrespective of C-content.
However, larval crude fat was higher when C-content increased at P10 and P17. We con-
clude that on the semi-artificial diets tested, BSF performance was not sensitive to dietary
P:C ratio, but to carbohydrate and protein contents. High macronutrient content com-
bined with a low P:C ratio positively affected BSF performance. The best diet was P17:C55
as it supported the highest larval and adult performance and resulted in high larval body
protein content and an intermediate crude fat content, which are favourable from the per-
spective of quality of BSF as animal feed.

Key words: Macronutrients, larval performance, fecundity, body nutrient composition,
food quality.
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Introduction

For optimal performance, insects not only need sufficient food, they also need to maintain
a diet that has the optimal content and balance of nutrients required by them over a stat-
ed time period (Simpson & Raubenheimer, 1995; Raubenheimer & Simpson, 1999). In
order to compensate for an unbalanced diet and obtain an optimal intake of energy and
nutrients, insects have two mechanisms of regulation body nutrient content: a) pre-inges-
tive mechanisms that involve innate responses to sensory properties, and/or b) post-inges-
tive mechanisms, involving absorption and differential utilization of ingested nutrients
(Raubenheimer & Simpson, 1997; Zudaire ez al., 1998; Raubenheimer & Simpson, 2003;
Behmer, 2009).

To study nutrient regulation in insects, Simpson and Raubenheimer (1993) developed
the Geometric Framework (GF), a multidimensional “nutrient space” model, that mea-
sures the amount and balance of nutrients which an animal must ingest (intake target)
to achieve the best performance, at minimal cost to fitness. The model predicts the rela-
tive costs and benefits of over-ingesting some of the nutrients and under-ingesting others
when they experience nutritionally imbalanced food (rules of compromise) (Simpson &
Raubenheimer, 1995; Raubenheimer & Simpson, 1997). Specifically, the GF explores how
nutrients interact, the mechanisms animals use to regulate different classes of nutrients,
and the effects of a food’s nutrient content on animal performance (Roeder, 2010).

The ratio between intake of protein and carbohydrate (P:C) provides a fruitful starting
point to investigate the regulatory trade-offs in macronutrient intake in insects (Simpson
& Raubenheimer, 1993; Raubenheimer & Simpson, 1999). This is plausible since proteins
and carbohydrates are the most important nutrients for insect survival, growth and repro-
duction (Aguila ez al., 2013; Nash & Chapman, 2014), in particular for species having
a non-feeding adult stage (Arrese & Soulages, 2010) and those holometabolous insect
species which acquire most of their adult protein needs as larvae (Waldbauer ez 4/., 1984).

Most studies on the balance between proteins and digestible carbohydrates and its effect
on insect performance have focused on grasshoppers, caterpillars, larval beetles, aphids
and cockroaches (Simpson ez al., 1988; Raubenheimer & Simpson, 2003; Behmer, 2008;
Behmer, 2009; Roeder & Behmer, 2014). Those studies have found that optimal di-
etary P:C ratio varies among species because of their life-history strategy and phylogeny
(Raubenheimer & Simpson, 1997). For instance, insects with the lowest P:C requirements
are those with endosymbiotic bacteria which contribute to nitrogen metabolism, such as
aphids and generalist cockroaches (Periplaneta americana L. and Blatella germanica L.)
(Raubenheimer & Simpson, 2003).
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Nutritional studies on some caterpillars (Heliothis subflexa and Spodoptera exigua) have
demonstrated optimal P:C ratios close to 1:1, based on self-selected protein-carbohydrate
intake targets (Lee ez al., 2002; Behmer, 2009). In other insects the optimal ratio is more
biased towards carbohydrates or to proteins. For instance, worker bumblebees (Bombus
terrestris) (1:15) (Pereboom, 2000) or grasshoppers such as L. migratoria (0.7:1), Schistocerca
gregaria (0.8:1) and Melanoplus spp. (0.6:1) are carbohydrate biased, whereas caterpillars
such as Heliothis virescens (1.5:1), or Malacosoma disstria (2:1) prefer protein-biased diets
(Despland & Noseworthy, 2006; Behmer, 2009). Additionally, fast-growing species seem
to have higher protein requirements than slow growers (Waldbauer ez al., 1984). For ex-
ample, the fast-growing caterpillars Heliothis zea (4:1) and S. litorallis (2:1) need protein-bi-
ased diets whereas species that grow slowly perform best on carbohydrate-biased diets (e.g:
L. migratoria, 0.7:1) (Simpson ez al., 1988).

Regarding rules of compromise, generalists such as cockroaches, the desert locust (S. gre-
garia) and some lepidopteran species (e.g. Spodoptera littoralis), which experience a greater
degree of nutritional heterogeneity in their diets than do specialists (Roeder, 2010) tend to
be more capable of capitalizing on excess available nutrients in imbalanced foods, even if
this means deviating further in nutrient space from the intake target (equal distance - ED
rule). By contrast, specialist species such as the migratory locust (L. migratoria) are more
sensitive to the magnitude of deviations from the intake target, so they stay close to the in-
take target (closest distance - CD rule) (Raubenheimer & Simpson, 1997; Raubenheimer
& Simpson, 2003). Thus, generalists ingest and tolerate excess of nutrients to a higher ex-
tent than specialists because they have developed robustness to enforced periods of nutri-
tional imbalance and an ability to redress imbalances by compensatory food selection also
termed self-selection (Raubenheimer & Jones, 2006). However, specialists might be more
efficient in using lower amounts of nutrients they ingest (Behmer, 2009). For instance, L.
migratoria has a low dietary P:C ratio, but it is more efficient in retaining nitrogen than
the generalist S. gregaria (Raubenheimer & Simpson, 2003).

Optimal P:C ratio can also vary within species dependent on developmental stage and
even gender, due to different physiological needs which can result in a different optimal
P:C ratio biased towards carbohydrate or protein needs (Canato & Zucoloto, 1998). For
instance, the optimum P:C ratio for reproductive performance not always coincides with
that for other life-history traits. For example, in field crickets (Gryllus veletis), adult weight
gain and egg production were maximized on high-protein diets (3:1), whereas adult lifes-
pan was maximized on high-carbohydrate diets (males: 1:3; females: 1:8) (Harrison ez /.,
2014). In the fruit fly Drosophila melanogaster, there are large differences in nutrient-de-
pendent optima for lifespan and reproduction between females and males (Jensen ez al.,
2015). Indeed, some studies have illustrated reproductive consequences of a persistent un-
balanced diet in insects. Thus, in D. melanogaster dietary P and C contents can affect the
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sexual activity and longevity (Prabhu ez 4/, 2008), and in H. virescens high protein levels
are associated with a higher offspring production rate (Roeder, 2010).

Nutritional studies on Black Soldier Fly (BSF; Hermetia illucens L.) thus far have addressed
the effects of diets on BSF development and adult life-history traits focussing on oligidic or
natural diets containing many undefined components such as organic waste or industrial
by-products (Barragan-Fonseca et a/l., 2017). Cammack and Tomberlin (2017) examined
the impact of artificial diets (P+C content 42%) with three P:C ratios (1:1, 1:5 and 5:1) on
life history traits of BSF and found higher survival rate on 1:1 ratio, but no conclusive effects
on adult life-history traits. It is largely unknown how BSF responds to protein and carbohy-
drate contents and ratios and how this affects its body composition and adult performance.
This saprophagous species exploits diverse diets, so larval stages are likely to encounter a
wide range of dietary macronutrient ratios. When analyzing food sources on which this
species is found in the wild (vegetable waste, manure, ez.) P:C ratios tend to be carbohy-
drate-biased (P:C ratios 1:1.5, 1:2) and present a wide range of crude protein and digestible
carbohydrate contents (40-80% DM). Larvae of BSF hide inside feed substrates and mix
uneaten diet with their faeces, making it unsuitable for self-selection experiments. Based on

its natural food sources we can assume that its intake target might be carbohydrate biased.

It is clear that dietary macronutrient content is important to insects and even small depar-
tures from an optimal P:C ratio can have dramatic physiological effects and affect insect
fitness (Prabhu ez al., 2008; Le Gall & Behmer, 2014). However, most nutrient regulation
studies in insects fail to address consequences for fitness (Roeder, 2010). By varying di-
etary P:C ratios and contents, it is possible to explore how performance, both within devel-
opmental stages and across the entire lifespan, is affected by these nutrients. Therefore, the
objective of this study was to explore the effects of dietary P and C contents and P:C ratios
within the range of its natural food sources under controlled conditions on both immature
and adult life-history traits of BSF and on larval body macronutrient composition.

Materials and Methods

Experimental insects

Hermetia illucens L. (Diptera: Stratiomyidae) eggs were obtained from a colony main-
tained at constant conditions in a climate room (27 + 1 °C, 70% RH, L12:D12) at the
Laboratory of Entomology, Wageningen University (The Netherlands).

Experimental design

Nine diets varying in their protein to carbohydrate (P:C) ratio and contents were formu-
lated. We tested three protein concentrations (10, 17, 24%) and three concentrations of
digestible carbohydrates (35, 45, 55%), total macronutrient (P and C) content of these

69



Chapter 4

diets ranging from 45 — 79%: (1) P10:C35 (10% protein and 35% carbohydrate; combined
macronutrient content = 45%), (2) P10:C45, (3) P10:C55, (4) P17:C35, (5) P17:C45, (6)
P17:C55, (7) P24:C35, (8) P24:C45, (9) P24:C55. P:C ratios are listed in Table 1. The diets
were formulated by including a standard proportion of chicken feed (Opfokmeel Farm-
food, Agruniek Rijnvallei Voer BV, Wageningen, The Netherlands) in the diet (63% of the
total dry mass of the experimental diet, which contributed 10% protein and 31.5% carbo-
hydrate to each treatment). This was used because it supports the full life cycle of BSF (K.
Barragdn-Fonseca, personal observation from BSF rearing and previous experiments (Bar-
ragan-Fonseca ez al., 2018). The remaining 37% of the experimental diet was composed of
the protein casein (Bio-connect, Huissen, NL), containing all the essential amino acids in
high and for insects well-balanced proportions (Cohen, 2004), and the digestible carbohy-
drate starch (Duchefa Biochemie BV, Haarlem, NL), which served both as a nutrient and
as a texturing agent. The a-sugar linkages in starch make it highly susceptible to digestion
by insects (Cohen, 2004). The remaining proportion was cellulose (Alphacel non-nutritive
bulk; Bio-connect, Huissen, NL), considered to be a poorly digestible bulk agent (Table 1).

Table 1. Composition of experimental diets

Experimental Diets

1 2 3 4 5 6 7 8 9
Ingredient (%)

Chicken feed 63 63 63 63 63 63 63 63 63
Casein 0 0 0 7 7 7 14 14 14
Starch 3 13 23 3 13 23 3 13 23

Cellulose 34 24 14 27 17 7 21 10 0

Nutrient (%)

Crude protein (P) 10 10 10 17 17 17 24 24 24

Digestible carbohydrate (C)' 35 45 55 35 45 55 35 45 55
Sum of crude P and C contents 45 55 65 52 62 72 59 69 79
P:C ratio 1:3.5 1:4.5 1:5.5 1:2.1 1:2.6  1:3.2  1:1.5 1:1.9 1:2.3

! Non-cellulose carbohydrate

The larvae were reared on the nine experimental diets, each containing 60% water. Each
treatment group consisted of 100 larvae (hatched from the egg less than 24 h before) per
750 ml container. A fixed ration of 0.6 g (dry matter basis) of food per larva was added
once at the beginning of the experiment, as a preliminary experiment showed that larvae
fed once rather than three times per week reached a higher biomass. The feeding experi-
ments were conducted in a climatic room (4.5 m?) and maintained at constant conditions
(27 £1°C, 55% + 5 RH, L12:D12). In order to eliminate positional effects, all containers
were randomly relocated three times per week.

Larval life-history traits
Per dietary treatment, nine replicates were set up. Larvae were harvested when at least
50% of the larvae were observed to have reached the pre-pupal stage, as appearing from
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the characteristic melanized cuticle of prepupae (May, 1961). Development time was con-
sidered to be the number of days between the start of the experiment, and the day of
harvesting. All animals from each container were harvested with forceps, counted, and
weighed collectively. Larvae were washed under running water to remove residues con-
sisting of left-over feed and faeces, their integument dried with paper tissue, and their
weight registered as BSF larval yield (g fresh matter) on a precision balance (Ohaus, Ad-
venturer Pro AV313, Parsippany — USA, precision + 0.001 g). To determine survival, the
number of live BSF larvae at the day of harvesting was divided by the initial number of
larvae per replicate (100). When at least 50% of the larvae were observed to have reached
the pupal stage, individual pupal weight (g fresh matter) was determined in the same way
as larval weight.

Adult life-history traits

Forty newly eclosed (< 12 h old) adult BSF from each container were released into a Bug-
Dorm cage (30 x 30 x 30 cm) and kept in a greenhouse compartment under controlled
conditions (25 £ 1 °C, 70% = 5 R.H. and natural light). Per dietary treatment four rep-
licates were set up. Adults were provided with water and sugar ad libitum and two days
after eclosion, a mixture of sand (80 g), chicken feed (80 g) and water (100 ml) in a plastic
container (10 x 10 x 6 cm) was offered for oviposition. On the surface of each container
four corrugated cardboard pieces, each measuring 4 cm (height) x 9 cm (length) were put
as a substrate for egg laying. Every three days the cardboards were removed from all con-
tainers, the sand-feed-water medium replaced and new cardboard pieces put in place. In
order to determine fecundity, number of egg masses, and percentage of eggs from which
larvae hatched (F1) were recorded. We also measured surface of viable egg masses (mm?)
as a proxy of viable egg number; thus we registered the surface of all the egg masses we
collected, but only took into account the surface of those egg masses from which F1 larvae
hatched; this variable was called egg yield (mm?). To determine survival until the adult
stage, the number of BSF adults eclosed at the end of the experiment was divided by the
initial number of larvae per replicate. The development time until the adult stage was
considered to be the number of days between the start of the experiment, and the day the
first adult was observed.

Proximate chemical analysis of larvae

Samples were stored in a freezer (-25°C) until all replicates were harvested. Both the larvae
and the diets were analysed for dry matter (DM), crude protein, and crude fat contents at
the Animal Nutrition Laboratory of Wageningen University. The samples were oven-dried
at 70°C until constant weight and homogenized by grinding the sample in an ultra-cen-
trifugal mill (Retsch ZM 200, Haan — Germany). Crude protein (6.25 x N-content) was
determined using the Kjeldahl method (ISO 5983-1, 2005) and crude fat was analysed
according to the Berntop method (ISO 6492, 1999).
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Statistical analysis

To examine how protein and carbohydrate levels affected the response variables on insect
performance and larval body content data we used R version 3.3.3 (R-Core-Team, 2017),
specifically package rsm (Lenth, 2009), for response surface models. We first fitted qua-
dratic response surface models using the total content of protein and carbohydrate (P+C),
and their ratio (P:C) as regressors. The relative importances of subsets of regressors were
visualized in a stacked barplot, showing which part of the total variation was explained
by 1) linear and quadratic effects of P+C (2 df), 2) linear and quadratic effects of P:C (2
df), 3) interactions among P+C and P:C (4 df), 4) residual errors (72 df for larval data,
45 df for larval body composition data, 27 df for adult data). Next, we fitted quadratic
response surface models using the actual protein (P) and carbohydrate (C) contents as
regressors. Results were summarized with an overall F-test (testing for any effect at all),
and with F-tests for linear effects of P and of C, for quadratic effects of P and of C (after
linear effects of P and C), for interaction of P and C (after linear effects of P and C), and
lack of fit for the quadratic response surface model (indicating higher order interactions).
If the overall F-test showed a significant result, we made contour plots showing the fitted
response surfaces. For contour plots the P-C interaction and quadratic terms were removed
from the model if found to be unnecessary (P>0.05) and in case of significant lack of fit
(P<0.05), higher order terms were added. For all fitted models residual plots were made to
check for potential outliers and deviations of assumptions (i.e. approximate normality and
constant variance). The relationship between egg mass production and pupal weight was
studied using the Pearson correlation coefhicient.

Results

P+C content had a stronger effect than P:C ratio on larval yield, larval development time,
egg yield, development time until adult and larval crude fat content. Hardly any variation
was explained neither by P+C, nor P:C for larval survival, adult emergence and larval
hatching. Some variation was explained by P+C and by P:C for number of egg masses and
larval crude protein content. (Fig. 1).

72



Exploring the effect of dietary protein and carbohydrate on Black Soldier Fly

P+C content
(lincar+quadratic;
2df)

P:C ratio
(linear+quadratic;
2df)

|:| Interaction P+C-
P.C

(quadr; 4df)

Residual
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Figure 1. Relative importance of summed protein and carbohydrate (P+C) content and ratio (P:C)
on performance and larval body content variables of Black Soldier fly.

Immature life-history traits

Performance

Survival rate was not affected by protein or carbohydrate content (P=0.36, Table 2). Devel-
opment time showed strong linear effects of protein and of carbohydrate content (P<0.001),
but also some interaction (P=0.003) and a quadratic effect of protein (P=0.008) occurred.
(Table 2). Development time was shorter at lower protein and carbohydrate contents (Fig.
2a). Larval yield showed a very strong linear effect of carbohydrate content (P<0.001) and
less so of protein (P<0.001), but also second and higher order effects were present (Table
2). Like larval yield, individual pupal weight showed a strong linear effect of carbohydrates
(P<0.001), and less so for protein (P<0.001); second and higher order effects were signifi-
cant to a lesser extent. Larval yield and individual pupal weight were highest on the diet
with the highest carbohydrate content at all three protein contents, and then decreased in
a linear fashion as the dietary carbohydrate concentration decreased (Fig. 2b,c).
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Table 2. Response surface model significance shown as P values (F values in parentheses) for the
full model (F with 8 and 72 df; for pupal weight 8 and 27 df), linear effects (P is protein content
and C is carbohydrate content), their interactions and quadratic terms for larval performance mea-
surements (F with 1 and 72 df; for pupal weight 1 and 27 df).

Source Survival rate Development time Larval yield Pupal weight
% d o DM o FM
Full model 0.364 (1.11) <0.001 (18.46) <0.001 (49.5) <0.001 (23.4)
P 0.192 (1.73) <0.001 (86.7) <0.001 (57.7) <0.001 (35.2)
C 0.242 (1.39) <0.001 (42.3) <0.001 (305.7) <0.001 (119.1)
PxC 0.142 (2.20) 0.003 (9.75) <0.001 (12) <0.001 (14.4)
P2 0.310 (1.10) 0.008 (7.42) 0.447 (0.58) 0.060 (3.96)
(o 0.750 (1.10) 0.61 (0.27) 0.022(5.49) 0.063 (3.73)
LOF 0.496 (0.80) 0.73 (0.43) 0.005 (4.71) 0.025 (3.64)
R-Square 0.11 0.67 0.84 0.85
a) Development time (d) b) Larval yield (g DM) c) Pupal weight (g FM)
LN L s
— 17.5 i

o
=3

7\
0 12 14 16 18 2

Figure 2. Response surfaces for Black Soldier fly larval performance variables on diets of different
protein and carbohydrate contents. a) Development time (d), b) Larval yield per container (g DM),
and ¢) Individual pupal weight (g FM). A fitness landscape corresponding to insect response to
each diet has been fitted over nutrient space; contour lines delimit colour areas going from the
lowest (green) to highest (orange) values calculated for each performance variable. Black points
indicate the nine experimental diets.
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Larval body composition

Larval crude protein was affected in a linear fashion by dietary protein (P<0.001; Table 3),
and by the interaction of protein x carbohydrate contents (P=0.004; Table 3). At low car-
bohydrate content, larval crude protein decreased with increasing protein level in the diet.
At high carbohydrate content, larval crude protein did not change with increasing protein
content (Fig. 3a). Larval crude fat was very well explained by the model (R?=0.90) and
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showed strongest linear trend for protein (P<0.001; Table 3) and less so for carbohydrate
(P<0.001; Table 3); smaller interaction and quadratic protein effects were also significant
(Table 3). At high protein content of the diet no effect of carbohydrate was seen on larval
crude fat, at low protein content a positive effect of carbohydrate was seen on larval crude

fat (Fig. 3b).

Table 3. Response surface significance shown as P-values (F-values between parentheses) for the
full model (F with 8 and 45 df), linear effects (P is protein and C is carbohydrate content), their
interactions and quadratic terms for larval body protein and fat contents (F with 1 and 45 df).

S Larval crude protein Larval crude fat
ource % %
Full model 0.002 (3.87) <0.001 (53.2)
P <0.001 (13.4) <0.001 (309.1)
C 0.543 (9.23) <0.001 (66.1)
PxC 0.004 (9.1) <0.001 (25.9)
P2 0.565(0.36) <0.001 (27.7)
Cc? 0.945 (0.005) 0.565(1.30)
LOF 0.176 (1.72) 0.820 (0.31)
R-Square 0.41 0.90
a) Larval crude protein (%) b) Larval crude fat (%)

45 50 55

40

Carbohydrate content (%)

35

10 192 14 16 18 20 22 24 10 12 14 16 18 20 22 24

Protein content (%)

Figure 3. Black Soldier fly larval body composition when feeding on diets differing in P and C
contents. a) Larval crude protein (%), and b) Larval crude fat (%). A fitness landscape correspond-
ing to insect response to each diet has been fitted over nutrient space; contour lines delimit colour
areas going from the lowest (green) to highest (orange) values for each performance variable. Black
points indicate the nine experimental diets.
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Adult life-history traits

Performance

Development time from egg until adulthood was affected in a strongly linear fashion, first
in size by protein (P<0.001, Table 4) and next by carbohydrate content (P<0.001, Table 4); a
considerable protein-carbohydrate interaction was found (P<0.001, Table 4), and a relatively
small quadratic protein effect (P=0.01; Table 4). Development was fastest on diets with the
lowest protein content at all carbohydrate contents (Fig. 4a). Adult emergence and hatching
of F1 larvae were not affected by diet (P=0.94 and P=0.60, respectively; Table 4). The num-
ber of egg masses produced per female showed a strong linear effect of protein (P<0.001,
Table 4). Egg yield, which was log-transformed, was affected in a linear fashion by protein
and carbohydrate (both P<0.001, Table 4), and also showed second and higher order effects
(Table 4). Egg yield was highest on P17:C55 and lowest on P10:C35 (Fig. 4c), however, there
are minor differences compared with the other seven diets. There was a significant relation-
ship between pupal weight and egg yield (Pearson correlation coefficient r = 0.63, P < 0.05).

Table 4. Response surface significance shown as P values (F values between parentheses) for the
full model (F with 8 and 27 df), linear effects (P is protein content and C is carbohydrate content),
their interactions and quadratic terms for adult performance measurements (F with 1 and 27 df)

Development time

Adult emergence Number of egg Larval hatching Egg yield®

Source % untildadult masses! % nm?
Full model 0.940 (0.35) <0.001 (22.5) 0.005 (3.81) 0.599 (0.81) <0.001 (13.5)
4 0.356(0.88) <0.001 (119) <0.001 (20.8) 0.834 (0.04) <0.001 (54.1)
C 1.0 (<0.001) <0.001 (22.1) 0.44(0.61) 0.762 (0.09) <0.001 (25.2)
PxC 0.820 (0.06) <0.001 (27.6) 0.46(0.55) 0.638 (0.23) 0.02 (6.32)
P 0.670 (0.19) 0.014 (6.95) 0.16(2.12) 0.652 (0.21) 0.009 (7.73)
C 0.915 (0.01) 0.635 (0.23) 0.80 (0.06) 0.454 (0.57) 0.062 (3.80)
LOF 0.649 (0.55) 0.314 (1.24) 0.121 (2.11) 0.175 (1.78) 0.028 (3.53)
R-Square 0.1 0.87 0.53 0.2 0.53

'Sqrt transformation because of count data.
*Log' transformation.
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a) Development time until bl E b ) 5
adult stage (d) ) Egg mass number c) Egg yield (mm?)

Carbohydrate content (%)

Protein content (%)

Figure 4. Black Soldier Fly adult performance when feeding on diets differing in P and C contents
a) Development time until adult stage (d), b) Number of egg masses per treatment group, c¢) Egg
yield (mm?) - Logl0 transformation. A fitness landscape corresponding to insect response to each
diet has been fitted over nutrient space; contour lines delimit colour areas going from the lowest
(green) to highest (orange) values gotten by each performance variable. Black points indicate the
nine experimental diets.

Discussion

Our data suggest that BSF performance was affected by dietary carbohydrate and protein
contents rather than by P:C ratio. The P:C ratios we tested are probably within the wide
range of P:C ratios found in the diverse substrates utilized by BSF in nature. Cammack
and Tomberlin (2017) who examined the impact of artificial diets (P+C content 42%)
with three P:C ratios (1:1, 1:5 and 5:1) and two moisture levels, found a greater effect of
diet moisture than of P:C ratio and larval performance was quite similar among all the
P:C ratios. In herbivorous insect species, such as the grasshopper Melanoplus differentialis,
the contents of dietary macronutrients also had more pronounced effects than did the P:C
ratio (Le Gall & Behmer, 2014). However, the impact of low quality food can be amplified
by a suboptimal P:C ratio, as was found for S. /ittoralis for which the negative impact of a
low quality protein diet on larval performance was amplified as the P:C ratio of the diet
decreased (Lee, 2007).

Larval life-history traits

Performance

Since BSF can be found in manure (Sheppard ez al., 1994) and in carrion (Martinez-Sdn-
chez et al., 2011) it experiences a high degree of nutritional heterogeneity in its dietary

77



Chapter 4

protein and carbohydrate contents. We used diets containing macronutrient contents and
ratios similar to those found for nutrient sources exploited by BSF in nature, in partic-
ular chicken, pig and cow manure (K. Barragdn-Fonseca, unpubl. data). We therefore
expected that BSF would perform well in terms of survival and growth. This is confirmed
by the high survival rate on all diets. However, differences in performance among diets
were significant in terms of development time and larval weight gain. Our analysis of the
relative importance of contents and ratio of macronutrients (Figure 1) demonstrated that
duration of development was a function of protein and carbohydrate content (>50%) and
their interaction (-20%), whereas larval and pupal weight were mostly a function of pro-
tein and carbohydrate content (>80%). We observed longer development time at higher
carbohydrate contents; similarly Cammack and Tomberlin (2017) found that a carbohy-
drate-biased diet increased the development time in BSF larvae. In herbivorous insects like
Melanoplus differentialis the duration of development is a function of an interaction be-
tween plant protein and carbohydrate contents; however, weight gain is a function of only
carbohydrate content (Le Gall & Behmer, 2014). Our results for BSF clearly demonstrate

an effect of carbohydrate content on body mass.

The highest larval weights were achieved by larvae fed on the diets with the highest con-
tents of both protein and carbohydrate. Since BSF larvae were restricted to one diet, they
were unable to regulate the intake of one component without simultaneously altering in-
take of all others. The high larval weight associated with high dietary carbohydrate con-
centration even on the low and medium protein diets, may indicate that BSF larval and
pupal weight are more affected by dietary carbohydrate than by dietary protein content.
This could result in the high body fat contents we found, especially when the protein con-
centration in food is low (Le Gall & Behmer, 2014). Deposition of lipids has important
physiological costs - theoretical estimates suggest that the conversion of hexoses to storage
fat can take up to 20-25% of the energy content of the food supplied (Westerterp, 1994
in (Le Gall & Behmer, 2014)).

We found that BSF larvae may trade-off developing faster over growing bigger since faster
development results in lighter larvae. It is possible that the positive relationship between
development time and final body mass has a fitness benefit only when the constraints for
long development are relaxed (Kause ez 2/., 2001). In the case of BSF that fed on diets with
varying resource qualities with increasing level of competition, they might gain higher
fitness by rapid development, to avoid the possible cost of increased mortality due to larval
predation and parasitism and to start adult foraging sooner (Kaspi ez al., 2002; Lee ez al.,
2006; Dmitriew, 2011). This trend has been reported for other species such as the autum-
nal moth (Epirrita autumnata), the birch-feeding sawfly (Amauronematus amplus) (Kause
et al., 2001) and the larval stages of the Mediterranean fruit fly (Ceratitis capitata) (Kaspi
et al., 2002). A shorter development time without a reduction in body size could be con-
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sidered an indicator of a high-quality resource. For example, larvae of the Spotted-wing
fruit fly (Drosophila suzukii) are able to develop faster without a reduction in adult body
size on low P:C ratio diets (Jaramillo ez 4/., 2015). An alternative interpretation, however,
is that adaptation to a protein-poor food constrains the ability to respond plastically when
presented with a higher quality resource (Hardin ez 4/., 2015; Jaramillo ez al., 2015).

Larval body composition

Our study showed that only a small fraction of variation in larval crude protein is ex-
plained by dietary protein and carbohydrate contents and their interaction (ca. 20%). In
our study, larval crude protein content (range 41.4-44.2 %DM) was high and similar on
all nine diets. Similar values for protein content have been found in previous studies for
larvae fed on chicken feed, by-products of food manufacturing and manure (43.2% + 2.7
DM) (Barragan-Fonseca ez al., 2017). We found that larval crude protein content was
higher when dietary P-content was lower (P10 and P17). This is in line with the findings
of Barragan-Fonseca ez al. (2018) and Tschirner and Simon (2015) who reported that
body crude protein content was higher in larvae fed on the diet with the lowest crude
protein content. However, recently it has been argued that this content has been overes-
timated thus far by ~20% due to the presence of non-protein nitrogen in insects (Janssen
et al., 2017). Our nitrogen analysis data do not allow a distinction between protein- and
non-protein-nitrogen. A high level of larval crude protein on low quality diets could ex-
plain the shorter larval development time of BSF larvae as they may use protein to develop
faster into prepupae.

Low P+C content diets resulted in lower larval weights. This indicates that BSF larvae fed
on low protein diets use dietary protein efficiently, as is seen for insects with symbionts
(Raubenheimer & Simpson, 2003). BSF larvae have a diverse microbial community in
their digestive tract that is likely to harbour such symbionts (Jeon ez al., 2011). The high
larval weight we recorded on diets with a high protein content is associated with increased
lipid contents, as was explained before. However, in other studies on BSF, larvae fed on
high protein substrates, such as liver or meat, had higher protein contents (60.3% + 3.3
DM), and larvae fed on vegetable waste had lower protein contents (38.5% DM) (Nguyen
et al., 2015). This suggests that quality of dietary protein affects larval protein content.

Larval crude fat content was also affected by protein and carbohydrate contents of the
substrate, and their interaction, and strong differences were observed between treatments.
Larval crude fat content increased when C-content was high, and it was also high at all
P24-diets. The high larval crude fat content at high dietary protein and carbohydrate
levels may have stimulated lipogenic activity and lipid incorporation in reserves (Nestel &
Nemny-Lavy, 2008). These fat contents are in the range of values reported in the literature
on BSF larvae, which vary substantially among substrates (ranging from 7 to 39% DM)
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(Barragan-Fonseca ez al., 2017). The wide range in larval crude fat content can likely be
explained by the differences in energy content of the feed, and diets high in energy content
would increase larval crude fat (Barragan-Fonseca ez al., 2018). For instance, substrates
high in fat and carbohydrate contents increased larval crude fat contents (Zheng ez al.,
2012). In contrast to BSF, providing the fruit fly Ceratitis capitata with diets with excess
dietary carbohydrates resulted in pupating larvae having lower lipid and also low protein
contents. High P:C ratios in the diet yielded C. capitata larvae with high protein and lipid
contents. Differences between BSF and other species may be due to differential post-in-
gestion regulation where a high dietary carbohydrate diet reduces the lipogenic activity of
the larvae, and induces a shift from lipid to glucose oxidation, resulting in a relatively low
incorporation of lipid reserves (Nestel & Nemny-Lavy, 2008).

In this study we also found that heavier BSF larvae had higher crude fat content, which
could be important for adult fitness because increase in weight generally increases fecundity
of flies (Gobbi ez /., 2013). In most insects, carbohydrates ingested in excess of requirement
are converted to lipids and stored (Zanotto ez al., 1993). For instance, in locusts that were fed
diets high in carbohydrates and low in protein lipogenesis increased (Zanotto ez al., 1993),
which could be more beneficial for females because lipids are an important egg component,
with triacylglycerol comprising about 40% of a mature oocyte (Chapman ez /., 2013).

Our results clearly demonstrate that high larval weight is associated with high P+C con-
tent, and a key role for digestible carbohydrates. A similar trend was found in M. differ-
entialis (Le Gall & Behmer, 2014), and H. virescens (Roeder, 2010) where high dietary
carbohydrate levels increased insect weight. Moreover, an excess of carbohydrates leads to
high lipid levels, especially when the protein concentration in their food is low (Le Gall &
Behmer, 2014). Similarly, in the grasshopper S. americana, nymphs fed diets with interme-
diate to high nutrient content were significantly larger and contained a significantly great-
er proportion of lipid stores at adult eclosion, but not protein or carbohydrate stores than
individuals fed low nutrient content diets. It has been suggested that larva-derived lipid
stores may be more important to fitness than carbohydrate or protein stores (Hahn, 2005).
However, high dietary crude protein content might be used by BSF larvae for energy pro-
duction (Waldbauer e al., 1984), as it also directly impacted body mass on high P-diets.

Adult life-history traits

Suboptimal nutrition during larval development can significantly affect physiological
processes later in life in insects (Jones & Raubenheimer, 2001; Hahn, 2005; Prabhu ez
al., 2008; Roeder & Behmer, 2014). Our results show that food macronutrient contents
during the larval phase significantly affected development time until adult and egg yield,
protein content having the main effect. Protein content certainly was the limiting factor
with respect to development rate. High dietary nutrient concentration resulted in heavy
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larvae and adults compared to larvae fed on low P and C contents that were smaller and

had lower fecundity.

Development time until the adult stage is affected by P- and C-content and PxC interac-
tion, and similarly to larval development, it is shorter on low P-content at all C-contents.
An important cost of the short larval developmental time is limited opportunities to build
up metabolic reserves for adult life (Hanski, 1987). The number of egg masses produced
per female was higher on P17:C55 and P24:C35 diets, being influenced only by protein
content. As with larval survival rate, adult emergence was not affected by P or C levels, did
not show differences among treatments and was high for all treatments (83-93%). Similar-
ly, our experiments allow to infer that BSF follows an Equal Distance rule (Raubenheimer
& Simpson, 1997) as it could deal with the variable dietary P and C levels tested in our
study. However, we still need to investigate the effects of extreme contents of digestible
carbohydrates and protein to be able to be more conclusive.

In general, the results of this study reveal that dietary protein and carbohydrate contents are
more important than P:C ratio and affect larval performance, larval body composition and
fecundity of BSF, and high P+C-contents tended to improve BSF larval performance over
a wide range of carbohydrate-biased P:C ratios. Even though all P+C-contents tested are
suitable for the complete life cycle of BSF, since diet P17:C55 (P:C=1:3; P+C=72) support-
ed highest larval and adult performance and resulted in high body crude protein content
(42.3%) and an intermediate crude fat content (27.6%) on the diets tested, this would be the
intake target for BSF fed on chicken feed-based diets, which matches with the P+C content
of those resources that BSF colonises in the wild. Additionally, we also confirm our previous
findings of regulation of larval protein content within narrow limits whereas larval crude
fat content was strongly affected by nutrient concentration (Barragan-Fonseca ez al., 2018).

We cannot conclude from the present study how BSF deals with protein or carbohydrate
excess as all diets used here are likely to be in the range of its food under natural conditions.
Future studies addressing diets with a broader range of P:C ratios at different P+C contents
and defined diet components are warranted in order to gain information on physiologi-
cal mechanisms used by BSF on nutritionally unbalanced diets. From the perspective of
quality of BSF as animal feed, a broad perspective on dietary macronutrient efficiency is
desirable. Such information will improve our understanding of the effects of diets on BSF
development, growth and body composition, and provide tools for economic decisions.
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Chapter 5
Abstract

The Black Soldier Fly [BSF; Hermetia illucens L. (Diptera: Stratiomyidae)] can be sustain-
ably reared on organic waste streams and thereby provide a novel animal protein source
for animal feed. BSF performance and body composition depend to a large extent on the
nutrient composition of the waste stream. The contents of protein and carbohydrate pres-
ent in the diet of insects need to be balanced to maximize their performance. BSF larvae
were fed on four diets consisting of vegetable by-products from the food industry. The
diets were formulated based on an average summed protein and carbohydrate (P+C) con-
centration tested in previous experiments and a 1:2 protein:carbohydrate (P:C) ratio. In a
second experiment we took the ingredients from the best vegetable waste-based diet from
the first experiment, and formulated diets having P:C ratios of 1:2 or 1:3 and 40 or 47%
DM of P+C and we quantified both larval and adult performance. In the first experiment,
although there were differences in larval performance among the diets, all diets supported
a higher larval performance than reported previously, with the diet composed of cabbages
leaves, old bread and dried distiller’s grains with solubles (DDGS) (47% P+C) being the
best diet. We infer that not only total macronutrient content but also nutritional quality
of proteins and carbohydrates affected performance. In the second experiment, the two
vegetable residue-based larval diets resulted in similar larval and adult performance. High
dietary protein resulted in increases in larval crude fat content. Further research is needed
to learn how different sources of protein and carbohydrates affect macronutrient intake
and performance of BSF in terms of immature and adult life-history traits and larval body
composition and how BSF regulates macronutrient intake.

Key words: Macronutrients, proteins, carbohydrates, plant waste, larval performance, fe-
cundity, body composition, food quality.
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Introduction

The balance between dietary protein and carbohydrates is an important factor affecting
the life history of insects (Raubenheimer & Simpson, 2003). Proteins and carbohydrates
influence animal survival, growth and reproduction (Karasov & del Rio, 2007; Prabhu ez
al., 2008). Saprophagous species such as the Black Soldier Fly (BSF), Hermetia illucens L.
(Diptera: Stratiomyidae) have a very broad diet, including different types of organic waste
such as vegetable residues, manure, carrion. Its larval stages are therefore likely to encoun-
ter a wide range of concentrations and ratios of proteins and carbohydrates, the two main
groups of macronutrients. When analyzing food consumed by this species in the wild, its
diets are generally lower in protein than in carbohydrate levels and have a wide range of nu-
trient levels in terms of summed crude protein and digestible carbohydrates such as starch
(40-80% DM) (Barragan-Fonseca ez al., 2018Db).

Barragan-Fonseca ez al. (2018b) tested a range of chicken-feed-based diets with varying
P:C ratios (1:2 — 1:4) and P+C concentrations (45-79%) corresponding to BSF’s natural
food sources to explore how life-history traits of BSF were affected by these nutrients. They
showed that dietary protein and carbohydrate levels during the larval phase significantly
affect larval and adult performance, protein content being most influential. Thus, high
dietary nutrient levels resulted in high larval and adult body mass and fecund females as
shown for other Diptera as well (Boggs & Freeman, 2005). Their results also revealed that
dietary macronutrient density has a stronger effect than differences in P:C ratio. A P:C
ratio of 1:3 and P+C content of 70% seemed optimal values for chicken-feed-based diets
since these supported the best larval and adult performance.

Food quality is one of the most important factors that affects BSF growth rates. High
quality positively correlates with survival rate and negatively with duration of the larval
phase (Newton et al., 2005; Gobbi et al., 2013), protein level being a limiting factor. For
instance, Oonincx ez al. (2015) who used vegetable by-products, observed that larvae fed
a diet high in both protein and fat and larvae fed control diet (chicken feed), also high in
protein, displayed a shorter development time (21 d) than larvae fed the low-protein diets
(37 d). High protein and fat diets appear to increase BSF larval weight and size (Nguyen ez
al., 2013; Nguyen ez al., 2015; Oonincx et al., 2015). Larval body composition of the BSF
varies among substrates, mainly in macronutrient levels (Barragan-Fonseca ez al., 2017)
and to a lesser extent in micronutrient concentrations (Tschirner & Simon, 2015; Sprang-
hers ez al., 2016; Barragan-Fonseca et al., 2017).

In addition, sources of protein or digestible carbohydrates differ in their nutritional value

to BSF. Barragan-Fonseca er al. (2017) reviewed life-history traits and performance of BSF
larvae fed (semi-)artificial diets and plant- and animal-derived organic waste and found
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that larvae fed on good quality diets might need lower feeding rations to achieve a good
performance than larvae fed on low-quality diets. However, biotic and abiotic conditions
that may affect larval performance (e.g. larval density, substrate humidity or air humidity)
have often not been reported, complicating conclusions on the effect of food quality as
such. Thus, studying the effect of nutrient quality on BSF performance under the same

biotic and abiotic conditions is needed.

The objective of this study is to explore the effects of diet composition on life-history traits
of immature and mature BSF, using different types of vegetable waste under the same bi-
otic and abiotic conditions. We performed two experiments, one in which we formulated
four vegetable waste-based diets with the same P+C concentration (47%), and P:C ratio
1:2. In the second experiment we took the ingredients from the vegetable waste-based diet
that supported the highest larval performance in the first experiment, and formulated two
vegetable waste-based diets with carbohydrate-biased P:C ratios (1:2 — 1:3) and two P+C
concentrations (40 and 47%) to assess their effects on both immature and adult life-history
traits of BSE, and on larval body protein and fat contents.

Materials and Methods

Experimental insects

Hermetia illucens L (Diptera: Stratiomyidae) larvae were obtained from a colony main-
tained at constant conditions in a climate room (27 + 1 °C, 70% RH, L12:D12) at the
Laboratory of Entomology, Wageningen University (The Netherlands).

Experimental design

Experiment 1

Four vegetable organic waste-based diets were formulated to contain a P+C content of
47% and a P:C ratio of 1:2 (P 17% and C 30%). Ingredients were chosen depending on
availability from the agro-industrial sector. The ingredients selected were: dried distiller’s
grains with solubles (DDGS), grape pulp, potato peels, bean seeds, cabbage leaves and old
bread (sliced white bread — Jumbo brand). Grapes, potatoes, bean seeds and cabbages were
purchased at a vegetable store and processed to get the ingredients (pulps, peels, etc.). All
ingredients were ground (mini food-processor — Onyx) in order to obtain particles of ho-
mogenous size for all diets (< 5 mm). Inclusion of the ingredients was based on proximate
nutritional analyses of fat, crude protein, carbohydrate and neutral detergent fibre contents
at Mérieux NutriSciences (Ede, The Netherlands). The remaining proportion was cellulose,
considered to be a poorly digestible bulk agent. The formulation was calculated using the
expansion solver in Excel (Table 1). The diets were mixed in the laboratory after weighing
the exact amount of the different ingredients calculated.
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Table 1. Composition of experimental diets*

Diet Ingredient DM CP NFC CF EE Inclusion
1 DDGS** 91.8 27.1 19.5 7 11.7 53.6
Grape pulp 30.6 7.3 57.5 11.4 1.9 34
Cellulose 100 0 0 100 0 12.4
Total 72.1 17 30 20.1 6.9 100
2 DDGS 91.8 27.1 19.5 7 11.7 44.5
Potato peels 15.3 15.8 68.3 4.5 0.3 31.2
Cellulose 100 0 0 100 0 24.2
Total 69.9 17 30 28.7 5.3 100
3 DDGS 91.8 27.1 19.5 7 11.7 32.4
Bean seeds 89.9 18.7 53.9 3.6 1.6 44
Sunflower Oil 100 0 0 0 100 1.5
Cellulose 100 0 0 100 0 22.1
Total 92.9 17 30 26.1 5.9 100
4 DDGS 91.8 27.1 19.5 7 11.7 37.2
Cabbage leaves 12.1 19.2 40.1 17 1.4 24.7
Old bread 76.1 13.5 79.9 0.3 0.7 16
Cellulose 100 0 0 100 0 22
Total 55.4 17 30 28.8 4.8 100

*Expressed in % Dry Matter (DM). CP: Crude protein; NFC: Non-fibre carbohydrates; CF: Crude
fibre; EE: Ether extractable fraction
**Dried distiller’s grains with solubles

Experiment 2

Two vegetable organic waste-based diets were formulated: protein 17% and digestible car-
bohydrate 30% and protein 10% and digestible carbohydrate 30% (Table 2). The selected
ingredients were chosen based on the ingredients from the diet on which the best larval per-
formance was observed in experiment 1 (DDGS, cabbage leaves, old bread and cellulose).
For this experiment, we included sunflower oil to have similar EE-content in both diets.

Table 2. Composition of experimental diets*

Diet DM Ccr NEC CF EE P+C (%) P:C ratio
Diet 1 72.6 10 30 43 5.7 40 1:2
Diet 2 71.1 17 30 27 5.9 47 1:3

*Expressed in % Dry Matter (DM). CP: Crude protein; NFC: Non-fibre carbohydrates; CF: Crude
fibre; EE: Ether extractable fraction

The larvae were reared on the 4 experimental diets (experiment 1) and on the 2 exper-
imental diets (experiment 2), that had been thoroughly mixed with water to get 60%
moisture based on fresh weight of diet. Each replicate consisted of 100 larvae (less than 24
h after they had hatched from the egg) per 750 ml container. A fixed feeding ration of 1
g DM of food per larva was added once at the beginning of the experiment. The feeding
experiments were conducted in a climatic room (4.5 m?) under constant conditions (27 +
1°C,70 £ 5 % RH, L12:D12). In order to eliminate positional effects, all containers were
randomly relocated three times per week.
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Immature life-history traits

For experiment 1, ten replicates were set up per dietary treatment. For experiment 2, per
dietary treatment six replicates were set up. Larvae were harvested when at least 50% of
the larvae were observed to have reached the pre-pupal stage, as appearing from the char-
acteristic black cuticle of prepupae (May, 1961). Development time was considered to be
the number of days between the start of the experiment, and the day of harvesting. All an-
imals from each container were harvested with forceps, counted, and weighed collectively.
Larvae were washed under running water to remove residues consisting of left-over feed
and faeces, their integument dried with paper tissues, and their weight registered as BSFL
yield (g fresh matter) on a precision balance (Ohaus, Adventurer Pro AV313, Parsippany
— USA, precision + 0.001 g). To determine survival rate, the number of live BSF at the
end of the experiment (day of harvesting) was divided by the initial number of larvae per
replicate. The individual pupal weight was determined (g fresh matter) as was done with
larval weight. For experiment 1 growth curves were recorded. Larvae were weighed every
two days beginning on day 5 since egg hatch because in the first days the larvae are too
small to be removed from the substrate. Ten random larvae were collected from each con-
tainer and body weight recorded on a precision balance (Mettler Toledo, NewClassicML,
Switzerland, precision + 0.001 g) to obtain an average weight for each replicate. Recording
the growth curve was terminated when more than half of the replicates were harvested.

Adult life-history traits

Experiment 2. Per dietary treatment six replicates were set up. Forty newly eclosed (< 12
h old) adult BSF from each container in which larvae had been reared were released into
a BugDorm-1 cage (30 x 30 x 30 cm; MegaView Science Co., Ltd. Taiwan) and kept in
a greenhouse compartment under controlled conditions (25 + 1 °C, 70 + 5 % RH) and
natural light. Per dietary treatment six replicates were set up and sex ratio was determined.
Adults were provided with water and sugar ad libitum and two days after eclosion, a mix-
ture of sand (250 g), chicken feed (250 g) and water (800 ml) in a plastic container (10 x
10 x 6 cm) was offered for oviposition. The surface of each container had four corrugated
cardboards, each measuring 4 cm (height) x 9 cm (length) as a substrate for egg laying.
Every three days from all containers the cardboards were removed, and both the sand-
feed-water medium and the cardboards were substituted. In order to determine fecundity,
number of egg masses, surface of egg masses (mm?), and percentage of larval hatching
were recorded after 24 — 36 h. To determine the survival rate until the adult stage, the
number of BSF adults eclosed at the end of the experiment was divided by the initial
number of larvae per replicate. The development time until the adult stage was considered
to be the number of days between the start of the experiment, and the day the first adult
was observed. Adult fresh weight was measured within 36 h since eclosion. Adults were
put into a centrifuge tube to measure their weight on a precision balance (Mettler Toledo,
NewClassicML, Switzerland, precision + 0.001 g). To determine longevity, 6 - 19 males
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and females from each replicate (other individuals than adults used for fecundity) were
selected and kept in the BugDorm cage. Longevity was recorded as the period from the
average eclosion date to the time of death. The average longevity of adults from each cage

was used in data analysis.

Proximate chemical analysis of larvae

Experiment 2. Samples were stored in a freezer (-25°C) until all replicates had been har-
vested. The samples were oven-dried at 70°C until constant weight and homogenized by
grinding the sample in an ultra-centrifugal mill (Retsch ZM 200, Haan — Germany).
Both the larvae and the diets were analysed for dry matter (DM), crude protein, and crude
fat and Neutral Detergent Fibre (NDF) at Mérieux NutriSciences (Ede, The Netherlands).

Statistical analysis

Experiment 1. One way ANOVA was applied if the assumptions of the model were met. If
the assumptions were not met, the non-parametric Kruskal Wallis-test was applied. Exper-
iment 2. Student’s t-test was used to investigate if significant differences between the two
treatments occurred (p < 0.05). Pearson (if assumption of normality was met) or Spearman
(non-parametric) correlation tests were conducted to investigate if egg mass production
was associated with adult weight. IBM SPSS Statistics version 21.0 was used (IBM Corp.,
Armonk, NY).

Results

Experiment 1

Development times differed significantly between diets (H(3) = 31.54, p < 0.001) (Figure
1A). Survival rates showed significant differences between diets as well (H(3) = 16.011, p
= 0.001). Figure 1B shows that larvae fed diets 1, 3 and 4 resulted in similar survival rates.
Diet 2 resulted in a significantly lower survival rate than diets 1 and 4. Individual larval
weight (DM basis) (F(3,36) = 43.22, p <0.001) (Figure 1C), and total yield of larvae (DM
basis) were significantly different among diets (H(3) = 26.07, p < 0.001), diets 1 and 4
resulting in the highest larval yields (Figure 1D).
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Figure 1. Black Soldier Fly life-history parameters of larvae fed different diets composed of vegetable
organic waste (n=10). For composition of diets refer to Table 1. Bars (mean + SD) indicate (A) larval
development time (days), (B) Larval survival rate (%), (C) Individual larval weight on DM basis
(g), and (D) Larval yield on DM basis (g). Bars having no letters in common represent significantly
different mean values.

Time course of growth (FM basis) differed between the four diets (Figure 2). During the
first 10 days, growth of larvae fed on diets 1 and 4 followed the same time course, however,
after day 11 growth on diet 1 slowed down and levelled off. Larval growth on diet 2 showed
a delay of 2 days compared to larvae on diets 1 and 4 and afterwards was similar to that
for larvae on diet 4. Larvae fed on diet 3 had slower growth and took longer to reach their
maximum body weight which was lower than on the other three diets.
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Figure 2. Growth curves of Black Soldier Fly larvae fed different diets composed of vegetable organ-
ic waste. Vertical error bars represent standard error of the mean.

Experiment 2

Immature life-history traits

Survival rate was significantly lower on diet 2 (47% P+C) than on diet 1 (40% P+C) (¢(10)
= 3.76; p < 0.05). Neither development time (¢(10) = 0.47; p = 0.65) nor individual larval
weight (DM basis) (¢(10) = -1.9; p = 0.079) or larval yield (DM basis) (¢(10) = 1.94; p =
0.081) were affected by diet (Table 3).

Table 3. Survival rate, development time and individual larval weight (mean + SD; n = 6) of Her-
metia illucens larvae on the two diets tested in Experiment 2.

Di Survival rate Development time Individual larval weight Larval yield
1et
(%) (d) (g DM) (g DM)
1 93.7+6.2a 22+13a 0.039 + 0.003 a 3.65% 0.46 a
2 757 +6.8b 21.6+12a 0.042 + 0.003 a 3.17+ 0.39 a

Values within the same column having no letter in common differ significantly (p < 0.05) (Stu-
dent’s t-test).

Larval body composition
Larval crude protein content was not affected by diet (t(4) = 1.49; p = 0.21) (Fig. 3A).
Crude fat was higher in BSF larvae fed Diet 2 (¢(4) = -9.65; p < 0.05) (Fig. 3B).
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Figure 3. Larval nutritional composition in Black Soldier Fly larvae fed two vegetable waste diets
(n=6). Bars (mean + SD) indicate (A) larval crude protein (% DM) and (B) larval crude fat (% DM)
(ns: p>0.05; *: p <0.05).

Adult life-history traits

Adult female or male weight did not differ between diets (females: t(10) = -1.24; p = 0.24;
males: t(10) = -1.51; p = 0.17) (Figure 4a). However, for Diet 1 females were heavier than
males (¢(10) = 2.1; p < 0.05), while they did not differ for Diet 2 (¢(10) = 1.27; p = 0.23).
Adult longevity was similar for the two diets for both females (¢(10) = 1.16; p = 0.27)
and males (¢(10) = 1.14; p = 0.28) (Figure 4b). However, females fed on either diet lived
longer than males (Diet 1 (¢(10) = 2.88; p < 0.05) and Diet 2 (¢(10) = 3.82; p < 0.05).
There were significant differences in development time between diets (¢(10) = -5.33; p <
0.05). There were no differences in pupal eclosion (¢(10) = 1.004; p = 0.34), nor egg mass
number (¢(10) = -0.94; p = 0.37), nor egg mass surface (t(10) = -1.93; p = 0.082), nor sex
ratio (¢(10) = -2.14; p = 0.058) (Table 4). There was no significant relationship between
egg mass surface and female weight (Pearson test, r = 0.32, p = 0.32). However, the num-
ber of egg masses per female was significantly correlated with female weight (Spearman
test, r = 0.63, p = 0.03).
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Table 4. Survival rate, development time, number of egg masses, egg mass surface and sex ratio
(mean + SDj; n = 6) of Hermetia illucens adults on the two diets in Experiment 2.

. Pupal eclosion Development time Egg mass surface Sex ratio
Diet %) ) Egg masses (N) (mm?) (©:3)

1 70.3+18.1a 343+0.8a 15.8+6.8a 195 £ 105 a 093+03a

2 62.7+4.8a 39.3+2.2b 20.1+85a 362+ 183 a 1.22+0.2a

Values in the same column having no letter in common differ significantly (p < 0.05) (t-test).
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Figure 4. Bars (mean + SD) indicate (A) Individual adult weight on FM basis (g) and (B) Adult
longevity (days) per gender (F: females; M: males) of BSF larvae fed with two organic waste diets
(ns: p>0.05; *: p <0.05). n=6.

Discussion

Experiment 1

Saprophagous insects feed on a wide range of diets that contain variable levels of proteins
and carbohydrates. We studied the effects of composition of four diets having the same
P:C ratio based on commonly available vegetable waste types in order to evaluate larval
performance. Compared with other studies, all four diets supported a good performance
in terms of developmental time, survival rate and larval yield. We observed a high survival
rate on all diets compared to larvae fed manure, vegetable and meat waste (Nguyen ez a/.,
2013). A higher mortality on diet 2 in experiment 1 may have been caused by fungi grow-
ing on this diet at the beginning of the experiment. Development times recorded on diets
1, 2 and 4 formulated in this experiment were shorter than reported in the studies cited.
Development time on diet 3 (bean seeds and DDGS) was longer, but comparable with
development times previously reported for vegetable organic waste (Gobbi er /., 2013;
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Nguyen ez al., 2013). However, development time was shorter on diets based on chicken/
hen feed for which an average of 15 days was found (Gobbi ez al., 2013; Barragan-Fonseca
et al., 2018a; Barragan-Fonseca ez a/., 2018b).

Regarding larval growth, the growth curves showed that BSF larvae fed diet 4 grew faster
(Figure 2). Since BSF larvae lose weight when becoming prepupae (Gobbi, 2012), similar
to other dipteran species such as the Housefly Musca domestica L. (Silverman & Levinson,
1954), the best day to harvest larvae without weight loss occurring after the prepupal stage
is during day 15 for diets 1, 2 and 4 and day 17 for diet 3, on which it took more time
to reach the highest point in the curve. The total biomass of the harvested larvae differed
among the four tested diets. The highest larval weights were observed for larvae fed diet 4
(0.16 - 0.22 g FM/larva) which was higher than reported in other studies investigating suit-
ability of organic waste for which average individual larval weight ranged from 0.11 to0 0.17
g FM/larva (Spranghers ez al., 2016). However, Tschirner and Simon (2015) and Gamboa
Rojas (2008), who used a mixture of middlings, DDGS or a mixture of Manihot esculenta
tubers (80%) and banana fruit (Musa sp.) (20%), reported higher individual weights for
BSF larvae (0.27 — 0.29 g FM/larva). Since body weight of larvae fed on chicken/hen feed
is higher (average 0.2 g FM/larva or 0.06 g DM/larva) than of larvae fed on organic waste,
diet 4 gave results comparable to chicken/hen feed diets. Additionally, considering that in
this experiment larvae were harvested later, after weight loss had occurred by passing to the
prepupal state and survival rate was higher than reported by Tschirner and Simon (2015),
the total yield we recorded was higher than in the studies cited.

Taking into account that diets tested in our experiments resulted in high larval body
weight, high larval yield and short development times, we conclude that carbohydrate-bi-
ased organic waste positively affects BSF performance. Also on semi-artificial diets, low
P:C ratios resulted in higher performance of BSF (Barragan-Fonseca ez al., 2018b) and
other dipteran species (Prabhu ez a/., 2008). In a large-scale production of BSF larvae
produced for live feed, one of the main parameters to assess productivity of the system
is individual body weight. Performance results found in our experiment demonstrate
that organic waste consisting of vegetable by-products at the nutrient content and ratio
employed support high productivity. However, the quality of nutrients had significant
effects on larval performance. For example, larvae fed diet 3 had lower performance
(long development, lower weight and yield) than larvae fed on diet 4, even though both
diets had the same P and C contents. Amino acid profile differences between bean seeds
(diet 3) and cabbage leaves (diet 4) might explain these performance differences, as seed
protein and leaf protein are different (Edelman & Colt, 2016). In addition, the content
of protease inhibitors in bean seeds might affect BSF larval growth as has been demon-
strated for other insect species (Ryan, 1990; Jongsma & Beekwilder, 2011). Other nu-

tritional or anti-nutritional elements that may influence larval growth efficiency need
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to be studied. Tannins, major anti-nutritional factors in grapes did not seem to affect

performance of BSF larvae.

Diet 4, containing cabbage leaves and old bread, supported the best larval performance,
possibly due to its different types of carbohydrates and amino acid profiles (Zili¢ ez al.,
2011; Edelman & Colt, 2016). Nutritional values vary depending on the plant species,
even if they have a similar proportion of proteins and/or carbohydrates. In terms of pro-
tein, a significant difference between seed protein and leaf protein has been demonstrated;
leafy plants contain all the essential amino acids in percentages meeting FAO standards,
while seed protein often needs to be a mix of several sources in order to meet with all
nutritional requirements (Edelman & Colt, 2016). Regarding carbohydrates, Gamboa Ro-
jas (2008) who tested different carbohydrate resources on BSF larvae (banana, Musa sp.;
potato, Solanum tuberosum; cassava, Manihot esculenta, arracacha, Arracacia xanthorrbiza)
found significant differences among them. However, a mix of carbohydrates might result
in a more efficient production system as larvae fed on a mixture of banana and cassava
reached the highest body mass (0.24 g FM/larva). Other nutrients such as vitamins and
minerals might play a role in larval performance as their concentration in both seeds and
leaves seems to be different (Edelman & Colt, 2016).

Experiment 2

Although we used the same ingredients as for diet 4 (cabbage leaves, old bread, DDGS
and cellulose) and the same abiotic conditions as in experiment 1, we observed a lower
performance in terms of larval yield and survival rate in the second experiment, where-
as development time until prepupa was similar. The lower larval performance observed
during experiment 2, might be a result of external factors. All the replicates of diet 2 in
experiment 2 were heavily colonized by fungi, possibly explaining the lower performance

than observed on the same diet in experiment 1.

There are several mutualistic interactions between insects and fungi, however, also antago-
nistic effects of fungi on dipterans have been reported (Martin, 1992). For instance, Wert-
heim ez al. (2002) and Hodge ez al. (1999) described that fungal growth can have delete-
rious effects on Drosophila melanogaster and D. hydei, affecting larval survival and size of
emerging flies. They stated that especially the development and survival rate of the younger
larvae was negatively affected by the degree of mycelium coverage. In the case of BSF lar-
vae, Tschirner and Simon (2015) reported high mortality and suppressed development due
to fungal species belonging to the genera Mucor spp., Penicillium spp. and Aspergillus spp.
that colonised the substrate. In BSF it seems that early larval stages are more susceptible to
fungal growth than later stages. It is also possible that in later stages of BSF the interaction
with fungi becomes beneficial, because some species feeding on decaying vegetable material

might be expected to increase digestibility, as is the case for the dipteran Tipula abdomina-
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lis, whose maximal larval growth rate occurred when the fungal content of the detrital food
reached its maximum (Martin, 1992).

Larval body composition of the BSF varies among substrates, mainly in macronutrient
contents (Barragan-Fonseca e# al., 2017) and to a lesser extent in micronutrient contents
(Barragan-Fonseca et al., 2017). For example, larvae reared on energy-rich diets and/or
high levels of non-fibre carbohydrate substrates tend to have a high crude fat content,
and larvae reared on energy-rich substrates with a low content of ash and fibre, appear to
have a low ash content (Spranghers ez al., 2016). With respect to how body composition
is affected by dietary macronutrients, there is only one study available on BSF (Barra-
gan-Fonseca ez al., 2018b). They found that protein, digestible carbohydrates and their
interaction do affect larval body composition of BSF in terms of crude protein and fat.
However, larval body protein content was not only affected by dietary protein content.
Conversely, larval crude fat content increases when dietary carbohydrate is high, and is
also high on diets high in dietary protein. It seems that larval protein content is regulated
within narrow limits whereas larval crude fat content is strongly affected by dietary nutri-
ent concentration (Spranghers ez al., 2016; Barragan-Fonseca ez al., 2018a; Barragan-Fon-
seca et al., 2018b).

In this study, we found that larval crude protein was not different between larvae reared
on diets 1 and 2, but crude fat content was significantly higher in larvae reared on diet
2. Thus, higher dietary protein did not affect the larval protein content, but did increase
the larval fat content. This trend has been reported previously by Barragan-Fonseca ez al.
(2018a). Lipid is mainly stored in the fat body which contains lipid, glycogen, and proteins
(Hoshizaki, 2005). In BSF larvae, the fat body is mainly composed of trophocytes, which
are rich in lipid droplets and protein granules (Pimentel ez /., 2017). Sufficient protein
provided to BSF larvae seems to promote lipid storage and likely enhances reproduction
capacity, as has been recorded in BSF larvae where protein-poor diet affects both lipid and
protein accumulation in fat body cells as well as the expression of key genes involved in

these metabolic processes (Pimentel ez al., 2017).

As observed for the larval stage, no significant differences were observed for the adult
performance between diets 1 and 2. On diet 1, females had higher body mass than males,
and on both diets, females lived longer than males. Greater BSF weight may contribute to
extend adult longevity to some extent, as part of the weight is energy storage (Tomberlin ez
al., 2002) and higher fat content is associated with greater longevity (Ellers, 1995). Howev-
er, the amount of energy reserve in the larval stage is not the only factor determining adult
longevity. The fact that males live shorter than females, in polygynous insect species, may
be due to male reproductive cost reducing longevity (Papadopoulos ez al., 2010).
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Since body size is positively correlated with weight, females with higher weight are able
to deposit more eggs (Jarosik, 1989), increasing fecundity (Evans, 1982). In BSF, larger
females have larger numbers and sizes of ovarioles (Gobbi ez 4/., 2013). We found a pos-
itive correlation between female body mass and the number of egg clusters that females
laid. Additionally, females with higher body weight tend to have a shorter pre-oviposition
period (Zanuncio ez al., 2002). This leads to higher energy consumption for oviposition
which accelerates aging. In summary, diets 1 and 2 supported similar larval and adult per-
formance. Fungal growth may have affected larval development on diet 2 and in this way
may have also affected adult performance. This may have interfered with nutritional effects
per se, although we did observe a trend where higher dietary protein resulted in heavier
adults and higher egg production.

Further research needs to be done to confirm this trend and to learn how different sources
of protein and carbohydrates affect BSF performance, how microorganisms may benefit
the larvae, for instance by making indigestible nutrients available to them (Yu ez 4/, 2011),
and what types of protein and carbohydrates are favorable to them. This will provide more
comprehensive information about nutritionally favorable diets for BSF larvae, which will
promote the efficiency of organic waste conversion. Additionally, knowing the physio-
logical mechanisms that BSF employs to deal with different nutrient concentrations and
P:C ratios, and their impacts on BSF life-history traits, could yield valuable insights into
nutritional ecology of BSF in order to improve its mass production.

Acknowledgements

This work was supported by the Scholarship Program No. 568 from COLCIENCIAS -

Departamento Administrativo de Ciencia, Tecnologia e Innovacién — Colombia.

References

Barragan-Fonseca KB, Dicke M, Van Loon JJA (2017) Nutritional value of the black soldier fly (Hermetia
illucens L.) and its suitability as animal feed — a review. Journal of Insects as Food and Feed, 3,
105-120.

Barragan-Fonseca KB, Dicke M, Van Loon JJA (2018a) Influence of larval density and nutrient concentra-
tion on performance and body protein and fat composition of Hermetia illucens larvae. Manuscript
submitted for publication.

Barragan-Fonseca KB, Gort G, Dicke M, Van Loon JJA (2018b) An exploratory study of the effect of dietary
protein and carbohydrate on life history traits and body protein and fat composition of the Black
Soldier Fly (Hermetia illucens L.) Manuscript submitted for publication.

Boggs CL, Freeman KD (2005) Larval food limitation in butterflies: effects on adult resource allocation and
fitness. Oecologia, 144, 353-361.

Edelman M, Colt M (2016) Nutrient value of leaf vs. seed. Frontiers in Chemistry, 4, 1-5.

Ellers J (1995) Fat and eggs: an alternative method to measure the trade-off between survival and reproduc-
tion in insect parasitoids. Netherlands Journal of Zoology, 46, 227-235.

99



Chapter 5

Evans EW (1982) Consequences of body size for fecundity in the predatory stinkbug, Podisus maculiventris
(Hemiptera: Pentatomidae). Annals of the Entomological Society of America, 75, 418-420.

Gamboa Rojas EM (2008) Degradacién de residuos de almidén y carnicos, mediante la produccién de la
larva soldada negra (Hermetia illucens L.). Ingenieria Ambiental y Sanitaria. Universidad de la Salle,
Colombia.

Gobbi FP (2012) Biologfa reproductiva y caracterizacién morfolégica de los estadios larvarios de Hermetia
illucens (L., 1758)(Diptera: Stratiomyidae). Bases para su produccién masiva en Europa. Instituto
Universitario de Investigacién. Universidad de Alicante.

Gobbi P, Martinez-Sdnchez A, Rojo S (2013) The effects of larval diet on adult life-history traits of the
black soldier fly, Hermetia illucens (Diptera: Stratiomyidae). European Journal of Entomology, 110,
461-468.

Hodge S, Mitchell P, Arthur W (1999) Factors affecting the occurrence of facilitative effects in interspe-
cific interactions: an experiment using two species of Drosophila and Aspergillus niger. Oikos, 87,
166-174.

Hoshizaki D (2005) Fat-cell development. Comprehensive Molecular Insect Science, 2, 315-339.

Jarosik V (1989) Mass vs. length relationship for carabid beetles (Col., Carabidae). Pedobiologia, 33, 87-90.

Jongsma M, Beekwilder J (2011) Co-evolution of insect proteases and plant protease inhibitors. Current
Protein and Peptide Science, 12, 437-447.

Karasov WH, Del Rio CM (2007) Physiological ecology: how animals process energy, nutrients, and toxins,
Princeton University Press Princeton.

Martin MM (1992) The evolution of insect-fungus associations: from contact to stable symbiosis. American
Zoologist, 32, 593-605.

May B (1961) The occurrence in New Zealand and the life-history of the soldier fly Hermetia illucens (L.)
(Diptera: Stratiomyidae). 7he New Zealand Journal of Science and Technology, 4, 55-65.

Newton L, Sheppard C, Watson DW, Burtle G (2005) Using the black soldier fly, Hermetia illucens, as a
value-added tool for the management of swine manure Smithfield Foods, and Premium Standard
Farms, and Frontline Farmers. North Carolina State University, USA.

Nguyen TT, Tomberlin JK, Vanlaerhoven S (2013) Influence of resources on Hermetia illucens (Diptera:
Stratiomyidae) larval development. Journal of Medical Entomology, 50, 898-906.

Nguyen TT, Tomberlin JK, Vanlaerhoven S (2015) Ability of black soldier fly (Diptera: Stratiomyidae) larvae
to recycle food waste. Environmental Entomology, 44, 406-410.

Oonincx D, Van Broekhoven S, Van Huis A, Van Loon JJA (2015) Feed conversion, survival and develop-
ment, and composition of four insect species on diets composed of food by-products. PloS ONE,
10, e0144601.

Papadopoulos NT, Liedo P, Miiller H-G, Wang J-L, Molleman F, Carey JR (2010) Cost of reproduction
in male medflies: the primacy of sexual courting in extreme longevity reduction. Journal of Insect
Physiology, 56, 283-287.

Pimentel AC, Montali A, Bruno D, Tettamanti G (2017) Metabolic adjustment of the larval fat body in
Hermetia illucens to dietary conditions. Journal of Asia-Pacific Entomology, 20, 1307-1313.

Prabhu V, Perez-Staples D, Taylor P (2008) Protein: carbohydrate ratios promoting sexual activity and lon-
gevity of male Queensland fruit flies. Journal of Applied Entomology, 132, 575-582.

Raubenheimer D, Simpson SJ (2003) Nutrient balancing in grasshoppers: Behavioural and physiological
correlates of dietary breadth. Journal of Experimental Biology, 206, 1669-1681.

Ryan CA (1990) Protease inhibitors in plants: genes for improving defenses against insects and pathogens.
Annual Review of Phytopathology, 28, 425-449.

Silverman P, Levinson Z (1954) Lipid requirements of the larva of the housefly Musca vicina (Macq.) reared
under non-aseptic conditions. Biochemical Journal, 58, 291-294.

Spranghers T, Ottoboni M, Klootwijk C, Ovyn A, Deboosere S, De Meulenaer B, ¢t /. (2016) Nutritional
composition of black soldier fly (Hermetia illucens) prepupae reared on different organic waste
substrates. Journal of the Science of Food and Agriculture, 97, 2594-2600.

Tomberlin JK, Sheppard DC, Joyce JA (2002) Selected life-history traits of black soldier flies (Diptera:
Stratiomyidae) reared on three artificial diets. Annals of the Entomological Society of America 95,
379-386.

100



Performance of the Black Soldier Fly on vegetable residue-based diets

Tschirner M, Simon A (2015) Influence of different growing substrates and processing on the nutrient com-
position of black soldier fly larvae destined for animal feed. Journal of Insects as Food and Feed, 1,
249-259.

Wertheim B, Marchais J, Vet LE, Dicke M (2002) Allee effect in larval resource exploitation in Drosophila:
an interaction among density of adults, larvae, and micro-organisms. Ecological Entomology, 27,
608-617.

Yu G, Cheng P, Chen Y, Li Y, Yang Z, Chen Y, ¢t al. (2011) Inoculating poultry manure with companion
bacteria influences growth and development of black soldier fly (Diptera: Stratiomyidae) larvae.
Environmental Entomology, 40, 30-35.

Zanuncio JC, Molina-Rugama AJ, Santos GP, Ramalho FDS (2002) Effect of body weight on fecundi-
ty and longevity of the stinkbug predator Podisus rostralis. Pesquisa Agropecudria Brasileira, 37,
1225-1230.

Zili¢ S, Baraé M, Pesi¢ M, Dodig D, Ignjatovié¢-Mici¢ D (2011) Characterization of proteins from grain
of different bread and durum wheat genotypes. International Journal of Molecular Sciences, 12,
5878-5894.

101






Chapter 6

Tipping the balance: effects of protein and
carbohydrate contents on life-history traits and
larval nutrient content of the Black Soldier Fly

(Hermetia illucens L.)

Karol B. Barragan-Fonseca, Gerrit Gort, Marcel Dicke &
Joop J. A. van Loon




Chapter 6
Abstract

Dietary contents of protein (P) and carbohydrate (C) affect larval performance, larval body
nutrient content and fecundity of the Black Soldier Fly (BSF). Studying a wider range of
P+C contents and P:C ratios than reported thus far is warranted in order to identify ef-
fects on the performance and life history of BSF. We investigated the influence of P- and
C-contents on both larval and adult life-history traits of BSF, and on larval body nutrient
content. Twenty five artificial diets varying in their P- and C-content and ratio were for-
mulated. We tested five macronutrient (P+C) concentrations (5, 15, 25, 50 and 75 %) and
five P:C ratios (1:1, 1:2, 1:4, 2:1 and 4:1). BSF performance was affected by dietary content
of carbohydrate and protein (P+C-content) rather than by P:C ratios. Since BSF tolerated
a wide range of P- and C-contents, we conclude that BSF has post-ingestive mechanisms
to deal with imbalanced foods. A P-content between 10 and 15% and a C-content between
10 and 60% supported high larval and adult performance. P-content is limiting for most
of the performance variables and a P-content higher than 37% was deleterious in terms of
survival. C-content affected egg production more strongly than P-content. In general, at
P+C values of 25 and 50%, 1:2 and 1:4 ratios resulted in the highest values of most of the
larval and adult performance variables we measured. Our results show that P-content and
C-content significantly affect adult performance, and high P+C-diets can increase adult
weight and egg production. Follow-up experiments assessing the effects of other nutrient
sources, ¢.g. vegetable organic waste or manure, are required to verify that the results we
report here are also valid for sources that contain proteins and carbohydrates of different
nutrient quality.

Key words: protein, carbohydrate, nutrient dilution, larval performance, fecundity, body

nutrient content, fitness.

104



Tipping the balance: effects of protein and carbohydrate contents on Black Soldier Fly
Introduction

One of the aims of nutritional ecology is to describe how animals deal with dietary nutri-
ents in order to maintain a balanced nutritional state maximising fitness (Lihoreau ez a/.,
2015). Nutrition profoundly affects the physiology, behaviour and performance of individ-
uals, which in turn impact their life-history traits. In the case of the Black Soldier Fly (BSF;
Hermetia illucens L.), larval food quality affects its fitness and body composition because
its reproductive potential critically depends upon resource accumulation during the larval
stage. Understanding the effects of larval food quality on BSF performance will allow to in-
crease body mass and/or size of individuals to maximize the continuous production of eggs
necessary for the mass-rearing of this species and to improve larval quality for animal feed.

Since insects are able to compensate for a sub-optimal intake of energy and nutrients when
feeding on an unbalanced diet through both behavioural and physiological mechanisms
(Zudaire ez al., 1998), the ratio between intake of protein and carbohydrate (P:C ratio) is
likely to provide a fruitful starting point to investigate the regulatory trade-offs in macro-
nutrient intake in insects (Simpson & Raubenheimer, 1993; Raubenheimer & Simpson,
1999). This saprophagous species exploits diverse diets, so larval stages are likely to encoun-
ter a wide range of dietary macronutrient contents and ratios. When analysing food sources
on which this species is found in the wild (vegetable waste, manure, etc.) P:C ratios tend
to be carbohydrate-biased and present a wide range of crude protein and digestible carbo-
hydrate contents (40-80% DM). Thus, by varying P:C ratios and contents we can explore
how the life history of BSF is affected by these nutrients.

Varying dietary P and C contents can best be achieved by formulating artificial diets. Bar-
ragan-Fonseca ez al. (2018b) tested a range of semi-artificial diets based on chicken feed
to which protein and starch had been added to obtain varying P:C ratios (1:2 — 1:4) and
P+C contents (45-79%) within the range of its natural food sources to explore how the life
history of BSF was affected by these nutrients. They found that dietary P- and C-contents
during the larval phase significantly affected larval and adult performance, protein content
having the strongest effect. High dietary nutrient concentrations resulted in high larval and
adult biomass and high egg production as in other dipterans (Boggs & Freeman, 2005).
Dietary P+C content was more important than P:C ratio. A P+C content of 70% and P:C
ratios ranging between 1:2 and 1:3 resulted in the highest larval and adult performance on
the chicken-feed-based diets evaluated.

Based on the optimum contents and ratio from a previous study, Barragan-Fonseca ez al.
(2018c) explored the effects of nutrient quality on larval and adult life-history traits of BSF,
using different vegetable by-products from the food industry. They found that larvae fed on
diets derived from vegetable waste with a summed content of protein and carbohydrates of
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47%, and a C-biased carbohydrate ratio (1:2) had a better larval performance in terms of
larval yield and survival than reported in other studies testing organic waste diets. However,
they also found that diets that had the same P+C content and ratio, but composed of differ-
ent vegetable resources resulted in different performance of the larvae. A trend was seen by
which high dietary protein levels resulted in higher larval crude fat content, increased adult
weight and fecundity. These results confirmed previous findings on regulation of larval pro-
tein content within narrow limits whereas larval crude fat content was strongly affected by
nutrient concentration (Barragan-Fonseca ez al., 2018a). The contents and ratios of dietary
protein and carbohydrate tested thus far were within the range of food sources utilised by
BSF in nature and do not allow conclusions on the effects of protein or carbohydrate excess
or deficit (Barragan-Fonseca ez al., 2018b).

Studies of diets with a broad range of P:C ratios at more extreme nutrient concentration
are warranted in order to identify physiological compensation mechanisms used by the
BSF on nutritionally unbalanced diets. From the perspective of quality of BSF as animal
feed, a broad perspective on dietary macronutrient efficiency is desirable. The results may
improve our understanding of the effects of diets on BSF development, growth and body
composition, and provide tools for economic decisions. Thus, the objective of this study
was to investigate the influence of dietary protein and digestible carbohydrate contents on
both larval and adult life-history traits of BSE and on larval body nutrient contents, using

artificial diets varying in protein and carbohydrate contents and ratios.
Materials and Methods

Experimental insects

Hermetia illucens L. (Diptera: Stratiomyidae) eggs were obtained from a colony main-
tained at constant conditions in a climate room (27 + 1 °C, 70% RH, L12:D12) at the
Laboratory of Entomology, Wageningen University (The Netherlands).

Experimental design

Twenty five artificial diets varying in protein (P) and digestible carbohydrate (C) content
and ratio were formulated. We tested five macronutrient (P+C) concentrations (5, 15, 25,
50 and 75 %) and five P:C ratios (1:1, 1:2, 1:4, 2:1 and 4:1). The diets were formulated
by including the protein casein (Bio-connect, Huissen, NL) (contains all the amino acids
essential for insects in high quantities and well-balanced proportions) (Cohen, 2004), the
digestible carbohydrate starch (Duchefa Biochemie BV, Haarlem, NL) (serves both as a
nutrient as a texturing agent, and o-sugar linkages make it highly susceptible to digestion
by insects (Cohen, 2004), and a standard content of Wesson’s mineral mix (Sigma-Al-
drich, Zwijndrecht, NL) (2.3%) and Vanderzant’s vitamin mix (Sigma-Aldrich, Zwijn-
drecht, NL) (4.5%), cholesterol (0.12%) and linseed oil (0.6%). The remaining proportion
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was cellulose (Alphacel non-nutritive bulk; Bio-connect, Huissen, NL), considered to be a
poorly digestible bulk agent.

The larvae were reared on the twenty five experimental diets. Each replicate had 100 larvae
(less than 24 h after they had hatched from the egg) per 750 ml container. There was a
fixed feeding ration of 0.8 g of food per larva (dry matter basis), which was added once at
the beginning of the experiment, as a preliminary experiment had shown that larvae fed
once rather than three times per week reached a higher biomass. The total amount of feed
was 80 g per container. The amount of water added at the start of the experiment was 120
g to the 75% macronutrient treatments, 140 to 50%, 160 to 25%, 180 to 15% and 200 to
5% to account for the greater water absorption by higher amounts of cellulose, to obtain
~70% of moisture and a similar consistency for all the treatments. The plastic containers
were covered with transparent plastic lids with 90 holes (diameter 0.05 cm each) for ven-
tilation during the first 4 days. After 4 days, the lid was replaced by a lid with a window
of ca. 3 x 7 cm in the centre and a nylon pantyhose of 20 denier stretched around the
container, so that no larvae could escape. The feeding experiments were conducted in a
climatic room (4.5 m?) and maintained at constant conditions (27 + 1 °C, 70% + 2 r.h.,
L12:D12). In order to eliminate positional effects, all containers were randomly relocated
three times per week.

Larval Life-History Traits

Per dietary treatment three replicates were set up. Larvae were harvested when at least 40%
of the larvae were observed to have reached the pre-pupal stage, as apparent from the char-
acteristic black cuticle of prepupae (May, 1961). The development time was considered to
be the number of days between the start of the experiment, and the day of harvesting. All
animals from each container were harvested with forceps, counted, and weighed collec-
tively. Larvae were washed under running water to remove residues consisting of left-over
feed and faeces, their integument dried with paper tissues, and their weight registered as
BSFL yield (g fresh matter) on a precision balance (Ohaus, Adventurer Pro AV313, Parsip-
pany — USA, precision + 0.001 g). To determine survival rate, the number of live BSF at
the end of the experiment (day of harvesting) was divided by the initial number of larvae
per replicate.

Adult Life History Traits

Thirty (15 females and 15 males) newly eclosed (< 12 h old) adult BSF from each contain-
er were released into a BugDorm-1 cage (30 x 30 x 30 cm, MegaView Science Co., Ltd.)
Taiwan and kept in a climate room under controlled conditions (27 £ 1 °C, 70% = 2 r.h.,
L12:D12). Per dietary treatment three replicates were set up. Adults were provided with
water and sugar ad libitum and two days after eclosion, a mixture of sand (25 g), BSFL
substrate from the rearing (25 g) and water (25 ml) in a plastic container (150 ml) was
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offered for oviposition. The surface of each container had one corrugated cardboard mea-
suring 4 cm (height) x 9cm (length) as a substrate for egg laying. Every two days from all
containers the cardboards were removed, and substituted. In order to determine fecundity,
number of egg masses, and percentage of larval hatching were recorded. We also measured
surface of viable egg masses (mm?) as a proxy of viable egg number; thus we registered the
surface of all the egg masses we collected, but only took in account the surface of those
eggs masses that hatched and produced F1; this variable was called egg yield (mm?). To
determine the survival rate until the adult stage, the number of BSF adults eclosed at
the end of the experiment was divided by the initial number of larvae per replicate. The
development time until the adult stage was considered to be the number of days between
the start of the experiment, and the day the first adult was observed. Adult weight (< 24 h
old) was determined on a precision balance (Mettler Toledo, NewClassicML, Switzerland,
precision +0.001 g), and sex ratio was determined for each treatment. Longevity was deter-
mined by placing adults (< 24 h old) in plastic containers (200 ml) and counting the num-
ber of days between placing them in the container without water and sugar, and the day
they died. In order to analyse BSF fitness, we used a proxy for rate of population growth,
denoted as 7 . Because we did not quantify egg numbers per female the intrinsic rate of
population increase 7 could not be determined. The formula we used to calculate r, was

(InEY)/T, where EY is egg yield (mm?) and T is development time until adult stage (days).

Proximate chemical analysis of larvae

Samples were stored in a freezer (-25°C) until all replicates were harvested. Both the lar-
vae and the diets were analysed for dry matter (DM), crude protein, and crude fat at the
Animal Nutrition Laboratory of Wageningen University. The samples were oven-dried at
70°C until constant weight and homogenized by grinding the samples in an ultra-cen-
trifugal mill (Retsch ZM 200, Haan — Germany). Crude protein (6-25 x N-content) was
determined using the Kjeldahl method (ISO 5983-1, 2005) and crude fat was analysed
according to the Berntop method (ISO 6492, 1999).

Statistical analysis

To examine how protein and carbohydrate levels affected the response variables of insect
performance and larval body content we specified quadratic response surface models, us-
ing the R package rsm (Lenth, 2009), of R version 3.3.3 (R-Core-Team, 2017). First we
fitted quadratic response surface models using the total content of protein and carbohy-
drate (P+C) and their ratio (P:C) as regressors. The relative importance of subsets of re-
gressors was visualized in a stacked barplot, showing which part of the total variation was
explained by 1) linear and quadratic effects of P+C (2 df), 2) linear and quadratic effects
of P:C (2 df), 3) lack of fit (higher order effects of and interactions among P+C and P:C;
17 df for larval data, 16 df for larval body content and adult data), 4) residual errors (44
df for larval data, 31 df for larval body composition data, 33 df for adult data). Next, we
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fitted quadratic response surface models using the actual protein (P) and carbohydrate
(C) contents as regressors. Results were summarized with an overall F-test (testing for any
effect at all), and with F-tests for linear effects of P and of C, for quadratic effects of P and
of C (after linear effects of P and C), for interaction of P and C (after linear effects of P and
C), and lack of fit for the quadratic response surface model (indicating higher order effects
and interactions of P and C). Results were shown in a stacked barplot showing relative
importances, showing 1) linear and quadratic effects of P (2 df), 2) linear and quadratic
effects of C (2 df), 3) interaction between P and C (1 df), lack of fit (higher order effects
and interactions; 16 df for larval data, 15 df for larval body content and adult data), and re-
sidual error (44, 31 or 33 df, like described eatlier). If the overall F-test showed a significant
result, we made contour plots showing the fitted response surfaces. For contour plots the
P-C interaction and quadratic terms were removed from the model if found to be unneces-
sary (P > 0.05). If lack of fit was significant (P < 0.05), terms of order three were included
to arrive at a well-fitting model. Models with log(P) and log(C) as regressors were fitted for
comparison and selected if shown to be superior (higher R?). In the experimental design
for larval and adult data, a temporal block was present, which was partially confounded
with dietary levels. For all response variables the block effect was initially included in the
quadratic response surface models, but removed if found to be unimportant (P > 0.05). For
all fitted models residual plots were made to check for potential outliers and deviations of
assumptions (i.e. approximate normality and constant variance). The relationship between
egg mass production and longevity with adult weight was studied using the Pearson cor-
relation coefficient.

Results

The analysis of the relative importance of dietary contents and ratio of protein and car-
bohydrate (Fig. 1) demonstrated that BSF performance was affected by content of car-
bohydrate and protein (P+C) rather than by P:C ratio. Larval crude fat, larval yield, and
adult weight were mainly a function of protein and carbohydrate content (>50% explained
variation).
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Lack of fit
(16 or 17df)

Fraction explained variation

Residual
(14, 31 or 33df)

Figure 1. Relative importance of P+C content and P:C ratio on larval and adult performance

variables of the Black Soldier fly.

Our analysis of the relative importance of these macronutrients (Fig. 2) demonstrates that
P and C-content explains most variation in larval development time and larval crude fat,
with P-content having a stronger effect (>50%). Similarly, P-content had a stronger effect
than C-content on adult emergence, development time until adult stage, larval survival,
and larval crude protein. On the other hand, C-content had a stronger effect than P-con-
tent on adult weight, egg yield and egg mass number. P and C-content had similar effects
on larval yield, rate of population growth and adult longevity. It should be noted that for
larval crude protein and adult longevity the models explain a low percentage of variation.
The effects of the interaction PxC are not strong for most of the variables; only for larval
yield a substantial part of variation is explained by the interaction.
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Figure 2. Relative importance of C-content, P-content and their interaction (PxC) on larval, adult
and larval body content performance measurements of the Black Soldier fly.

Larval Life-History Traits

Performance

Larvae were not able to survive at P+C 75% and P:C ratios 1:1, 2:1 and 4:1 (37.5, 50
and 60% P-content, respectively). Therefore, those treatments were excluded from per-
formance measurement analysis for both larvae and adults. Survival rate showed a strong
linear effect of protein content (P<0.001) and carbohydrate content (P<0.001), but also
some higher order effects (Table 1) and was higher at 15% diets at all P:C ratios, decreasing
as the nutrient concentration increased (Fig. 3a). Development time showed strongest ef-
fects of P and P? (both P<0.001), smaller effects of C and C?, and a very strong interaction
effect (P<0.001) (Table 1). Development time was shortest on 15% diets with high protein
content, but it was longest at all 5% diets, mainly the P:C 1:4 diet with the lowest protein
content and at P+C of 25 and 50% with the highest P-content (Fig. 3b). High P:C ratios
at high P+C content (protein content >20%) resulted in low survival rates. Larval yield
showed very strong linear, quadratic and interaction effects of protein and carbohydrates
(P<0.001) (Table 1). Larval yield was highest on the diets with highest carbohydrate con-
tent at 50 and 75% P+C. However, larval yield was low at all P+C 5%, being even lower
at lower P:C ratio (Fig. 3c¢).

111



Chapter 6

Table 1. Response surface model significance shown as P values (F values in parentheses) for the
full model (F with 21 and 44 df), linear effects (P is protein content and C is carbohydrate con-
tent), their interactions and quadratic terms for larval performance measurements (F with 1 and

44 df).

Source Survival rate Development time Larval yield
%? dr? g DM

Full model <0.001 (11.9) <0.001 (20.8) <0.001 (12.9)

P <0.001 (90.3) <0.001 (61.7) <0.001 (13.1)

C 0.008 (30.9) <0.001 (18.0) <0.001 (23.6)

PxC 0.008 (7.71) <0.001 (114.1) <0.001 (69.8)

P2 0.007 (7.86) <0.001 (206.1) <0.001 (26.7)

C? 0.167 (1.97) 0.0034 (9.60) <0.001 (19.6)

LOF 0.024 (2.16) 0.1282 (1.55) 0.016 (2.28)

! Lack of fit was handled by logarithmic regressors.
% Block effect was included

a) Larval survival rate (%) b) Development time (d) c) Larval yield (g DM)

3 .

30 40 50

20

Carbohydrate content %

Protein content (%)

Figure 3. Black Soldier Fly larval performance on diets differing in P+C content and P:C ratio.
a) Survival rate (%), b) Development time (days), using — Log (carbohydrate %) and Log (protein
%) as regressors (contour plot on original regressors scale), and c) Larval yield (g DM). A fitness
landscape corresponding to insect response to each diet has been fitted over nutrient space; contour
lines delimit colour areas going from the lowest (green) to highest (orange) values calculated for
each performance variable. Black points indicate the twenty two experimental diets.

Larval body composition

Larval crude protein is affected in a linear fashion by protein (P=0.002; Table 2). Higher
dietary P levels lead to lower larval crude protein values (Fig. 4a). Larval crude fat is very
well explained by the model (R?=0.95) and shows the strongest linear effect for protein
and less for carbohydrate (both P<0.001; Table 2). The interaction effect and quadratic ef-
fect of P are also significant (Table 2). Larval crude fat is high on diets with high P content;
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on diets with low P content larval crude fat increases with C-content, but this relationship

vanishes at higher values of P (Fig. 4b).

Table 2. Response surface significance shown as P-values (F-values between parentheses) for the
full model (F with 20 and 31 df), linear effects (P is protein and C is carbohydrate content), their
interactions and quadratic terms for larval body protein and fat contents (F with 1 and 31 df).

Larval crude protein Larval crude fat
Source ol %
Full model <0.044 (1.97) <0.001 (30.1)
P 0.002 (10.9) <0.001 (236.9)
C 0.183 (1.85) <0.001 (87.6)
PxC 0.834 (0.04) <0.001 (16.4)
P2 0.293 (1.14) 0.273 (1.24)
C? 0.807 (0.06) <0.005 (9.24)
LOF 0.192 (1.43) 0.083 (1.79)
"First order model.
a) Larval crude protein (%) b) Larval crude fat (%)

Carbohydrate content (%)

Protein content (%)

Figure 4. Black Soldier fly larval body composition on different P and C contents and P:C ratios.
a) Larval crude protein (%), and b) Larval crude fat (%). A fitness landscape corresponding to
insect response to each diet has been fitted over nutrient space; contour lines delimit colour areas
going from the lowest (green) to highest (orange) values calculated for each performance variable.
Black points indicate the twenty two experimental diets.

Adult Life-History Traits

Performance

Larvae were not able to reach the adult stage at 50% and 4:1 ratio (40% protein content).
Therefore, this treatment was excluded from the analyses. Adult emergence percentage
showed strong quadratic relationships with P and with C, as well as by their interaction
(all P<0.001) (Table 3). Lowest adult emergence was observed at P+C contents of 5 and
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75%, and 50% when the P:C ratio was 2:1. However, high P:C ratios increased adult
emergence at P+C 5% (Fig. 5a). Development time was strongly affected in a linear fash-
ion by protein and carbohydrate, their interaction, and a quadratic effect of carbohydrate
was seen (Table 3). Development was slowest on P+C 5%, and shorter at higher protein
content. Although development was faster on P+C values of 25, 50 and 75%, higher pro-
tein content did not accelerate it (Fig. 5b). Individual adult weight showed a strong linear
effect of carbohydrates (P<0.001), and less so for protein (P=0.006), smaller interaction
and quadratic protein effects were also significant (Table 3). Similar to larval yield, adult
weight was highest on the diets with highest C-content at P+C 50 and 75%, and low at all
P+C 5% diets, mainly at low P:C ratios (Fig. 5¢). Females are heavier than males (¢(112) =
2.05; P <0.05). Adult longevity was affected in a linear fashion by carbohydrate (Table 3).
Adults lived shorter at 5% P+C and longer at P+C 50 and 75% at 1:2 and 1:4 ratios (Fig.
5d). Females lived longer than males (¢(112) = 2.16; P < 0.05). Number of egg masses and
egg yield were strongly affected in a linear fashion by carbohydrate, and small quadratic
protein effects were also significant (Table 3). The highest number of egg masses was found
on P+C 50% at 1:2 and 1:4 ratios. The highest number of egg masses was found for flies
reared on diets with a 1:4 ratio at most P+C contents (5, 25, 50 and 75%), for P+C 15% this
was at the 1:2 ratio (Fig. 5e). The highest egg yield was found on P+C 50% at 1:4 ratio. The
highest egg yield found on P+C 50 and 75% was at 1:4 ratio, for P+C 15% at 1:2 ratio, for
P:C 5% at 4:1 and for P+C 25% at 1:1 ratio (Fig. 5f). There was a significant relationship
between egg mass surface and adult weight (Pearson test, r = 0.72, P < 0.05), adult weight
and longevity (Pearson correlation test, r = 0.69, P < 0.05). Regarding the proxy of the rate
of population growth (r), it was only lightly affected in a linear fashion by carbohydrate,
and in a quadratic fashion by protein (Table 3). The highest rates of population growth are
found at P+C values of 50 and 75% and 1:2 and 1:4 ratios, at P+C 25% 1:1 and 1:4 ratios
and P+C 15% 1:2 (Fig. 5g).

Table 3. Response surface significance shown as P values (F values between parentheses) for the full
model (F with 20 and 33 df), linear effects (P is protein content and C is carbohydrate content),
their interactions and quadratic terms for adult performance measurements (F with 1 and 33 df).

Development ..
time until Individual Adult Number of Eggyield

adl:ilt stlage adl;:tgv;;[ght lotzlga;\;lty egg masses mm? P
ays
Full

model <0-001(11.2)  <0.001 (1L7)  <0.001 (5.0) 0.087 (1.69) 0.056 (1.85) ~<0.001(3.39) 0.013 (2.38)

P 0.038 (4.65) <0.001 (46.4) 0.006 (8.71) 0.225(1.53) 0.490 (0.48) 0.424 (0.65) 0.964 (0.002)
C  0425(0.65) <0.001 (15.3) <0.001 (25.3) 0.020 (5.91) <0.001 (15.5) <0.001 (35.4) 0.005 (8.94)
PxC <0.001 (58.1) <0.001 (33.1) 0.007 (8.42) 0.235(1.46) 0.078 (3.28)  0.082(3.22)  0.059 (3.82)
P2 <0.001 (89.9) <0.001 (22.1) 0.006 (8.51) 0.066 (3.59) 0.044 (4.37) 0.012 (7.01) <0.001 (14.5)
C*  <0.001 (54.3) 0.004 (9.41) 0.363(0.85) 0.720 (1.13) 0.208 (1.64)  0.468 (0.53)  0.227 (1.51)
LOF _ <0.001 (4.54) <0.001 (5.80)  0.335(1.18) _0.533 (0.94)  0.845(0.61) __ 0.711 (0.76) _ 0.893 (0.89)

Adult
Source emergence
0/01

'Lack of fit was reduced by logarithmic regressors.
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b) Development time ¢) Individual adult weight

a) Adult emergence (%) until adult stage (days) (mg FM)

5 10 15 20 25 30 35 10 20 30 40 5 10 15 20 25 30

d) Adult longevity (days) e) Egg mass number f) Egg yield (mm?2)

60

20 30 40

10

Carbohydrate content (%)

5 10 15 20 25 30 35

Protein content (%)

Figure 5. Black Soldier Fly adult performance on different P and C contents and P:C ratios. a)
Adult eclosion (%), b) Development time until adult stage (d), using — Log (carbohydrate %) and
Log(protein %) as regressors (contour plot on original regressors scale), ¢) Individual adult weight
(mg FM), d) Adult longevity (days), ¢) Number of egg masses per treatment group, f) Egg yield
(mm?), and g) Proxy of intrinsic rate of population growth. A fitness landscape corresponding to
insect response to each diet has been fitted over nutrient space; contour lines delimit colour areas
going from the lowest (green) to highest (orange) values calculated for each performance variable.
Black points indicate the twenty one experimental diets.
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Discussion

Our analysis of the relative importance of dietary contents and ratio of protein and carbo-
hydrate demonstrated that BSF performance was affected by content of carbohydrate and
protein (P+C) rather than by P:C ratios. This finding was similar to that reported by Bar-
ragan-Fonseca ez al. (2018b) in BSF fed on semi-artificial chicken feed-based diets, and in
herbivorous insect species (Le Gall & Behmer, 2014). Similarly, Cammack and Tomberlin
(2017) examined the impact of artificial diets (P+C content 42%) with three P:C ratios
(1:1, 1:5 and 5:1) on life history traits of BSF, finding similar performance among larvae
fed on diets with these three P:C ratios. For larval crude fat, larval yield, and adult weight
the model reveals that a high percentage of their variation (>50%) is due to P+C content.
For egg mass, P+C content has only a slightly higher importance (-20%) than P:C ratio
(-15%). The importance of P-content itself, C-content itself or their interaction (PxC)
seems to change depending on their concentration and development stage of the BSF. For
example, P-content had a stronger effect than C-content for larval performance, specifi-
cally development time, survival rate, and larval body content. Whereas C-content had a
stronger effect than protein for adult performance regarding egg production (mass number
and yield), longevity, and weight. However, development not only for the larval stage but
also for the adult is more affected by P-content than by C-content. In herbivorous insects
e.g. Melanoplus differentialis the duration of development is a function of an interaction
between P- and C-content (Le Gall & Behmer, 2014), however, in our study the PxC
interaction was quite low for most of the variables and in some cases zero; in the case of

survival rate the PxC interaction was slightly higher than the effect of C-content.

Immature Life-History Traits

Performance

Our results show that larvae can deal with a wide range of nutrient concentrations, howev-
er, a high P-content is reducing their performance. In this study, larvae were not able to sur-
vive on diets with 75% P+C and 1:1, 2:1 and 4:1 ratios, indicating that high dietary P-con-
tent (>37%) is harmful for them. Excess of dietary protein has been found to negatively
affect survival rate of BSF in some studies. For example, BSF larvae reared on diets high in
protein (32-50% crude protein on DM basis) such as Dried Distillers Grains with Solubles
(DDGS), meat meal, liver or fish had high mortalities (78, 80, 43 and 53% respectively)
(Tschirner & Simon, 2015). This may be explained by an excessive energy use for excreting
or metabolizing this nutrient excess and/or high uric acid levels. Dipteran species excrete
the water-soluble allantoin, the immediate degradation product of uric acid, which is con-
verted to urea, and by the action of urease to ammonium (Green & Popa, 2012). Thus, BSF
larvae fed on high protein diets markedly increase N-mineralization and have an elevated
faecal ammonium concentration. Although an excess of protein can be deleterious for BSF
larvae, a high P:C ratio (4:1) at low P+C contents (5 and 15%) increased survival rate.
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The fastest development was found at 15% P+C at P:C ratios of 2:1 and 4:1 and at 25, 50
and 75% P+C at high C-content (1:4). The shortest development time was found at 5%
P+C, but a high P:C ratio accelerated it. It seems that high P-content accelerates larval
development at low P+C contents whereas at high P+C, C-content accelerates development
when P-content suffices to cover larval needs (8-17%). In other studies on BSF, shorter
development times were recorded at high dietary nutrient levels (Barragan-Fonseca ez /.,
2018a) and high P-content (Nguyen ez a/., 2013; Oonincx et al., 2015). However, Barra-
gan-Fonseca ez al. (2018b) found that BSF larvae fed on low P+C diets developed faster
than larvae fed on high P+C diets with a P-content between 10 and 24%. We suggest that
BSF larvae develop faster on low P+C if they can ingest enough protein to develop. In any
case, protein is limiting and affects development time and survival rate, both P-content
and high P:C ratio being important. BSF larvae fed on diets with high P:C ratios on
low P+C diets might use protein more efficiently, as is seen for insects with symbionts
(Raubenheimer & Simpson, 2003).

The highest larval weights were achieved by larvae fed on the diets with high P+C (25,
50 and 75%). A similar observation was made by Barragan-Fonseca ez a/. (2018b), who
found high larval weights associated with high P+C contents, with C-content having
a stronger effect than P-content. We also saw a somewhat stronger effect of C-content
than of P-content on larval yield. Since the fastest development was observed at 15%
P+C that did not result in high larval weights, we can infer that BSF larvae may trade-
off developing faster over growing bigger because fast development resulted in individ-
uals having lower biomass, as long as larvae are provided with enough protein to grow
(7 — 12%). Barragan-Fonseca ez al. (2018b) also observed that BSF rather develop faster
than grow bigger on chicken feed-based semi-artificial diets. In the case of BSF that fed
on diets with varying resource qualities with increasing level of competition, they might
gain high fitness by rapid development, to avoid the possible cost of increasing mortality
by larval predation and parasitism and to start adult foraging sooner (Kaspi ez al., 2002;
Lee et al., 20006).

In general, high P+C contents tend to improve larval yield, but in terms of survival rate
was higher and development time shorter at low P+C and high P-content. Our data in-
dicate that protein excess has a deleterious effect. In contrast, when carbohydrates are in
excess we hypothesize that BSF larvae are able to use post-ingestive physiological mech-
anisms when carbohydrates are in excess as they performed well on carbohydrate- biased
diets at high P+C contents (C-content 40-60%), and no deleterious effects were seen due
to carbohydrate excess. We conclude that BSF larvae can handle excess of carbohydrates,
either by respiring carbohydrates or by converting them to lipids and storing them, mainly
in the fat body (Zanotto ez al., 1993; Zanotto ez al., 1997; Simpson & Raubenheimer,
2001; Telang ez al., 2003; Behmer & Joern, 2012).
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Larval body composition

Our study shows that larval crude protein content is mainly a function of P-content of the
diet. Larval crude protein content (range 38.2-46.5 %DM) was similar to values found
in previous studies for larvae fed on chicken feed, by-products of food manufacturing,
manure and semi-artificial diets (43.2% + 2.7 DM) (Barragan-Fonseca ez a/., 2018a; Bar-
ragan-Fonseca ez al., 2017; Barragan-Fonseca et al., 2018b). Although there were no big
differences among treatments, there was a trend for the lowest crude protein being re-
corded at 50 and 75% P+C, and the highest value at 5 and 15% P+C. This is in line with
findings of Barragan-Fonseca e a/. (2018a), Barragan-Fonseca ez a/. (2018b) and Tschirner
and Simon (2015) who reported that body crude protein content was higher in larvae fed
on the diet with the lowest crude protein content. The current data confirm that larval

P-content is regulated within narrow limits.

Larval crude fat content (range 3.02- 32.7 % DM) was affected by P+C and mainly by
P-content. The highest larval crude fat contents were found at P+C 50%, and at high
P-content (33% protein). Crude fat was also high at 5, 25 and 50% P+C. These findings
are in line with those of Barragan-Fonseca ez a/. (2018b), who reported that larval crude
fat was higher at the highest P-content irrespective of C-content. Similarly, the fruitfly
Ceratitis capitata had higher larval lipid contents when fed on high P:C ratio diets. Excess
dietary protein can be used by the insect for energy production and eventually increase
larval crude fat content (Waldbauer ez a/., 1984). The wide range in larval crude fat content
can likely be explained by the differences in energy content of the feed, and diets high in
energy content would increase larval crude fat (Zheng ez al., 2012; Barragan-Fonseca e#
al., 2018a).

Odur results clearly demonstrate that high larval weight is associated with high dietary mac-
ronutrient content, with a similar role of P and C-content. However, at P+C values of 25
and 50%, high P:C ratios (4:1) seem to increase larval yield. Sufficient protein provided to
BSF larvae seems to promote lipid storage and likely enhances reproduction capacity, as has
been recorded in BSF larvae where a protein-poor diet affected both lipid and protein accu-
mulation (Barragan-Fonseca ez al., 2018c¢), as well as the expression of key genes involved in
these metabolic processes (Pimentel ez a/., 2017). However, although high P-content at P+C
50% increases larval yield, the larvae did not develop into adults. In plant-feeding insect
species C-content seems to play a more prominent role than protein. For example, in M.
differentialis (Le Gall & Behmer, 2014), and H. virescens (Roeder, 2010), high dietary car-
bohydrate levels increase insect weight. In addition, P-content can also have an important
effect on low C-content diets, as is the case for larval Manduca sexta that, in the absence of
dietary carbohydrate, maintains blood trehalose level by gluconeogenesis which is depen-
dent on dietary protein consumption. Thus, when carbohydrates are limiting and protein
is in excess, using excess amino acids for gluconeogenesis is an option (Thompson, 2004).
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Adult Life-History Traits

Nutrition during larval development significantly affects physiological processes later
in insect life (Jones & Raubenheimer, 2001; Hahn, 2005; Prabhu ez 2/., 2008; Roeder
& Behmer, 2014), mainly in holometabolous species, which acquire most of their adult
nutrient needs as larvae (Waldbauer ez a/., 1984, Boggs & Freeman, 2005) as is the case
for BSF. Although adult BSF do not require food to survive, some adult life-history traits
can be affected by adult feeding. For instance, BSF adult longevity is increased when
provided with a source of water (Tomberlin & Sheppard, 2002), and sugar (Nakamura ez
al., 2016) or honey (Rachmawati ez al., 2010). When adults feed as well, the combination
of incoming adult nutrients and stored larval nutrients is then used in specific propor-
tions to support the adult functions of reproduction, survival, and dispersal (Boggs &
Freeman, 2005).

Similar to that we observed for BSF larval survival rate, an excess of P-content cannot
always be handled by adult BSF. Despite larvae having 60% survival at P+C 50% and
P:C ratio 4:1, and reached relatively high weights, they were not able to reach the adult
stage. For adult emergence and development time until adult stage, P-content had a bigger
effect than C-content. However, for egg mass number and egg yield C-content seemed to
have a more important role than P-content. During the adult stage, feeding mostly affects
egg production and carbohydrates have a more important role than protein as is the case
for other dipterans such as C. capitata and the Caribbean fruit fly Anastrepha suspensa,
which show a low degree of utilization of proteins and lipids as sources of energy (Sharp &
Chambers, 1984; Cangussu & Zucoloto, 1992).

As for larval development time, high P-content accelerated development at low P+C, but
did not increase adult weight. The lowest adult weights were recorded for individuals fed
on 5 and 15% P+C-diets, and the highest weights on 75% P+C-diets. In addition, the
highest values for egg yield and egg mass number were found at the highest P+C-diets;
P+C 50% at P:C ratio 1:4 was the best diet for producing eggs. Therefore, high P+C-diets
promote heavier adults and increase egg production, as was reported by Barragan-Fonseca
et al. (2018¢), probably because in BSF, larger females have larger numbers and sizes of
ovarioles (Gobbi e al., 2013). We also found a positive correlation between adult weight
and egg yield. As was mentioned before, this increment of dry mass at high P+C-diets
could be related to lipogenesis, which could be more beneficial for females because lipids
are an important egg component (Chapman ez a/., 2013), and it explains that egg yield
and egg mass number were more affected by C-content than by P-content. Female adults
are heavier than males, as has been previously reported (Barragan-Fonseca ez al., 2018¢).
This is commonly found for insect species whose reproductive strategy is producing a
high number of eggs, thus larger and heavier females contribute to a greater reproductive
success (Danks, 2013).
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Besides the fact that heavier females can produce more offspring, longevity can have an
important role in increasing fitness of polyandric insects like BSF, as females gain directly
from multiple matings in terms of increased lifetime offspring production (Arnqvist &
Nilsson, 2000). Higher longevity can increase the number of egg masses laid by one fe-
male, as has been recorded in BSF, whose females can produce more than one egg mass
in a short period (Barragan-Fonseca ez a/., 2018b; Barragan-Fonseca ez al., 2018¢). In this
study there was a significant positive relationship between adult weight and longevity.
Thus, greater BSF weight may contribute to extending adult longevity to some extent,
as part of the weight is energy storage (Tomberlin e /., 2002), and higher fat content is
associated with greater longevity (Ellers, 1995). However, the amount of energy reserve in
the larval stage is not the only factor determining adult longevity. The fact that males live
shorter than females in polygynous insect species, may be due to male reproductive cost
reducing longevity (Papadopoulos ez a/., 2010). In our study we found that females live
longer than males, which was also observed for BSF by Barragan-Fonseca ez a/. (2018¢).
In our study, the model did not show a significant effect of P-content on longevity, and
the effect of C-content was low. Adults lived longer when provided with a source of car-
bohydrates (Rachmawati ez /., 2010; Nakamura ez al., 2016). In the case of the fruit
fly Drosophila melanogaster and the Queensland fruit fly, Bactrocera tryoni, longevity was
maximized at low P:C ratio and high C-contents (Lee ez al., 2008).

Odur results show that P-content and C-content significantly affect adult performance, and
high P+C diets can improve adult weight and egg production, mainly at low P:C ratios.
In the case of BSF, high P+C content resulted in high egg production. For example, the
model shows an optimum P and C-content to increase rate of population growth (-16%
P-content and ~50% C-content). Although BSF performance was affected by dietary P+C
content rather than by P:C ratios, in some cases BSF performance can be reduced or en-
hanced by P:C ratio as P+C content changes. For example in our study, a high P-content
accelerated development time (larval and adult) at low P+C contents, probably because this
species efficiently uses dietary protein. In the case of adult weight and egg production, high
P:C ratio seems to have an important effect, as 1:2 and 1:4 ratios increased adult weight
when supplied protein was enough, and 1:4 resulted in higher egg masses number at all
P+C contents, except P+C 15% where 1:2 was better. The impact of nutrient dilution was
clear on all P+C 5% contents which showed the lowest larval and adult performance, how-
ever the performance was lightly improved at high P:C ratios (2:1 and 4:1) at this P+C 5%.

The Black Soldier fly is a generalist species that can tolerate a high degree of nutritional
heterogeneity in its diets. Other generalist insects such as cockroaches, locusts and lepi-
dopteran species (e.g. Spodoptera litroralis), which experience a greater degree of nutritional
heterogeneity in their diets than do specialists (Roeder, 2010), tend to be more capable of
capitalizing on excess available nutrients in imbalanced foods, even if this means deviating
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further in nutrient space from the intake target. This characteristic of generalist species is
called the Equal Distance rule (ED rule) (Raubenheimer & Simpson, 1997). BSF seems
to have post-ingestive mechanisms, involving absorption and differential utilization of in-
gested nutrients to deal with this imbalance, mechanisms used also by other insect species
(Raubenheimer & Simpson, 1997; Zudaire ez al., 1998; Raubenheimer & Simpson, 2003;
Behmer, 2009). In the case of BSF we observed that this species can tolerate a high range
of P and C-contents, using high P-content as energy source, and efficiently using protein at
low dietary P-content. However, in the case of P-content there is a threshold, where >37%

seems to be toxic and reduces survival rate and adult emergence percentage.

BSF seems to move its intake target depending on its life stage. Intake targets and nutri-
tional rules are considered patterns integrated over a fixed time period. Thus, intake target
and requirements can change depending on developmental phase as the animal grows,
reproduces, senesces and responds to its longer term nutritional experience (Raubenheimer
& Simpson, 1997). We observed differences in the effects of P and C-content among larval
and adult performance measurements. For example, 15 and 25% P+C seemed to benefit
larval performance, as at these concentrations survival rate, development time and larval
yield was high. In the case of adult performance, adult emergence and development time
was also higher at 15 and 25% P+C. On the other hand, adult weight, adult longevity and
egg production were higher at high values of P+C (50 and 75%).

We document here that BSF can handle diets with a wide range of P and C-contents and
P:C ratios, pointing at a remarkable degree of nutritional plasticity. Our response surface
analysis did not reveal optimum P+C contents and P:C ratios for all the performance
variables. In general, a C-biased content of 25 and 50% P+C enhanced most of the larval
and adult performance variables we measured. Our findings are useful in guiding the for-
mulation of diets in mass-rearing of BSF as minilivestock aimed at obtaining high yields
of larval biomass of desired body composition. Follow-up experiments on e.g. vegetable
organic waste and manure that contain different proteins and carbohydrates are required
to verify that the results reported here can be extrapolated to such diets.
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Chapter 7
Introduction

Producing sufhicient food of good quality for the growing human population requires
a new approach, based on sustainability, protection of the environment, rational use of
biodiversity that increases income for developing countries and new opportunities for the
developed world (Godfray ez al., 2010; Surendra ez al., 2016). Current livestock production
requires 70% of all agricultural area. Therefore, the development of sustainable production
of other animal species than traditional livestock is of paramount importance. Because
insects have both higher feed conversion efficiencies and growth rates (van Huis, 2013),
have a high nutritional quality, are potentially profitable feedstuff for production animals
(Bosch et al., 2014), and because some species can be reared on organic waste, they are
good candidates to be used as so-called minilivestock.

Black Soldier Fly — BSF, Hermetia illucens L. (Diptera: Stratiomyidae) has been proposed
as one of the most suitable insect species to be produced at large scale. Many advantages
of using BSF have been studied: reducing organic waste (Nguyen ez 4/., 2013), providing
potential chemical precursors to produce biodiesel (Li ez al., 2011a; Li ez al., 2011b), and
providing high quality animal-protein-rich feedstuff for a variety of animals, including
swine, chickens, and fish (Veldkamp ez 4/., 2012).

The challenges facing large-scale BSF production are the development of innovative and
efficient methods that are suited to the social, environmental and economic needs of re-
gional and local communities. In general, the application of insects for food and feed
purposes is environmentally more beneficial than traditional sources of proteins. In this
respect, the insect’s diet is most critical for environmental sustainability of the final prod-
uct and its usability for the feed or food purposes (Smetana ez a/., 2016). For instance, Life
Cycle Impact Assessment (LCIA) shows that rearing of BSF has significant environmental
benefits, mainly related to Land Use (LU) and its value as a source of animal proteins and
fat (Salomone ez al., 2017).

Taking into account that BSF as minilivestock is an environmentally sustainable produc-
tion system, mainly because of its ability to feed on organic waste and to produce larvae
of high nutritional quality (Salomone ez 4/., 2017), the main objective of producing BSF
as minilivestock is to maximize biological performance of this species in a sustainable
large-scale system to enhance economic sustainability. The use of BSF as minilivestock is
a challenge because despite ample research on various topics related to the effects of biotic
(Tomberlin et al., 2002; Diener et al., 2009; Parra Paz et al., 2015) and abiotic (Furman
et al., 1959; Alvarez, 2012) factors on BSF larval biology, limited information is available
on how these factors affect performance of the adult stages of BSF, such as mating success,
fecundity, egg size and fertility. The latter is particularly important because reproductive
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potential critically depends upon resource accumulation during the larval stage in BSF.
Therefore, it is essential to study all fitness-related life-history traits to fully understand the
effects of larval food quality on larval body content, and larval and adult biology.

Knowing how BSF deals with variable nutrient availability, and the impact on BSF
life-history traits and larval body composition, is important for the development of mass
production. The aim of this project was to focus on nutritional physiology of the BSF, and
to address relevant knowledge gaps. My research explored how larval density, nutrient con-
centration of rearing substrates, dietary protein (P) and carbohydrate (C) contents affect
life-history traits, biomass yield and body nutrient content of BSF larvae. Here, I discuss
the significance of the findings on the nutrition of BSF for a sustainable minilivestock sys-
tem, placing the findings of this thesis in a wider perspective. Figure 1 presents a graphical
overview of the factors that affect BSF performance, highlighting the topics and factors

covered in my thesis.
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Figure 1. Overview of topics and factors relevant for Black Soldier Fly performance focusing on

nutrition, as addressed in the thesis
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Larval food as a major determinant of BSF performance and nutrient content
Life-history parameters of BSF are influenced by a variety of abiotic and biotic factors
such as temperature (Furman ez al., 1959; May, 1961; Alvarez, 2012; Holmes ez al., 2016),
relative humidity (Holmes ez a/., 2012), food availability (Diener ez a/., 2009), and food
composition (Gobbi e al., 2013), larval density (Tomberlin ez al., 2002; Diener ez al.,
2009; Parra Paz et al., 2015), among others. The wide geographic distribution of BSF
(Martinez-Sdnchez et al., 2011; Gujarathi & Pejaver, 2013) demonstrates its tolerance to a
wide range of abiotic conditions. However, it is clear that there are optimal values for these
conditions to increase BSF performance (Chapter 2).

Density is an important biotic factor for dipterans, because larval aggregation is character-
istic for the biology of many dipteran species (Baldal ez a/., 2005; Rivers & Dahlem, 2013;
Jannat & Roitberg, 2013). Larval aggregation has consequences such as heat accumulation
and coprophagy and results in more exhaustive nutrient utilization and competition. In
the case of BSF, larval density is a major factor affecting the rate of development (Tomber-
lin ez al., 2002; Diener ez al., 2009), bioconversion and larval yield (Parra Paz ez 4l., 2015).
Therefore, quality and quantity of food may interact with larval density, and together
affect BSF production systems.

Thus, in Chapter 3, I addressed the effects of dietary nutrient concentration, larval rearing
density, and the possible interaction between these two factors on growth characteristics
and nutritional content of BSF larvae in terms of crude protein and fat. The results demon-
strate that larval density and nutrient concentration affect BSF performance and body
composition, nutrient concentration having a stronger effect. Low larval densities resulted
in shorter development time. However, high larval densities increased larval yield probably
because high larval densities are associated with higher bacterial densities which might
allow larvae to have better access to nutrients resulting from bacterial metabolism, thereby
resulting in more effective nutrient absorption (Liu ez 4/., 2008).

On the other hand, I found that larval crude protein and fat are affected by nutrient con-
centration, larval density and their interaction. Crude protein was overall high and was
regulated within narrow limits. It is interesting that high larval crude protein was found
in larvae fed on diets containing lower nutrient levels. This is in line with the findings of
Tschirner and Simon (2015) and Spranghers ez /. (2016), and was also found in other
experiments reported in this thesis (Chapters 4, 5 and 6).

Food quantity

With increasing amount of food available per BSF larva the duration of larval develop-
ment is shorter and final larval weight increases (St-Hilaire ez /., 2007; Liu ez al., 2008;
Diener ez al., 2009; Banks et al., 2014), however, this negatively affects waste reduction
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efficiency (Diener ez al., 2009). When the amount of diet added during the experiment
was based on the visually estimated larval mass present, food limitation occurred (Chapter
3). Despite the strong feed limitation, survival was high, confirming that BSF larvae are

resilient to unfavourable conditions.

Adaptive responses are activated in response to crowding and nutritional deficiencies.
This study shows that BSF larvae are capable of physiological adjustments which allow
them to survive in nearly equal proportions at low and high larval densities. The experi-
ments reported in Chapter 3 on larval density and nutrient dilution, show that BSF larvae
survived at high densities but had reduced body weight, as has been reported for others
dipterans (Green et al., 2002; Yoshioka ez al., 2012). Under extreme food limitation, BSF
larvae had extended development time or could not complete larval development at all.
Larvae that did not reach the prepupal stage had the lowest crude fat contents and the
lowest larval weights, which points to starvation of the larvae; thus they had to mobil-
ise their fat reserves (Tschirner & Simon, 2015), did not grow and could not complete
development.

BSF larvae fed on good quality diets might need lower feeding rations to achieve a good
performance than larvae fed on low quality diets (Chapter 2). For chicken feed, we as-
sumed an optimum feeding ration to lie between 0.8 — 1.2 g DM of food per larva. Our
experimental data show that a feeding ration of between 0.6 — 1 g DM of food per larva
was enough to obtain high larval weights; adding more did not increase larval weight
(Chapter 3). On the other hand, BSF larval weight is also influenced by frequency of
adding food (Banks ez al., 2014). For instance, we found that adding food once at the
beginning of the experiment led to an increase in larval weight (Chapter 3).

Food quality

Nutritional studies on BSF have addressed the effects of diets on BSF development and
adult life-history traits focussing on oligidic or natural diets containing many undefined
components such as organic waste or industrial by-products (Chapter 2). Based on these
studies, it has been established that food quality is one of the most important factors that
affect BSF growth rates. High food quality correlates positively with survival rate and
negatively with duration of the larval phase (Newton ez /., 2005; Gobbi et al., 2013),
protein level being a limiting factor. Oonincx et al. (2015a) used vegetable by-products
and observed that larvae fed a diet high in both protein and fat, displayed a shorter devel-
opment time than larvae fed low-protein diets. High protein and fat diets also appear to
increase BSF larval weight and size (Nguyen ez al., 2013; Nguyen e al., 2015; Oonincx
et al., 2015a). However there is an optimum relationship between dietary protein content
and performance in BSF, as I report in Chapter 6.
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On the other hand, BSF larval body nutrient content varies among substrates, mainly in
macronutrient content (Barragan-Fonseca ez al., 2017) and to a lesser extent in micronu-
trient content (Tschirner & Simon, 2015; Spranghers ez al., 2016; Barragan-Fonseca ez
al., 2017). Although BSF larvae on average contain both a high protein and fat content
(Zheng er al., 2012), body composition of the larvae also depends on the quality and
quantity of ingested food (Nguyen ez al., 2015, Oonincx et al., 2015b). Consequently
larvae fed on different substrates varied in body protein content (ranging from 37.0 to
62.7% DM) and fat content, which showed more variation (ranging from 6.6 to 39.2%
DM) than protein content (Barragan-Fonseca ez al., 2017). In the experiments through-
out this project larval protein content is high and largely independent of dietary protein
content, although there are small differences. However, larval crude fat varies depending
on dietary macronutrient content, protein content affecting to a large extent larval crude
fat content.

In Chapter 5, I examined how vegetable by-products from the food industry that were
formulated to obtain an average macronutrient content in terms of digestible protein and
carbohydrates, and a C-biased P:C ratio influenced larval immature life-history traits of
BSE. Compared with other studies on vegetable organic waste as feed, our study yielded a
better performance in terms of survival rate, developmental time, and larval yield (Gamboa
Rojas, 2008; Myers et al., 2008; Gobbi ez al., 2013; Nguyen et al., 2013; Tschirner & Si-
mon, 2015). Compared with diets based on chicken/hen feed, larvae fed vegetable organic
waste diets tend to have poorer performance. However, in our experiments a diet based on
dried distiller’s grains with solubles, cabbage leaves, and old bread gave results comparable
to chicken/hen feed diets.

I conclude that carbohydrate-biased organic waste positively affects BSF performance. Nu-
tritional value varies depending on the plant species and organ, even if they have a similar
proportion of proteins and/or carbohydrates and these differences might explain perfor-
mance differences. In terms of protein nutritional quality, a significant difference between
seed protein and leaf protein has been demonstrated (Edelman & Colt, 2016). Regarding
carbohydrates, different carbohydrate sources on BSF larvae can produce differences in
larval performance, a mix of carbohydrates resulting in the highest larval biomass (Gamboa
Rojas, 2008). Regarding larval body content, we also found that larval crude protein was
not different between tested diets, but crude fat content was significantly higher in larvae
reared on high P-diet. Thus, higher dietary protein did not affect larval protein content,
but did increase larval fat content, confirming the findings of Chapter 3.

Protein and carbohydrates: their role in the nutrition of BSF
Throughout this chapter, we have seen that food protein and carbohydrate quantity and
quality affect larval and adult performance in BSE Therefore, we wanted to analyse how
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the balance of macronutrients ingested affected performance and body nutrient content
as this is important information to ensure dependable yields of BSF-mass rearing and
high larval quality. We used the Geometric Framework (GF) developed by Simpson and
Raubenheimer (1993) to study nutrient regulation in BSE Since proteins (P) and carbo-
hydrates (C) are the most important nutrients for insect survival, growth and reproduction
(Aguila et al., 2013), I used them as starting points to investigate the regulatory trade-
offs in macronutrient intake in BSF (Simpson & Raubenheimer, 1993; Raubenheimer &

Simpson, 1999).

The saprophagous BSF exploits diverse diets, so larval stages are likely to encounter a wide
range of dietary macronutrients contents and ratios. When analysing food sources on which
this species is found in the wild, P:C ratios tend to be C-biased and present a wide range
of P and digestible C-contents (P+C 40-80% DM). Several studies addressed the effects
of (semi-)artificial diets and of different types of organic waste or industrial by-products
on BSF development and adult life-history traits (Barragan-Fonseca ez al., 2017), however,

few of them explored the effect of both P and C.

Thus, in Chapter 4 I explored the influence of a range of chicken-feed-based diets with
varying P:C ratios and content close to its natural food sources on BSF performance, and
larval body nutrient content. The data suggest that BSF performance was affected by P+C
contents rather than by P:C ratio. Moreover, dietary P+C contents during the larval phase
significantly affected larval and adult performance, with P-content having a main effect.
High P+C contents resulted in high larval weights, large adults and higher egg production
as has been recorded in other Diptera as well (Boggs & Freeman, 2005). There was an
optimum P:C ratio (1:2 — 1:3) and P+C content (70%) for chicken-feed based diets since
these values supported the best larval and adult performance.

In Chapter 6, I investigated wider ranges of P and C-content in addition to P and C-biased
ratios to explore the effect of nutritionally unbalanced diets on BSF fitness and the phys-
iological mechanism this species uses to deal with such diets. Insects have pre-ingestive
and post-ingestive mechanisms to compensate for an unbalanced diet (Raubenheimer &
Simpson, 1997; Zudaire et al., 1998; Raubenheimer & Simpson, 2003; Behmer, 2009).
My experiments were not suitable to investigate pre-ingestive mechanisms; however, we es-
tablished that BSF has efficient post-ingestive mechanisms that probably evolved because
adult females lay their eggs on patchy resources and early instar larvae are constrained to
this specific resource.

We observed that BSF can tolerate a wide range of P and C-contents, use protein as en-
ergy source on high P-content diets, and eficiently use low P-content diets. However, in

the case of P-content, there is a threshold, where >37% P seems to be toxic and reduces
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survival rate and adult emergence percentage. In the case of C-content, BSF larvae are able
to use post-ingestive physiological mechanisms when carbohydrates are in excess as they
performed well on high C-content diets (40-60%), and we did not observe deleterious
effects on these. We assume that BSF larvae can handle an excess of carbohydrates, either
by respiring carbohydrates or by converting them into lipids and storing them, mainly in
the fat body as has been reported for many insect species (Zanotto ez al., 1993; Zanotto et
al., 1997; Simpson & Raubenheimer, 2001; Behmer & Joern, 2012; Telang ez al., 2003).
In general BSF performance was improved at high P+C content at low P:C ratios. BSF
might have a low requirement for P, as endosymbiotic bacteria may contribute to nitrogen
metabolism (Raubenheimer & Simpson, 1997).

BSF moves the intake target and requirements depending on developmental time. For
example, in Chapter 6 I observed that for larval performance (development time and sur-
vival rate) P-content had a stronger effect than C-content. Yet, for adult performance (egg
mass number, egg yield, longevity, and weight) C-content had a stronger effect than pro-
tein. However, adult as well as larval development is more affected by P-content than by
C-content. Although BSF performance was affected by P+C absolute content rather than
by P:C ratio, BSF performance can be reduced or enhanced as P:C ratio change at low
P+C content. For example, high P-content accelerates development time (larval and adul)
at low P+C content, probably because this species efficiently uses dietary protein. In the
case of adult weight and egg production, high P:C ratio improved the performance at low
P+C content. Figure 2 presents a graphical overview of P- and C-content effects on BSF

performance and larval content.
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Figure 2. Effect of P- and C-content on BSF larval performance, adult performance and larval
nutrient content.

Optimizing BSF nutrition: the way forward

Intake targets and requirements can vary depending on three time scales according to
Raubenheimer and Simpson (1997): 1. physiological time in response to an animal’s en-
vironment and recent nutritional and ecological history; 2. developmental time as the
animal grows, reproduces, senesces and responds to its longer term nutritional history,
and 3. evolutionary time as animals are selected (either naturally or artificially) to utilize
different sources of nutriment and evolve differing life-history strategies. Taking into ac-
count that these three scales can affect nutritional requirements of BSF, these become even
more important for BSF mass rearing that has several purposes: more dependable yields,
high efficiency of bioconversion of organic waste to insect biomass, high quality of larval
nutrient content, and stable colony health.
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In the case of the first time scale, several studies mentioned before show that environmen-
tal conditions have a big impact on BSF performance. In the case of the second time scale,
we observed different performance among the different P+C and P:C diets according to
the BSF developmental stage. In the third time scale, it seems there is variation among
BSF populations as flies from different laboratories around the world are potentially dif-
ferent (Tomberlin & Cammack, 2017) and specimens reared under laboratory conditions
have reduced size, weight, longevity, and caloric content in comparison to specimens col-
lected directly from the wild (Tomberlin ez a/., 2002; K.B. Barragan-Fonseca, personal
observation).

Knowing that BSF nutritional requirements vary depending on the three time scales, we
need to study them to find the optimum performance according to our objectives. For the
physiological time scale there are already many studies that address abiotic environmental
factors and the current BSF production systems use optimal abiotic conditions as report-
ed in the literature for rearing BSF (Tomberlin & Cammack, 2017). In future studies,
we should focus on: 1. How to increase biomass, bioconversion and population growth
through organic-waste-derived diets, and 2. How to select BSF for a mass-rearing that has a
high food utilization efficiency and growth performance. The ability of BSF to use a variety
of organic resources together with the information on the effects of dietary protein and car-
bohydrate content and ratios on larval and adult performance may point the way forward.

Optimizing BSF nutrition still needs a lot of research. Applied studies are needed and
experiments on organic waste- and/or agri-food by-products-derived diets will contribute
to understanding BSF nutrition. Diet is the main factor affecting sustainability of BSF as
minilivestock, as LCA evaluations show this production system is especially sustainable
when it uses organic waste as rearing substrate. Therefore, selecting organic waste-derived
ingredients of sufficient nutritional quality and having low environmental impact, is the
first step to plan new experiments where we can explore how quality of P (amino acid pro-
files) and C, P+C contents and P:C ratios affect BSF life-history traits, fitness and larval
nutrient content to make BSF production systems more sustainable not only environmen-
tally, but also economically.

Formulating organic waste-derived mixed diets for BSF as minilivestock

Based on my experiments advice can be derived to improve BSF larval performance, adult
performance and larval content, regarding dietary protein and carbohydrate content. As
generalist species, BSF can tolerate a wide range of sources because of post-ingestive adap-
tations to deal with different P- and C-contents. However, we observed that this species
performs better on diets of certain P- and C-contents and P:C ratios. This knowledge can
be used to formulate organic waste-derived diets depending on its development time and/
or the purpose of the BSF as minilivestock.
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In general, from the experiments on organic waste-derived mixes, semi- and artificial diets
on BSF performance, as described in this thesis, it can be concluded that quality, quantity
and ratio are important for BSF performance. On the one hand, in Chapter 5 we observed
that despite having the same P+C-content and P:C ratio, protein and carbohydrate quality
play an important role as some ingredients had a better effect on BSF larval performance
probably due to amino acid and carbohydrate profiles. On the other hand, quantity and
ratio can greatly affect BSF performance and larval content. In Chapters 4, 5 and 6 we ob-
served the same trend: carbohydrate-biased P:C ratios positively affect BSF performance,
independent from diet type. In addition, the optimum P- and C-contents, P+C contents
and P:C ratios for larval performance, e.g. biomass, adult performance, in particular fit-
ness, or larval content (crude protein and fat) differ. Figure 3 presents a graphical overview
of P+C contents and P:C ratios that improved BSF performance and larval nutrient con-
tent in our study, and some remarks to formulate a diet for BSF.
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In conclusion, this thesis provides insight into nutritional aspects of BSF production, both
at the level of larval performance as well as adult performance. This knowledge can be used
to develop mass rearings of this insect species that has rapidly become the major species to
be used as a component of feed for livestock.
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Black Soldier Fly — BSF; Hermetia illucens L. (Diptera: Stratiomyidae) has been proposed
as one of the most suitable insect species to be used as animal feed. Advantages of using
BSF that have been identified are their capacity to convert organic waste, to reduce the
numbers of certain harmful bacteria and insect pests, to provide potential chemical pre-
cursors to produce biodiesel, and to provide high quality protein to be used as feed for a
variety of animals. Knowing the physiological mechanisms that BSF employs to deal with
different nutrient concentrations, and their impacts on BSF life-history traits and larval
body content, may yield helpful insights into the nutritional ecology of BSF. This knowl-
edge will allow to increase body mass and/or size of individuals and consequently the con-
tinuous production of eggs needed for the mass-rearing. This will ensure more dependable
yields of BSF-mass rearing and development of economically feasible methods to take
advantage of this species as animal feed. Therefore, this thesis explores nutritional physiol-
ogy of BSF, and addresses the following main questions: (1) How does larval density and
nutrient concentration affect biomass production, larval performance and nutrient body
content? (2) How do dietary protein and carbohydrate content and ratio affect life-history
traits, nutrient body content and reproduction of BSF? (3) Can protein and carbohydrate
contents and P:C ratio be applied to optimize diets composed of different organic residues?

At the start of this project, we collected background information on the nutritional value
of BSF larvae, its suitability as animal feed, biotic and abiotic conditions that affect its per-
formance, and identified which knowledge is required to ensure more dependable yields
of BSF-mass rearing and development of economically feasible methods to take advantage
of this species as animal feed. In this literature review, it was identified that although
BSF larvae contain high protein levels (from 37 to 63% DM), and other macro- and
micronutrients important for animal feed, the available studies on including BSF larvae
in feed rations for poultry, pigs and fish suggest that it could only partially replace tradi-
tional feedstuff, because high or complete replacement resulted in reduced performance.
This is due to factors such as high fat content (from 7 to 39% DM), ash (from 9 to 28%
DM), and consequences of processing. Therefore, further studies are needed on nutrient
composition, digestibility and availability for target species and on improved methods to
process larvae, among other aspects. Additionally, it was established that biotic and abiotic
conditions affect BSF performance, food quality being one of the most important factors.
However, studying the effect of food quality on BSF performance under the same biotic
and abiotic conditions is needed to evaluate the effect of food quality as such, as well as its
effect on the adult life-history traits of BSE.

Since performance and body composition of insect larvae depends on quality and quan-
tity of their diet, and on biotic factors such as larval density, in Chapter 3, experiments
were conducted on BSF to investigate the effect of dietary nutrient concentration and
larval rearing density on larval survival, development, growth and larval protein and fat
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contents. Neonate larvae were fed with either a low (NC1), an intermediate (NC2) or a
high nutrient concentration (NC3), at four rearing densities (50, 100, 200 or 400 larvae
per container). Two feeding regimes were tested: in feeding regime 1 (FR1), the amount of
diet added during the experiment was based on the visually estimated larval mass present,
whereas in feeding regime 2 (FR2), a fixed feeding ration of 0.6 g of food per larva was
applied at the start. FR1 resulted in food limitation resulting in significantly lower body
crude protein contents on diet NC1 than on NC2 at larval densities 100 and 200. Larval
crude fat content was higher on diets with higher nutrient concentration and at lower
larval densities. For FR2, development time was shorter on diets with higher nutrient
concentration and at lower larval densities. Individual larval weight and total larval yield
increased with higher nutrient concentration at all four larval densities. At lower nutrient
concentrations, higher larval density resulted in higher individual larval weight and total
larval yield, revealing an interaction between larval density and dietary quality. Larval
crude protein content was higher at lower densities and lower nutrient concentration. Lar-
val crude fat was higher at higher larval densities and nutrient concentrations. This study
shows that larval protein content is regulated within narrow limits whereas larval crude
fat content is strongly affected by nutrient concentration and also by larval density. Since
nutrient content had an important effect on BSF larvae performance, in Chapters 4, 5 and
6, we explore physiological mechanisms that BSF employs to deal with different nutrient
content, and their impacts on BSF life-history traits and larval body content.

In Chapter 4, we investigated the influence of dietary protein (P) and digestible carbohy-
drate (C) contents and protein to carbohydrate (P:C) ratio on both immature and adult
life-history traits of BSF, and on larval body composition. Nine chicken-feed based diets
varying in their P:C ratio were formulated. We tested three protein concentrations (10, 17,
24%) and three carbohydrate concentrations (35, 45, 55%) and their combinations. All
nine diets supported complete development and reproduction of BSF. Survival was high
on all diets. Development time, larval yield, larval crude fat and egg clutch surface were
more influenced by contents of macronutrients than by P:C ratio. Low contents resulted
in shorter development time. Larval yield was higher on diets with higher C-contents. Pu-
pal development was faster on low dietary P-content for all three C-contents. Egg clutch
surface only increased when P-content increased but also varied with P:C ratio, and was
found to be highest at P17:C55 (1:3) and P24:C35 (1:1.5). The highest egg clutch surface
area, a proxy for egg number, was recorded on P17:C55, followed by the three P24-diets.
Hatching percentage of F1-larvae was similar on all nine diets. Larval crude protein con-
tent was similar on all nine diets, but increased when C-content was low (10) in P10 and
P17. Larval crude fat content was high at P24-diets irrespective of C-content. However,
larval crude fat was higher when C increased at P10 and P17. We conclude that on the
semi-artificial diets tested, BSF performance was not sensitive to dietary P:C ratio, but to
carbohydrate and protein contents. High macronutrient content combined with a low P:C
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ratio positively affected BSF performance. The best diet was P17:C55 as it supported the
highest larval and adult performance and resulted in high larval body protein content and
an intermediate crude fat content, which are favourable from the perspective of quality
of BSF as animal feed. However, studying a wider range of P+C contents and P:C ratios

than reported thus far is warranted in order to identify effects on the performance and life
history of BSF.

In Chapter 5, BSF larvae were fed on four diets consisting of vegetable by-products from
the food industry. The diets were formulated based on an average summed protein and
carbohydrate (P+C) concentration tested in the previous experiment (Chapter 4) and a 1:2
protein:carbohydrate (P:C) ratio. In a second experiment we took the ingredients from the
best vegetable waste-based diet from the first experiment, and formulated diets having P:C
ratios of 1:2 or 1:3 and 40 or 47% DM of P+C and we quantified both larval and adult per-
formance. In the first experiment, although there were differences in larval performance
among the diets, all diets supported a higher larval performance than reported previously,
with the diet composed of cabbages leaves, old bread and dried distiller’s grains with sol-
ubles (DDGS) (47% P+C) being the best diet. We infer that not only total macronutrient
content but also nutritional quality of proteins and carbohydrates affected performance.
In the second experiment, the two vegetable residue-based larval diets resulted in similar
larval and adult performance. High dietary protein resulted in increases in larval crude fat
content. Further research is needed to learn how different sources of protein and carbo-
hydrates affect macronutrient intake and performance of BSF in terms of immature and
adult life-history traits and larval body composition and how BSF regulates macronutrient
intake.

In Chapter 6, we investigated the influence of P- and C-contents on both larval and adult
life-history traits of BSF, and on larval body nutrient content. Twenty-five artificial diets
varying in their P- and C-content and ratio were formulated. We tested five macronutri-
ent (P+C) concentrations (5, 15, 25, 50 and 75 %) and five P:C ratios (1:1, 1:2, 1:4, 2:1
and 4:1). BSF performance was affected by dietary content of carbohydrate and protein
(P+C-content) rather than by P:C ratios. Since BSF tolerated a wide range of P- and C-con-
tents, we conclude that BSF has post-ingestive mechanisms to deal with imbalanced foods.
A P-content between 10 and 15% and a C-content between 10 and 60% supported high
larval and adult performance. P-content is limiting for most of the performance variables
and a P-content higher than 37% was deleterious in terms of survival. C-content affected
egg production more strongly than P-content. In general, at P+C values of 25 and 50%,
1:2 and 1:4 ratios resulted in the highest values of most of the larval and adult performance
variables we measured. Our results show that P-content and C-content significantly affect
adult performance, and high P+C-diets can increase adult weight and egg production.
Follow-up experiments assessing the effects of other nutrient sources, e.g. vegetable organic
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waste or manure, are required to verify that the results we report here are also valid for
sources that contain proteins and carbohydrates of different nutrient quality.

The data presented in this thesis contribute to our understanding of how nutrition af-
fects life-history traits, nutrient body content and reproduction of BSF, mainly in terms
of protein and carbohydrate content and ratio and how this knowledge can be applied
to improve the productive performance and larval body composition in BSF production
systems. I also emphasize that to ensure stable yields and high larval nutritional quality of
BSF-mass rearing a better understanding is required of the complex interactions between
quality and quantity of dietary nutrients.
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