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ABSTRACT

The aquafeed industry is highly dependent on fishmeal (FM) and high-protein plant
substitutes. Rising costs and sustainability concerns are fueling the search for novel
alternatives. Black Soldier Fly (BSF) larvae (Hermetia illucens) have been demonstrated
to be a potential new source of sustainable protein. While they can be grown on a wide
range of waste-substrates, have a short life-cycle, and a favourable nutritional profile,
they can be seen as a credible candidate. In this thesis, we focused on the selection of a
potential substrate in a local context, and the type of larval stage to harvest in order to
optimise both production and quality of the maggot meal (MM). From these preliminary
studies fruit waste were selected to grow the larvae, harvested at the “white larvae” stage
to produce the MM. As the availability of MM is yet —far- from being sufficient to cover
the ever-growing demand for aquafeed, a strategic use was decided in contextualised and
commercially-relevant researches. In large-scale tilapia farm, all-male production is
desired to optimise the production as they grow bigger and faster than females. To do so
17a-methyltestosterone is added to the feed during the first 21 days of the fry. To
maximize the ingestion, low quantities but high quality feed are required. In this context,
the MM was used as a feed-hormone carrier for tilapia fry (Oreochromis niloticus) in two
experiments. Whereby the first was based on simple substitution of fish meal (FM) and
commercial feed with MM (Chapter 5), the second compared 12 isoenergetic and
isoproteic formulated feeds based on a prior MM digestibility analysis (Chapter 6).
Results indicated that different dietary inclusions of MM did not significantly affect sex
reversal rates nor fish production performance, suggesting that MM offers potential as a
locally sourced feed ingredient for tilapia hatchery. This strategic application is further
enhanced by the potential to co-located MM and fry-production offering producers’

greater ability to manage quality assurance.
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The broader focus of the thesis is to assess the potential for insect protein as an aquafeed
ingredient, being the main operating cost for intensive aquaculture. Sustainability issues
are first discussed, followed by a review of conventional and novel alternative protein
sources. Then the focus will be made on insect proteins, from the different species
susceptible to be bred on a large scale, to their nutrient profile, production and regulatory
aspects and a special analysis will be done on the Black Soldier Fly (Hermetia illucens)
being the topic-species of this Ph.D. thesis.

A review of the outcomes from past studies on the use of this new protein source is made.
Then the remaining bottlenecks, and limitations, hampering the up-scale of this potential
new protein source will be assessed. From the foregoing discussion, knowledge gaps are

identified and the research hypothesis and objectives of the present study framed.

1.1 The contribution of Aquaculture to our food

system

The increasing population worldwide, expected to reach 9.77 billion by 2050 (United
Nations Department of Economic and Social Affairs, 2017) is driving up the demand for
animal-based food, and aquatic food in particular (Speedy, 2003; Troell et al., 2014).
Between 2005 and 2050 the global food demand is expected to rise by nearly 100 percent
(Makkar et al., 2014; Tilman et al., 2011).

Fish is a rich source of vitamins, minerals essential fatty acid and protein. It plays a major
role in the diets of consumers in Low Income and Developping Countries (LIDC) and
middle-income countries. Many of these people are poor, malnourished and unable to
afford other protein alternatives such as meat. Aquaculture plays a fundamental role in
food security and economy in LIDC and middle-income countries where local small scale
farms are sometimes claimed to contribute for 70-80% of the global aquaculture
production (Belton et al., 2018) and most of this production remains destined for domestic
consumption, therefore do not divert food away from local consumers. Therefore, beside
serving arole as food, the aquaculture sector is also a great source of employement, giving
incentive to local economy (Belton et al., 2018). In a report published by the FAO (Cai
& Leung, 2017), the world fish consumption increased from 121 million tonnes in 2008

to 140 million tonnes in 2013, with a growing rate of 2.9% annually. Over 40% of this
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growth is attributable to population growth, which increased during this time frame from
6.7 billion to 7.1 billion. The remaining 60% are due to the increase per capita fish
consumption from 18 Kg to almost 20%, growing at a rate of 1.7% annually (Cai &
Leung, 2017). Ninety percent of the growth was contributed by aquaculture (Cai &
Leung, 2017). From 2008 to 2013, the per capita fish consumption increased from 16 kg
to 19 kg in developing regions and declined from 26 Kg to 25 kg in developed regions.
A higher growth in per capita fish consumption, together with stronger population growth,
had increased the share of developing regions in world fish consumption from 74 to 78%
during this time frame. Assuming that fish prices and consumer preferences remains the
same toward 2020’s, the per capita fish demand is expected to grow from almost 20
kg/year (in mid-2010) to 25 kg/year in early 2020’s. (Cai & Leung, 2017).Therefore, the
income-driven per capita fish demand increasing, combined together with a population
growth, the world fish demand is expected to increase to 47 million tonnes (or 31 million
tonnes under the most conservatives projections). During this time frame, this 19 million
tonnes growth, would cover only 40 percent of the projected demand growth by 2020’s
(or 60 percent in the most conservative projections), leaving a fish demand supply gap of
28 million tonnes (or 16 million tonnes for the conservative projections). Wild fish
captures has reached a peak around 95 million tonnes per year (Pauly et al., 2002) since
then, they remained stable for the last 20 years (OECD-FAOQ, 2016), and are not expected
to increase considering that almost 75% of marine fish stocks are considered to be fully
or over-exploited (FAO, 2007) therefore the demand for food fish is expected to be
supplied by aquaculture.

While the world aquaculture production, following this growing trend is expected to grow
at 4.5 percent from mid-2010’s to early 2020’s, it would take another 9.9 percent annual
growth to cover the world fish demand supply gap required for early 2020’s (Cai &
Leung, 2017).

The sky-rocket development of aquaculture has allowed a fall in price for fish, making
them accessible to the rural and urban poor, and created employments along its value
chain, therefore contributing to both global food security and purchasing power in
underdeveloped regions. (Belton et al., 2018). Looking in the future, growing and
wealthier populations would continue to demand more fish, and aquaculture growth is
expected to be a major force to satisfy the demand growth (OECD-FAO, 2011-2016;
World Bank 2013). In 2016, aquaculture contributed to almost half of the global food fish
supply and models predicted a contribution by 62 % by 2030 (World Bank, 2013; FAO,
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2016; Fry et al., 2016). It continues to be the world’s fastest growing and most diverse
food production sector, with over 95.6% of total aquaculture production being realized
within developing countries and the sector growing at an average rate of 6.64% per year,
compared with 1.15 percent for economically developed countries (FAO, 2018). Thanks
to technological progress and market improvements, culture of low — trophic species such
as tilapia (Oreochromis spp.) are expected to expand at a faster pace than high-value
species (such as salmon), It is expected that the tilapia production will be multiplied
worldwide by two between 2010’s and 2030 (World Bank, 2013). Being herbivorous or
detrivorous, and more flexible toward feed quality, they can be good candidates for a
sustainable development in tropical conditions.

1.2 Aquafeed sustainability challenges

1.2.1 Overview

With a growing trend expected to be around 4.5% from mid-2010’s to early 2020’s (Cai
& Leung, 2017) aquaculture is considered to be a fast growing industry, contributing
globally to food security. Good nutrition in animal production systems is essential to
economical production of a healthy, high-quality product. In aquaculture, nutrition is
critical because feedstuffs typically represent around 40-60% of the production costs in
intensive and semi-intensive aquaculture. This 20% variation can be explained by the
volatility of the feedstuff prices, which can sometimes jeopardise business profitability
(Hasan et al. 2007; Rana et al., 2009). Fish nutrition has improved dramatically in recent
years with the development of new, balanced commercial diets that promote optimal fish
growth and health. The development of new species-specific diet formulations supports
the aquaculture industry as it expands to satisfy increasing demand for affordable, safe,

high-quality fish and seafood products.

1.2.2 Current challenges

In recent years, aquaculture has been presented as both a solution (Tacon & Metian, 2008)
to, and a causative factor (Naylor et al., 2000) of the world dwingling marine ressources.
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The aquafeed industry is highly dependent on fishmeal (FM) as high-proteinaceous
feedstuffs and fish oil (FO) as high-quality, and highly palatable lipid source. Energy,
fatty acids and amino acid profiles offered by the FM fit perfectly with most of the fish
diets requirements of most of the fishes juvenile stages (fry and fingerlings). While
aquaculture can relieve pressure on wild fisheries through producing fish for human
consumption, the production often requires inputs from the wild fish stocks in the form
of FM and FO. The paradox stems from the diversity of farmed fish species and
husbandry systems. Low trophic species (such as shellfish, some crustaceans, herbivorous
fish) requires fewer inputs than higher-trophic species such as Salmonidae which require
a complete, protein-rich feed that usually contains a high proportion of marine
ingredients.

FM and FO are mainly derived from pelagic fisheries, fisheries by-catches, fish trimmings
or offals processings from the food industry (Tacon et al., 2006; IFFO, 2013).
Considering that the wild fish captures have remained stable for the last 20 years, and are
not expected to increase, and considering the state of the natural stocks being highly
unsustainable the FM and FO prices are expected to rise (See figure 1.1). Over the past
20 years, its price more than doubled (Indexmundi, 2018), and according to recent trends,
it is expected to increase between 2010 and 2030 by 90 and 70% for the FM and FO

respectively (World Bank 2013). This also creates a potential adulteration incentive i.e.
for substitution higher for lower grade FMs.
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Figure 1.21: Price variation in USD, of the Fishmeal and Soybean over the past 10 years.
After www.indexmundi.com (2018).
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It was estimated in 2008 that aquaculture was the main consumer of FM, accounting for
60.8% of the global FM production (the rest being shared between pig and poultry
farming) and 73.8% of the FO production (the remaining 16.2% being used for human
consumption) (IFFO, 2018). In 2010 the FM used in aquaculture was 73 % (IFFO, 2018).
FM and FO are produced by grinding a large proportion of the world's small pelagic fish
catches (anchovy, sardines, menhaden, pilchards etc.). This production of small fish is
highly variable, and influenced by regional environmental conditions (Chavez et al.,
2003, Hannesson et al., 2006). Approximately half of the global fishmeal production
comes from Peru, and is made from anchoveta (Engraulis ringens) (Merino et al., 2010).
While Peru and Chile (see figure 1.2) are the main producer, most of the FM is consumed
in China.

The addition of FM and FO in aquafeed increases the feed efficiency and promotes
growth through a better feed palatability. It enhances nutrient uptake, digestion, and
absorption. The balanced amino acid composition of FM and fatty acid profile of FO
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Figure 1.2: Fish meal and Fish oil flows worldwide, after Merino et al., 2010.

complements and provides synergistic effects with other animal and vegetable proteins
in the diet to promote faster growth and therefore reducing feeding costs. Fishmeal of
high quality provides a balanced amount of all essential amino acids, phospholipids, and

fatty acids (e.g., DHA or docosahexaenoic acid and EPA or eicosapentaenoic acid) for

28



optimum development, growth, and reproduction, especially of larvae and brood stock.
Enhancing the digestibility of a diet, also helps to reduce pollution in the wastewater

effluents by reducing the quantity of feces produced by the fish.

In the aquafeed sector, high-trophic/value carnivorus fish species, such as salmonids and
some crustaceans are highly dependant on FM and FO. To a lesser extent, formulated
feed for omnivorous and herbivorous fish (carps, tilapias, catfishes etc.) often contains
FM and FO as secondary source of nutrient and energy or to improve the feed palatability
(Tacon & Metian, 2015). However, declines in the inclusion levels of FM and FO are
reported in most aquatic species formulated feeds in response to the price increase ad
sustainability issues (Tacon & Metian, 2008).

Given the rapid expansion of the aquaculture industry, demand for feed and feedstuffs
will certainly increase considerably. Therefore it is becoming essential to further reduce
the aquaculture reliance on marine pelagic stocks by identifying more sustainable, novel
feed ingredients for intensively farmed fish diets.

In addition, because the aquaculture expansion is most likely be in favour of non-
carnivorous fish, the sustainable supply of animal and plant proteins, lipids and
carbohydrates sources other than FM and FO will also become essential given the
multiple use of these resources (livestock feeding, human consumption, biogas etc.)
(Tacon & Metian, 2008). Although dietary requirements differs between each fish species
and between each of their life-stages, the dispensation of feeds that meets the fish
nutritional requirements is essential to ensure an optimal growth and survival.

The challenge of the aquafeed industry is therefore to identify new, sustainable, quality-
consistent, and cost-efficient feedstuff which could meet the nutritional requirements for

each aquatic species and their lifestages.
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1.3 Emerging sources of proteins

1.3.1 Plant-based proteins

Plant proteins have been so far the main choice to replace FM and FO in fish diets.
Soybean and its derived concentrates have become a common protein source in aquafeed.
In 2007 it represented 25% (in weight) of the total compound aquafeed produced (Gatlin
et al., 2007) and in 2008, it was reported that feeds for herbivorous and omnivorous fish
and some crustaceans contained in average 25% of soybean meal (Tacon et al., 2011).
While, virtually all fish could handle a minimum of 10% to 15% soybean meal in their
diets, most of the carnivorous species, such as salmonids, being very sensitive to soybean,
cannot handle more than 25% to 30%, with some species handling no more than 15%
soybean (Speedy, 2003; Pratoomyot et al., 2011). Therefore for such species, the
inclusion levels are rapidly limited due to its intrinsic nutritional characteristic, negatively

impacting fish performance (Pratoomyot et al., 2011).

While the apparent protein digestibility of many plant proteins present high similarities
with FM, its amino acid (AA) profile is often limiting, like a deficiency in methionine for
Soybean (He et al., 2013), or in lysine for cornmeal (El-Ebiary et al., 2005). Tilapia fed
diets with soybean meal or cornmeal often show reduced growth due to these amino acid
deficiencies (He et al., 2013; El-Ebiary et al., 2005; El-Dahhar & EI-Shazli, 1993).
Although amino acid supplementation of diets has increased performance of Nile tilapia
(El-Saidy & Gaber, 2002), other investigators found that fish utilize synthetic amino acids
less efficiently, and excrete more nitrogenous waste, than intact protein (protein-bound)
(Schumacher et al., 1997; Zarate & Lovell, 1997). Also, these alternative feedstuffs can
reduce the palatability of a feed or can cause health issues such as enteritis, hence,
resulting in a reduction of growth and affecting fish performance (Hardy, 2010). Although
the nutrient composition is important, so it is the identification of anti-nutritional factors
(ANF) which can affect the fish physiology on various aspects (Francis et al., 2001).
Therefore, unbalanced essential amino acids, low levels of long-chain polyunsaturated
fatty acids, and high levels of anti-nutritional factors limit the inclusion rates of terrestrial
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plant ingredients, even in diets for omnivorous species like tilapia (El-Saidy & Gaber,
2002; Karapanagiotidis et al., 2006).

The use of crops to produce feedstuff, links seafood production to terrestrial agriculture,
as livestock and farmed fish rely largely on the same crops, such as soybean. Therefore,
due to this sector-concurrence, the market prices vary greatly according to the rules of
supply and demand. Therefore, their rising use in aquafeeds has the potential to increase
price levels and volatility, and eventually worsening food insecurity among the most
vulnerable populations. However it could be argued that feeding crops to livestock is
much a developed country practice as 40% of cereals are fed to livestock in the U.S.
whereas only 14% are fed in the African continent (FAOSTAT 2018). Globally, some
670 million tons of cereals are used as livestock feed each year, representing just over
one-third of total world cereal use, and the current fraction destined for aquaculture is
relatively small (around 4%) (Troell et al., 2014).

In addition, the commercial livestock sector is extremely responsive to the price of
cereals; whenever shortages raise cereal prices, livestock producers tend to reduce their
use of cereals as feed, releasing more for food use. As a result, the food use of cereals
needs to contract less than it would otherwise. Thus the use of cereals as feed may serve
as a useful buffer, protecting the food supply from annual variations (Speedy, 2003).
However, one of the main criticisms for the cultivation of soybean is its environmental
impact: Since, the 1960’s, the production of soybean has increased over fivefold, from 18
Mt to 100 Mt per year. In some regions, its cultivation is done in deforested areas hosting
great biological value (Carvalho, 1999; Osava, 1999) and contributes to biodiversity
decline in South America (FAO 2006; Tritsch & Arvor, 2016; Da Costa et al., 2017), use
enormous quantities of water (Steinfeld et al., 2006), pesticide and inorganic fertiliser
utilisation (Carvalho, 1999) causing significant environmental degradation (Osava,
1999).

Therefore, tying aquaculture’s rapid growth to terrestrial crop feed inputs exacerbate
existing environmental problems; i.e. the expansion of industrial terrestrial-crop (soy,
corn) associated with both biodiversity loss and climate change (OECD/FAQ, 2015; EI-
Saidy & Gaber, 2002).
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1.3.2 Animal-based proteins

Processed animal protein ingredients, principally terrestrial animal by-products such as
offals and bone meal, blood and poultry by-product, are more comparable to FM than
plants in terms of AA composition. Their nutrient composition, and digestibility is greatly
variable according to the product (NRC, 2011). It is estimated that the volume of animal
by-products meals would be 2 to 3 times greater than FM, being therefore the largest
source of animal protein (Tacon et al., 2006; Speedy, 2003).

For instance, poultry by-products, such as hydrolyzed feather meal can be a rich source
of protein having a low ash content. Because feather meal is approximately two thirds the
cost of other animal proteins on the market and is readily available from many sources,
the inclusion of this protein in a commercial diet can effectively lower the price of feed
production and utilize an abundant agricultural by-product, yet under-used, as an
alternative source of animal protein. Hydrolysed feather, consists of processed - raw
feathers. As they contain mainly keratins (containing a disulfide bounds making the
proteins unavailable for fish and other animals), the steam/high pressure treatment allows
to make proteins and amino acids available for animals. After processing, the apparent
digestibility coefficients (ADC) for protein varied between 81 and 87%, comparable to
those of standard fish meal, whereby the differences are related to processing conditions.
However, a deficiency in methionine, lysine, histidine and isoleucine (Jauncey & Ross,
1982) cannot allow more than a 20 percent inclusion is fish diets without affecting the
growth or the feed-conversion efficiency (Chor et al., 2013; Bishop et al., 1995).

Also, recently, researches have been focused on hydrolysates (concentrated proteins) that
can be derived from fish by-products, improving growth and feed intake of farmed species
like Atlantic salmon (Refstie et al.,2004) and krill that requires more investigation in
terms of processing, but has been successfully used to enhance the taste and pigmentation
in fish feed (Tacon et al., 2006; NRC, 2011).

However, the outbreak of bovine spongiform encephalopathy (similar to the Creutzfeldt-
Jakob disease in humans) in the late 1980°s, caused by the presence of prions in the animal
by-products used in the animal feed which contaminated the whole food chain, the trust
toward these protein sources have been seriously damaged. Therefore, the use of spinal
cords, brain and other derived by-products is forbidden in animal feed. It is also important

to highlight that fish fed with bone meal (or any derivate from the pork industry) are not
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considered halal, and therefore unsuitable to consumption by Muslim people in some
regions of the world (like in Malaysia or Indonesia), this greatly restricts the usage of
these ingredients in the farmed-fish diets (Saidin et al., 2017).

Despite the relaxation of the European Union Restrictions implemented after the outbreak
to use these meal by-products in aquaculture, and evidences that the contamination risk
through fish is almost inexistent, there is still a mistrust in this sector, hampering its usage
in Europe (Ingrosso et al., 2006; Naylor et al., 2009).

1.3.3 Algae and unicellular-based proteins

Microalgae companies increasingly seek markets for defatted biomass that is left over
after extracting omega-3 rich oil for human pharmaceutical and crude oil for fuels. Such
a protein-rich co-product is a promising alternative to fishmeal in aquaculture diets
(Sarker, 2018). They possess an adequate nutrient profile (Pulz & Gross, 2004; Becker
2003), are rich in proteins (47.7% for Nannochloropsis spp., 49% for Phaeodactylum
tricornutum for instance, according to Daniel et al., 2016) and, are rich in coloring agents
such as beta carotene, used to enhance the colour of the fish (Daniel et al., 2016). In
addition, they present a suitable amino acid (AA) profile for fish, a correct fatty acid
profile (containing for instance docosahexaenoic —-DHA-, eicosapentaenoic —EPA- and
arachidonic acid —~ARA- and omega-3) (Nell et al., 1991). Several experiments where
algae were used as a replacement for conventional protein sources showed some
promising results, particularly in Tilapia culture (Adarme-Vega et al., 2012; Patterson &
Gatlin, 2013; Moreno-Garcia et al., 2017; Sarker et al., 2018). Algae production offers
several advantages over terrestrial crops: improved land and water-use efficiency due to
higher yields per unit input, potential in-land cultivation, and lower greenhouse emissions
(Beal et al. 2015; Gerber et al., 2016; Walsh et al., 2016). The productivity of such
systems is very high (up to 10 000 tonnes per year for microalgae according to Richmond,
2004) and can be used as recycling system for waste waters from the agro-industry (Tacon
et al., 2006; Adarme-Vega et al., 2012) and their integration from such industrial co-
products into aquafeed could provide an additional revenue stream from algae biomass
and biofuel/ pharmaceutical production. However, technical difficulties in
manufacturing, drying and storing them (Borowitzka, 1997; Becker, 2003) make them

difficult to upscale their production (Daniel et al., 2016). However, analysts predict that

33



microalgae cells will quickly become a cost competitive substitute for fishmeal due to
ongoing technological improvements that are expected to lower production costs for
microalgae (Holland, 2016). At the moment, the cost is still higher than FM (US$1.65 per
Kg against 1.30 US$ for FM according Sarker et al.,2018). In other words, it may not be
a viable solution for aquaculture yet (Tacon et al., 2006; Olsen & Hassan, 2012).

1.3.4 Novel proteins with potential for local sourcing

in developing countries

The growing need for sources of animal food in developing countries has unveiled the
potential of underutilised, un-investigated, or endemic feedstuff used by small-holders
farmers, through low-cost, farm-made feed formulations (Hasan et al., 2007; PAF, 2011).
These feed ingredients, which have hitherto not been used in fish feed production for
various reasons; low digestibility (like the Palm Kernel Meal in some fish species) low
availability, inconsistent quality (like kitchen waste), or because they can become toxic
or poisonous if improperly stored or prepared (like groundnut cake which can, when
mouldy, release aflatoxins). One of the main advantages reside in the lack of opportunity
cost for human consumption, low cost as cheap processing by-products or otherwise
unused waste products from agriculture. Studies have been made on protein sources such
as leaves (like Dialium guineense a west-african plant from the Fabaceae family),
brewer’s yeast and brewer’s grains (Djissou et al., 2016), live or dried daphnias, rotifers,
Palm Kernel Meal (PKM), Groundnut cake or Sorghum (Abowei & Ekubo, 2011).
Freshwater plants like Azolla (Azolla pifiata) can substitute upto 40% of the commercial
feed in tilapia diets without compromising their growth (Djissou et al., 2016), or water
hyacinth (Eichhornia crassipes), Ceratophyllum sp., or even water lilies (Nymphea sp.)
(Abowei & Ekubo, 2011). Also, some toxic plants can be used by prior pre-processing of
their leaves, like Mucuna, broad, sword and yam beans (Abowei & Ekubo, 2011). But,
most of the time, due to the lack of formulation, the feedstuff used do not follow the fish
requirements, potentially impairing its growth. Also, due to a high water content, the use
of plants involves high processing costs required to dry them.

These non-conventional feedsources have been mainly investigated in their local context
and have been considered only for low-trophic level species such as tilapia or catfish (El-
Sayed, 2004; Hasan et al., 2007; Sogbesan & Ugwumba, 2008). Given the growing
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demand to produce larger quantities, more sustainable and economically viable
alternative ingredients for animal feeds, it is important to continue investigating these
potential under-utilised feed sources (El-Sayed, 2004; Rust et al., 2011; Tacon et al.,
2011) in conjunction with development of sustainable novel technologies for cost-

effective standardisation and up-scaling of production.

1.4 Insects as a source of feed

Entomophagy —the consumption of insects-, has been practiced by humans on almost
every continent for centuries (Wang & Shelomi, 2017) with archaeological evidences
demonstrating that insects were a large part of our diet in many regions (Sutton 1995;
Raubenheimer & Rothman 2011). Entomophagy is now practiced in at least 113
countries, and use over 2,000 (documented) edible insect species (Jongema, 2017). The
presence of insects in the cuisine plays a prominent role in some contemporary cultures,
with for instance, consumption of criquets, grasshopper or coackroaches in South-East
Asia, “Mopane worms” (Gonimbrasia belina, a moth) in Southern Africa, “Akokono” in
Ghana (Rhynchophorus ferrugineus, a beetle) “chicatanas” (ants from the genus Atta) in
Mexico, “Zandettes ” in La Reunion Island (fried wasps from the genus Polistes) or fried
long horned beetles grubs in Micronesia (Coleoptera from the genus Olethrius and
Xixuthrus). In 1758 in his book Systema naturae, the Swedish naturalist Carl VVon Linné
even wrote about the beetle larvae “larvae assate in deliciis habentur” (roasted larvae are
delicious). Being very proteinaceous, and containing many essential micronutrients,
insects can account in some populations, for a large part of the protein income such as
some regions in the Central African Republic, where at times, it can account for up to
50% of dietary protein incomes substituting less-readily available vertebrate protein
sources (Raubenheimer & Rothman, 2011).

Therefore, the idea of using them as feedstuff in animal feed is not a novel concept with
research into their nclusion in poultry and pig diets starting in the 1970’s (Teotia & Miller,
1974; Phelps et al., 1975; Newton et al., 1977; Calvert et al., 1969; Wang & Shelomi,
2017). A decade later, their potential as fish feed started to be assessed (Bondari &
Sheppard, 1981, 1987; Tacon et al., 1983; Wang & Shelomi, 2017).

To be more explicit, the number of scientific publication on the use of insects as animal

feed, in the last 15 years (2000-2015) has tripled compared to the previous 30 years (1969-
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1999). During the first 8 years of the 21th century (2000-2007) there were 34 peer-
reviewed articles, against 56 published during the next 8 years (2008-2015). While the
number of livestock feed experiments has doubled over the past 15 years, the number of
feeding experiments in aquaculture has quadrupled, traducing this growing interest
(Sanchez-Muros et al., 2016).

Therefore, over the past 20 years, a renewed interest in insects has risen, motivated by the
global need for alternative and sustainable animal source food, and as for their potential

as waste management solutions.

1.4.1 Nutritional qualities

So far the nutritional potential of up to 24 different insect species belonging to 6 different
orders (Blattodea, Coleoptera, Diptera, Isoptera, Lepidoptera, Orthoptera) has been
evaluated. However, most of the work was done on Diptera and Orthoptera (representing
48 and 29% respectively of all published articles until 2015) (Sanchez-Muros et al.,
2016).

Most of the insect studied, have high proteins levels (Ladron De Guevara et al., 1995;
Ramos-Elorduy et al., 1997) comprising between 30% and 65% of the total dry matter
(Dobermann et al., 2017). Some studies revealed that several species contains at least —if
not more- the same protein levels than FM and soybean. The highest protein values (based
on a dry matter basis) recorded were found in the Orthoptera order, where Boopedon
flaviventris, Melanoplus mexicanus, and Sphenarium histrio contain 76, 77.1, 74.8%
respectively. In Coleoptera, the larvae of the the Dysticidae, Ranthus atricolor host 71.1%
proteins and the cactus weevil (Metamasius spinolae) up to 69.1%. Regarding the
Diptera, Drosophila melanogaster larvae can contain up to 70.1% proteins (Sanchez-
Muros et al., 2014).

Levels of protein, fat and energy vary across insect species and also within species
depending on what the insects have fed on, stage of development, sex and environmental
factors (Bukkens, 1997; Ramos-Elorduy et al., 2002; Finke & Oonincx, 2014). However,

general ranges have been estimated in Table 1.1.
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Table 1.1: Protein, fat and energy content of some insects. The values are expressed based
on dry matter percentages, while the energy is expressed as kcal/100g. Data from
Rumpold & Schliter (2013a); Barroso et al., (2014); Devic (2016). Specific species were
selected as examples if they deviated significantly from the average, or are one of the
most popularly consumed species. If there was more than one entry for a specific species,

the average was calculated.

Proteins Lipid Energy
(%) (%) (Kcal/1009)

Coleoptera (mean) 40.69 33.4 490.3
Rhyncophorus phoenicis (palm tree weevil —larvae)  32.86 36.86 478.87
Tenebrio molitor (mealworm- larvae) 48.35 38.51 557.12
Zophobas morio 53.5 6 122.76
Diptera (mean) 49.48 22.75 409.78
Musca domestica -larvae (common housefly) 46.9 15.3 209.5
Hermetia illucens (Black Soldier Fly) 36.2 36.5 501,3
Lucilia sericata (Common bottlefly) 53.5 13.2 --
Hemiptera (mean) 48.33 30.26 478.99
Hymenoptera (ants,bees, wasps) (mean) 46.46 25.09 484.45
Oecophylla smaragdina (Weaver ant) 53.46 13.46 --
Isoptera (termites) (mean) 35.34 32.74 --
Lepidoptera (butterflies, moths) (mean) 45.38 27.66 508.89
Bombyx mori (silkworm caterpillar) 61.8 8.81 389.6
Cirina forda (Shea caterpillar) 47.48 115 359
Galleria mellonella (waxworm caterpillar) 38.01 56.65 650.13
Samia Cynthia ricinii (ailanthus silkworm pupae) 54.7 25.6 463.63
Odonata (dragonflies, damselflies) (mean) 55.23 19.83 432.33
Orthoptera (crikets, grasshoppers, locusts)  61.23 13.41 426.25
(mean)
Acheta domesticus (house criket, adult) 65.04 22.96 455.19
Schistocera sp. 61.05 17 427
Sphenarium purpuracens 61.33 11.7 404.22
Ruspolia differens 44.3 46.2 --

Between 46% to 96% of all AA are present in evaluated insect proteins, although there

are usually limited amounts of tryptophan and lysine (Bukkens, 1997; Ramos-Elorduy et

al., 1997; Dobermanh et al., 2017). Relative to fish meal, insect meals are usually

deficient in histidine, lysine and threonine, but contains usually more lysine methionine

and tyrosine than soy meal.
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Two major AA profiles can be identifed between the different insects orders: Diptera are,
very similar to FM, while Orthoptera and Coleoptera orders are closer to soybean meal
(Barroso et al., 2014). Diptera also have levels of histidine, methionine, lysine and
threonine comparable to FM with a higher proportion of phenylalanine than fish meal or
soybean. However, Diptera have a relative deficit in leucine that does not occur in
Orthoptera or Coleoptera. The percentages of tyrosine and valine were higher in all
analysed insects than in fish meal. (Barroso et al., 2014)

The lipid content of insects is very variable, and generally ranges between 7 to 77 g/100g
(on a dry weight basis), the maximum recorded being the Mexican caterpillar of the moth
Phassus triangularis where the lipid content exceed 77% of the body composition (on a
dry matter basis). However, with proteins, the lipid content varies greatly during the
development stage, and for holometabolous insects, which have a larval and pupal stages,
it is higher in larvae and pupae than in adults (Sdnchez-Muros et al., 2014; Ramos-
Elorduy et al., 1997). Soft-bodied insects such as isopteran, also display a high lipid
content (around 30%), while adult insects with a hard exoskeleton, such as Coleoptera,
or Orthoptera are at the lower end f the lipid spectrum (Bukkens, 1997).

Lipid content averages about 20% (DM basis), and therefore tends to be higher than
fishmeal (usually around 8%) or soy meal (around 3%). This has some advantages: it
could be useful when formulating high energy diets for animal livestock, like broiler
chickens (Sanchez-Muros et al., 2016), or —if properly extracted could serve other
purposes: some authors have even proposed use of insect oil to produce biodiesels, and
the resulting enriched-protein paste could be used for animal feed (Manzano-Agugliaro
etal., 2012).

The substrate used to feed insects greatly influences their fatty acid profile. For instance,
it has been demonstrated, that feeding fish offals to Black Soldier Fly larvae enrich them
with n-3 LcPUFA, EPA, DHA acids. When fed to trouts, this enriched larvae successfully
improved the Omega-3 and 6 FA levels in fish muscle (Sealey et al., 2011).

Based on the substrate, species, and lifestage of the studied insects change the FA profile,
some broad trends can be identified. Insects meal show reduced levels of linoleic acid
(18:2n-6) compared to soybean, however, compared to FM it exhibits higher levels of
PUFAS n-6 (Omega-6 fatty acids) and low levels of n-3 PUFAS, especially 20:5 n-3
(EPA) and 22:6 n-3 (DHA) (Rumpold & Schliter, 2013a; Calder, 2017). However, while
being low, the levels of Omega-3 and 6 FA are still higher for many insects than any other

animal livestock such as beef, pork and chicken. The inclusion of PUFA is essential

38



because they affect many important biological functions in vertebrates (Sanchez-Muros
etal., 2016).

The low levels of n- 3 impose a limit on the inclusion of insect meals in diet formulations,
and particularly fish diets when fishmeal is replaced by insect meal. In fact, when a 25%
substitution of FM by BSF meal is realised, it starts affecting the n-3 FA levels in the fish
(St-Hilaire et al., 2007).

The possibility to manipulate insects FA composition through choice of feed substrate is
a great advantage to overcome the lack of LcPUFA, essential for carnivorous and marine
fish species. Alternatively, defatting can also be used to to improve the quality of insects
meals to remove unnecessary lipids and FA not matching with the fish dietary
requirements and to concentrate proteins (Fasakin et al., 2003; Kroeckel et al., 2012;
Henry et al., 2015).

Rumpold & Schliter (2013) published an exhaustive review on the mineral and vitamin
contents found in different insect species. As stated earlier, it varies with the order, species
and lifestage, however, insects generally contain low levels of calcium, potassium and
sodium (Hwangbo et al., 2009), and contain high levels of phosphorous. The magnesium
levels are very high in Hemiptera and Orthoptera (Rumpold & Schliiter, 2013). The iron,
magnesium, manganese, selenium, zinc, and copper content allows insects to be used as
a good source of micronutrients for livestock (Rumpold & Schluter, 2013; 2015).

Insects are generally rich in Vitamin B2 (between 0.11-8.9 %), pantothenic acid and
biotin (FAO, 2004; Bukkens, 1997). It can be highlighted that Orthoptera and Coleoptera
shows high levels of Vitamin B12, B1, and folic acid (Finke, 2002; Bukkens, 1997). On
the other hand, insects are generally deficient in Vitamin A, C, niacin, and vitamin E
(FAO, 2004).

Recently, it has been demonstrated that house crickets, BSF and mealworms can
synthesise de novo vitamin D2, D3 when exposed to ultraviolet light, similarly to
vertebrates (Oonincx et al., 2018).

Several Anti-Nutritional Factors (ANF) in insects were identified, such as oxalate,
phytate, tannin and hydrocyanide, but were far below toxic levels, therefore can be
considered negligible (Omotoso, 2006; Ekop et al., 2010).

The presence of chitin may also impair feed performance (Shiau & Yu, 1999; Olsen et
al., 2006; Rust, 2002). Chitin is an n-acetylated polysaccharide playing a major role in
the structure of the insect’s cuticle. It is always covalently bound to catechol compounds

and sclerotin-like proteins (Majtan et al., 2007). Its proportion varies greatly amongst
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insects’ orders and different lifestages (typically, it is usually higher in adults than larvae,
and higher in highly sclerotized insects like Coleoptera) (Barroso, 2014).

With a caloric content of 17.1 KJ.g™, chitin could constitute a substantial percentage of
the total energy intake. However, the 1,4 bond in chitin is indigestible for several fish
species (Rust 2002 in Sanchez-Murros et al. 2015) and, in some studies, its presence
might have affected the growth performance by influencing the feed intake, availability
and digestibility of nutrients, including proteins (Longvah et al. 2011) or lipids (Kroeckel
etal. 2012), leading to a reduction in growth suggesting that it could be an ANF (Sanchez-
Muros et al 2015). The hydrolysis of chitin requires the involvement of chitinase and
chiobiase enzymes.

However, this nitrogen-containing polysaccharide, can account for 5-8% of the total
nitrogen in insects (Kumar, 2000). Therefore its presence may lead to an over-estimation
of the crude protein content (Diener et al., 2009) when the protein levels are only tested
using the Kjedahl method, and when no correction measures are applied (more details in
Chapter 4).

The removal of chitin during meal manufacture is being investigated. Chitosan can be
extracted (Guangdong Entomological Institute, in a patent developed in 2015) or
alternatively chitin could be degraded by enzymatic methods before being added to diets
as a product of hydrolysis (i.e. Chito-oligosaccharides, acetylglucosamine or chitosan) or
via an alkaline extraction (DeFoliart et al. 1982; Belluco et al. 2013; Shiau & Yu, 1999;
Se-Kwon & Niranjan, 2005; Lin et al. 2012a,b). Its removal could improve the protein
quality of the feed, making it more digestible (Newton et al., 2005; Sheppard et al., 2007;
Rumpold & Schluter, 2013).

Also, if properly removed and purified, chitin could potentially become a high value by-
product. Chitin and chitosan can be used as antioxidant, anti-inflammatory, drug delivery-
media and plastic (Park & Kim, 2010). Several recent studies, highlight the fact that at
low levels, incorporated in a feed, chitin may have a positive effect on the functions of
the immune system. Having antimicrobial properties (Rinaudo, 2006), it can act as an
immunostimulator effective on a short term basis (Mastan, 2015). However, at the
moment, the technical and economic feasibility of chitin extraction have yet to be
determined (Diener et al., 2011).

Several antibacterial and antifungal peptides have been detected in numerous insect
species, potentially improving the shelf life of insect-based feed (Ravi et al., 2011; Zhao

et al., 2010). Methanol extracts of BSF larvae showed antibacterial activity that strongly
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inhibited proliferation of Klebsiella pneumonia, Neisseria gonorrhoeae and Shigella
sonnei. It also had the unique property of virtually blocking the viability of the bacteria
(Choi et al., 2012). This methanol extract was later narrowed down to hexanedioic acid,
which also showed antibacterial properties that effectively inhibit the growth of bacteria
like Staphilococus. aureus meticilline resistant (MRSA), K. pneumonia and Shigella
dysenteriae (Choi & Jiang, 2014; Park et al., 2014). The antimicrobial substances in BSF
larvae could be a potential source of novel antimicrobial-like compounds for infection
control (Park et al., 2014).

While the nutritional value of insects varies with the species, stage and substrate they
were fed on, insect remain a potentially valuable and proteinaceous feedstuff, ranging in
the acceptable levels of proteins, lipids and micronutrients of any other feed source. The
fact that the fatty acid profile can be easily (and widely) modulated is a great advantage

for a future specific feed formulation, targeting special requirements.

1.4.2 Waste remediation

One-third of the food produced for human consumption, around 1.3 billion tonnes
annually, is currently lost or wasted (HLPE, 2014; FAO, 2018), with an estimated value
of 680 billion US$ in industrialized countries and 310 billion US$ in developing countries
(Charles et al., 2010). Along with the intensification of the livestock industry expected to
generate twice more manure by 2050 (FAO, 2011) sustainable solutions to deal with this
waste streams are required. The use of low-value, or even better, waste not used in any
other value chain, could be a favourable framework to develop the insect industry for
cost-efficiency and sustainability. Thanks to the ability of several farmed-insect species
to develop upon a wide range of organic substrates, their production could follow an
integrating bio-system approach where organic waste that could impair the global
environment if not appropriately treated or disposed, could be used to generate animal
feed, reducing the greenhouse gases emission, and improve environmental safety,
contributing to close the loop for nutrients flows, resulting in a zero-waste industry.

Although challenges remain, related to the water content, transportation or risk of
contamination, there is an opportunity for an insect-based waste remediation. Besides
generating insect meal, the production of frass at the end of the bioconversion process
could be used as a biofertiliser for crop production. The value chain that is developing
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around this industry is circular and based on the relationship between environment
(ecological impact and benefits) and the market demand for this protein source and
biofertiliser, the efficient use of insects can close the loop the nutrient loop applying the
principles of circular economy (Vedlkamp et al., 2012; Van Huis et al., 2013).

However, care should be used if the insects function as waste converter: as said
previously, the nutritional profile of arthropods is the reflection of what they eat,
therefore, they can potentially bio accumulate chemical contaminants. While, the larvae
analysed in most studies, generally possessed levels of chemical contaminants below the
recommended maximum concentrations (according to the European Commission, the
World Health Organisation and Codex Alimentarius Commission, 2010), exception can
happen, like high levels of Cadmium found in in Musca domestica larvae (Diener et al.,
2009, Charlton et al., 2015). While the black soldier fly has a high tolerance for heavy
metals (Cai et al., 2017), it makes it even more important to prevent contamination
because it might go unnoticed when present.

Antibiotic contamination with veterinary medicine like Nicarbazin is also a source of
concern, Charlton et al. (2015) showed that larvae of Musca domestica could accumulate
this chemical, when fed with contaminated feces.

Recently a study conducted by Cai et al. (2018a) demonstrated that Black Soldier Fly
larvae could successfully breakdown tetracycline —a commonly used antibiotic for
livestock- through its digestive tract. A follow-up study (Cai et al., 2018b) even
demonstrated that the frequency of antibiotic resistant genes in the microbial community
remaining in the waste after digestion is reduced. The same species is also known to
successfully degrade three commonly used pharmaceuticals (carbamazepine,
roxithromycin and trimethoprim) along with two pesticides (azoxystrobin and
propiconazole) with no bioaccumulation detected in the larvae (Lalander et al., 2016).
Therefore, potentially acting as bioaccumulator, the insect meal mass-production should
be carefully monitored to ensure that no heavy metals, pesticides nor drugs are present in
the final feedstuff, and this prevention start first with the feeding substrate given to the

larvae (Van Der Spiegel et al., 2013).
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1.4.3 Insect farming: insect as mini-biorefining

factories

Insect mass production is essential to supply the growing demand for proteins in both
human and animal nutrition. Their production could be a sustainable way to avoid the
over-exploitation of wild resources (Sanchez-Muros et al., 2016). Insect farming is not a
new practice as commercial mass-production systems have exited for centuries for
apiculture, and sericulture (silkworms), or to support the biological control of agricultural
pests (Rumpold & Schliter, 2013). Also, more recently, the mass breeding of mosquitoes,
for the Sterile Insect Technique, is proven successful. In a nutshell, the idea is to breed
massively insect vectors, discard the females (which draw blood to oviposit), sterilise
males (by irradiation or the use of the bacteria Wolbachia to affect their fecundity) and
release them in the wild so they could mate with wild females, and transfer a sterile sperm,
hampering the fecundity and therefore the vector population in the wild (Oliva et al.,
2012).

This knowledge was the basis for the development of mass-rearing of edible insects.
Insect-farming ensures a traceability, constant quality, and consistency of the insect-based
products (Rumpold & Schliter, 2013) and is not different than any other conventional
livestock systems: The insects need access to water and feed (substrate) to supply energy
and nutrients for growth and excrete intestinal content (frass). The production is impacted
by the physical conditions (small scale/large scale, low or high level of technological
management solutions etc.) and the level of biosecurity in place to prevent introduction
of e.g. microorganisms from the surrounding environment (wildlife, neighbouring animal
farms, waste management units etc.). In principle, there are no differences in the farming
system regarding rearing of insects for feed or for food although they have to comply with
different legislative frameworks (discussed in Chapter 1.3.4).

In European insect farms, insects are kept in a closed environment, in boxes/cages, where
the atmosphere, substrate, water etc. can be controlled. Currently no hormones, antibiotics
or chemicals are used for the existing insect farming systems except for biocides to
disinfect the production environment in between batches of insects (European
commission, 2015).

At the moment, 5 main species are mass-reared for a food and feed target, mostly in Asian

countries (Figure 1.3). While Orthoptera (Mainly Acheta domesticus, the house criquet),
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due to their high commercial value (around 23 US$ per kilo on a dry weight basis, Jesse
Willems Pers. Comm., 2018) are more targeting the insect-as-food market, Mealworms
(mostly Tenebrio molitor), the Black Soldier Fly -BSF- (Hermetia illucens) and Musca
domestica (the common housefly) are expected to be used mostly (but not only for the

case of mealworms) as an animal feed source.
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Figure 1.43: Overview of the chain from production to consumer. The main farmed
species, used as food or feed, are grouped by the lifestages of harvesting. The lifecycle is
divided in two parts: the first one being used for the production of the insect meal and the
biofertiliser, while the second one is kept for broodstock and reseed the substrate for the
production.

Regarding mealworms, very few companies have yet upscaled their production. We can
cite as an example Ynsect in France, which pilot-production factory is aiming to produce
17 tonnes of fresh larvae per year (Thévenot et al., 2018). Despite having a fairly long
lifecycle (it takes up to 10 weeks at 28°C to obtain the larvae), the main advantage is that,
due to the dryness of the substrate (around 18 percent according to Wu, 2009), harvesting
the larvae is very easy, and can be done by a simple sieving (Morales-Ramos et al.,
2011b).
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However the biggest issue, is the fact that they require the use of a dry and formulated
substrate. Often, agricultural by-products like wheat bran are used with raw vegetables as
supplements to balance the nutrient ratio of the feed, as some important nutrients are
missing in wheat bran such as vitamins, essential fatty acids, and sterols (\VVan Broekhoven
et al., 2015; Morales-Ramos et al., 2011a). Therefore, a substrate already use for animal
feed, is turned to grow insects...to be themselves used later as animal feed. Efforts should
focus on identifying alternative sources of feed for insects that have lower environmental
impacts, as shown by Smetana et al. (2016) and Halloran et al. (2016). For example,
mealworms could be fed low-value agricultural by-products such as palm tree pulp flour
(Alves et al., 2016), dried distillers grain or spent grain from makgeolli (Kim et al., 2016).
For the moment this contradiction, yet to be addressed, forces to research yet un-used
agricultural by-products to increase the economic viability, and decrease the

environmental footprint of this production systems.

Regarding the housefly, the breeding is very easy, as it can be bred on a large range of
organic substrate, and has a rapid lifecyle (it takes 3-6 days to obtain market-size larvae
at 28°C). However, one of the main constrains comes with biosecurity: the common
housefly is an anthropophilous species, and colonise sewage, rotten material, food waste
etc. Therefore, in case of escape, it can be a major source of nuisance for nearby
habitations. While the adults feed (contrary to the BSF), they can transmit disease through
their saliva. Transmission takes place when the fly makes contact with people or their
food and can be a vector to a great number of diseases including enteric infections (like
dysentery, diarrhoea, typhoid, cholera and certain helminth infections), eye infections
(such as trachoma and epidemic conjunctivitis), poliomyelitis and certain skin infections
(such as yaws, cutaneous diphtheria, some mycoses and leprosy) (WHO, 1986). In
addition, adults can transmit fungi (Phoku et al., 2014) Escherichia coli (De Jesus et al.,
2004), and Salmonella enterica (Holt et al., 2007) through their droppings. Their larvae,
not only do not reduce the bacterial load of the substrate, can host -and seed- new
substrates with these bacteria. Therefore, if not sterilised, the meal produced from these
larvae can be potentially pathogenic for the animals, like the example presented by Davies
& Wray (1993) where chicken fed with contaminated larvae of Lucilia sericata (a close
relative to Musca domestica) caused a salmonella infection in the birds.

The particular case of the Black Soldier Fly is detailed in the next dedicated Chapter (1.5).
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The breeding process of all these species, beside producing the insect meal, ends up with
an feces (“frass”) enriched substrate, called biofertiliser. As most of the studies were
realised on the BSF frass, this topic will be discussed in the next chaper (1.5).

The production of insect meal results in less greenhouse gas emission, requires less land
compared to conventional livestock production (the production trays can be stacked
vertically to maximise the production surface), therefore resulting in a lower ecological
footprint (Oonincx et al., 2010; Oonincx & De Boer, 2012). Insect susceptible to this
mass-rearing are highly prolific species, and if their growth is done on organic waste, can
reduce the environmental impact on the livestock sector (Oonincx et al., 2015; Van
Zanten et al., 2015). In addition, insect meals will soon not only offer the raw product but
could be purified, to produce derivated products, such as protein concentrates, chitins,

oils, antimicrobial peptides.
1.4.4 Regulatory framework

The General Food Law (Regulation (EC) 178/2002) sets the framework for EU legislation
on food and feed, and applies to all stages of food and feed production. Since, 2013, under
strict conditions, the EC regulation 56/2013 lifted the ban on the use of non-ruminant
Processed Animal Proteins (PAP) in farmed non ruminant, including aquaculture, feed.
When farmed insects or products derived from farmed insects are produced to be used as
food for humans, or as feed for food-producing animals, the industry has to comply with
rather complex legal requirements. These requirements are related to the insects
themselves, the feed or substrate fed to the insects, the firm producing the insects, and the
ultimate marketing for use as food or feed (VVan Der Spiegel et al., 2013).

As farmed insects are non-pathogenic invertebrates species for humans of animals, they
are considered as Category 3 material (EC regulation 1069/2009). While the re-authorised
Processed Animal Proteins (EU regulation 142/2011) are derived category 3 materials
and must answer to constraining requirements during collection, processing and slaughter
in certified abbatoirs, the regulation (EC) 1099/2009, does not mention insects (Halloran
& Miinke, 2014).

As no requirements for insects are laid down in Annex 11 of Regulation (EC) 853/2004,
establishments handling insects do not need approval prior to the start of operation (but
should be registered to the proper authorities). This prescription is posed by regulation
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(EC) 183/2005, which defines safety and hygiene standards for animal feed products. The
breeding of insects is part of “primary production,” the processing of insects into food is
not. Thus, companies breeding and converting insects into food should comply with
Annex | and Il of Regulation (EC) 852/2004. It only allows to breed seven species of
insects which are: Hermetia illucens (BSF), Musca domestica (Common housefly),
Tenebrio molitor (yellow mealworm), Alphitobius diperinus (Lesser mealworm), Acheta
domesticus (House criket), Gyllodes sigillatus (banded criket), Gryllus assimilis (field
criket), only if they have been processed by according methods set in the chapter IlI,
annex IV in the regulation (EU) N° 142/2011.

Insects may only be fed with materials of vegetal origin. Some exceptions are however
admitted for the following products having an animal origin (category 3 materials):
Fishmeal, blood products (from non-ruminants) di and tricalcium phosphate of animal
origin, hydrolysed proteins from non-ruminants, hydrolysed proteins from hides and skins
of ruminants, gelatine and collagen from ruminants, eggs and eggs derivated-products,
milk, milk-based products, milk-derived products, colostrum, honey and rendered fat.
The feeding substrate of the insects shall not have been in contact with any other material
of animal origin, beside those mention above, and the substrate shall not contain manure,
catering waste or other waste (EU, L138/111, 2017).

In a nutshell, at this moment, the feeding of farmed insect shall use only agricultural
waste, or animal-based waste as listed before, but cannot be fed with slaughterhouse or
rendering derived products, manure, or catering waste. The same ban applies to the use
of unsold products from supermarkets or food industries (e.g. unsold products in reason
of manufacturing or packaging defects) that contain meat or fish.

Today, farmed animals derived proteins are banned for use in feed for ruminant (e.g.
cows) and monogastric animals (e.g. pigs and poultry animals). More commonly known
as the EU ‘feed ban’, such prohibition was introduced by EU public authorities in reaction
to the Bovine Spongiform Encephalopathy (BSE) outbreak in the early 2000’. The feed
ban rules are contained in Regulation No 999/2001 (see article 7 and Annex 1V), which
is more commonly known as the ‘TSE Regulation’. Insect based-feed is allowed for pet

food and fur animals (e.g. mink). This ban is not applicable to insect oil.

The regulation N° 2017/893 (effects starting on the 1 July, 2017) adopted by the
European Commission on 24 May 2017, authorises the use of insect proteins coming from

seven species —listed above- in feed for aquaculture animals. The European Commission
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services are currently exploring the possibilities for proposing a new revision of the feed
ban rules in order to authorise pig and insect proteins in poultry feed.

To sum up, it is possible to breed in the EU seven insect species, if they were bred on
agricultural by-product (except manure) and some specific products having an animal
origin. The insect meal can be used as feed, for pet food, fur animal diet, aquaculture, but
not yet in poultry or pig industry. Insect oil can be used for all livestock.

The EFSA Scientific Committee (2015) highlighted that risks of contamination (like
heavy metals, as detailed above) are still high through the value chain, and needs to be
assessed. Regarding the occurrence of prions, while their expression or replication is not
considered possible in insects, a contamination is still possible, as the insects can be a
passive vector. Therefore the total prion infectivity carried by the insects would depend
on the amount of infectivity present in the substrate the insects are fed on and can only
be equal to or small than this (Thackray et al., 2012, 2014a, b).

This report concluded that for both biological and chemical hazards, the specific
production methods, the substrate used, the stage of harvest, the insect species and
developmental stage, as well as the methods for further processing will all have an impact
on the occurrence and levels of biological and chemical contaminants in food and feed
products derived from insects. While hazards related to the environment are expected to
be comparable to other animal production systems. Given the lack of knowledge
identified around these risks, it was suggested that more studies should evaluate these
hazards risks when insect are used as food or feed. In other countries insects are listed as
acceptable and safe ingredients (Halloran & Minke, 2014). In Ghana, Mali, Kenya and
Uganda, there is no legislation preventing their use as feed, while in China or Thailand,
Insect meal is listed in the Feed Material Catalogue as suitable animal feed ingredients
(Halloran & Miinke, 2014).

1.5 Black Soldier Fly

With the emergence of insect as feed industry, the Black Soldier Fly have attracted
attention thanks to its short lifecycle, capacity to develop on a wide range of substrates
including low —or no value organic waste, and the fact that it is virtually distributed

worldwide without causing ecological troubles. This sub-chapter will highlight the
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distribution, ecological significance, lifecycle of the fly, followed by a review of its
farming and environmental benefits, nutritional value and experiments performed on

several livestock, and will conclude on the current bottlenecks hampering its up-scale.

1.5.1 Biology

The Black Soldier Fly Hermetia illucens is a Diptera. (from the Greek di: two and Ptera:
wings). While this species seems to be almost cosmopolitan (See figure 1.4), the black
soldier fly has been proposed an American origin (Rozkosny, 1983) and can be found in
the tropical regions of South and Central America (Copello, 1926; Furman et al. 1959;
Marshall et al., 2015), and the North America continent (for the detailed list of states in
the US and Canada see Marshall et al., 2015). This extremely-temperature and habitat-
tolerant animal has a great potential to inhabit new territories at more Northern situations
than it has formerly been presumed, therefore it spreads rapidly around the globe. The
species has been accidentally introduced to Southern Europe where it was first recorded
from Malta in 1926 (Lindner, 1936) and after World War 1, became widespread in the
Western part of the Mediterranean sub region. Within the Palearctic region, it can be
found between 49°N and 40°S (Martinez-Sanchez et al. 2011; Roha¢ek & Hora, 2013;
For the full European records, see Leclercq, 1997; Martinez-Sanchez et al. 2011; Fauna
Europea, 2017; Beschovski & Manassieva, 1996; Ssymank & Doczkal, 2010; Ustiiner et
al. 2003; Tsagkarakis et al., 2017; Richoux, 2009; Dauphin, 2003; Chevin, 1986; Franco,
2013; Sauter, 1989; Toth, 1994). However, it remains unclear when Hermetia illucens
firstly arrived in Europe. In 1984, Professor Gino Fornaciari exhumed the remains of
Isabella d’ Aragona (1470-1524) buried in the Abbey of San Domenico Maggiore, in Italy,
for paleo-pathological studies (D'Errico et al., 1988). Fornaciari took this occasion to
sample the entomofauna associated to the remains in the sarcophagus. Near the queen’s
skull, two body parts belonging to the Black Soldier Fly larva were found. Considering
that the fly larvae requires abundant quantities of decaying organic matter (Fornaciari,
2006), and the sarcophagus having been sealed, it is unlikely that the body was
contaminated later by the maggots. This finding acknowledged the presence of this fly
almost 400 years before the first European record in Malta, suggesting that it was
probably present in Italy four centuries before. To this finding, Benelli et al. (2014) offer
three hypothesis: a) it was introduced from America earlier than we thought: Isabella
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d’Aragona died the 12™ February 1524, almost three decades after the America’s
discovery by Columbus. At that time, many Spanish gallions were trading in the port of
Naples, allowing an accidental introduction; b) the apparent American origin is wrong
and it was native from the Palearctic region, even if it remained unknown until 1926, or
c) the fly larvae does not belong to H. illucens but to a new close related species or a
cryptic one. More similar cases have to be found to confirm any one of the 3 possibilities.
The BSF is recorded from many Asian countries, (for the full records see Kim et al. 2008;
Kim, 1997; Morimoto & Kiritani, 1995; Marshall et al. 2015; Caruso et al. 2013; Rohac¢ek
& Hora, 2013; Oliveira et al. 2015; May, 1961; McCallan, 1974; INPN, 2017). Very few
articles attest its presence in Africa (for the full records see INPN, 2017; Oliveira et al.
2015; Marshall et al. 2015; Lardé, 1990).

Figure 1.54: Distribution of the Black Soldier Fly (Hermetia illucens).

As for most of its distribution pattern the BSF seems to be more frequent along the costal
line. To this pattern, Marshall et al. (2015) and Martinez-Sanchez et al. (2011) suggests
that maritime transport might have played a major role in repeated accidental
introductions.

The fly seems to cohabit peacefully with local entomofauna where it is introduced. Its
proportion is always very low in natura. In Brazil, in a study using household waste as

an attractant, it was demonstrated that BSF larvae represented 1% of the total fly
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population colonising the trap (Ferrari et al. 2009), while in Ghana this ratio was less than
0.2% (Maquart, unpublished). A competition still occurs however between BSF and local
saprophageous flies, which explains the low representation of BSF amongst fly
populations. The BSF is very susceptible to competition on its early stages (the first 3-4
days), and having a longer development time than most of the other flies, they cannot
colonize quickly enough a substrate to —later- inhibit the oviposition of other species. The
presence of BSF larvae is known to inhibit the oviposition of housefly in a substrate
(Furman et al., 1959; Bradley & Sheppard, 1984) but only if the substrate is already well
colonised: this inhibition is only observed when large density of BSF larvae is present in
the substrate, and when the larvae are old enough. Interestinly, this inhibition also occurs
on the frass left by the bioconversion.

There is —at the moment- no record of ecological problems due to the introduction of BSF
in introduced area, comforting its status of “non-pest” species. Recently one article
published by Hasim et al. (2017) allegedly attributed the collapse of wild bee hive
colonies to BSF larvae in peninsular Malaysia. However, this very unusual colonisation
might have happened because of a drastic change in climate (with an increase of rainfall
and humidity due to the entrance to the raining season), and the fact that honey started to
ferment, hence potentially attracting female flies to oviposit. The abundance of bee
material (rotten propolis, fermented honey and bee bread) becoming a viable substrate for

the larvae. This is to this day, the only record case of BSF infestation.

Like all holometabolous insect, the BSF cycle is characterised by 4 distinct stages: the
egg, the larvae, the pupae and the adult (see Figure 1.5). The eggs, measuring about 1
mm, are usually laid in clusters of 200- 650. Having an ovoid shape they are laid in
crevices or rugose textures near a favourable substrate (Tomberlin & Sheppard, 2001;
Tomberlin et al., 2002). Their coloration changes from beige to yellowish/beige during
the incubation period, which lasts from a little bit more than 4 days, at 27-29°C (Booth
& Sheppard, 1984) to about 2 days at 30°C. Once the eggs hatch, the neonates larvae
crawl in the feeding substrate. They pass through 5 instars, lasting about 15 days (at
30°C). They can be recognized by their stout shape and large size (up to two centimeters
long for the last larval stage). The body is dorso-ventrally flattened contrary to housefly
larvae which body is very plump. The larvae are highly photophobic and remains inside
the substrate. The 6™ instar is called prepupae. This stage is characterized by a marked

colour change from beige to dark brown, a cessation of feeding and the migration outside
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the feeding substrate (referred as “self-harvesting”) (Schremmer, 1986; Diener et al.,
2011). The prepupal stage usually takes less than 10 days (at 30°C). At this stage they
are at their maximum size, with a large store of fat to sustain them through
metamorphosis. Once a suitable place for pupation is located, the prepupae ceases its
activity, and enters in pupation stage. The outer skin (pupae) is used as a shield to protect
the nymph through pupation. This stage last between 14 to 17 days.

Once the adults emerge, they do not need feed as they largely rely on the energy reserves
built during their larval development (Newton et al., 2005a, b), but these supplies can be
supplemented by sugary water to increase their lifespan. The environmental factor that
intimately governs their life expectancy is the access to water: adults having access to
water may live up to 14 days, whereas those deprived of water hardly survive more than
8 days (Tomberlin et al., 2002; Olivier, 2004; Tomberlin et al., 2009). Males often emerge
earlier than females (Tomberlin et al., 2002; Kim et al., 2008) and after 2 days, mating
takes place (Tomberlin, 2001; Tomberlin et al., 2009; Tomberlin and Sheppard, 2002).
Another 2 days are needed before egg laying. Imagos live only 5 to 14 days, its life
expectancy being unquestionably dependent on body size (and associated energy
reserves) and on access to water (Tomberlin et al., 2002; Olivier, 2004; Tomberlin et al.,
2009).
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Figure 1.55: Life cycle of the Black Soldier Fly (Hermetia illucens). The time frame
given is expressed for 30°C.

1.5.2 Environmental benefits

The larvae are saporphageous, and can be fed on wide range of substrates, and more
interestingly on low or no-value organic waste, like animal manures (Newton et al.,
2005), fruits (Nguyen et al., 2013), and vegetables (Malloch, 1917), or even some
indigestible food, such as coffee (Diener et al., 2009) and beeswax (Malloch, 1917).
Therefore the BSF larvae are considered as great recycler (Lardé, 1990).

While feeding on the substrate Larvae reduce significantly pathogenous bacteria like
Escherischia coli or Salmonella enterica (Erickson et al., 2004; Liu et al., 2008), but also,
showed reductions of Adenoviruses, Reoviruses and Enteroviruses (Lalander et al.,
2014). Therefore the substrate after the bioconversion is considered pathogen-free
(Erickson et al., 2004; Liu et al., 2008).

The adults rely only on water to survive (Skidmore, 1985; Tomberlin et al., 2002) making

the farming process easier as they don’t have to be fed. BSF is harmless to humans and
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livestock, therefore the risks of disease transmission are null (Bradley & Sheppard, 1984;
Leclerg, 1997; Rozendaal, 1997; Sanchez-Arroyo, 2011). In addition, due to the fact that
this species is very prolific (a female lay between 1.5 to 2.3 mg of eggs —so around 600-
920 eggs- during its lifetime according to Tomberlin et al., 2002; Heussler et al., 2018)
and has a short lifecycle (the larvae can be harvested within 15-20 days) it indicates a

great potential for mass rearing.

The Black Soldier Fly Larvae (BSFL) may be grown on a wide range of organic substrates
including manures and other waste substrates (Oonicx 2015, Diener et al., 2011, Lalander
et al., 2014) whose management has public health, environmental, biosecurity and
logistical challenges in both the developed and developing world (Halloran et al., 2016).
Therefore, they can efficiently be used as a waste remediation system by efficiently
converting nutrient-poor, low or no value waste that are costly to treat or dispose into
valuable biomass, reducing effectively the biomass, effluents, and odours thereby
reducing sanitation issues and risks of pollution (Sheppard et al., 1994; Newton et al.,
2005a; Myers et al., 2008; Diener et al., 2011b; Lomas, 2012; Lalander et al., 2013). In
contrast to other solutions for waste management, such as composting or anaerobic
digestion, BSFL can reduce waste loads by around 70% in comparatively short time
scales to either composting or anaerobic digestion (Diener et al., 2011) and can reduce
pathogenic loads (Lalander et al., 2014; Erickson, et al., 2004; Liu et al., 2008) which
anaerobic digestion does not. It may therefore contribute to solving waste management
problems at the same time as providing valuable feed ingredients to livestock industries
and fertilisers and therefore of particular interest to regions that have limited access to
quality feed ingredients, organic fertilisers and also have waste management issues, such
as in Africa.

The residues from the bioconversion process consist of undigested substrate residues and
insect feces (Alvarez, 2012; Cickova et al., 2012a). Frass represent between 80 to 95
percents of the total “fresh” outputs (i.e. larvae + frass) of the bioconversion process
(Calvert, 1979; Ci¢kova et al., 2012b; Wang et al., 2013; Caruso et al., 2014) and several
authors suggested to valorizate the frass by further hydrolysing into fermentable sugars
suitable for the food industry (like ethanol fermentation); processing to facilitate storage
and handling, vermicomposting (Newton et al., 2005b; Li et al., 2011c; Citkova et
al., 2015; He et al., 2016).
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The frass chemical composition is comparible to other conventional biofertilisers, with
optimal levels of N, P, K to supplement soils (Choi et al., 2009; Wang et al., 2013;
Lalander et al., 2014).

Very few researches were done on the possibility of using BSF residues as biofertiliser,
however, it was proven successful for slow-growing crops (such as pepper, ockro) but not
suitable for quick-growing crops such as maize, as an organic fertilizer releases slowly
its nutrient into the soil. The results of the agronomy trial conducted by Devic (2016)
showed that there is some positive effects on the use of frass as a biofertiliser, for plant
growth and soil fertility. The structure of the soil was improved, it was more aerated
compared to the unamended soil and the soil improved with NPK fertilisers. This
improvement is a characteristic of organic soil conditioners that usually encourage the
development of a root system and therefore the growth of the plants.

In addition to the soil structure improvement, according to Vickerson et al. (in a patent
developed by Enterra in 2015) BSF frass have been shown to have properties that confer
protective effects against plant pathogens by reducing or inhibiting pest damage to a
susceptible crop. Field plots demonstrated this activity against several Agriotes species
and Limonius canus (Coleoptera: Elateridae). The results showed that BSF frass treatment
exerted a protective effect against wireworm feeding damage, but also showed entomocid
activity. For example, mixing BSF frass and soil (8% in soil, dry weight frass/dry weight
frass plus soil) killed 90-100% A. lineatus within 1 -6 days. Similarly, at a rate of 7.5%
(dwt/dwt) it killed from 28% to 88% A. lineatus under 5 days. Similarly, using 10% frass
(dwt/dwt) mixed with soil, killed 100% and 80% respectively of A. obscurus and L. canus
after 24 hours. The frass also exhibited insecticidal activity against European chafer
(Coleoptera: Scarabidae), with 20% more chafer larvae killed after 20 days of exposure
to 8% frass (dwt/dwt), compared to controls. The same activity was observed against
cabbage root maggots, killing larvae and pupae as well and reducing fly emergence.
Further experiments needs to be done to properly assess these faculties.

Therefore, BSF-based frass could be a competitive product on the overall
composts/biofertilisers markets due to its availability and thanks to a composition
comparable to classical compost or vermicompost, which are high-value products but

available in limited quantities.
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1.5.3 Commercialisation trends

As demonstrated before, the BSF industry can be threefold: production of sustainable
feedstuffs, waste management and biofertiliser (“frass’) production.

Under the paradigm of insects as an alternative protein feedstuff to mitigate the effects of
climate change or rising population, the advantages of the BSF might reasonably put it as
the insect of choice, as not only it does not compete with humans nor livestock for food
or feed, does not have specialized diets, nor require significant environmental
manipulation (Van Itterbeeck & Van Huis, 2012) but provides also an economic and
ecological service in processing the waste substrates that it feeds on. No other insect
comes close to closing so many material flow loops and creating nearly self-sustaining
food production cycles. Rearing BSFL on wastes, could be a self-financing form of
pollution reduction (Gabler & Vinneras, 2014), although it is not yet known what are the
best ratios of insects to substrate and what conditions will provide the optimal mix of
larval production and waste recycling. BSFL thus show strong promise as part of a

sustainable system (Katayama et al., 2005)

At the moment, several international commercial pilot productions have started to sprout
around the world, like in Canada (Enterra), South-Africa (AgriProtein) Spain, the
Netherlands (Protix), France (Innovafeed), Malaysia (Entofood) or China (Van Huis et
al., 2013; Drew & Pieterse, 2015; Henry et al., 2015; Pastor et al., 2015). Starting with a
capacity of substrate input of 200 to 1,000 tons per day, their main focus is protein
production rather than waste management. Therefore, homogenous and pure input
materials such as brewery waste, food waste or chicken manure, are required to allow a
controllable and stable production of high value animal protein. However, competition
with biogas or composting plants can have a negative influence on the availability and
thus the price of these resources (Diener et al., 2015).

Due to Intellectual Properties restrictions, very little information are available on their
technology nor advancements in the field. With legislation changes, the industry will be
able to use a broad range of substrates, therefore paving the way into large-scale waste
management industry along their protein-based production industry.

On the other end of the spectrum are decentralised small-scale household composting

systems (like households, private chicken farmers and hobbyists) operating BSF
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composting for personal use (Olivier & Hyman, 2011). But they are more focusing on
very-local waste treatment, and are motivated by the idea of self-sufficiency, by feeding
raw dried or live maggots to their livestock or pets. Their insect production is considered
negligible in the wider context.

But, between these two extremes, there is a market gap for medium-scale BSF treatment
facilities, potentially treating 10 tonnes of waste per day, serving a local and
contextualised market. This is of great interest given the high share of organic material in
the waste streams — especially in low- and middle-income countries (LMIC) — and the
growing demand for locally produced animal feed. As such, BSF technology could
provide an opportunity for local entrepreneurs, serving not only the aforementioned

demands but also creating employment (Diener et al., 2011).

Yet, very few pilot scale system disclose their current production levels and technology.
Burtle et al. (2012) designed a system in the USA which can theorically produce 3,750
tonnes of BSF meal per year, using 360 tonnes of food waste and swine manure weekly.
In Indonesia, the EWAG project, claimed to produce between 750kg — 1 750 Kg of larvae
(wet weight) out of 9-21 tons of food waste weekly (Dortmans et al., 2017).

As for now, given the regulatory restrictions (see 1.3.4 above), maggot meal (MM) are
mainly used in the petfood industry and has just started to be used in aquaculture. The pet
food industry has a high purchasing power, which has rapidly identified the potential of
these products as high-quality feed industry. Meanwhile, research keeps investigating the
applicability and safeness of MM-based products as feed ingredients for various livestock

and fish species.

1.5.4 Nutritional profile

The fact that Dipteran meal share similarities with FM suggest a high potential as a feed
ingredient including aquatic species (see Table 1.2). The whole body composition of the
BSF varies greatly with the substrate the larvae are fed on (Barranga-Fonseca et al., 2017;
Sanchez-Muros et al., 2016; Wang & Shelomi, 2017), and allows a manipulation of its
nutritional profiles, especially FA profile (St-Hilaire et al., 2007; Biancarosa, 2016;
Barranga-Fonseca et al., 2017). But the effects are not linear: it was demonstrated in an

experiment were food waste mixes were used as a substrate, and where the protein and
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lipid composition were known, that it did not correlate with the larval fat content
(Oonincx et al., 2015). The body composition of the BSFL according to the substrate, for
protein, lipids and micronutrients is resumed in the Chapter 3 dedicated to identify
potential substrate to produce the BSFL in Ghana, the following table resumes (Table
1.2), as an example, the nutritional profile of BSFL fed on brewery waste (Barroso et al.,
2014).

But despite these variations, some generalities can be made:

The dry matter ranges between 20 to 44% according to the lifestage, being higher for the
later larval stage called prepupae (Diener et al., 2009; Finke, 2013; Nguyen et al., 2015;
Oonicx et al., 2015, Sheppard et al., 2008; Barranga-Fonseca et al., 2017).

The protein content can vary between 37-63% (on a dry matter basis) (Barranga-Fonseca
et al., 2017). The amino acid is relatively constant amongst the studies, and therefore is
not considered to change too much according the substrate the larvae are fed on. BSFL
are particularly rich in lysine (6-8% of the protein content) (Sheppard et al., 2008) and is
similar to the levels observed in other animal feedstuff (Newton et al., 1977). When
produced on pig manure, the levels of lysine, leucine, phenylalanine and threonine are
similar to soybean (Newton et al., 2005b), and the levels of alanine, methionine, histidine
and tryptophan are higher. When defatted BSFM can have crude proteins levels over 60%
(Spranghers et al., 2017). The defatting of the larvae requires processing which can be
achieved either chemically by solvent extraction, using hexane (Kim et al., 2016) or
mechanically by cold-pressing the larvae prior to grinding (Russin et al., 2011). But these
solutions have financial, environmental and logistical costs out of reach for developing

world countries.
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Table 1.2: Proximate composition and amino acid profile of Black Soldier Fly larvae,
fishmeal and soybean according Barroso et al. (2014).

BSFL FM Soybean

Proximate composition
(% dry matter)

Crude protein 36.2+0.3 73.0+0.8 50.4+0.2
Crude fat 18.0£1.6 8.2+0.0 3.0+0.0
Ash 9.3:t0.3 18.0£0.2 7.8+0.0
Nitrogen-free 36.5+£1.0 0.8+0.7 38.8+0.3
exctract

Amino acid (% total AA)

Arginine 8.24 7.42 8.03
Histidine 5.29 7.86 3.28
Isoleucine 5.76 5.04 5.47
Leucine 6.87 7.81 8.01
Lysine 7.60 8.78 6.34
Methionine 1.50 2.93 1.01
Phenylalanine 6.88 5.38 5.79
Proline 6.16 4.76 4.99
Threonine 5.39 6.26 4.17
Tyrosine 6.35 3.91 2.93
Valine 6.31 5.56 5.45

Regarding the lipid profile, it ranges between 6.6-39.2% (Newton et al. 1977; Barragan-
Fonseca et al., 2017; Wang & Shelomi, 2017), between 58-72% of it are saturated fatty
acid, and the rest, shared between mono- and polinsaturated fatty acids (Kroeckel et al.,
2012; Li et al., 2011c; Makkar et al., 2014; Surendra et al., 2016). The fatty acid profile
is closely related to the composition of the diet. As said previously, when fish offals are
used as a substrate the larvae can incorporate n-3 FA like a-linolenic acid or
eicosapentaenoic acid (Sealey et al., 2011; St-Hilaire et al., 2007a). The fatty acid

potentially present in the BSF larvae are resumed in the Table 1.3:
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Table 1.3: Fatty acid profiles, (expressed as % of total fatty acids) on the black soldier
fly larvae fed from different substrates. (according Barranga-Fonseca et al., 2016;
Kroeckel et al., 2012; Li et al., 2011a; Oonincx et al., 2015b; Sealey et al., 2011; St-
Hilaire et al., 2007a; Zheng et al., 2012). Values expressed either as mean+SD when the
sampling number was sufficient, or otherwise as single values.

Fatty acids Cattle Chicken Cattle By By- Swine  Restaurant
manure feed manure + products products  manure waste
(n=3) (n=2) fish offals  (high fat)  (low fat) (n=1) (n=1)
(n=2) (n=2) (n=2)
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;37.1 28.9;38.4 48.4;50.7 49.3 234
Myristic acid 3.9+1.6 6.5; 9.2 6.3;6.5 7.4;7.8 9.9;95 6.8 -
Palmitic acid 16.9£ 2.6 15;12.7 14.3;17.3 14.4;17 11.6;11.8 105 18.2
Palmitoleic acid 51+1.38 3.4 7.6 2.9;34 4.7;6.6 35 9.4
Stearic acid 53115 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
Linoleic acid 45+24 9.4 3.9;5.9 8.3;17.1 3.6;6 3.7 7.5
a-linoleic acid 0.2 0.6;0.8 0.5; 0.7 0.8;15 0.6;1 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;35 - - - -
Docosapenta-enoic acid 0.01 0.1 0.1;04 - - - -
Docosahexa-enoic acid 0.06 0.1 0.4;17 - - - -

The micronutrient profile, while depending on the substrate the larvae are fed on, shows
some relatively constant profiles: BSFL accumulate calcium and manganese, but display
low levels of sodium or sulphur (Spranghers et al., 2017). The calcium levels are higher
than in any other insects accounting between 6.6-9.3% dry weight, compared to less than
1% for other insect species- (Makkar et al., 2014; Spranghers et al., 2017; Finke, 2013).
This level is higher than in FM (Makkar et al., 2014) giving a considerable advantage
over other insects nutritionally. They also provide adequate levels of other essential
minerals and vitamins with levels at least as good as, if not superior to the other insect
species (Finke, 2013).

BSFL shows high levels of C12:0 medium-chain fatty acid (Spranghers et al., 2017), and
especially Lauric acid, known to have a profound antiviral and antibacterial effect (Gasco
et al., 2018), and can act as probiotic effects on the microbiota of livestock (Devi & Kim,

2014) and antibiotic effects on gastrointestinal disease-causing bacteria (Skrivanova et
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al., 2006). The fat of prepupae reared on organic waste streams with high amounts of
starch can host up to 60% lauric acid (Spranghers et al., 2017). Recently, an in vitro trial
demonstrated that BSF prepupal fat (0.58 g C12:0/100 ml) inhibited the growth of
lactobacilli, and had strong antibacterial effects against D-streptococci infections in pigs
(Spranghers et al., 2018). The possible antimicrobial effects of fat (C12:0) of the BSF
could therefore provide an important added value when they are used as a protein source
in the feed of monogastrics (Spranghers et al., 2017; Gasco et al., 2018). So, in addition
to the characteristic of chitin, proven to stimulate the immune system (see chapter 1.3.1)

BSF could be considered as a good alternative to in-feed antibiotic.

1.5.5 Review of nutritional studies

Motivated by the global need for alternative and sustainable protein sources, the BSF
have been investigated in many aquaculture article. As stated previously, while the
number of livestock feed experiments has doubled over the past 15 years, the number of
feeding experiments in aquaculture has quadrupled, traducing this growing interest
(Sanchez-Muros et al., 2016).

Flies are not particularly part of the natural fish feed intake in the wild, but other
arthropods are, suggesting that farmed fish might beneficiate from BSFM as a feed
ingredient. Several comprehensive reviews were performed on its use as a livestock
ingredient (Sanchez-Muros et al., 2016; Barragan-Fonseca et al., 2017; Wang & Shelomi,
2017) or aquatic species (Rumpold & Schliter, 2013; Barranga-Fonseca et al., 2017,
Makkar et al., 2014; Riddick, 2014; Henry et al., 2015; Wang & Shelomi, 2017).

1.5.5.1 Aquaculture nutrition studies

The early studies on the incorporation of BSF in fish feeds mainly investigated
herbivorous/omnivorous fish species such as catfish, tilapia or carp. Over the last decade,
interest has risen, and many feeding experiments are now looking at a wider spectrum of
fish species, including carnivorous species.

The first studies, targeted semi-intensive aquaculture which is well developed in LIDC.
As low-quality FM or low protein feeds are commonly used (Tacon, 1996; Tacon & Da
Silva, 1997; Heuzé & Tran, 2013), the potential of BSFM should not be neglected. In
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addition, due to the difficulties involved in the separation of larvae from the substrates,
both larvae and frass (assuming that the substrate presents no risks, and is nutritionally
favourable) could be dispensed to fish with other feedstuffs after drying and blending
(Spinelli, 1980).

Several studies, showed that BSF used as a supplementary feed to Blue or Nile tilapia,
Channel catfish or African catfish with low quality or cheap feed allowed a significantly
better growth performance than the fish fed the supplementary feed only (Bondari &
Sheppard, 1981; Ebenso & Udo, 2003; Madu & Ufodike, 2003; Oyelese, 2007; Kareem
& Ogunremi, 2012). However, when used solely compared to a commercial diet it would
depressed severely the growth, mostly because the BSFM does not cover entirely the
dietary requirements of the fish (Bondari & Sheppard, 1987).

For instance, in Channel catfish (Ictalurus. punctatus) the substitution of commercial diet
with 50 and 75% of fresh Black Soldier Fly larvae was tested during 10 weeks in
polyculture with channel catfish and blue tilapia. The results indicated that fish body
weight and total length were not affected, and the aroma and texture of the fish fed with
Black Soldier Fly were acceptable to the consumer (Bondari & Sheppard, 1981).
However, a later study, by the same authors (1987) was less favourable: replacement of
10% fishmeal with 10% dried BSLM resulted in slower growth over a 15-week period
for sub-adult channel catfish grown in cages. However, the replacement did not reduce
the growth rate significantly when channel catfish were grown in culture tanks at a slower
growth rate. Feeding 100% larvae did not provide sufficient dry matter or protein intake
to enable a good growth for channel catfish in culture tanks and therefore was linked to a
problem with meeting the fish dietary requirements. (Bondari & Sheppard, 1987).

But now, studies focus more on using BSFM as a protein replacement source to FM or
Soybean in fully formulated feeds destined to intensive aquaculture.

Recently, promising results were obtained during a 65 day trial in yellow catfish
(Pelteobagrus fulvidraco) were, among a formulated feed, the FM was replaced by BSFM
at incremential levels (0, -control- 13, 25, 37, 48, 68, 85 and 100%) (Xiao et al., 2018).
Compared with the control group, the growth performances (e.g. weight gain rate
increased by 21.7%) and immune indexes (e.g. serum lysozyme activity increased by
6.8%) of yellow catfish fed, with diets in which a maximum of 48% FM protein was
replaced by BSFL meal protein, were significantly better. Overall, the diet in which 25%
FM was replaced by BSFLM resulted in the greatest growth performance (e.g. weight

gain rate increased by 29.1%) and immune indexes (e.g. serum lysozyme activity
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increased by 31.9%) as well as the lowest feed conversion ratio (FCR) (0.9) among all
diets tested (Xiao et al., 2018). Correspondingly, a study from Zhang et al., (2014a)
demonstrated the same beneficial effects with 25% FM replacement by BSFM in the same
fish species.

For carnivorous species, especially Salmon (Salmo salar), Turbot (Psetta maxima), Trout
(Oncorhynchus mykiss) and seabass (Dicentrarchus labrax), the results shows a limit in
the use of BSFM in their diet, probably because of a low palatality, digestibility and poor
FA profile of this new protein source. In adult Atlantic salmon diet, Lock et al. (2014)
tested the replacement of FM with BSFM (0, 25, 50, 100%). The feed intake and the FCR
decreased with the increase of BSFM inclusion, however, the lipid digestibility, histology
and organoleptic properties of the fillets, were similar across the treatments. The authors
concluded that a favourable AA and FA profiles are needed to make BSFM a promising
ingredient in Atlantic salmon diet. In adults Rainbow trout (Oncorhynchus mykiss), BSF
prepupae could be used to replace 25% of the FM and 38% of the FO components of a
commercial diet with no negative impacts on production (St-Hilaire 2007; Sheppard, et
al., 2007). However, levels above were systematically associated with a decrease in
growth and affected fish performance (St-Hilaire et al., 2007; Sealey et al., 2011). In
addition, lowering the FO levels in the feed by substitying it with BSF full fat feed would
significantly decrease the n-3 LcPUFA contents (St-Hilaire et al., 2007). However,
Sealey et al. (2011) indicated that BSF prepupae reared on dairy cattle manure and trout
offal, could replace up to 50% of FM portion of a practical trout diet for 8 week with no
impact on the FA profile of the fish, nor the sensory quality of resulting rainbow trout
fillets. In gilthead seabream juveniles, BSFM from prepupae may replace up to 30% FM
without affecting fish performance (Karapanagiotidis et al., 2014). In juveniles turbot
(Psetta maxima) the inclusion of BSFM in juvenile turbot was possible up to 33%,
without significantly affecting the feed intake, FCR, and protein retention (Kroeckel et
al., 2012). However, feed intake and specific growth rate decreased with increasing
BSFM incorporation, probably due to low palatability and digestibility of the feed
(Kroeckel et al., 2012). Similarly, slightly better results were obtained in an experiment
on European seabass, where the replacement of FM by BSF prepupae meal up to 45% did
not affect growth performance (Magalhdes et al., 2017).

For Tilapia species results are promising. Some of the earliest work by Bondari &
Sheppard (1981) demonstrated that the growth rate of Blue tilapia (Oreochromis aureus)
in polyculture with catfish, when fed diets containing 50-75% and 100% fresh soldier fly
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larvae over a 10 week period was comparable with control fish fed with commercial diets.
However the complex design of the experiment made interpretation of the results
problematic however as it was impossible to control for different and possibly
competitive feeding behaviours between the two species. A second trial by the same
author (1987), found that in a monoculture of blue tilapia, fed with chopped or whole
larvae ad libitum led to severely depressed fish growth compared to standard diet. But the
use of fresh (rather than dry) larvae by the authors also raises issues around potential
commercialisation. First, fresh larvae reduce the dry matter and protein intake compared
to a ‘dry’ diet. Secondly prepupae were used, as it is the easiest larval stage to collect
because of their wandering and ‘self-harvesting’ behaviour prior to pupation; but their
elevated chitin content, makes it hardly digestible. Comparisons between these and other
studies are complicated by a range of experimental design factors. Ogunji et al. (2008)
used a dry, low-protein BSFM (28.6% DM basis) and reported that the fish growth was
significantly lower than the fishmeal fed fish for the treatments containing 150 and
300g/kg maggot meal. However, the dietary formulation method employed resulted in
neither a non-isonitrogenous nor iso-caloric diets, making them hard, if not impossible,
to compare. A more recent study on Nile tilapia (Devic et al. 2017) used the white larvae
dry meal to formulate isonitrogenous and isoenergetic diets with maggot meal inclusions
at 0, 30, 50 and 80 g/kg substituting gradually three conventional expensive feedstuffs:
fish meal, fish oil and soybean meal. Results showed no significant difference in growth
parameters (final weight; weight gain and SGR), feed utilization efficiency (FCR and
feed intake) between treatments. Similarly fish whole body composition (dry matter,
crude protein, lipid, ash and fibre) was unaffected by the treatments except the fatty acid
compositions which mirrored that of the diets. Thus the study confirmed the substitution
potential of BSF white maggot meal as a potential replacement for other commonly used
dietary protein sources with respect to biological performance. Similar promising results
were obtained recently, (Ushakova et al., 2018) where the use of BSF prepupae (at a rate
of 0.5¢g/Kg of feed) in the diet of juveniles Mozambique Tilapia increased significantly
the mass of the fish, and the digestibility of the diet. The biological activity of the
prepupae as a feed additive was largely manifested in the increase in the number of
spermatozoa in the lumina of the seminiferous tubules. The authors attributed the
stimulation of spermatogenesis to the presence of Mn2* (Ushakova et al., 2017), in a

biologically active form in the insect feed additive.
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Typically, for most species, inclusions up to 30-40% are possible, in a formulated diet
meeting the fish dietary requirements, without affecting nor the growth, FA profile or the
flavour of the fish. Maximum replacement level of FM by BSFM is, however, dependent
on its quality. Sealey et al. (2011) showed that 50% FM could be successfully replaced
by fish offal-enriched BSFM in diets for adults rainbow trout, while replacement by
normal BSFM would negatively affect fish growth. Also, of two types of BSFM tested
for Atlantic salmon, only one allowed a total FM replacement of the diets without

affecting fish performance (Lock et al., 2016).

1.5.5.2 Poultry nutrition studies

Black Soldier Fly have been used in poultry feed as a total or partial replacement for
maize or soybean, mainly because chickens are naturally insectivorous and BSF naturally
colonise and breaks down poultry manure (Bradley et al., 1984; Bradley & Sheppard,
1984). In broiler chicken feed, Oluokun (2000) examined the effects of treatments with
either FM or BSF larvae meal against a full fat soybean as control. On average live weight
gains of broiler fed with FM or BSFM were higher than those of the control diet. Oluokun
also reported that the diet upgraded with the BSF did not affect the weight gain nor the
feed consumption. Moreover there were improvements in the carcass yield, internal organ
measurments (kidney, gizzard, liver), and abdominal fat in animal fed with larvae diet
regarding FM or control diet. Borrelli et al. (2017) demonstrated that BSF-fed laying hens
had an increased body weight gain and increased frequency of CD4+ T lymphocyte,
serum lysozyme activity, and spleen lymphocyte proliferation. BSFL reinforced bacterial
clearance and increased survivability of broiler chicks against Salmonella
gallinarum. These data suggested that BSFL has prophylactic properties with stimulating
non-specific immune responses, as well as reduced bacterial burden against S.
gallinarum. The same probiotic effect was demonstated in broiler chicken by Schiavone
et al. (2016 & 2017).

The same beneficial results were observed by Moula et al. (2018), where the commercial
feed was substituted by fresh BSF larvae. The broiler chicken were significantly heavier
than the normal-fed control birds.

In Guinea Fowls, the same positive results in gradually substituting FM by BSFLM (0-
20-40-60-80 and 100%) in a formulated feed (where the initial FM level was 3%) were
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observed, where not only the final weight, daily weight gain and feed intake was
improved by the presence of BSF in the meal, but the meat tasted also better for the BSF
fed birds (Wallace et al., 2017; 2018).

In summary, BSLF inclusion guaranteed satisfactory productive performances, carcass
traits and overall meat quality, thus suggesting that BSLF could be a promising new feed
ingredient for chickens and could improve the organoleptic properties of the final meat.

1.5.5.3 Other nutritional studies

Several experiments have been conducted on the use of BSFL as pet food. For instance,
in young alligator (Alligator missisipiensis) — typically insectivorous- a complete
replacement of commercial feed by BSF prepupae resulted in a lower consumption and
growth compared to the commercial feeds (Bodri & Cole, 2007). This could be explained
by the fact that BSF prepupae did not meet the nutrients requirements of the alligators
and the fact that the pellet size was smaller than those of commercial diets, lowering its
acceptability toward the reptiles. A similar experiment was conducted on Mountain
Chicken frogs (Leptodactylus fallax), where whole dried, BSF larvae substituted a
commercial feed (Dienefeld & King, 2008). The growth of the frogs was lower, probably
due to a poor digestibility: the calcium digestibility of the whole BSF was only 44%
compared to 88% when the BSF had been previously grinded. They even observed that
whole larvae may pass intact and poorly digested through the gastrointestinal tract unless
the cuticle is pierced. However, when grinded, the BSF larvae could potentially be used
as feed for insectivorous reptiles and amphibians. In fact they have been proven
successful on numbers of captive lizards and amphibian species (Dierenfeld & King,
2009). It is also interesting to note that BSF frass was successfully tested on giant river
prawns (Macrobrachium rosenbergii) where growth, palatability and survival were

similar to the control-commercial diet (Tiu, 2012).

1.5.6 Current bottlenecks and constraints

Like any emerging industry, the BSF business is subjected to limitations (see legal
limitations in Chapter 1.3.4) and technological bottlenecks. The breeding of the BSF is
still challenging and a strong knowledge of its biology is still required to enhance, and
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optimise, its production for an adaptation to site-specific conditions (which can be
overcome by using Environmental-controlled chambers).

At the moment, the production of large and consistent amounts of BSF eggs is one of the
main bottlenecks for a sustainable and successful mass production system, and biotic and
abiotic factors affecting broodstock husbandry are yet to be fully understood (Gobbi,
2012; Wang & Shelomi, 2017; Sheppard et al., 2002).

Also, being a worldwide-spread insect, strains can be identified and are known to affect
the global production system. For instance, Zhou et al. (2013), showed that three strains
of the BSF (one from Texas, one from Guangzhou, China and the last one from Wuhan,
China) displayed very different profiles: The Wuhan strain appeared to be fitter, having
a reduced time to reach the prepupal stage than those from Guangzhou (17.7% quicker)
or Texas (29.9%) and were heavier (14.4-37.0% more than those from Guanghzhou or
Texas respectively). In terms of waste reduction, that same strain reduced the dry matter
of the substrate by 46.0% (swine manure), 40.1% (dairy), and 48.4% (chicken manure)
more than the Guangzhou strain and 6.9, 7.2, and 7.9% more than the Texas strain. They
demonstrated that the phenotypic plasticity (development and waste conversion) could
vary greatly across populations of BSF and has to be taken into account when establishing
a production facility. Furthermore, like any other livestock production, inbreeding has to
be taken into account when mass-producing the larvae, as it could really hampered their
production (Badenhorst, 2017).

Having no known disease yet affecting the production, and while it is known that the
presence of BSF reduce bacterial activity in the substrate (Liu et al., 2008), inhibits and
controls the oviposition and development of Musca domestica (Sheppard 1983; Bradley
and Sheppard 1984) pupation is a sensitive development stage. So far 2 parasitoidic wasps
are known to feed on the BSF pupae. The first one belonging to the genus Trichopria sp.
(Hymenoptera: Diapriidae) was recorded from the USA (state of Georgia) (Bradley et al.,
1984). It has also been observed in Indonesia (Caruso et al., 2014). Unfortunately, in both
cases, specimens were not identified to a species level. The second species, Dirhinus
giffardii Silvestri, 1914 (Hymenoptera: Chalcididae) was identified in 2015 affecting the
pupal development of the larvae in BSF production systems in Ghana and Mali (West-
Africa) (Devic & Maquart, 2015). D. giffardii is a solitary parasitoid attacking young host
pupae (2-3 day old) when they enter to the pharate stage (stage specified in Barros-
Cordeiro et al. 2014). However, they never parasite pupae older than 8 days (Dresner,

1954 on Tephritid flies, but also confirmed in Ghana for H. illucens from our
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observations). D. giffardii can strongly impact the emergence of BSF pupae, causing a
reduction of up to 70.7% of the production, and decreasing hatching rates to only 8.5%
(Devic & Maquart, 2015). D. giffardii was used as a biological control agent against
tephritid flies. Described in 1914 from Nigeria, it became widespread and can now be
found in more than 20 countries across the globe. Its presence in a BSF production system
can lead to a drastic reduction in pupae hatching rates and therefore can represent a real
constrain. However, protecting the early stages of the pupation of Hermetia illucens, by
keeping them into a box covered by a fine mesh (<lmm wide), remains the best
prevention system to ensure a successful BSF production in countries where these
parasitoid occurs.

While these aspects refer to a lack of knowledge yet to be filled, or zootechnic issues yet
to be overcomed, the main challenge remains on the industrialization of the farming,
process, and its economic viability and cost-competitiveness which should at least meet
or exceed systems producing conventional protein sources for aquaculture. This could be
achieved through optimizing the production and processing process, using economically
competitive and sustainable resources (Rumpold & Schliter, 2013; Van Huis et al., 2013;
Pastor et al.,2015).

Therefore the choice of the substrate remains a key element to up-scale insect production,
as it will affect the nutritional composition (especially the FA profile), potentially
improve the quality of the larvae as a feedstuff. But this should also account several key
points such as sustainability, being quality-constant, availability, co-location and cost
(Rumpold & Schilter, 2013; Van Huis et al., 2013). Furthermore safety aspects
concerning the substrate should be taken into consideration as the presence of heavy
metals could lead to bioaccumulation in the larvae (Borowska et al., 2004; Tylko et al.,
2005, Diener, 2010; Borowska & Pyza, 2011; Diener et al., 2011a) which would become
a risk for the fish after ingestion.

For the moment, while the regulatory framework is loosening, the volume of MM that
can be produced is still one of the main constrain for its use in aquaculure. But this is
related to a better understanding of the fly’s biology and zootechnical improvement which
are expected to improve, allowing a gradual upscale of the insect production.

The economic aspect of the MM production is an important point to consider as it is one
of the main driver of using an alternative feedstuff (Rust et al., 2003). The market price
is defined by the profit margin and the production costs, and to answer the vast market

demand for aquafeed, insect-based products have to be supplied at a competitive price
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compared to other conventional sources of protein. Coming from an animal origin, this
price is expected to be higher than plant proteins because of its better digestibility.
Production costs in industrialized countries under a temperate climate, is expected to be
high because of the need for environment controlled facilities (to maintain a constant
humidity, light, and temperature) to keep the colony and the production facility running.
Also, as the labor is expensive, such industry should require a fully-automatized
production to decrease the labor cost.

In LIDC, small or medium production systems are less demanding economically, and
might be profitable, providing that some improvements of the current methods to improve
cost and productivity are made (Caruso et al., 2014; Dortmans et al., 2017). Several
studies have concluded that such system could be economically viable in LIDC, as
replacement to expensive, quality-inconsistent (if not poor) FM (Ajani et al., 2004;
Sogbesan et al., 2008; Ezewudo et al., 2015).

According to Drew & Pieterse (2015), owning the large-scale company AgriProtein in
South-Africa, once the legislation framework will open in favour of insect-based products
in animal feed, and the possibility to use low value organic waste, the remaining
challenges will be aligned with the price of the other conventional feed, therefore
producing a feedstuff for less than 1000 US$ per tonne, and would become a profitable

business and an immediate incentive to use MM in aquafeeds.

1.6 Research hypothesis and objectives

From the foregoing discussion, it is clear that MM currently has a very limited capacity
to meet the ever growing demand for aquafeed ingredients. This points to a need for a
more targeted, strategic use. Secondly, the high variability in the nutritional profile of
MM precludes more prescriptive advice regard its dietary inclusion for various fish
species and lifestages.

Therefore, contextualised and commercially relevant research should investigate, where
and how insect-based products could be integrated in aquaculture. The environmental and
socio-economic context should be assessed prior investigating their use in aquafeed.

It is expected that a strategic use of consistent and high-quality MM can meet the specific

requirements of various fish species cultures in different aquaculture systems, thereby
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contributing to food security. Critical part of intensive aquaculture process, such as the
fry production, could benefit from insect meal as a suitable FM substitute.

The main objectives of this study is to assess which suitable substrate and which larval
stage of the BSF should be used to produce the MM, and if this MM could be suitable as
anursery feed during the sex-reversal in Nile tilapia (Oreochromis niloticus). Specifically
the objectives are:

- (1) To develop a ‘substrate sustainability index’ (SSI) for commercialisation of
BSF production in Ghana, W. Africa as an example of an emerging economy with
a favourable tropical climate.

- (2) To evaluate proximate nutrient and yield characteristics of BSFL larvae at
different life stages (prepupae and earlier white larval stages) and morphological

indicators of development status.

- (3) To compare the sex-reversal ratio and production performance of tilapia fry
fed with MM and FM in two trials (i) directly substituted and as (ii) part of a

nutritionally complete formulated diet.

This thesis is structured into eight chapters as shown in the Figure 1.6.
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Figure 1.6. Structure of the Ph.D. thesis
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CHAPTER 2: GENERAL MATERIALS AND

METHODS
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2.1 Experimental diets and feed ingredients

2.1.1 Maggot meal production

The Black Soldier Fly Meal (BSFM) and the feedstuffs were produced and/or sourced
locally.

For the Chapters 3 and 4, the BSFM was produced in Ghana, at the EntoPrise production
pilot site, located in the Greater Accra Region, in Adenta at the Animal Research Institute
- Frafraha road (5°43'42.5"N 0°08'18.2"W -using WGS84 system-). BSFM was obtained
from 450 degree-days old (hence 15 days-larvae produced at 30°C) BSF larvae fed on a
substrate constituted of fresh fruit waste. The mix used consisted of hand-chopped fruits
in a mix composed of 60% watermelon, 20% papaya, 20% avocado.

Briefly, the larvae were harvested and placed into a bowl with saw dust to make them
empty their gut overnight, then after a sieving through a 0.5mm sieve to remove the saw
dust, they were killed and dried in an electrical oven at 55°C during 2 days. The dried
larvae were then grinded using a grinder (Binatone Blender BLG-699) until it was flour-
size particles. All feed was sieved using a fine mesh (<1mm) to homogenize the size of
the feed by discarding large particles. The BSFM used for the experiment in Chapter 5
was produced over a 3 months period and was kept frozen during this time to prevent its
adulteration. The feedstuffs —other than BSFM- used in Chapter 5 were sourced from
Ranaan Fish Feed West Africa LTD. (Greater Accra Region, Prampram, Ghana). For
Chapter 5, the BSFM used was not defatted, for technical and logistic issues inherent to
the local context.

For Chapters 6 and 7, the BSFM was sourced in Malaysia (Entofood Sdn Bhd; Kuala
Lumpur). The larvae used were also 450 degree-days old, and were produced on food
waste, due to IP reasons, the exact composition of the substrate remains unknown. The
BSFM used was spray-dried, turning it into a very fine powder. As a matter of
consistency, all the BSFM was sieved to ensure an homogenisation in the size of the feed
particles. Two types of meal were used: the full fat BSFM, and the defatted BSFM. For
the later, the powder obtained from the grinding was cold-pressed to extract the oil. All
the other ingredients used in the production of the tested diets were sourced in Thailand.

Their specific origin is specified in the Chapters 6 and 7.
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2.1.2 Experimental diets

For Chapter 5, the whole-meal BSFM was used as a substitute for the ‘Super Start Feed
SS0’ produced by Ranaan Fish Feed Company West-Africa, commonly used for the sex-
reversal process in Ghanean hatcheries, and as a substitute to pure locally-sourced fish
meal. Sex-reversal tilapia fry (Oreochromis niloticus) were fed simple diets prepared on-
farm in Ghana (Troppo Farm, Asetsuare, VVolta Region) by replacing totally or partially
the feed (which commercial name is ‘SS0’ or pure Fish meal) by whole BSF larvae meal.
Being a basic-substitution experiment, while the treatments were not isoenergetic nor
isonitrogenous, they all meet the requirements of the species according to their lifestage
(NRC, 2011).

For Chapters 6 and 7, conducted in Nam Sai Farms, (Prachinburi, Thailand) both whole
and defatted BSFM were used as ingredients in the formulation of complete and balanced
diets. Chapter 6 consisting of a digestibility analysis of the meal, different protein sources
(including defatted MM and Whole-meal BSFM) were tested against each other to
analyse their digestibility values in swim-up tilapia fry. In Chapter 7, 12 isoenergetic and
isocalorific diets (including 2 controls: a positive and a negative) were examined as sex-
reversal tilapia fry-feed. 10 different diets consisted in incremental use of BSFM were
tested, in which 5 formulations were used for Whole-meal BSFM, and 5 others for
defatted BSFM.

Diet formulation, manufacture and storage are detailed in each relevant chapter. Complete
diets were formulated to satisfy the nutritional requirements of the species according to
their lifestage (Jauncey, 1998; Hayashi et al., 2002; NRC, 2011).

2.2 Experimental designs and set-up

2.2.1 On-farm Experiments

All experiments were conducted on-farm using the facilities and benefited from the
technical assistance of commercial running systems in Ghana and Thailand. Local, and
widely accepted commercial husbandry practices were reproduced at an experimental

scale to ensure the commercial relevance, and applicability of the results.
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Working in a commercial hatchery brings numerous constraints that have to be taken in
consideration. Firstly, precautions were taken to ensure that the experiments did not
interfered in anyway with the good commercial practices taking place in the ponds
nearby. Hence, all the experiments took place in geographically separated ponds, isolated
from the commercial units. Because the staff from the farms was involved in the
experiments, it was important that such research-related activities did not impair with the
well-functionning activities of the farm itself, and its productivity. Thus, while ensuring
a scientific approach and validity of the results, experiment and their related activities
such as feeding, harvesting, measuring D.O., temperature etc., which were time
consuming given the size of the trials, had to be conducted simply and efficiently. In

addition, each experiment was adapted to the space, material, fish and pond availability.

2.2.2 Experimental design

In each chapter the design, number of treatments, replication, fish number, feed quantity
and sampling methods are described. Although all the trials were conducted in similar
condition to commercial practices, the availability of BSFM was always the limiting
factor for the size of the experiments. Through all experiments, four replicates were used;
fish were maintained in experimental units: tanks (Chapter 6) and hapas (Chapters 5 and
7). The hapas were smaller compared to commercial units, but all the fish were stocked
at commercial density (i.e. 12 fish/l for the day-old swim-up fry). To ensure a consistency
of the water quality, all the hapas were placed inside the same pond, filled 3 weeks prior
every experiment to allow the water to go green, and randomly placed to avoid any
location effect on the different treatments.

Nile tilapia fry (Oreochromis niloticus) was considered for these trials due to its economic
significance in Ghana and Thailand. The duration for the trials in the Chapters 5 and 7
was 21 days, post-hatching. The time frame used by commercial hatchery to give an
hormone-impregnated feed in order to perform an all-male production. After these 21
days, all the fish, regardless of their treatments were fed with a classical commercial feed
used in the local hatcheries for another 6 weeks in order to be able to be sexed. During
this time the fish were stocked in bigger hapas at a density of 1 fish/I, following classic

commercial procedures. For the digestibility experiment conducted in Chapter 6 the fish
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were kept in tanks for 21 days only, to be able to collect enough feces to perform the
digestibility analysis.

While all investigations were initiated with juveniles, the experimental periods allowed a
significant increase in body weight, of at least 300% as recommended in the NRC
guidelines (2011).

In all experiments, water quality was monitored daily using appropriate and available
equipment (thermometer, DO meter and spectrophotometer). For every experiment in
Chapter 5 and 7, the hapas were changed every 10 days to be maintained clean at all time
by preventing excessive fouling of the nets.

The experiments realised in Chapter 6-7, in Thailand, were approved by the ethical
committee (AWERB/1617/202/New Non ASPA and AWERB/1718/060 New Non
ASPA respectively).

2.2.3 Experimental sampling

Fish were systematically weighted at the beginning of each experiment, and at the
termination of the experiment. The frequency of the samplings between the start and the
end of each experiments is detailed in every chapter. Due to the number of fish involved
in all trials, fish were carfully bulk weighted, and 3 sub-samples representative of the total
population, were taken randomly, bulk weighted and individually counted. At the end of
each experiment —at the end of the 21 days period- fish were graded into 3 sizes using a
hand grader with mesh of 7.5 and 9mm to assess the uniformity of the fish.

Fish were euthanised by administration of anaesthetic overdose of metacaine sulfonate

MS-222, in order to be able to be sexed at the end of each experiment.

2.3 Biochemical analysis

Proximate composition of the feedstuffs, diets and feces were analysed at the University
of Stirling in accordance with the Association of Official Analytical Chemists (AOAC,
1990) or standard methods detailed below. Dry matter was tested on whole and fresh
material, while proteins, ash, lipids, energy and chitin analyses were performed on finely
grinded, and homogenised dried samples as the diets and feedstuff. Two methods for the
lipid analyses were used and described below. Each biochemical analysis was replicated

twice.
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2.3.1 Dry matter

To calculate the DM, 1.0g of feedstuff, or 20g of previously blended and homogenised
fish body samples (wet weight) were placed in a drying oven (Gallenkamp Oven 300) at
110°C overnight until constant weight was achieved (AOAC, 1990). Then the sample was
placed in a dessicator to be weighted on a precision scale.

Faeces samples were freeze-dried using a Christ Alpha 1-4 LSC Freeze dryer (Osterode
am Hartz, Germany) at -50°C under vacuum during 48h until constant weight was

achieved.

2.3.2 Crude protein

The protein content of the samples was estimated using the Kjedahl method, (i.e. inferred
from the nitrogen content of the sample).

Briefly, 250 mg of each sample was placed in a Kjedahl digestion tube with 2 mercury
Kjedahl tablets and 5 ml of concentrated sulfuric acid, and then heated to 420°C for an
hour. After cooling at room temperature, distillation was carried out using the Tecator
Kjeltec TM 2300 analyser (Foss, Warrington, U.K.) according to the standard method
(Persson, 2008) and the manufacturer’s instructions.

Once the nitrogen content is known, as proteins consists of amino acids contain nitrogen
(N) in the amino group, it is inferred that proteins contains 16% nitrogen, therefore using

this ratio, the protein level can be calculated.

2.3.3 Crude lipid

Whereas the fatty acid composition has to be determined or not, two methods were used
to estimate the lipid method. The first one, the Folch method, is non-destructive and
allows to proceed with the fatty acid determination in the samples, but is time consuming.
The Soxhlet extraction is a destructive method, but less time consuming than the first one.
According to the future use of the sample one method could be preferred to another. In

every chapter the method used is specified.
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2.3.3.1 Folch method

Folch is a non-destructive method applied to samples to extract the crude lipid used for
subsequent fatty acid analyses. Briefly, the total lipid were extracted from 0.5g of sample
by homogenising in 20 volumes of ice-cold chlorophorm/methanol (2:1 v/v) using a
Ultra-turax tissue disruptor (Fisher scientific, Loughborough, U.K.) according to Folch et
al. (1957) and determined gravimetrically afteran overnight dessication under vacuum.
The samples were then kept in 2ml glass vials and the ambient atmosphere was replaced

by nitrogen, before being kept at -20°C for further fatty acid analysis.

2.3.3.2 Soxhlet method

When the samples were not subjected to a fatty acid analysis, the lipid were treated
according to the Soxhlet extraction with petroleum ether (Christie, 2003) following an
acid hydrolysis with HCL. Acid hydrolysis was performed with 1.0g of grinded and
homogenised samples using a fully automated hydrolysis apparatus (Tecator
Hydrotech™ 8000, Foss analytical, Hillergd, Denmark), according to the manufacturer’s
instructions, and hydrolysed samples were then dried at 60°C for 16-18 hours and
transferred to the Soxhlet apparatus (Tecator Soxetc system 2050 auto extraction

apparatus, Foss analytical Hillerad, Denmark)..

2.3.4 Fatty acid profile

To analyse the Fatty Acid Methyl Esters (FAME) we used the lipid extracts obtained from
the Folch method. FAME were prepared from total lipid re-dissolved in a
chlorophorm/methanol solution (2:1v/v) at a concentration of 10 mg/ml by acid-catalysed
transesterification at 50°C for 16 hours (Christie, 1993). The extraction and purification
of FAME were conducted using the protocol described in Tocher & Harvie (1988) and
then quantified by gas-liquid chromatography using a Fison GC-8160 (Thermo Scientific,
Milan, Italy) equipped with a 30X0.32mm i.d. x 0.25um ZB-wax column (Phenomenex,
Chershire, UK), on column injection and flame ionisation detection. Hydrogen was used

as a carrier gas with initial oven thermal gradient of 50°C at 150°C at 40°C.min to a
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final temperature of 230°C at 2°C.min*. Individual FAME were identified by comparison
with known standards (Supelco™ 37-FAME mix; Sigma-Aldrich Ltd., Poole, UK) and
published data (Tocher & Harvie, 1988). Data were collected and processed using
Chromcard for Windows (Version 1.19, Thermoquest Italia S.p.A., Milan, Italy). Fatty
acid content (g/100g of sample) was calculated using heptadecanoic acid (17:0) as
internal standard.

2.3.5 Ash

The total ash content was determined by the incineration of 1.0g of sample placed in a
pre-weighted porcelain crucible in a muffle furnace (Gallenkamp Muffle Furnace) at
600°C for 16 hours (AOAC, 1990).

2.3.6 Gross energy

Gross energy of feedstuffs and diets was measured by bomb calorimetry (Parr 6200 bomb
calorimeter, calibrated with benzoic acid) according to the manufacturer instructions.
Briefly, 1.0g of sample was placed in a container filled with pure oxygen, and then
combusted with a fuse. The heat released and the temperature variation was used by the

instrument to calculate automatically the energy content of the sample in KJ.g™2.

2.3.7 Amino acid composition

The Amino acid composion of feedstuff and diets was proceeded by ALS Food &
Pharmaceutical (Cambridgeshire, U.K.) and Eurofins Food and Feed Testing (Moss,
Norway) using High-Performance Liquid Chromatography (HPLC) method according to

their standard commercial techniques.
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2.3.8 Chitin estimation

The chitin analysis was performed using the protocol from Black & Swartz (1950).
Firstly, 2g of BSFM previously dried and homogenised were placed into a 250mL beaker.
50 mL of 1M HCI were added into the mix, and then placed into a boiling water bath for
an hour. The content was filtered through a N°40 ashless whatman filter paper (pre-dried
and weighted). The precipitate was washed 3 times with about 75 mL of near boiling
distilled water. Then the precipitate and the filter paper were placed into a new 250mL
beaker. 100mL of 5% NaOH solution were added and then placed in a near-boiling water
bath for an hour. The content was then filtered again using another N°40 ashless whatman
filter paper (pre-dried and weighted). The overall precipitate was washed twiced with
pure acetone. It is then placed in pre-ashed crucible (weighed) and dried overnight at
110°C. The overall is weighted the next morning and incinerated in a muffle furnace for
two hours at 550°C. The overall is weighted for the final time, the loss in weight between

the dry weight and the ash weight is the chitin content.
2.4 Digestibility analysis

To analyse the digestibility of different feedstuff (see Chapter 6), we placed 0.1% (at
inclusion level) of Yttrium oxide (Y203) included as an inert marker in the diets of 21
days-old fry. Then the Yttrium oxide levels in the initial diets and feces of fish (collected
by deposition in the bottom of the tank and collected before each feeding session) was
measured using an acid digestion technique by Inductively-Coupled Plasma Mass-
Spectrophotometry (ICP-MS). Briefly, 0.1g of sample (feedstuff, diets and feces) were
digested in 5 ml of concentrated nitric acid in a CEM Mars Xpress microwave digester
for 20 minutes at 190°C. Each tube was then filled up to 25 ml with distilled water and
400 pl of the solution was then further diluted to 10 ml with distilled water. Samples were
then analysed in a Thermo Scientific Series 2 ICP-MS (Cheshier, UK).

Differences in the ratios of the parameters for dry matter, protein, lipid, gross energy to
Yttrium oxide in the feed and faeces in each treatment were calculated to determine the
apparent digestibility coefficient (ADCgiet) for each of the nutritional parameters

examined in each diet based on the following formula (Maynard & Loosli, 1979)
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] Yt diet X Parameter Faeces
ADCdiet =1 — (

Yt faeces X Parameter diet

Where Ytgiet and Yitraeces represent the Yttrium oxide content of the diet and faeces,
respectively, and Parametersqiet and Parametersreces represent the nutritional parameters
of concern (dry matter, protein or energy) content of the diet and faeces, respectively.
Digestibility values for each diet are presented in table 4. The digestibility value for each
of the test ingredients in the tested diets examined in this study were calculated according
to the formula:

(ADtest X Nutrtest — (ADbasal X Nutrbasal X 0.7))
(0.3 X Nutringredient)

Nutr. ADingredient =

Where Nutr.ADingredient 1S the digestibility of a given nutrient from the test ingredient
included in the test diet at 30%. ADxest is the apparent digestibility of the test diet. ADbpasal
Is the apparent digestibility of the basal diet, which makes up to 70% of the test diet.
NUtringredient, NUtrtest and Nutryasar are the level of the nutrient of interest in the ingredient,

test diet and basal diet respectively (Sugiura et al., 1998).

2.5 Statistical analysis

All statistical analysis were carried out using IBM SPSS Statistics (Version 21). A
significance level of 5% (p<0.05) was chosen for all analysis. Data were presented as the
arithmetic mean along with the standard deviation of the mean (mean+SD) unless stated
otherwise.

Normal distribution of the data sets was verified using Shapiro-Wilk test and
homogeneity of the variance was tested with Levene’s test. Significant differences
between treatments (p<0.05) were assessed using one-way analysis of variance
(ANOVA) parametric test or Kruskal-Wallis non-parametric test when preliminary
assumptions were violated. In the case of significant differences, Tukey’s HSD post-hoc

test was then applied to rank the groups.
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CHAPTER 3: IDENTIFYING POTENTIAL
SUBSTRATES FOR UP-SCALING BLACK

SOLDIER FLY PRODUCTION IN GHANA
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3.1 Introduction

Protein are amongst the most expensive ingredients in animal feeds. The limitations of
fish meal, its growing cost and sustainability concerns underpin the need to look for
alternative protein sources. Vegetables sources such as soybean, or other terrestrial crops,
are widely used substitutes but compete with primary crops for land, can contribute to
deforestation (Carvalho, 1999; Osava, 1999) and use large amounts of pesticides and
water (Osava, 1999; Carvalho, 1999). Their limited amino acid profiles and the presence
of anti-nutritional factors can also limit their disgestibility and nutritional value (EI-
Ebiary et al., 2005; He et al., 2013; Pratoomyot et al., 2011, Hardy, 2010). Novel
alternative protein sources include algae, fungi, and insects. Insect farming has potential
to optimise land use as they can be stacked vertically in trays (Van Huis et al., 2013),
have low water requirements, and insects can be fed a wide range of substrate (Nguyen
etal., 2013; Leong et al., 2016).

One of the most studied species is the Black Soldier Fly (Hermetia illucens —BSF). BSF
can tolerate a wide range of environmental conditions. While it can develop in any
thermal condition above 10°C, it is now widespread across the globe. It spread widely
during and after World War 11, and within the Palearctic region it can be found between
49°N and 40°S (Martinez-Sanchez et al. 2011). The BSF is recorded from many Asian
and African countries (INPN, 2017; Oliveira et al., 2015; Marshall et al., 2015; Lardé,
1990). Where it has been introduced the fly seems to cohabit with no apparent negative
impacts on local entomofauna, its proportion being always very low in natura. Therefore
the BSF can be qualified as a “non-pest” species and its breeding requires no specific
precautionary measures. Larval development time is short, reaching harvest size after
only 15 days at 30°C. The BSF reduces the presence of harmful bacteria (Liu et al., 2008)
and inhibits the oviposition of Musca domestica, the common housefly (Furman et al.,
1959; Bradley & Sheppard, 1984).

A key advantage of the BSF compared to other mass-reared insect species, is their ability
to convert a wide range of substrates (Table 3.1). BSF larvae are saprophageous, and use
their powerful mandibles to degrade the substrate. The enzymatic activity of their
digestive system and their symbiotic flora contribute to efficient break down and
conversion of substrates into usable energy. High enzyme activity levels of leucine

arylamidase, a-galactosidase, B-galactosidase, and a-mannosidase, lipases and proteases
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have been reported by Kim et al. (2011). This is augmented by symbiotic flora such as
Bacillus subtilis, B. amyloliquefasciens, B. stratosphericus and Proteus mirabilis (Jeon et
al., 2011; Yuetal., 2011; Zheng et al., 2013). This enables BSF larvae to feed on a wide
range of substrates and precludes dependence on specific, or niche food sources.
Consequently BSF have been employed to recycle animal waste (Sheppard et al., 1994;
Nguyen et al., 2013), faeces (Diener et al., 2009; Lalander et al., 2016), or vegetable and
agricultural wastes (Rachmawati et al., 2010; Diener et al., 2009; Green & Popa, 2012;
Gujarathi & Pejaver, 2013; Kalova & Borkovcova, 2013; Nguyen et al., 2013). Upcycling
them into a high quality ingredient for animal feed (Hale, 1973; Newton et al., 1977,
Veldkamp et al., 2012; Tschirner & Simon, 2015) and compost (Table 3.1).

This ability is particularly interesting in the realm of waste remediation services, where
the management of organic substrate can affect public health, and have environmental,
biosecurity, and logistical challenges in both developed and developing worlds (Halloran
et al., 2016). Therefore, the BSF larvae can efficiently convert nutrient-poor, with low or
no value, waste which are otherwise costly to dispose, into valuable biomass. By doing
so, the waste volume will be reduced, biomass, effluents and odours resulting from it will
be minimised, improving sanitation and diminishing the risks of pollution, while creating
a valuable and sustainable protein source and biofertiliser (Sheppard et al., 1994; Newton
et al., 2005a; Myers et al., 2008; Diener et al., 2011b; Lomas, 2012; Lalander et al.,
2013).

Consequently, the BSF larvae could be used to sustain a circular economy, where raw
materials would be derivated from low or no value waste streams — acting as a waste
remediation service- where all the outputs of the bioconversion would be used, generating
near-zero waste.

This capacity to act as a waste management agent is particularly interesting in urban and
peri-urban areas as solid waste disposal is often considered to be the second most pressing
problem that urban city dwellers are facing after unemployment (Da Zhu et al., 2008).
While a poor management can negatively affect human health, it can be a major set-back
for the economic growth (Diener et al., 2009; Kalovad & Borkovcova, 2013). On the
contrary, when properly managed, such system usually results in job creation and income

generation both for the formal and informal sector (Diener et al., 2009).
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Table 3.1: Breeding substrates for Hermetia illucens larvae in the literature.

Manures

Chicken manure — broilers

Chicken manure — layers
Dairy manure

Cow manure

Pig manure

Horse manure

Sheep manure

Human faeces

Sheppard et al. 1994 ; Guitterez et al. 2004 ; Diener et al.
2009

Bondari & Sheppard, 1987; Sheppard et al. 1994
Myers et al. 2008

Newton et al. 1977; Newton et al. 2008

Newton et al. 2005

Mutafela et al., 2015 ; Julita et al., 2018

Julita et al., 2018

Bradley, 1930; Diener et al., 2009 ; Lalander et al., 2013 ;
Banks et al., 2014. Makkar et al. 2014; Choudhury et al.,
2018

Agricultural by-products

Fish offals
Coffee pulp
Brewery waste

Dried distillers’ grains

(with solubles from barley, corn wheat and sugar
syrups)

Palm Kernel Meal (PKM)

Sugar beet pulp

Mixture of middlings from a feed mill
Rice straws

Fruits

Rotting fruits

Bee wax

“Vegetable waste”
Biogas digestate

St-Hilaire et al. 2007

Lardé, 1989; Lardé, 1990
Tschirner & Simon 2015
Tschirner & Simon 2015

Hem et al. 2008 ; Rachmawati et al., 2010; Caruso et al.
2013

Tschirner & Simon 2015

Tschirner & Simon 2015

Manurung et al., 2016

Nguyen et al., 2013

Green & Popa 2012; Makkar et al. 2014

Malloch, 1917

Spranghers et al., 2017
Spranghers et al., 2017

Organic “waste”

“Organic waste”

Household waste
Restaurant and Kitchen waste
Municipal waste

Sawangkeaw & Ngaprasertisth, 2013; Kalovd &
Borkovocovéa 2010:

Barry 2004; Diener et al. 2011 ; Newby, 1997

Nguyen et al. 2015; Spranghers et al., 2017b

Diener et al. 2011 ; Kalovd & Borkovocova, 2010 ;

Mutafela et al., 2015

Accra, being the largest city in Ghana with a population of 3.9 million, is one of the fastest

growing cities in Africa in terms of population and economic performance (ISSER, 2016)

and is good example of this problem. The lack of adequate capacity of most municipal

and state governments to deal with municipal solid waste has resulted in refuse being

dumped in both water bodies and urban landscape. Obviously, the indiscriminate disposal

of waste, results in its accumulation in public places regardless of being hazardous or

non-hazardous (Mwesigye et al., 2009).
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In this context, the BSF system could be of interest as an alternative waste disposal
management agent. However, to implement such system, a major constraint is the
identification of a proper feeding substrate to breed the insect. Therefore, the holistic
assessment of available substrates, and creation of a Substrate Suitability Index (SSI) are
the first critical steps toward the establishment of a viable commercial BSF production.
In the present chapter, we use a field-based approach from the EntoPrise Project in Ghana,
to assess and identify potential rearing substrates for BSF larvae in the context of a small-

scale BSF production system.

3.2 Material and Methods

This case study was carried out in Ghana, at the EntoPrise site (5°43'42.5"N 0°08'18.2"W,
using WGS84 system), located at the Animal Research Institute, in Adenta, Greater Accra
region in Ghana. This site was chosen for the project due to its proximity with Accra
(being in its peri-urban area), and for its all-year round favourable environmental
conditions.

To identify a potential breeding substrate, a literature review was performed, to list all the
known substrates for BSF larvae. This was then cross-referenced with substrates
available in the Greater Accra Region i.e.: abattoir rumen waste, vegetable and fruit
market waste, plantation agriculture and food processing waste. The substrate list was
established in partnership with the Animal Research Institute staff, which provided
location and contact with the waste generator industries or people in charge.

Due to a lack of legislation in the context of insect production, all substrates were
considered regardless being allowed or not in other countries (like in E.U.). Each waste
source was systematically visited and mapped using a GPS to assess its distance from the
production site. Characteristics of waste streams were identified and various values
weighted, through dialogue with local stakeholders and secondary data gathered in the
literature.

To identify a potential substrate for a medium scale bioconversion system using the Black
Soldier Fly, several key factors had to be considered, forming the basis of the Substrate
Suitability Index (“SST” - see Figure 3.1):
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The first criteria taken in consideration was the cost and availability. The
purchasing cost per ton in US dollars, along with the transportation costs was
assessed using a key informant interview. The transportation cost was based on
the rental of a medium-size pickup truck (available at the Animal Research
Institute). The price was fixed: for a collection range up to 30, 60 and up to a 100
Km the price was respectively 20.7; 41.4; 62.1 US$. The seasonality and quantity,
were assessed using both key informant interviews and literature review (when it

was possible).

The second criteria was regarding health and safety, to assess if the substrate
could potentially contain heavy metals, pesticides or antibiotics, which could have
been bioaccumulated in the larvae, or contain harmful bacteria/viruses rending its
handling by workers risky. These data were assessed using both key informant

interview (when possible) and literature review.

The third and last criteria was about nutrient composition and larval
performance. Nutrient composition of the most promising-potential substrates
was assessed according to AOAC (1990) procedures, and a larvae growth
performance test was tested by placing 12kg of substrate into a 90x40x15cm tray,
and seeded with 0.50g 5 day-old (post-egg haching) larvae. Then, 100 larvae were
randomly collected daily and weighted to assess the growth rate, until they
reached the prepupal stage. A single-factor repeated measures (ANOVA)
followed by a Tukey’s HSD for post-hoc was used to test significance (p<0.05)
between the means of the weight of 11days-old larvae (when they are supposed
to be harvested). Nutrient composition was only tested when the substrate was not
prone to a prohibitive cost, high risk of heavy metal contamination or very low

quantities involved.

Once all the potential substrates were listed, and when all relevant data associated to each
studied variables were gathered, a table was done using Excel. To help the decision
process, a rating system was defined as follows to give a score to the final index: “1” for
acceptable values, “2” for a criteria subjected to caution, and “3” for a prohibitive criteria

(for instance: high risk of heavy metal contamination). This rating system was only
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associated to the categories “cost and availability” and “Health impact”, and not with the
proximate composition of the substrate as it was not always possible to analyse them.
Substrate with a score greater than 15, or having a score of “3” in one of its categories,
were considered as non-viable. Then, based on the growth data, a model was designed
and tested at the EntoPrise site in Ghana. The system ran for 18 months, the total length
of the EntoPrise Project.

Cost ? Location ?
Availability ? Transportation ?

Seasonality ?

Cost and
Availability Heavy metal
Proximate analysis contamination ?
; Health
Nutrient impact
composition

Pesticides ?
Antibiotics ?

Larval performance Harmful bacteria ?

Figure 3.2: Substrate Suitability Index (SSI) showing criteria used for the substrate selection.

3.3 Results

The substrate were listed in Table 3.2. Substrates displaying a score of 3 in one of the
different categories —considered as containing a prohibitive criteria- or an index score
above 15 were not implemented in the system. The cow and pig manure were discarded

because their collectability was extremely difficult (and was scored “3”) as they are not
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pooled at the same place, but on the contrary, scattered on meadows, or —for the case of
pig manure- rarely on an industrial ‘feed-lot’ scale. All animal offals (abattoir waste, cow
blood, rumen waste) were discarded as the presence of bovine tuberculosis in Ghana is
high, therefore occupational health risks involved in their processing was scored as very
high. The brewery waste along with the wheat bran were not useable as there is a high
opportunity cost for alternative uses, thus their price is too high (62.1 and 142.2 US$
respectively). The Golden Exotic and Blue Skies fruit waste, were located too far away
from our production site (nearly 100 kilometers away) and were being utilised by their
owners to produce compost for local use. The municipal waste were not useable either as
there is no primary sorting of the waste, which would have required a high man power,
and the risks of heavy metal and other contamination were too high. This left 3 substrates
from the original panel: chicken manure from broilers, from layers and vegetable market
waste (fruits only).

The growth rate of the BSF larvae (Figure 3.2) fed with the 2 remaining substrates (along
with cow and pig manure to assess the growth on different kinds of manures) showed that
the larvae performed poorly on manures, but had a significantly better growth when fed
with market fruit waste (p<0.01). The growth rate of the larvae grown on layer chicken

manure (containing saw dust) is not presented as it was null.

0,180 -

------ Fruit waste Chicken manure == -Cow manure Pig manure
0,160 4
0,140 - { } ..... } ..... } } ..... Jeeeer I ..... I
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5 0100 1
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Figure 3.3: Growth rate of BSF larvae reared on market waste and different types of

manures.
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Once the substrate was identified, and the system implemented, the production process
was working as follow: an input of 500 kg market waste (comprising by weight 60%
watermelon, 20% avocado and 20% of either papaya or mango according to the season)
seeded with 28.5g of BSF eggs, resulted in 175.5 Kg of larvae (fresh weight) and
114.74kg of biofertiliser (see Figure 3.3).

The substrate mix was chosen for its practicality, as this combination (with the sole
exception of papaya or mango) was constant and available all year round allowing to
ensure a consistency in the substrate quality. As a matter of viability the spoiled fruits

were fed whole to the larvae.

Broodstock
28.5g of L 20 000 flies |« 2.4 kg of
cges prepupae
A
EEEEEEEEEN,
B 175,5Kg larvae (WW) g
v 58,520 Kg DW) g
500 kg substrate Passi\{e mEEEEEEE I:
(Market waste) harvesting - 114,74 Biofertiliser ™
system - (WW) [
15 Days L S73TKgDw) =
SEEEEEEEER
Production

Figure 3.3: Schematic representation of the BSF bioconversion system used in Ghana.
Green boxes: inputs, blue boxes: outputs.
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3.4 Discussion

Of the waste streams identified in the surroundings of Accra, (Greater Accra Region,
Ghana), 15 potential sources were found and investigated. Amongst these ones, 2 were
excluded from our study (Golden Exotic fruit waste, and BlueSkies fruit waste) as they
were too far from the production site (near 100km) and their by-products were already
up-cycled locally.

Golden Exotic is a company established in 2013 producing fresh fruits for export. They
produce around 28,700 kg of waste per day (Golden Exotic report, 2012), but compost
them on-site to produce compost for their own plants. Blueskies is a British company
started in 1997 specialised in fruit juice, mainly for export, but also for local sell.
Similarly, they produce around 20,000 kg of waste per day, but also use them for
composting on-site. Therefore as these substrate were not directly available for our
system, they were not implemented.

However, on a more general rule, a special care should be given for the use of fruit waste
produced in industrial quantites. In the greater Accra Region, several studies
demonstrated that pesticides, such as lindan, endosulphane, lambda cyalothrin,
chloropyriphos, and DDT were present —and common- on fruits peels, above accepted
levels (Amoah, 2008; Amoah et al., 2006; Asante et al., 2009; Amoah, 2012). While some
recent evidences might suggest that the BSF might be able to break-down some pesticides
(azoxystrobin and propiconazole, according to Lalander etal., 2016), the risk of

bioaccumulation could still exist in the larvae.

The products from abattoir (cow blood, rumen waste, abattoir waste), despite being close
to the site, present in large quantities and free, were excluded as potential substrates. The
risk of bacterial contamination being too high: bovine tuberculosis is still very present in
Ghana, ranked 19" in Africa for the highest estimated number of new cases of
tuberculosis per year (Ghana Health Service, 2014). In 2007 only 47,632 new tuberculosis
cases were recorded. While the tuberculosis strain involved in Bovin (Mycobacterium
bovis) and Human (M. tuberculosis) is slightly different, it can still be transmissible, as
contamination may occur through direct inhalation from animals, consumption of
uncooked infected meat or infected unpasteurized milk (Ayele et al., 2004; Acquash et
al., 2012). In the North Tongu District (Volta Region) the prevalence rate of M. bovis if

93



up to 19% in the cattle population. Therefore, being a major sanitation problem this
substrate was not implemented in our system.

Another product of animal origin was analysed: milk waste, from a nearby milk
processing plant. However, while the protein content is generally high, the very low

quantities (75 kg per day) prevent its use in a BSF plant.

The brewery waste are usually depicted to be an excellent substrate for producing the
larvae (Kalova & Borkovcova, 2013) and their outputs from beer companies is large in
Ghana. In the case of Accra Brewery Limited, located in the center of Accra, up to 50
tons are produced daily. However, as this by-product is usually fiber and protein rich, it
makes an excellent feed for livestock. Therefore —in our case study- it was not given for
free, but on the contrary sold mostly to pig farmers at a price rate of 62.1 US$ per ton.
The same case applies for wheat bran, a by-product from the flour industry, rich in fiber,
lipid and protein, already used for livestock feed at a rate of 142.2 US$. In these two
cases, the use of these products for animal feeds makes them too expensive (and irrelevant

as they are already up-cycled) for a BSF bioconversion.

Another type of waste is produced in large quantites: manures. The animal intensive
farming, has developed rapidly due to the rise in the population and generates large
amounts of manure that have to be disposed (Tao et al., 2016). However decomposing
manure is not necessarily easy and can impact the larvae development. For instance,
similarly to our study where BSF larvae developed poorer on manures than fruit waste,
Nguyen et al., (2013) demonstrated that the lowest growth rate obtained by BSF larvae
in their experiment, was when they were fed with pig manure, compared to other kinds
of organic waste. Tomberlin et al., (2002) found that the growth of larvae (up to the
prepupal stage) was slower on cow manure (near 2 months) than poultry manure (4
weeks) or pig manure (6 weeks). One of the arguments proposed for this, is the high fiber
content of the substrate. On a general rule, the lower the fiber content in the feed substrate,
the better the digestion and assimilation by the larvae, and consequently, the shorter the
bioconversion period (Ushakova et al., 2018). When exceeding 7% (on a DM basis) it
will affect the bioconversion, giving lighter larvae (Li et al., 2015, Pelaez-Samaniego
etal., 2017). For example, it was shown that the bio-utilisation by larvae reached 65%
for kitchen waste, and 40% for the poultry litter (from layers). The latter is very

problematic as it is in fact a mix of manure and wood dust, or wood shavings. Although

94



the litter composition indicates it is nutrient rich and full of energy, the mass fraction of
digestible proteins is only low, as it contains a lot of fibers and a relatively small fraction
of digestible carbohydrates. The wood dust, mixed with the manure can contain up to 15-
35% of poorly digestible lignin and 20-35% of hemicellulose, decreasing the nutritional
value of the substrate, leading to a low efficiency utilisation by the larvae. Therefore using
poultry litter from layers (therefore having saw dust) to grow larvae does not perform
well. In our case it even prohibited the growth of the larvae, and therefore was not a
suitable substrate at all. The same case arise with cow manure, having a high fiber content
with hemicellulose and lignin, making it difficult for the larvae to process (Ur Rehman et
al., 2017). However, it was demonstrated, that when using a co-digestion method by
mixing cow manure (rich in fiber), and poultry manure (from broilers, therefore with a
lower fiber content) the digestibility of the substrate was significantly improved.
According to the published data, the co-digestion of such waste combination at a ratio of
40:60 provided a synergetic effect and increased cellulose conversion by 22.6%,
hemicellulose conversion by 6.9% and lignin conversion by 32.3% (Ur Rehman et al.,
2017). These co-digestion methods are known to enhance the nutrient absorption by the
larvae (Abudi etal., 2016, Chen etal., 2016, Razaviarani etal., 2013). Similarly,
Ushakova et al. (2018) demonstrated that when developing BSF larvae on a substrate
containing animal excrements and pre-seeded with gut bacteria, it decreased the release
of gas, while increasing the larval growth, and consequently the bioconversion process.
Therefore, H. illucens can have the potential to degrade high-fiber manures, decreasing
the risk of pollution, if the substrate is seeded with a proper strain of bacteria allowing a
first degradation of the fiberous structures (such as lignin or hemicellulose) pollution by
co-digestion. Beside the fiber content, the freshness of the manure is also to take in
consideration. Tomberlin et al. (2002) demonstrated that BSF fed 5 day old hen manure
grew half the rate of those fed with 18h-old manure. Similarly, Oonicx et al. (2015)
reported that BSF fed with rehumidified dry manures reached the prepupal stage with
extended period of time: it took 144 days when grown on pig manure or poultry (broilers,
without saw dust), and up to 215 days when fed with cow manure. This is most likely due
to a loss of protein in dry manure (Sheppard, 1983). Beside these development
consideration, the collectability has to be taken into account. While the manure
production is large in the Greater Accra Region, it is usually a small scale production
system. Cows are grazing in peri-urban areas, therefore their faeces are not easily

collectible easily. Pigs are usually kept in pens by half a dozen, making it hard to collect
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enough feces to run properly a BSF system. For poultry manure, when they are produced
as layers, the faeces drop into a saw dust-covered floor, creating problems highlighted
above. Otherwise, when they are collected in gutters —in the case of intensive broiler
production- the faeces are rarely fresh, as they are collected in batches when the trough
is full, therefore not useable. The growth rate of the larvae grown on manures is
highlighted in the Figure 3.2, and performed the lowest growth recorded in our trial. Also,
a part of manures are already used as fertiliser by farmers, which explain the cost of these
feeding substrates (20.7 US$/ton).

Currently, about 12 710 tonnes of municipal waste are generated in the Greater Accra
Region (Miezah et al., 2015) making it a potential rearing substrate for the BSF industry.
In Accra only 67% of the total waste is collected due to logistics problems. The remaining
part being left in the open environment causing severe hygienic and health problems
(Government of Ghana, 2008; Mwesigye et al., 2009; Annepu & Themelis, 2013; MOH,
2000). According to Valkenburg et al., (2008), waste composition from these sources are
highly heterogeneous in nature (Table 3.3) and have highly variable physical
characteristics depending on their sources. If not collected and properly treated, the
organic solid waste fraction can be a catalyst in spreading diseases by sheltering and
feeding various diseases vectors (Sharholy et al., 2007; Ali et al., 2012; Hossain et al.,
2014) and has other negative environmental impacts posing serious health risk. At the
moment, most of the collected waste are being landfilled and/or burned. As there is no
primary sorting, the heterogeneity of the generated waste is a major hindrance in its
utilization as a raw material in a BSF production system. In addition, as all kind of waste
are mixed, the risk of heavy metal contamination through battery leakages, electronic
equipment etc., is a significant constrain. However, some entrepreneurs are starting to
address this situation: Accra Compost & recycling plant limited, a company opened in
2012, is aiming to treat a part of the municipal waste generated in the Greater Accra
Region. However —while being still in improvement phase- their waste separation is
mostly manual, and the extraction of metallic pieces (such as batteries) is only efficient
at 70%, meaning that 30% of metallic object still falls into their compost, rending it
unusable for any future utilisation. Source sorting and separation of waste is one of the
traditional methods and fundamental steps in an integrated waste management system
providing good quality starting material for recycling. However, the success of such

techniques depends largely on the active participation of the waste generators and how
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they comply with the principles of sorting and separation of the waste. Therefore, as long
as no primary sorting of waste, despite being produced in large quantities, done for the

organic fraction, this source of inputs is unusable in our context.

Table 3.4: Composition of the Accra Municipal Waste (according Miezah et al., 2015)

composition
(% of overall volume)
Organic 61
Plastic 14
Inert 6
Paper 5
Miscellaneous 5
Metal 3
Glass 3
Textile 2
Leather & Rubber 1

A last type of waste generated in large amounts was investigated: market refuse, and more
specifically fruits refuse. The Madina market, located near our site (7 km), hosts up to a
thousand sellers daily. Most of them sell fruits and vegetables, either cultivated on peri-
urban sites, or sometimes coming from more distant regions (like the Volta or Northern
Region according to the type of products). Such transports generate wastage, and unsold
fruits are usually thrown away if they are not sold within 2 days of arrival. The market is
locally owned, as the waste disposal bin. Up to a ton of fruit and vegetable waste are
generated every day, and are costly to dispose for the market owner (up to 10 US$ every
week). Therefore, most of the waste is already sorted (as a bin is held specifically for the
market sellers) and easily collectible.

The nutrient profile is good for BSF development, although the moisture content is high.
Larvae tend to prefer homogeneous substrates with a water content of about 60-70%
(Lardé, 1990). When fed a substrate containing more than 90% moisture, the larvae grow,
but at a lower performance. It causes also an issue when it comes to transportation: the
drier the substrate is, the better it is to move it from a point A to a point B, reducing the
weight, and volume.

In our case, the moisture level was around 70%, and when it was too high (i.e. the fruits
being too fresh) the raw fruits were placed (after transportation to the production site)
onto a tray to dewater first for a few days, before being incorporated into the mix. The
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transportation constrain was mitigated by the fact that the market was located nearby,
reducing the transport costs.

At the moment, very few studies have been published about the nutritional requirements
of the BSF larvae, and researches are just scrapping the surface. Some authors (Tomberlin
& Sheppard, 2002; Myers et al., 2008) recommend the use of a feeding substrate
containing at least 15% protein to ensure a correct growth of the BSF larvae. However, a
satisfactory growth can be achieved with a substrate displaying a lower protein content
(like in our case: the fruit waste mix, displayed protein levels of 11.41%), as long as the
proteins are digestible, and as lipids and carbohydrates are accessible, and easily
degradable (Ushakova et al., 2018).

Interestingly enough, while the nutritional profile of the BSF larvae varies greatly with
the type of substrate they were fed on, the protein and lipid content are not necessarily
correlated (Oonincx et al., 2015). Only the presence of starch is known to affect the mass
fraction of protein and lipid in the larvae, facilitating their storage. For instance, it was
demonstrated by Ushakova et al. (2018) that when larvae were fed with corn meal (having
10% protein, and 70% carbohydrates, with starch comprising two-third of it) they
contained 36.5% protein and 45.5% lipid. On the contrary, when larvae were fed
distiller’s grains (rich in proteins, with a lower composition in fiber) they contained

48.3% protein and 20.6% lipid.

A special care should be done when manipulating fruit waste, as fecal coliform bacteria
are usually present -above accepted levels- on the skin of the fruits (Amoah, 2012).
Similarly, as heavy metals can be stored in vegetables, it is an issue in Ghana, especially
peri-urban agriculture, were fields can be heavily contaminated (Anim-Gyampo et al.,
2012; Addo et al., 2012; Asante & Ntow, 2009). The most famous one —Agbogbloshie-
being located in the vicinity of Accra (about 30 km from the market), is the second biggest
E-waste dumping site of the world. Electronical waste are burned to extract metals, later
melted down and resold as raw materials. Consequently, the fields nearby —where
vegetable are grown- and the water streams are heavily polluted. Studies have shown that
Lead (Pb) Arsenic (As) Mercury (Hg) Iron (FE), arsenic (As) and Antimoine (Sb) were
(way) above accepted levels, both in the field and human urine (Asante et al. 2012;
Kawaguchi et al., 2012). The Korle Lagoon, deserving a large portion of irrigation on the
nearby fields, being considered as the most polluted water body on earth (Nixon et al.,

2007). As mentioned before, this issue can be more generalizable as there is no efficient
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waste disposal system, and most of the waste generated ends up burned in houses vicinity
or production fields (Miezah et al., 2015). Therefore, for a commercial-scale plant, it is
adviseable, when using agricultural by-products, to test regularly for heavy metal
contamination. As the market vegetable waste were available all year round, at an
acceptable price (2.1 US$/ton), at a rate of 1 ton per day, displayed a good nutrient profile,
and provided a good growth rate of the larvae, the substrate was therefore selected for our

production system.

In our production system, in the optic to produce a quality-reliable and constant maggot
meal, only four fruits were isolated. Watermelons were used in a proportion of 60% (by
weight) of our initial substrate mix. They are produced all year round from the Northern
region, and usually available on large quantity as the transportation produce a lot of
wastage. Then, avocados, produced all year round from the Volta Region, composed 20%
of our substrate mix. The final ingredient being either mangoes or papaya, and composed
the last 20% of our mix. These two fruits are produced in the Koforidua region, but were
subjected to seasonality, therefore mangoes were used during the raining season and
papaya, during the dry season. The system runned for 18 months, and is resumed in the
Figure 3.3.

Out of 500 Kg of substrate entering, and using 28.5 g of BSF eggs, 175.5 kg of larvae
were harvested (resulting in 58.5 Kg when dried) and about 114 Kg of biofertiliser. The
substrate is usually mechanically mixed by larval movements facilitating its aeration
(Ushakova et al., 2018). However if the layer is too thick, the larval food intake will be
reduced, impacting their growth (Gobbi, 2012; Gobbi et al., 2013; Nguyen et al., 2013).
A thickness of 15 cm seems optimal for the larvae growth, above this threshold, the risks
of an anaerobic degradation are great, potentially wiping out the breeding overnight
(Maquart 2019, pers. com.). In order to avoid this, the substrate in our system -consisting
of whole decaying fruits- was turned daily to ensure a proper oxygenation of the mix.

The harvesting process was done using a passive sieving system. Briefly, the substrate
containing the larvae was placed on top of a sieve (mesh of 0.5cm), and let overnight.
The larvae crawling from the surface to the bottom of the tray felt into a bucket placed
underneath. To ensure a consistent production of flies (and consequently eggs) 2.4 kg of
larvae had to be kept to continue their growth as prepupae, then self-harvest using a tray

containing a 30° slope to be later harvested in the trough. The prepupae were then kept
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into a box containing saw dust until they hatched as flies. The maggot meal obtained was

then used for the experiment highlighted in the Chapter 5.

According Diener et al. (2015), with a production around 100 Kg of dry maggot meal per
month, our system can be classified as a small scale operation plant. Such system, while
producing very few maggot meal, and biofertiliser, is far from being economically viable,
however, this is just a first step in increasing the production, and mastering the technology
involved. While large scale, centralised, BSF factories (treating up to 200 tonnes of waste
per day, according to Diener et al., 2015) can produce a steady quality and production of
maggot meal and disserve feed to international feed companies, they require large
investments, and have a lower flexibility in adaptation if a waste source (or market)
changes. A small to medium operation process can, on the contrary, deal with local waste
management issues, be more adaptable, provide local employment, and can deserve local
feed and fertiliser markets. However, it has a lower degree of efficiency, cannot guarantee
the consistence of its products (for quality and quantity), and cannot —on a regular basis-
test for the presence of contaminants due to the high cost of these tests. Both type of
systems are interesting: while on (the large scale operation) can provide large quantities
of feed for an international market, the second one is a more local scale, potentially
addressing issues on waste management strategies, and local valorisation and circulation

of both waste and by-products.
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CHAPTER 4: OPTIMISING THE
NUTRITIONAL VALUE OF THE BLACK
SOLDIER FLY MEAL: WHEN IS THE BEST

TIME TO HARVEST THE LARVAE?
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4.1 Introduction

The need for alternative protein sources is rising since fish meal production, perceived as
the most limited and environmentally damaging (Naylor et al., 2009; Ziegler et al., 2016)
protein source, has been in decline since its peak of production in the early 1990s
(Shepherd & Jackson, 2013) and relies on low stocks of wild fish species that have since
become fully exploited. Soybean became rapidly a protein-source alternative to fishmeal
use in animal diet. It is now the most important protein-rich ingredient for terrestrial
animal feeds (Van Krimpen et al., 2013). However, its production is criticised for its
environmental impact: it requires high water consumption (Steinfeld et al. 2006), the use
of pesticides and fertiliser (Carvalho, 1999) and cause significant environmental
deterioration with deforestation in areas with great biodiversity importance (Carvalho,
1999; Osava, 1999; FAO 2006; Foley et al., 2011; Robinson et al., 2011; Munkung et al.,
2013; Tritsch & Arvor, 2016; Da Costa et al., 2017). Beside this negative environmental
impact, conventional proteins resources are becoming less favourable from an economic
point of view. Feed costs represent 60 to 70% of total production costs (Van Huis et al.,
2013). Therefore the need for alternative protein sources for livestock is becoming
increasingly urgent.

Insect meal has been identified as one such ingredient (Rumpold & Schliiter 2013; Van
der Spiegel et al., 2013; Van Huis, 2013, Makkar et al., 2014; Barroso et al., 2015).
Rearing insects on un-used organic waste and to use them as feed can also improve the
environmental footprint of vertebrate production (Makkar et al., 2014; Tomberlin et al.,
2015; Singh-Ackbarali & Maharaj, 2017). Due to their high protein rates, Barroso et al.,
(2014) estimated that the Diptera order is the most susceptible insect group in terms of
nutritive value, to substitute fish meal in the animal diet. The Black Soldier Fly —-BSF-
(Hermetia illucens) appears to be one of the best candidate, for farmed insect as feed
(Barroso et al., 2015; Oonincx et al., 2015). The fly is considered as a non-pest species
(Sheppard et al., 1994; Diener et al., 2009), does not feed at the adult stage, relying on
the energy stored during the larval stage, and cannot transmit nor carry diseases. Its larvae
are involved with up-cycling organic matter (Lardé, 1990) and can feed on a wide range
of substrates from manures to food waste ( Diener, et al., 2011, Lalander et al., 2014;
Oonicx, 2015; Barragan-Fonseca et al., 2017). They conduct to an excellent

bioconversion rate of organic matter (Oonincx et al., 2015) with usually a reduction of
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the waste load by 70% (Diener et al., 2011) and therefore, can be used as a waste
remediation system (Newton et al., 1997). In addition, while occupying a substrate, the
larvae aerate and dry it, reducing odors (Coulibaly et al., 2004). Maggots modify the
microflora of the substrate, and reduce drastically the levels of pathogenic bacteria
(Erickson, et al., 2004; Liu et al. 2008; Lalander et al., 2014). Their presence also inhibit
the oviposition of houseflies (Furman et al., 1959; Sheppard, 1983; Bradley & Sheppard,
1984). This particularity is especially interesting in the lights of public health,
environmental, biosecurity and logistical challenges of waste management in both
developed and developing world.

The protein and fat composition of the BSF larvae are highly influenced by the substrate
they are fed on (Sheppard et al., 1994; Newton et al.,2005; St-Hilaire et al., 2007; Diener
et al., 2009; Spranghers et al., 2017; Wang & Shelomi, 2017). However, the effects are
not always linear: in Oonincx et al. (2015), the larvae were bred on different substrates
where the proteins and fat contents were known. While, the larvae bred on a protein-rich
substrate were more proteinaceous than the others, the percentage of fat in the substrate
was not correlated with the larval fat percentage. In Spranghers et al. (2017) a similar
experiment was performed, but this time, there was no significant correlation between
protein of the substrates and those of the prepupae. However a high correlation was
observed between the lipid content of the prepupae and the non-fiber carbohydrate
content of the substrate.

The quality and origin of the strain can influence the phenotypic plasticity (development
and waste conversion) of the larvae (Zhu et al., 2013), and therefore modify its nutrient
composition. As highlighted in Wang & Shelomi (2017) natural variation among
individuals and batches can vary significantly: commercially available black soldier fly
larvae from a same company based in Germany, and fed with the same substrate, showed
values ranging from 31.7% to 47.6% crude protein and 11.8-34.3% fat in different studies
(Kroeckel et al., 2012; De Marco et al., 2015)

Significant variations, especially in proteins and lipids levels occur during the different
developmental stages of the larvae (Liu et al., 2017). The BSF larval development goes
through 5 instars called “white larvae”, where the larvae is extremely photophobic
(Everest Canary, 2009) and prefers to stay within the substrate. Its harvest is therefore
rather difficult. The 6™ instar is often referred as “prepupae”, corresponding to the
pupariation stage, when the larvae cease feeding to complete immobilisation and

reduction in length. The reduction of mobility and retraction of the segment is a gradual
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process. The cuticle becoming progressively more pigmented (Barros-Cordeiro et al.,
2014). On its early stage the prepupae enters into a migratory phase, looking for a shady
and dry place to pupate. This change of behaviour makes them easy to harvest; a 30° slope
system on the edges of the production bays is enough to ‘self-harvest’ the larvae, if their
substrate is moist enough. Unfortunately, when the larvae turn to prepupae, their cuticle
is thicker. Cuticle weight can reach about 24% of the whole dry mass basis (Sheppard et
al. 2008). The cuticle is mainly composed of chitin, an n-acetylated polysaccharide that
forms various complexes with proteins and other carbohydrates. Its presence can affect
the digestibility of other nutrients (i.e. as acting as an anti-nutritional factor, “ANF”),
including proteins (Longvah et al., 2011) or lipids (Kroeckel et al., 2012), leading to a
reduction in growth if fed to livestock.

The evolution of the nutritional composition of the Black Soldier Fly through its
transformation from white larvae and prepupae, is still poorly understood, Hence
determination of the optimal harvest stage at which nutritional quality and yields are
maximised is a critical to successful commercialisation. This study aim to asses changes
in the proximate nutritional profile, and yield of BSFL within later development stages.
The potential for use of morphological indicators as determinants of development stage

was also assessed.

4.2 Material and Methods

4.2.1 Source of the fly and breeding

The strain of flies was sourced from Hermetia Futtermittel GbR, Baruth/Mark (Germany),
and breed locally at the University of Stirling in a controlled environment cabinet (CEF:
Microclimat 1750E and -15°c Model Option. Manufactured by Snijders Scientific B.V.
located in Tilburg, The Netherlands) at 30°C and 65% relative humidity.

The larvae were bred into a plastic box, of 30x30x30 cm containing 2 Kg of substrate
constituted of 60% banana, 25% de-stoned mangoes and 15% de-stoned spoiled-avocado.
The nutritional composition of this feed is listed in table 4.1. All the fruits were previously
blended and thoroughly mixed prior to inoculation of the larvae. The homogenised

substrate ensured a uniform nutritional profile was available to all larvae. The breeding
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boxes were incubated in the same cabinet, with the same constant temperature and relative
humidity. All containers were randomly placed inside the cabinet. The experiment was

done in quadriplicates.

Table 4.2: Nutritional composition of the ingredients constituting the substrate, and the
substrate itself (values expressed in % on a dry matter basis, presented ‘as is’).

Ingredient Moisture Crude Protein Lipid Ash
Avocado 67.4 8.1 62.2 6.0
Banana 86.6 5.3 1.6 4.9
Mango 86.2 4.7 0.6 2.9
Substrate mix 83.6 55 10.4 4.5

4.2.2 Sampling procedure

Egg sampling: BSF eggs were collected daily at the same time (to ensure age
consistency) from colony cages using blocks of corrugated cardboard (4 cm X 9 cm)
placed on top of a plastic containers containing moist breeding substrate mixed with 50%
insect frass. Corrugated cardboards were dissected to remove all the egg mass out. Once
the egg clusters were harvested, 0.02 g £0.0004 g of eggs where placed into a moist petri
dish. 2 day-old egg clusters were observed under a microscop to look at the coloration of
the ocelli (see Figure 4.1) as described in May (1961) to assess their viability. When a
minimum 90% of eggs were “eyed” the batch was considered viable, and used for the

experiment or otherwise discarded.

Feeding stage dynamic sampling: the substrate was seeded with eyed-eggs, a day prior
to their hatching. Mean larval growth rate was assessed by daily collection and bulk
weighing of 100 larvae for each of four replicates. This assessment started at 150 degree-
days (“DD” i.e 5 day old larvae cultured at 30°C) to limit the risk of injury by handling
too small larvae, up to 720 DD. Starting from 300 DD, 10 g of larvae were collected
every two days washed from fruit residue, surface dried with a paper towel and frost-
killed for proximate analysis of four pooled replicates. Another batch of 10 larvae were
kept in absolute ethanol for morphological analysis. This process was repeated every two

days from 300 DD to 720 DD, when all the larvae had turned into pupae.
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Figure 4.2: Details of the eggs. Left: day-old eggs, right: “eyed-eggs” after 2 days at
30°C.

Morphological assessment: The larvae were analysed under a microscope (Olympus SZ-
PT X10), and photographed using an Olympus SC 100 GMBH camera. Drawings were
done using Photoshop CS6.

4.2.3 Proximate analysis

Dry matter (DM): the larvae were dried overnight, until constant weight in a freeze drier
to prevent any adulteration of the protein or lipid content. The dry matter was calculated

by weighing the samples before and after.

Ash content was assessed by weighing 1g of dried sample into a crucible and placed into
a muffle furnace at 600°C for 12h. The ash content was calculated by weighing the end-

sample.

Crude protein content (CP) was assessed using the Kjedahl method. Briefly, proteins
in the sample were digested under catalytic heating, and released ammonia when reacted
with sulfuric acid. The result was ammonium sulfate. Then an alkaline distillation was
applied to free ammonia which was subsequently absorbed by boric acid and further
titrated with hypochloric acid titrant. CP content was calculated according to the acid
consumption multiplied by the conversion factor (i.e. X 6.25). However, since the
exoskeleton of insect contains chitin, a nitrogen-based polysaccharide, this could lead to

an overestimation of the true protein content.
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Chitin content was measured according to the procedure described in Liu et al. (2012).
Briefly, the samples were freeze dried, and then grinded. 5 g were submersed intoa 1 M
HCI solution (250 mL) at 100 °C for 30 min to remove minerals and catechols. Then the
sample was rinsed with distilled water until neutrality was reached. Deproteinization was
performed with an alkaline treatment using 1 M of NaOH (250 mL) solution at 80 °C for
24 h. The obtained product was washed with distilled water until the pH became neutral.
The precipitate was further treated with 1% potassium permanganate solution (100 mL)
for 1 h. Finally, the chitin was washed with distilled water and oven-dried at 50 °C. After
having estimated the chitin content in the sample, a correction factor was applied to
estimate the true protein content.

The crude fat content was estimated using the non-destructive Folch method (Folch et
al., 1957). Briefly, total lipids were extracted from 0.5 g of sample, by homogenising in
20 volumes of ice-cold chloroform/methanol (2:1 v/v) using an ultra-turrax tissue
disruptor (Fisher Scientific, Loughborough, U.K.) and determined gravimetrically after

an overnight dessication under vaccum.

4.2.4 Statistical analysis

Statistical analysis was performed by SPSS V21(SPSS Inc., Chicago, IL, USA). Growth,
DM, CP, protein corrected, fat content, ash and chitin levels at the different stages of the
larval cycle were analysed by one-way analysis of variance (ANOVA) followed by a
Tuckey’s HSD for post-hoc testing to compare the significance between the means of
different life cycle stages. p<0.05 was considered to be a significant difference between

the values compared. All results, are expressed as mean+SE.

4.3 Results

This study presented the change in morphological and nutritional composition of the
Black Soldier fly larvae during its transition between the white larvae stage (5 instar) to
the prepupal stage (6" instar). The time frame selected was from 300 degree days (DD)
to 720 DD, corresponding to day 10 up to day 24 at 30°C. At 300 DD the larvae are
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starting their 5™ instar, while around 360 DD they enter into the 6™ instar, and starting to
pupate around 720 DD. The process involves both deep morphological and nutritional
changes. This variations are presented in the table 4.2.

Morphology:

Beside the change of coloration which appear progressively, all the other features appears
—or disappears- after the 5™ molt.

On the ventral side of the white larvae, on every segment beside the last abdominal one
(i.e. anal segment), a row of crawling setae is observed (Fig. 4.3A & 4.4). Typically, there
Is one row per segment, located distally, and bearing between 16 to 18 setae. Each setae
is about 0.1 mm long, and the row extends for 3.3 mm. This feature disappears on the 6™
instar larvae. On the prepupae only, ventrally, on the 6™ abdominal segment, a distinct
scar can be observed, measuring about a millimeter long for 0.15 mm width (Fig 4.3B &
4.4).

Along with these changes, the head is subjected to deep morphological changes: For the
white larvae (5" instar) the labrum, lingual and labium are all membranous and finely
pubescent, the maxillae is also pubescent and bear a strongly chitinsed two-hooked
process. The palps are tubular, the mandibles are fused to the genae, and bear finely
pubescent lips extending into a curved finger-like process (Fig. 4.3C). After the 5" molt,
for the prepupal stage, the cuticle become progressively darker and the pubescence is
longer and coarser. At this stage, the head is strongly chitinised and the ocelli become
more prominent. The mouthpart are reduced and completely fused. A hook appears
frontally, and can be clearly felt when rubbing a fingertip to it (Fig. 4.3D).

Growth:

The larvae grew rapidly between 300 DD to 720 DD (Figure 4.2), however, when the
larvae reached the 5 instar, the growth was steady, with no significant variation (Anova,

Post hoc Turkey, p>0.05). This plateauing continued during the prepupal stage.

108



£ 004 - White larvae | White larvae Prepupal stage

0'0(2) ] (5™ instar) (6™ instar)
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Days since hatching (at 30°C)

Figure 4.3: Growth rate of the larvae, from day 5 to day 24 —post hatching (30°C). SE
indicated by error bars.
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Figure 4.3: Morphological features of Black Soldier Fly larvae. A: details of the crawling setae on
the ventral side of the white larvae; B: details of the scar in the ventral side of the prepupae, located
on the 6th abdominal segment; C: Side view of the white larvae head; D: Side view of the prepupae
head, where the hook-like structure is clearly visible, and the eyes become prominent.
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Proximate composition:

The dry matter, along with the ash content remains stable through the development, with
no significative differences (p>0.05). The CP content, along with the corrected protein is
stable with no significant differences, beside for the 720 DD old prepupae (Anova, post
hoc Turkey, p<0.05). The crude fat content increased toward the end of the white larvae
stage (300-360DD i.e. 10-12 days of culture and 5" instar) (Anova, Post hoc Tukey,
p<0.05) and then remains stable throughout the prepual stage with no significant
statistical differences observed. However chitin is not-detectable in the 5" instar, being
synthetized only during the prepupal stage, increasing rapidly from 420-480 DD the
proportion is not significantly different (p>0.05), but increased significantly for the late
prepupae (600-720 DD) (Anova, Post hoc Turkey, p<0.05). All these results are

summarised in Table 4.2.
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Figure 4.3: Morphological differences on the ventral side between the white larvae (left)
and the prepuae (right). Yellow dots indicate the stigmates, black dots represents the
crawling setae, red notch indicate the scar present in the prepupae.
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4.4 Discussion

The concept of prepupae, applied to the Black Soldier Fly 6" instars, was borrowed from
Coleoptera biology (Costa & Vanin, 1984). Heslop-Harrison (1958) defined it as the
“very distinctive pharate phase that exists between the outset of quiescence in the last
larval stage and the moult which reveals the external form of the pupae”. For Hermetia
illucens, after the 5™ molt, at the prepupal stage, the cuticle become progressively darker
and thicker and the pubescence is longer and coarser. This is the best external indicator
that the pupation process is about to start. In Stratiomyidae and Xylomyidae, the pupae is
formed within the last larval skin, which is used as a hard cocoon (called “puparium”),
highly chitineous, and impregnated with plates of calcium carbonate crystals (Woodley,
1989).

At the prepupal stage, the head is strongly chitinised and the ocelli become more
prominent. The mouthpart are reduced and fused preventing the larvae to feed
(Schreemer, 1982). Therefore the growth stops, and the larvae weight starts plateauing.
The weight, however, start to decrease when the larvae is entering into the pupal stage:
the reserves are therefore used partially for the metamorphosis. After the pupation
process, the adult only weight half of the pupae weight (Liu et al., 2017). A distinct hook
appears frontally before the head, and can be clearly felt when rubbing the fingertip on it.
This hook-like structure is used by the prepupae to extract itself from the substrate and
have a grip on a coarse surface.

The ventral setae, or “crawling setae”, described in May (1961) as “small, black,
flattened, tooth-like processes” are located in the ventral side of the larvae. Usually there
is one row per segment, located distally, and bearing between 16 to 18 setae. This row
extends up to 3.3 mm horizontally. Each setae is about 0.1 mm long. The crawling setae
are lacking on the anal segment of the white larvae. They seems to have an ectodermic
origin as they can be observed on the exuvias of the larvae. They are used by the white
larvae to increase their adherence to the substrate and enable them to move quickly inside
it. They disappear when the larvae turned into the prepupal stage.

In the prepupae, a distinct scar, of about a millimeter long, located distally on the 6%
abdominal segment (Fig. 4.3 & 4.4) appears. It is present in all larvae and does not hold
a sexual purpose, like the Herold’s organ in Coleopteras or Lepidoptera (Herold, 1815;
Hinks & Byers, 1973). The fact that it is located at the tip of where the pupae will be
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located inside the puparium suggest that it is used by the larvae as a gripping point inside
the puparium to “fix” the pupae, and after the imaginal molt, to help the fly to extract
from the puparium. At the end of the prepupal stage, the larvae will start to enter into
quiescence, but prior the pupation process, the prepupae will arrange itself vertically —if
possible- in the substrate with the head protruding above the surface (May, 1961) to
facilitate the extraction of the adult.

From a nutritional point of view, the dry matter remains stable ranging from 38.76% to
40.13%, with no significant differences between the stages. The dry matter content of
fresh larvae is usually comprised between 20-41% (Diener et al., 2009; Finke, 2013;
Nguyen et al., 2015; Oonicx et al., 2015b; Sheppard et al., 2008; Barragan-Fonseca et
al., 2017: Spranghers et al., 2017). It can be influenced by the diet and larval stages, being
usually higher for the later stages (L5-L6) (Rachmawati et al., 2010). The ash content
remains stable between white larvae and prepupal stages with no significant differences.
This results is in accordance with Liu et al. (2017) observation where the ash content of
their larvae was stable from the 4™ day-old larvae to late-prepupal stage. However their
values were higher, ranging from 7.8% to 10.3%, while ours are within 4.26 - 4.95%, this
difference can be explained by a difference of substrate used: in their case, they used
commercial broiler chicken feed which ash content was about 7.9%, while in our
experiment the ash content of the substrate was only 4.5% (table 4.1). The fat content is
significantly higher for prepupae (19.11% for 420 DD prepupae), compared to white
larvae, and remain stable during this stage. These results are coherent with Liu et
al.,(2017) where about 22.6% where detected for 12 day-old white larvae, and increased
to 28% for early prepupae. However, in their experiment, the lipid content was
significantly reduced to 24.2% for the late prepupae, which was not the case in our
experiment. The CP content, remained stable from the 5" instar larvae (26.21-21.38%
for 300-360 DD respectively) but increased during the prepupal stage, peaking
significantly at 38.75% for late prepupae (720 DD old). These results are coherent with
the study of Liu et al. (2017). However, in their case, they expressed the protein content
solely as “Crude Protein” only. This is frequent in most publications. The method
recognised by the AOAC (1990) to test for CP content is the Kjedahl method. The
samples are digested into boiling sulphuric acid (at about 400°C) for an hour, then the
nitrogen content is determined by titration. The protein content is then estimated by
multiplying this result by 6.25. According to Finke (2007) this factor is acceptable for

estimating the true protein content of most insect species. However, since the exoskeleton
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of insects contains chitin, a nitrogen-containing polysaccharide, this may lead to an over-
estimation of the crude protein content (Diener et al., 2009).

Using the corrected protein level, the levels were lowered by 10.89-13.45% for 420-720
DD old larvae respectively. The corrected values for prepupae were therefore ranging
from 23.98-33.54%. In Spranghers et al., (2017) their values were higher, ranging from
37.7-40.7%. This difference can be explained by the poor protein content of our feeding
substrate (5.5% CP), the substrate composition being very important for the larval nutrient
composition Sheppard et al., 1994; St-Hilaire et al., 2007; Diener et al., 2009; Newton et
al.,2005; Spranghers et al., 2017; Wang & Shelomi, 2017).

Beside misrepresenting the actual protein content, the presence of chitin is largely
considered to be anti-nutritional factor (Sanchez-Muros et al 2015). Chitin is an n-
acetylated polysaccharide and a major component of the insect cuticle, which is always
covalently bound to catechol compounds and sclerotin-like proteins (Majtan et al., 2007).
Chitin is accounting for 5-8% of the total nitrogen in insects. (Kumar, 2000). The chitin
level varies between species (Vetter, 2007 on fungus; Barroso, 2014 on insects) and
within stages. While it is undetectable for the white larvae stage, as soon as the larvae
enters into the prepupal stage its proportion increases drastically from 7.82% at 420 DD,
to 13.42% at 600DD, and then plateaued around 13.91% at 720 DD, just before the
pupation starts. The increase of chitin in the larval skin, coupled with deposits of calcium
carbonate plates or crystal (Woodley, 1989), will increase the rigidity and resistance of
the skin, which will form the puparium, inside which, the larvae will starts the pupation
process. A similar observation was made on Musca domestica by Dwivedi & Agrawal
(1995), where within 2 days, the chitin content rose from 6.7 mg to 10 mg in the larvae.
The chitin contents of the prepupae in this study are higher than the contents reported in
the literature for Black Soldier Fly, ranging from 6.1% (Spranghers et al., 2017) 7.5 %
(Finke, 2007) up to 8.7% DM (Diener et al., 2009). This could be explained by the age
of the prepupae, which at its early stage (in the “wandering stage”, around 420-480 DD)
have a lower chitin level (7.82%), which might have been used in these studies, while the
late prepupae (600-720 DD) have a higher content. With a caloric content of 17.1 KJ.g™2,
chitin could be a source of carbohydrates, and it could also constitute a substancial
percentage of the total energy intake. However, the f1,4 bond in chitin is indigestible for
several fish species (Rust, 2002 in Sanchez-Murros et al., 2015) and, in some studies, its
presence might affect the growth performance by influencing the feed intake, availability

and digestibility of nutrients, including proteins (Longvah et al., 2011) or lipids (Kroeckel
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et al., 2012), leading to a reduction in growth. The hydrolysis of chitin requires the
involvement of chitinase and chiobiase enzymes. High digestive chitinase levels were
observed in cobia (Rachycentron canadum L.) (Fines & Holt, 2010) and in a broad range
of marine teleost fish, (Fange et al., 1976; Danulat & Kausch, 1984). On the other hand,
chinolytic activity has also been described in gut bacteria, which may play a role in its
hydrolysis and the apparent absorption of carbohydrates derived from chitin (Sugita et
al., 1999).

Therefore, while the late prepupae (around 720 DD) are significantly more proteinaceous
(33.54%), than the white larvae (21.38%), the presence of chitin can potentially decrease
the digestibility of the MM produced by the fish, and this has to be taken in consideration
during the selection of the lifecycle to harvest.

The removal of chitin during meal manufacturing should be investigated. Chitosan can
be extracted (Guangdong Entomological Institute, in a patent developed in 2015) or
alternatively chitin could be degraded by enzymatic methods before being added to diets
as product of hydrolysis (i.e. Chito-oligosaccharides, acetylglucosamine or chitosan) or
via an alkaline extraction (DeFoliart et al., 1982; Belluco et al., 2013; Shiau & Yu, 1999;
Se-Kwon & Niranjan, 2005; Lin et al., 2012a,b). The removal can also be done using
mechanical methods, such as removing the skin of the larvae by pressing them. The
addition of hydrolytic enzymes to diets is a global practice in animal feed production. The
addition of chitinase and its effects on digestibility has not been studied, but could
increase chitin digestibility. However, if properly removed and purified, chitin could
potentially become a high value by-product. Chitin and chitosan can be used as
antioxidant, anti-inflammatory, drug delivery-media and plastic (Park & Kim, 2010).
Several recent studies, highlight the fact that despite being an antinutritional factor, chitin
may have a positive effect on the functions of the immune system. The chitin is cited as
having antimicrobial properties (Rinaudo, 2006), and can act as an immunostimulator
effective on a short term basis (Mastan, 2015). A study done on chickens, showed that
poultry fed with a commercial broiler diet containing 20% dried whey and 0.5% to 2%
chitin had significantly improved weight compared to controls, switching the feed
efficiency ratio from 2.5 to 2.38. This improvement was attributed to a change in the
intestinal microflora brought by the chitinous supplement (Ravi Kumar, 2000). Another
study by Vahedi & Ghodratizadeh (2011), showed that rainbow trout immune activity
was enhanced by the presence of chitin (10, 25 and 50 mg/kg) in their diet. A similar

improvement of the immune system was described by Esteban et al. (2000) on gilthead
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seabream. As in-feed antibiotics are banned in the EU since January 2006 (regulation
EC/1831/2003) there is an increasing need for reliable in-feed antibiotics alternatives and
immunostimulant (Spranghers et al., 2017). For this purpose, the use of insect-meal, and
their inherent chitin, may diminish the use of antibiotics in the animal-production industry
(Van Huis et al., 2013).

As the removal of the chitin is a rather complex thing, and as high chitin values can affect
the digestibility of the meal, we suggest to target the harvesting of the white larvae stage.
There is no differences in biomass between the 2 stages, as the growth as stopped,
suggesting that the quantity of insect meal produced will be the same, and therefore will
not affect the economics of a large scale production. However the fact the larvae are
highly photophobic at this stage renders the separation process (larval frass from
undigested material) complex, as no triggers for self-harvesting have been identified yet.
This is one of the most cited issued for upscaling (Pastor et al., 2015; Rumpold &
Schliter, 2013), yet to overcome. Several companies have specialised in BSF production
as animal feed, but their methods are patented and proprietary, and thus unavailable to
academics. Therefore, the quantity of BSFM producted is still low, thus a strategic use of

this protein source should be done to maximise its potential.
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CHAPTER 5: SUBSTITUTION OF NURSERY
FEED BY LOCALLY-PRODUCED MAGGOT
MEAL ON SEX-REVERSAL DIETS OF NILE

TILAPIA (OREOCHROMIS NILOTICUS)
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5.1 Introduction

With a production estimated at 28,000 tonnes in 2012 (Asiedu et al., 2015) Tilapia is the
most farmed fish in Ghana. Most of its production (85%) is realised from cage production
(Asiedu et al., 2015). All-male tilapia culture is often preferred in grow out systems as its
leading to more uniform marketable fish produced at a faster rate due to significant
differences in growth between males and females (Mair & Little, 1991; Little & Hulata,
2000; Phelps & Popman, 2000). Also, by growing all male fry, energy that would be
required for reproductive activities such as nest building, guarding and release of sperm
and ova is saved. Some earlier methods suggested manual sexing at 6 weeks, and
discarding the females after being manually sexed, but this method despite being labour-
intensive, means that half of the fish are lost (Bhujel, 2014). Hormonal sex-reversal is
therefore preferred. Oral administration of 17a-methyltestosterone (MT) via the feed is
the most frequent method, as it is the most effective and economically feasible method
(Phelps, 2006; EI-Greisy & EI-Gamal, 2012; Mensah et al., 2013).

However to obtain a good sex-reversal rate, the feed —acting as a way to carry the
hormone- has to be very palatable. To achieve this, usually high levels of fish meal are
used. However, fish meal quality in Ghana can be fluctuating, as it is becoming a scarce
resource, its rising value stimulates a potential adulteration. Moreover the price of the
starter feed is an issue leading farmers to use lower quality feed. While a lower sex-
reversal rate can be acceptable for the production in cages, it can impact severely the
overall growth of the batch when the production is in ponds (Pullin & Lowe-McConnell,
1982; Vera Cruz & Mair, 1994; Little, 1989). New feed sources acting as a suitable
carrier for the hormone have therefore to be found.

Insect meal is considered to be such ingredient (Rumpold & Schllter 2013; Van der
Spiegel et al., 2013; Van Huis, 2013; Barroso et al. 2015, Makkar et al., 2014). Food
containing insect meal have been studied in African catfish (Clarias gariepinus; Fasakin
et al., 2003), turbot (Psetta maxima; Kroeckel et al. 2012), Nile tilapia (Oreochromis
niloticus; Ogunji et al., 2007, 2008) and rainbow trout (Oncorhynchus mykiss; St-Hilaire
etal., 20073, b).

The Black Soldier Fly (Hermetia illucens) appears to be one of the best candidate, due to
its high conversion rate (Oonincx et al., 2015; Barroso et al., 2015). The fly does not feed

at the adult stage, and cannot transmit nor carry diseases, it has an excellent bioconversion
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of the substrate (Oonincx et al., 2015) and can be used as a waste remediation system
(Newton et al., 1997). In addition its fatty acid profile can be modulated with the substrate
the larvae were fed on, as shown by Saint-Hilaire et al. (2007) where larvae fed on fish
offals produced a foodstuff high in Omega-3.

With an estimated production of 1.3 billion tons each year, food waste are valued at 680
billions US$ in industrialised countries and 310 billions US$ in developing countries
(FAO, 2011; The Economist, 2014). Acting as a waste remediation service, the Black
Soldier Fly can contribute to organic waste remediation, poverty alleviation —by creating
local employment- and create a local, soon-to-be cheap feedstuff for Aquaculture.

Devic et al., (2013) estimated that if the maggot meal substituted 30% of the fish meal
used in the feed of a farm producing 6 000 metric tons of tilapia in Ghana, it would require
1.4 MT, 60.8 MT and 175.5 MT of dry maggot meal to produce the broodstock, the
juveniles and the grow-out respectively. However, while the technology is still in
development, scaling up the production is still rather difficult. The main constraint is
addressed on the harvesting of the larvae from the substrate (Pastor et al., 2015; Rumpold
& Schliter, 2013). Therefore there are still limitations for the scaling-up production of
this high quality feed.

A strategic use of this feed ingredient in the Ghanaian context could be to substitute the
low quality and expensive FM traditionnaly required to such process, by producing
locally a quality assured BSFM for juvenile tilapia sex-reversal process.

The aim of the current study is to evaluate the performance of the maggot meal (MM) as
a substitute of the classical starter feed and the pure fishmeal used commonly for the sex-
reversal of tilapia fry in pond happa-systems in Ghana. Key outcome measures include

sex-reversal efficiency, growth and survival rates.

5.2 Material and Methods

5.2.1 Culture technique

The experiment was performed in a large local commercial tilapia hatchery in Asetsuare
(Eastern Region) in Ghana, between the 14/01/2016 to the 20/03/2016. Day-old O.

niloticus swim-up fry were harvested using a downwelling system.

121



5.2.2 Hormone — feed preparation

Hormone-treated feed was prepared as described by Killian & Kohler (1991). A stock
solution of 17a-methyltestosterone (MT) was made by dissolving 60mg of hormone in 1
L of pure ethanol (EI-Greisy & EI-Gamal, 2012; Popma & Green, 1990; Celik et al. 2011).
This solution was evenly poured onto 1 kg of the diet and mixed. The mixing process was
repeated several time to ensure an even distribution of the MT throughout the feed.
Treated diets were fan-dried in shade at 30 °C for 24 hours then kept in the shade and
used within 5 days (Barry et al., 2007).

A commercial nutritionally-complete formulated feed obtained from Ranaan fish feed
company®© in Tema, Ghana (‘Super Start Feed’ (‘SS0”)) is commonly used in Ghana for
the sex-reversal process — and was used as a positive control in this trial. The fishmeal
was collected in Ranaan fish feed company®©. It was composed of processed by-products
from the tuna industry (from the Petit Navire© industry in Tema, Ghana. Maggot Meal
was obtained from 450 degree-days old old-Black Soldier Fly (Hermetia illucens) larvae
fed on fruit waste (composed of 60% watermelon, 20% papaya, 20% avocado) and
produced at the Animal Research Institute in Frafraha road, in Ghana. The larvae were
harvested and placed into a bowl with saw dust to make them empty their gut overnight,
and then dried into an electrical oven at 55°C during 2 days. The dried larvae were then
grinded using a grinder (Binatone Blender BLG-699) until it was flour-size particles. All
feed was sieved using a fine mesh to homogenize the size of the feed by discarding large
particles. The different treatments were prepared as following Table 5.1:

Table 5.2: Composition of the different treatments (in % as fed basis)

Ingredients Treatment1 Treatment2 Treatment3 Treatment4 Treatment5
(positive control) (Negative control)
Fish meal 0 0 0 100 100
Commercial feed 100 50 0 0 0
Maggot meal 0 50 100 0 0
Methyltestosterone  60mg/kg 60mg/kg 60mg/kg 60mg/kg 0
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5.2.3 Experimental setup

The pond volume was 4968 m? and was filled with the Volta river water 3 weeks prior
to the experiment. The experiment started once the pond experienced an algae bloom and
turned green. Treatments (Table 5.1) were randomly assigned to hapas equally distributed
across the pond. All fry used during the experiment were pooled into the same container,
and then, 4500 fry / hapas were randomly assigned to each of four replicates per treatment.
Each hapas size was sieved manually and adjusted to allow the correct density of the fish
among them. The size was 100x100x40 cm resulting in a stocking density of 11.25
fish/litre.

Fry were fed 5 times a day (at 8:00, 10:00, 12:00, 14:00 and 16:00h). The amount of feed
given to the fry daily was calculated over the total biomass of the pond. The amount of
feed given daily is resumed in Table 5.2. A sampling was done every 5 days to re-adjust
the quantity of feed given accordingly.

Table 5.2: Quantity of feed given to the fry, according to their total biomass

Days % of total biomass
0-5 30

6-10 30

11-15 20

16-25 20

Every five days, 50 fishes were collected within each hapas to record the average weight.
Morts were collected and recorded at every feeding session. At the end of the 26 days
period, 50 fishes were sacrificed using clove oil (Ross & Ross, 2008) to be individually
weighted and measured. After the first 25 days, fish were placed into larger hapas (3x5m)
and were all fed with standard commercial diet (“SS1”” and then “SS2”) regardless of their

treatment for a further 6 weeks.
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5.2.4 Sexing of the fish

After 6 weeks post sex-reversal process, 50 fishes were randomly selected in each hapa,
euthanized using clove oil (Ross & Ross, 2008) and dissected under binocular following
the procedure described in both Guerrero & Shelton (1974) and Wassermann & Afonso
(2002). The sex was assessed using Guerrero & Shelton (1974) and Guerrero (1975)

papers.

5.2.5 Water parameters

The Ph, Oxygen dissolved in water and temperature were recorded inside the hapas 5
times a day prior to each feeding session. Hardness, alkalinity, Ammonium, Nitrates and
nitrites were recorded every 5 days using a spectrophotometer. The water parameters were
recorded to ensure that the quality conditions would not adversely influence the trial

results.

5.2.6 Proximate analysis

All feedstuff were analysed using the standard methods of AOAC (1990) for moisture,
protein, fat and ash. Moisture content was estimated by heating samples in an oven at
105°C overnight, and weighing the samples before and after. Nitrogen content was
measured using a micro-kjeldahl apparatus and crude protein was estimated by
multiplying nitrogen content by 6.25. Total lipids content was determined by ether
extraction for 16 h. and ash was determined by combusting samples in a muff furnace at
550 °C for 6h. The chitin level was assessed using the methodology presented in (Black
& Schwartz, 1950). The fatty acid profile was done following Folch et al. (1957).

Amino-Acid analysis:

The amino acid composition of feedstuffs and diets were determined by ALS Food and
Pharmaceutical (Cambridgeshire, UK) and Eurofin Food and Feed testings (Moss,
Norway) using High-Performance Liquid Chromatography (HPLC) methods according

to their respective commercial procedures.
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5.2.7 Statistical Analysis

All statistical calculations were carried out using IBM SPSS Statistics (Version 21). A
significance level of 5% was chosen for all analyses. Normal distribution of the data sets
was verified using Shapiro-Wilk test and homogeneity of the variance was tested with
Levene’s test. Significant differences between treatments (p<0.05) were assessed using
one-way analysis of variance (ANOVA) parametric test or Kruskal-Wallis non-
parametric test when preliminary assumptions were violated. In the case of significant

differences, Tukey’s HSD post-hoc test was then applied to rank the groups.

5.3 Results

5.3.1 Water parameters

Water temperature and dissolved oxygen varied slightly during the course of the
experiment and the diurnal periods with an average of 29.4+1.62°C and 8.46+3.91 mg/L
respectively. Water PH (8.61+0.70) remained stable during the 25 day experimental
period. The levels of nitrites, ammonia and alkalinity levels remains stable during the
course of the experiment with about 0.6£01 mg/L, 0.9+0.5mg/L and 66.1+7.2mg/L
respectively. Nevertheless all values were within the tolerance limits for Nile tilapia
(Beveridge & McAndrew, 2000; EI-Sayed, 2006).

5.3.2 Feed composition

The protein content was significantly higher in the commercial formulated diet than
fishmeal and maggot meal (64.31+0.27) (Anova, Post hoc Tukey, p<0.01).The lowest
protein rate was recorded in the maggot meal which contained 43.19+0.28% crude
proteins. The crude lipid level was also significantly higher (17.31+0.36%) in the
formulated diet (Anova, Post hoc Tukey, p<0.01). The maggot meal also contained chitin
(5.16+£0.45%). The gross energy was significantly higher (20.97+£0.01) for the
commercial diet (Anova, Post hoc Tukey, p<0.01). The maggot meal contained
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significantly more saturated fatty acid (5.81+ 0.04%) than the other feedstuff, but also
contained significantly lower polyunsaturated fatty acids (1.36+0.05%) (Anova, Post hoc
Tukey, p<0.01). All the results are summarized in the table 5.3.

Table 5.3: Nutritional profile of the different types of feed used during the sex-reversal
experiment.

Commercial diet Fish meal Maggot meal
(SS0) (FM) (MM)

Proximate composition (%o)
Dry matter 93.04+ 0.55 92.85+ 0.06 93.45+ 0.14
Crude protein 64.31+ 0.27 a 53.11+0.12b  43.19+0.28c¢c
Crude lipid 17.31+0.36 a 10.67+0.15¢ 15.45+0.39 b
Ash 17.34+ 0.51 10.95 £ 0.05 15.95+ 0.38
Chitin ND? ND? 5.16+ 0.45
Gross Energy (MJ/kg)  20.97+0.01 a 18.9+£ 0.02 18.98+ 0.14
Essential Amino Acid composition (g/100g xN)
Valine 2.76+ 0.02 2.94+0.21 2.69+ 0.06
Iso-Leucine 2.19+0.01 2.48+0.18 1.85+ 0.04
Leucine 4.16+ 0.01 4.36+ 0.31 2.99+ 0.07
Phenylalanine 2.28+0.01 2.46%0.17 1.88+ 0.03
Histidine 1.02+ 0.00 1.96+0.12 1.33£0.04
Lysine 3.16+0.02 4.29+0.29 2.75+ 0.04
Arginine 3.00+0.03 3.36+£0.21 2.06+ 0.05
Methionine 1.24+ 0.02 1.59+ 0.07 0.78+ 0.03
Threonine 2.21+0.00 2.58+ 0.17 1.75+ 0.04

Values are based on duplicate analysis of four samples of each type of feed. Values are presented as the
meanzstandard error, a, b, ¢, referring to significant differences (p<0.01). 'Abbreviation: ND: Non
detectable.
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Commercial diet Fish meal Maggot meal

(SS0) (FM) (MM)
Fatty Acid Profile (g/100g of % total fatty acid)
12:0 N.D. N.D. 2.00+ 0.02
14:0 0.37+£ 0.08 0.35+ 0.04 0.57+£0.04
16 :0 1.81+ 0.05 2.39+0.03 2.35+0.03
18:0 0.42+0.01 0.90+0.01 0.32+0.04
20:0 0.02+ 0.00 0.02+ 0.01 0.01+ 0.01
Total saturated? : 2.68+0.08 ¢ 3.84+0.04 b 5.81+0.04 a
16 :1n-7 0.53+0.01 0.48+ 0.05 0.47+0.02
18:1n-9 2.50+0.08 1.55+ 0.19 1.66+ 0.03
18 :1n-7 0.30+ 0.01 0.30+ 0.07 0.46+ 0.02
20:1n-9 0.42+ 0.01 0.10+ 0.06 0.00
22 :1n-11 0.50+ 0.02 0.03+£0.01 0.01+0.02
Total monounsaturated? : 437+ 0.14 2.60x 0.04 2.82+0.01
18 :2n-6 1.27+ 0.04 0.15+0.03 1.18+0.03
20 :2n-6 0.03+ 0.01 0.03+£0.01 N.D.
20 :4n-6 0.05+ 0.02 0.22+ 0.04 N.D.
22 :5n-6 0.01+0.00 0.13+0.03 N.D.
Total n-6 PUFAS: 1.41+ 0.05 0.59+ 0.05 1.19+0.03
18 :3n-3 0.13+0.10 0.05+ 0.02 0.09+0.01
18 :4n-3 0.17+ 0.00 0.05+0.01 0.06
20 :4n-3 0.04+0.00 0.04+0.01 N.D.
20 :5n-3 0.54+0.01 0.52+0.01 0.01
22 :5n-3 0.04+ 0.03 0.09+ 0.06 N.D.
22 :6n-3 0.44+ 0.38 2.02+ 0.05 N.D.
Total n-3 PUFA* 1.39+ 0.27 2.82+ 0.25 0.16+0.04
Total PUFAS 2.93+0.23b 3.54+0.06 a 1.36£0.05¢

Values are based on duplicate analysis of four samples of each type of feed. Values are presented as the
meanzstandard error, a, b, ¢, referring to significant differences (p<0.01).%includes 15:0; 17:0 ; 20:00; 22:0
and 24:0; 2 Includes 14:1; 16 :1n-9; 17 :1; 20 :1n-11; 20 :1n-7; 22 :1n-9cis; 24 :1-9; ® Includes: 18:3n-6;
20:3n-6; 22:4n-6; * Includes 20:3n-3; 5 Includes 16:2; 16:3; 16:4. N.D.: not detected.
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5.3.3 Sex-reversal rate

The proportion of males after the experiment was not significantly affected (p>0.05) by
the diet containing the 17a-methyltestosterone. The only significative difference (Anova,
Post hoc Turkey, p<0.01) was observed for the negative control, containing no hormone,
where a lower proportion of males was detected (64%) (Table 5.4).

Survival rates ranged between 98.98+5.29 and 84.28+5.29% and were acceptable (table
5.4). There was no significant difference amongst the hormone-treated treatments
(p>0.05), while the only significant difference was observed for the feed without
hormone, where the survival was significantly better (Anova, Post hoc Tukey, p<0.01).

Table 5.3: Percentage of phenotypic males after 6 weeks post-experiment and survival
amongst the different treatments during the sex-reversal period. Superscript *** referring
to a significant difference with the control (p<0.01).

Treatments Males (%0) Survival (%)
100 CM + MT 99+1.15 84.28+5.29
50/50% CM & MM+ MT 98+1.63 89.17+£3.21
100% MM+ MT 98+1.91 86.28+2.08
100% FM+ MT 95+3.41 87+2.44
100% FM 64+6.92 *** 98.98+5.29 ***

Abbreviations: CM: Commercial feed, MM: Maggot meal, FM: Fish meal, MT: Methyltestosterone
(60mg/kg).

5.3.4 Growth rate

The growth rate is significantly greater when the commercial feed is used (Anova, Tuckey
post-hoc test p<0.05). The other treatments achieving broadly similar growth rates with

no significant differences (Figure 5.1)
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Figure 5.3: Growth rate of the fish during the sex-reversal period. Superscript * referring
to a significant difference (p<0.05). Abbreviations: CM: Commercial feed, MM: Maggot
meal, FM: Fish meal, MT: Methyltestosterone (60mg/kg).

5.4 Discussion

Successful sex-reversion of tilapia fry relies on a combination of good farming and
feeding practices. Quality and palatability of the hormone-treated feed are the main
drivers to ensure a maximized daily intake of hormone, although pure FM is preferred to
produce monosex-tilapia (Bhujel, 1997), commercial feed (using high levels of FM)
formulated for monosex-tilapia are also widely used (Phelps, 2006). However, as the
fishmeal is becoming a scarce resource, its value is rising stimulating a potential
adulteration. This highly unreliable quality, and price increase stresses the importance to
identifying potential cost-effective alternatives.

The maggot meal presented a good floatability, ensuring a good feed intake by the fry on
the surface. The low level of lipids in the maggot meal (15.45%) did not induce clots in
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the feed which could have alterated the feed intake. It is also interesting to notice that the
commercial-formulated diet was within this range (17.31%). The maggot meal meets all
requirements in essential amino acid for Nile tilapia fry (Ogunji et al. 2005; Diogenes et
al. 2016). The fatty acid profile is strongly linked with the substrate the larvae were fed
on (Oonicx et al., 2015), and could be enriched in Omega-3, and other polyunsaturated
fatty acids if the insects were fed using marine products (Saint-Hilaire et al. 2007). This
particularity could be useful if the feedwaste from the fish-feed factories could be used
as a substrate, enhancing the final insect product.

Although few females have been identified, the sex-reversal process was very efficient
across treatments with high proportion of males recorded (98-99%). This result suggests
that the fry received a sufficient dose of MT during the 25 days process and that the
quality nor the type of feed compromised the feeding. Sex-reversal is considered effective
in cage-production systems when at least 96% males are produced (Mair & Little, 1991).
According to Vera Cruz & Mair (1994) to avoid significant impacts on grow out fish
crops in ponds, sex-reversed population counting more than 98% are recommended.
Indeed, even a small proportion of females can lead to a substantial recruitment and to
heterogenous growth resulting in non-uniform sized fish. The purchase of fry is a major
cost for farmers and investment in monosex seed, which is more expensive than mixed-
sex fry, contributes to better performance during grow out, thus the importance of a high
percentage of males (Little, 1989).

However it is interesting to notice that the percentage of males in the negative control
treatment without hormone, was higher (64%) than the 50% expected in a normal
population. Despite a continuous flow and a complete change of the water every week,
some hormone residue circulated inside the pond affecting the control. This marginal
phenomenon was also observed by Abucay & Mair (1997). This potential impact must be
taken into account when designing sex reversal experiments to avoid any hormone-
contamination of controls and incorrect interpretation of results.

Survival is also a key parameter to consider, firstly for obvious economic reasons, but
also because during the sex-reversal process, a high density of fish is necessary for
efficient reversal. It is a factor that directly influences the success of the process. The high
density allows a crowding effect which ensure a very active feeding response (Phelps &
Popma, 2002), it also reduces hierarchical interaction among fish thereby resulting in a
more uniform population, and therefore a more uniform hormone intake by the fish
(Little, 1991 in Vera Cruz & Mair (1994). In this study, the survival rate was high, and
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not significantly different across the hormone-treated treatments, those rates were higher
(89.14% in average) than those observed by Vera Cruz & Mair (1994) when fish were
stocked at 6,000 fish/m3 (76.1%). However in the non-treated feed, the survival rate was
significantly higher than the others (98.98+5.29%) suggesting that the hormone stresses
the fry and increase mortality. This results was also observed by Buddle (1984b).

To conclude, the presence of BSFM did not affect the main parameters of the experiment
(being the sex reversal rate, and the survival) and can be considered as a viable protein
source for sex-reversal feed. The only significant impact is on the growth of the fish.
However this aspect can be considered negligeable since the fish could be later grown
back to normal using an appropriately-formulated feed.

Productions of MM being still at their infancy, the low quantities produced can be used
in highly specialised diets such as sex-reversal feed. Insect industry is on its way to the
industrialisation of the farming process and has restored the hope for a use of this
emerging feedstuff for aquaculture as the quality, the quantity and the price would not be
a limiting factor anymore. Economies of scale should allow the industrialisation of insect
farming and development of markets with more competitive prices. When the price point
will be achieved, making the insect meal cheaper, or at least as expensive as the fish meal,
hatcheries could therefore buy insect meal from a local producer or even invest in the

development of their own insect production system to reduce their cost.
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CHAPTER 6: IN VIVO DIGESTIBILITY OF
THE WHOLE MEAL AND DEFATTED
BLACK SOLDIER FLY MEAL IN NILE
TILAPIA FRIES DIET (OREOCHROMIS

NILOTICUS)
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6.1 Introduction

A current research priority in animal nutrition is the active search for sustainable
feedstuffs to supply protein and energy to reduce the dependence on marine ingredients
such as FM (Fish Meal) or FO (Fish Qil) (Glencross et al., 2007). Aquaculture being one
of the fastest growing animal food production sector, is presently the main consumer of
FM and FO in its feed formulations (Tacon & Metian, 2008; FAO, 2016). However, the
global rise of commodity prices and especially those of FM and FO, along with concerns
on their sustainability have led to exploration and identification of alternative feedstuffs
that could contribute to a decrease in their use, as a proportion of total ingredients (Naylor
et al., 2009, Olsen & Hasan, 2012; Oliva-Teles et al., 2015, Tacon et al., 2011).
Plant-based proteins such as soybean offer an alternative, but are also heavily criticised
for their environmental impact, usually that associated with habitat loss in South America
(Carvalho, 1999; Osava, 1999; FAO, 2006; Robinson et al., 2011; Tritsch & Arvor, 2016;
Da Costa et al., 2017), the use of enormous quantities of freshwater (Steinfeld et al.,
2006), pesticide and inorganic fertiliser utilisation (Carvalho, 1999) that cause significant
environmental degradation overall (Osava, 1999). Additional to these issues, their
inclusion in formulated feeds is also somewhat limited by their nutritional characteristics,
usually poor digestibility resulting in fish growth performance, health and welfare
(Francis et al., 2009; Pratoomyot et al., 2011).

One of the most-often cited issues regarding the development of aquaculture in Thailand
is the unstable supply and variation of the quality of raw materials used by the commercial
aquaculture feed manufacturing plants (FAO, 2018). While large scale facilities can
assess by themselves the quality and vary their suppliers of their raw material, this is less
so the case for small, or medium scale producers (FAO, 2018). The quality of FM is
particularly of concern in the tilapia hatchery sector, as it is heavily relied upon during
the sex-reversal process. Because of its high palatability FM maximises the hormone
intake during the sex-reversal process in hatcheries, and helps to achieve a near 100% all
male sex-reversal. However, other nutrient-rich and high quality reliable sources of
protein need to be investigated to overcome this reliance and potentially replace, or at
least reduce the use of FM.

The possibility to produce a FM-free, or at least reduce the FM quantity, in the diets of

Nile tilapia based on a multi-ingredient formulation requires the determination of
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apparent digestibility coefficients of protein (ADCp), and energy (ADCe) of the different
feedstuffs. This enables a more refined diet formulation to be applied specific to each fish
species and their various life-stages. There is considerable variation in the ADC profiles
of feed ingredients for fish and these values need to be fully verified prior the formulation
of a complete diet.

In other words, while a feed ingredient may appear from its chemical composition to be
an excellent source of nutrients it could be of little actual nutritional value unless it can
be digested and absorbed by the target species. To know the nutrient digestibility of the
various feed ingredients used in formulating fish feeds is desirable so that the effective
substitution of one ingredient for another can be achieved. Therefore, the nutritive value
of mixed-feed relies on the nutrient composition of each individual feedstuff components
and the ability of the animal to digest and absorb the nutrients from these (Moreau, 1996,
Watanabe et al., 1996, Degani et al., 1997, Falaye & Jauncey, 1999, Riche et al., 2001).
Knowing the digestibility (in vitro or in vivo) is a necessary step to predict accurately the
protein quality of ingredients for animal diets (Barragan-Fonseca et al., 2017).

Knowing the nutrient digestibility of feed ingredients is also important for the potential
interchangeability of ingredients in case of stock shortage or sudden price increase,
without reducing animal performance, allowing flexibility by the farmer to adapt to
changes in the feed market situation. In combination, chemical analysis and apparent
digestibility coefficient (ADC) determination allow the formulator to precisely estimate
not only the contribution of a particular protein source to a complete fish feed, but also
how much feed wastes and undigested nutrient (faeces) will potentially accumulate and
pollute the fish ponds, therefore, maximising the feed efficiency (Furuya et al., 2001;

Kopriict & Ozdemir 2005).

Recent studies have highlighted the potential of insects for fish and livestock feed in the
global assessment of potential feedstuffs (Makkar et al., 2014; Sanchez-Muros et al.,
2014). In addition to their fatty acid composition, usually low in omega-3 FA, the BSF
meal has a strong potential for fish due to a macronutrient nutritional profile similar to
FM (Barroso et al., 2014). The black soldier fly larvae can contain between 38% to 55%
protein (Mutefela, 2015; Wang & Shelomi, 2017) and between 12% to 42% lipid
(Kroeckel et al., 2012; Mutafela, 2015).

Although insect meals are not yet produced in sufficient volumes to be used in
commercial fish feed production, they do show great promise as sustainable ingredients
for future aquafeed production (Makkar et al., 2014; Tran et al., 2015). We have
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previously shown (Chapter 5) that a direct substitution of FM and commercial meal by
BSFM was possible, but that this affected some fish performance parameters. Therefore
in order to optimise its use, it is important to assess its digestibility coefficients prior
formulating a diet for Tilapia fry during their sex-reversal period (which will be the aim
in Chapter 7).

6.2 Material and Methods

6.2.1 Ingredient and diet development

The experimental design was based on a diet formulation strategy allowing the use of the
diet-substitution digestibility method (Aknes et al., 1996). To do so, a basal diet was
formulated, based on the manufacturer’s nutritional composition of the feedstuffs, and
prepared following the requirements for the breeding of tilapia fry (according to Jauncey,
2002) using the Winfeed™ software. In order to limit the inclusion of FM, which was
tested for its digestibility during this experiment, its inclusion level was kept low in the
basal diet and was replaced by pork meal. The composition and nutritional value of the
basal diet is specified in Table 6.1 and 6.2. An inert dietary marker — Yttrium oxide- was
included in the feed at a level of 0.1%. A basal mash was prepared and thoroughly mixed,
forming the basis for all experimental diets in this study. The ingredients of study for each
tested diets were added at a 30% inclusion to a sub-sample of the basal mash (Table 6.3).
The test ingredients for apparent digestibility were soybean, fishmeal, Black Soldier Fly
Meal Full fat (BSF WM) and Black Soldier Fly Meal Defatted (BSF DF).
All type of tested feed consisted of finely-grinded flour, previously sieved through a mesh
(@<1mm) to remove the larger particles. Due to the size of the fry, each flour had to be
dispersed using a spoon on the surface of water gently, to maximise its absorption by the
fish.
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Table 6.1: Formulation of the basal diet.

Inclusion rate (%) as-fed basis

Pork meal* 55.5
Fish meal? 5.2
Rice bran® 12.3
Corn* 6.8
Soybean® 19.6
Vitamins premix® 0.5
Yttrium oxyde 0.1

1 Pork meal: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

2 Fish meal: Tuna factory by-products, T.C. Union Agrotech Co.Ltd. 68 moo 8, Rama 1 road, Bangkrachao,
Samutsakorn, Puhket, Thailand

3 Rice Bran: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

4 Corn: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.
I‘:’Soybean: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

6 Vitamin premix contained the following amount which were diluted in cellulose (g/kg mix): L-ascorbic
acid, 121.2; DL-a-tocopheryl acetate, 18.8; thiamin hydrochloride, 2.7; riboflavin, 9.1; pyridoxine
hydrochloride, 1.8; niacin, 36.4; Ca-D-pantothenate, 12.7; myo-inositol, 181.8; D-biotin, 0.27; folic acid
(98%), 0.68; p-aminobenzoic acid, 18.2; menadione, 1.8; retinyl acetate, 0.73; cholecalciferol, 0.003;
cyanocobalamin, 0.003.

Table 6.2: Nutritional value of the Basal diet.
Dry matter ~ Ash (%DM)  Protein (%DM) Lipid (%DM)  Carbohydrates
content (%DM)
96.26+2.22 11.71+0.26 40.14+1.3 7.9040.20 36.50+1.43

Table 6.3: Composition of the different tested diets (expressed as % inclusion, as-fed

basis).
Diet1 Diet 2 — Diet 3- Diet 4 - Diet 5 —
Fish meal! Soybean? = BSFMFF®  BSFMDF*
Basal diet 100 70 70 70 70
(with yttrium oxide)
Fish meal® 0 30 0 0 0
Soybean? 0 0 30 0 0
BSF WM?3 0 0 0 30 0
BSF DF* 0 0 0 0 30

1 Fish meal: Tuna factory by-products, T.C. Union Agrotech Co.Ltd. 68 moo 8, Rama 1 road, Bangkrachao,
Samutsakorn, Puhket, Thailand

2 Soybean: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

3 BSF WM: Maggot meal full fat, white larvae stage, bred on kitchen waste, EntoFood, Kuala Lumpur
Malaysia

4 BSF DF: Maggot meal defatted, white larvae stage, bred on kitchen waste, EntoFood, Kuala Lumpur

Malaysia
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6.2.2 Fish handling and faecal collection.

The experiment was conducted at Nam Sai Farms, Prachinburi, Thailand, and approved
byt the Ethical Committee (Reference: AWERB/1617/202/New Non ASPA, granted on
12/05/2017). Sex-reversed, hatchery-reared, Nile tilapia (Oreochromis niloticus) were
transfered from hapas into experimental tanks (50 L). Each of the tanks were stocked with
400 fry of 0.250+0.08g (mean+SD; n=50) and kept continuously aerated to maintain a
DO above 5mg/L. Freshwater at 27.8°C+2.3 was continuously, except during feeding and
1h prior to faeces collection, supplied at a flow rate of about 4L/min from a recirculation
system. The tanks were located in an outdoor facility and exposed to a photoperiod of
about 12:12 (light:dark). Treatments were randomly assigned among 20 tanks, with each
treatment having 4 replicates. Fish were hand-fed 5 times a day (8, 10, 12, 14, 16h) daily
to 20% of their body weight (Jauncey, 2002). The fish were allowed to acclimatise to
their allocated dietary treatments for 7 days before faecal collection commenced
(Wybourne & Carter, 1999). The fish were fed normally during the day, and the tanks
were thoroughly cleaned one hour after the last feeding session. The faeces were collected
overnight using the settlement methods based on those reported by Cho & Kaushik
(1990). After collection, the faecal sample was quickly sun-dried and placed in a small
50 ml Falcon tube™ and stored at -20°C. The faeces from each tank were collected and

pooled over a 10 day period.

6.2.3 Chemical and digestibility analysis

All chemical analyses were done at the University of Stirling. Diet and faecal samples
were analysed for dry matter, yttrium, ash, phosphorous, nitrogen and gross energy
content. Dry matter was calculated by gravimetric analysis following oven drying at
110°C for 24h. Total yttrium and phosphorus concentrations were determined after mixed
acid digestion using inductively coupled plasma atomic emission spectrophotometry
(ICP-AES) based on the method described by Hillebrand et al. (1953). Protein levels were
calculated from the determination of total nitrogen by LECO auto-analyser, based on N
X 6.25. Crude fat content of the diet was determined gravimetrically following extraction
of the lipids according to the Soxhlet method. Gross ash content was determined

gravimetrically following loss of mass after combustion of a sample in a muffle furnace
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at 550°C for 12h. Gross energy was determined by adiabatic bomb calorimetry.
Differences in the ratios of the parameters of dry matter, protein, gross energy to yttrium
in the feed and faeces in each treatment were calculated to determine the apparent
digestibility coefficient (ADCediet) for each of the nutritional parameters examined in each
diet based on the following formula (Maynard & Loosli, 1979)

] Y diet X Parameter Faeces
ADCdiet =1 — (

Y faeces X Parameter diet

Where Yiet and Yaeces represent the yttrium content of the diet and faeces, respectively,
and Parametersgiet and Parametersraeces represent the nutritional parameters of concern (dry
matter, protein or energy) content of the diet and faeces, respectively. The digestibility
value for each of the test ingredients in the tested diets examined in this study were
calculated according to the formula:

(ADtest X Nutrtest — (ADbasal X Nutrbasal x 0.7))
(0.3 X Nutringredient)

Nutr. ADingredient =

Where Nutr.ADingredient 1S the digestibility of a given nutrient from the test ingredient
included in the test diet at 30%. ADxest is the apparent digestibility of the test diet. ADpasal
Is the apparent digestibility of the basal diet, which makes up 70% of the test diet.
NUtringredient, NUtrtest and Nutrpasar are the level of the nutrient of interest in the ingredient,
test diet and basal diet respectively (Sugiura et al., 1998).

Digestibility values greater than 100% were not corrected because we consider that this
data could potentially indicate a synergistic effect between the diet and test ingredient and
should be stipulated as determined. However, for reasons of practicality, the total level of
digestible nutrients/energy were only calculated assuming a maximum digestibility of

100% or a minimum of 0%.

6.2.4 Water parameters

The pH, dissolved oxygen and temperature in the water were recorded inside the tanks 5
times a day prior to feeding. As the water was kept within a recirculation system, the
parameters were tested in one tank randomly selected. Hardness, alkalinity, ammonium,
nitrates and nitrites were recorded every 5 days using a spectrophotometer. The water
parameters were recorded to ensure that the quality conditions would not adversely

influence the trial results.
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6.2.5 Statistical analysis

All values are means unless stated otherwise. Data were analysed for homogeneity using
Cochran’s test. Effect of ingredient on digestibility of organic matter, nitrogen,
phosphorous and gross energy in each of the diets were examined by 2-way ANOVA (or

1-way ANOVA when necessary). Limits for all statistical ranges were set at P<0.05.

6.3 Results

6.3.1 Water parameters

Water temperature and dissolved oxygen varied slightly during the course of the
experiment and with diurnal periods with an average of 29.9+1.27°C and 8.46+3.91 mg/L
respectively. Water pH (7.42+0.34) remained stable during the 10 day experimental
period. The levels of NH4/NH3, NO2 and alkalinity levels remained stable during the
course of the experiment with values of 0.5+0.3 mg/L, 0.5+0.2mg/L and
100.05+25.41mg/L respectively. All values were within the tolerance limits for Nile
tilapia (Beveridge & McAndrew, 2000; Xu et al., 2005; El-Sayed, 2006).

6.3.2 Feed composition

The dry matter content was fairly constant amongst the different feedstuffs, however, the
rice bran and the Black Soldier fly meal full fat had a significantly lower dry matter
content (88.95 £1.54% and 91.73 +1.80% respectively) than the other ingredients (Anova,
LSD test, p<0.05) (Table 6.4).

The fish meal and Black Soldier fly defatted meal were the most proteinaceous feedstuffs
(with protein levels of 60.27+£0.15% and 57.09+0.44% respectively) (Anova, LSD test,
p<0.01) followed by pork meal (48.04+0.14%), soybean (49.27+£0.37%) and Black
Soldier fly whole meal (47.77+0.23%). The least proteinaceous feedstuffs were rice bran
and corn (14.92+0.14% and 8.42+1.12% respectively) (Table 6.4). The lipid content of
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the soybean meal and corn meal (2.82+0.42% and 4.22+0.15% respectively) were the
lowest, and significantly lower than the other ingredients, including, pork meal and fish
meal (8.46+0.65% and 8.49+0.23% respectively). Each of these had significantly lower
levels of lipid than rice bran (15.8+0.08%) and the Black Soldier fly full fat meal
(21.76+0.18%) (Table 6.4). The ash content of each sample was significantly different
from each other, except the 2 types of BSF meals, which displayed similar ash levels
(9.83+0.7% and 10.16+0.59% for the BSF WM and BSF DF respectively). The lowest
ash content being for corn (1.70£0.03%) and the highest for fish meal (24.61+0.33%)
(Table 6.4). Except for the pork meal and rice bran, which had similar levels of
phosphorus (1005.74+59.6 mg/kg and 928.40+63.47 mg/kg respectively), the rest were
significantly different among each other. There were no significant differences among the

energy content of each of the samples.

6.3.3 Diet and ingredient digestibility

The apparent digestibility of the diets were used as the basis for the calculation of the
ingredient digestibilities. However, when the yttrium levels were analysed, it appeared
that they varied from the ratio initially expected (each diet was formulated to have 0.7%
of yttrium oxide, originating from the basal diet). Instead, slightly variable results were
obtained among each of the test diets, allowing us to use two different calculation
techniques: the first one, assuming that the ratio 70%: 30% (basal diet: ingredient tested)
should be used, while the second one took in consideration this variability and used the
actual yttrium values to calculate the ingredient digestibility values, leading to more

conservative results.
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Table 6.4: Nutritional composition of the experimental ingredients

Dry matter Crude protein Crude Lipid Ash (% DW) Phosphorous Energy
content (%) (%DW) (%DW) (mg/kg) content (MJ/
kg DM)

Porkmeall 0971241298  48.04:0.14%  8.46:065%  14.26:0.13%  1005.74:5962  19.3+2.21
Fishmeal? 08.88+1.342  60.27+0.15°  8.49+0238 246120330  2074.72+1649P 185145
Ricebran®  88.95:154°  14.924014¢ 158+0085P  8.91%013¢  928.40:63.472 1824213

Com*  97.49:043%  8.42+112°  4.224015° 17020039  107.06+31.82°¢ 18+0.89
Soybean®  98.05:0.202  4927+0.372  2.82+042¢  7.45:0.04° 314.23+2.14 9 19.4+1.43
BSFWM® 91.73:x180°  47.77:023%  21.76x0189  083:0707  52504x1339°  22.2¢L9

BSFDF'  97.63+1.71% 57.09+044P  1221+010°  1016+059f  621.70+47.26 f 21.5%1.45

1 Pork meal: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

2 Fish meal: Tuna factory by-products, T.C. Union Agrotech Co.Ltd. 68 moo 8, Rama 1 road, Bangkrachao,
Samutsakorn, Puhket,  Thailand.

3 Rice Bran: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

4 Corn: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

5 Soybean: Khok Kruad Karnkaset, mueang, Nakhon Ratchasima, Thailand.

6 BSF WM: Maggot meal full fat, white larve stage, bred on kitchen waste, EntoFood, Kuala Lumpur
Malaysia

/ BSF DF: Maggot meal defatted, white larve stage, bred on kitchen waste, EntoFood, Kuala Lumpur

Malaysia
Average of triplicates + SE; similar superscript letters in the column do not differ (P <0.05).

Table 6.5: Apparent digestibility (ADCs) of the ingredients based on the initial premise

that the yttrium oxide was present at 0.7% in each of the test diets.

Fish Soy BSF WM BSF DF
Basal diet ratio 70% 70% 70% 70%
Ingredient ratio 30% 30% 30% 30%

Ingredient digestibility coefficients
Dry matter 0.60£0.042  1.23+0.03°  1.18+0.01° 1.07+0.04 ®
Lipids 1.05+0.04 1.76+0.21 1.25+0.33 1.1240.18
Protein 0.724¢0.012  1.06+0.12°  0.95+0.02° 0.95+0.04 ©

Average of triplicates £ SE; similar superscript letters in the column do not differ (P <0.05).

When considering that the yttrium oxide proportion was 0.7% of the diet, the apparent
digestibility coefficient of the ingredients can be calculated as displayed in Table 6.5: the
dry matter digestibility was excellent for the Soybean meal, Black Soldier fly whole meal

and BSF defatted meal (values >1), with the sole exception of fishmeal displaying an
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ADC of 0.60£0.04. The ash ADC values are not considered, as were the carbohydrate
ADC values (calculated using the ash values) as they were clearly erroneous, displaying
either negative or values substantially largely above 1.00. The ADC of lipids was also
excellent, being highly digestible (> 1.00) from each ingredient. The protein digestibilities
were significantly lower for the fishmeal (72+1%), while those of the soybean and both
BSF meals displayed excellent values, near to 100% digestibility).

Table 6.6: Apparent digestibility (ADCs) of the ingredients based on the measured
yttrium values from the diets.

Fish Soy BSF WM BSF DF
Basal diet ratio* 69% 57% 57% 55%
Ingredient ratio * 31% 43% 43% 45%
Ingredient digestibility coefficient
Dry matter 0.59+0.052 0.98+0.02° 0.95+0.01®  0.85+0.03 P
Lipids 1.04+0.08  1.88+0.43  0.95+0.03 0.91+0.08
Protein 0.71+0.032 0.91+0.04° 0.84+0.04®  0.80+0.02°

Average of triplicates = SE; similar superscript letters in the column do not differ (P <0.05).
* Values corrected using the actual yttrium concentrations in the different diets.

When assessing the digestibility coefficients of the ingredients using the actual yttrium
proportion in the samples, the ADCs were substantially lower. The results are presented
in Table 6.6: the dry matter digestibilities were excellent for Soybean meal, Black Soldier
fly whole meal and BSF Defatted meal (values close to 1.00), with the sole exception of
fishmeal displaying an ADC of 0.60+0.04. The ash values are not considered, like the
carbohydrates values (calculated using the ash values) as they were considered erroneous,
displaying either negative or values considerably above 1.00. The ADC of lipids was very
high (1.04, 1.88, 0.95, 0.91 for fishmeal, soybean, BSF whole meal and BSF defatted
meal respectively). The protein digestibility was significantly lower for the fishmeal
(0.71+0.03) while the soybean and BSF meals had excellent values (0.91, 0.84 and 0.80
respectively).

6.4 Discussion

The nutritional composition of the Black Soldier fly full fat meal (BSF WM), grown on

kitchen waste, displayed a protein level lower than that of the FM (47.77% compared to
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60.27% for FM). The defatting of the BSF WM, allowed a concentration of the protein
(increased from 47.77% to 57.09%) concomitant with a decrease of the lipids (from
21.76% to 12.21%) producing a meal more similar to the FM profile (containing 60.27%
protein and 8.49% lipid). Regarding the ash content, the FM displayed higher rates
(24.61%) than the BSF meals (9.83% for the whole meal and 10.16% for the defatted
meal).

It was interesting to note that both protein and lipid levels of the FM were lower than
expected, according to the manufacturer’s label. The FM was expected to be 68.7%
protein and 10.5% lipid (Nam Sai Farms, personal communication, 2017). The ash level
however, was higher (24.61%) than expected (20.3%). Upon investigation, using a
microscope, the presence of vegetable material, probably soybean or fine saw dust, was
detected, which was attributed to decreasing the protein level, and also decreasing the
digestibility of the feedstuff. This adulteration illustrates, and stresses, the importance of
the need to look for alternative protein feedstuffs.

The basis of diet formulation depends on having accurate and reliable data on the
digestible nutrient of raw materials used to make those diets (reviewed by Glencross et
al., 2007). The determination of the digestible nutrient and energy value of feedstuffs
depends on having a viable method to measure the digestibility of these parameters from
the diets (Choubert et al., 1982; Sugiura et al., 1998; Weatherup & McCracken 1998).
As a preliminary step, it is very important to allow the fish to adapt to a new diet before
the commencement of any faecal sampling, or digestibility assessment. This allows the
fish to adapt to the chemical composition of the new diet and establish an equilibrium in
their gut with a new microflora and digestive processes, to stabilise the absorption
efficiencies. The calculated ADCs typically fluctuated for the first 3 days of collection
before their variability diminished (Blyth et al., 2014). In temperate and tropical species,
it is advised to allow the fish to acclimatise with a new diet during a period of 4 to 14
days for a range of fish species before starting the collection of any faecal material
(Glencross et al., 2005; Gaylord & Barrows 2008; Glencross et al., 2012; Blyth et al.,
2014). In this experiment we decided to wait for 7 days before starting the experiment as
advised in Glencross et al. (2012) which allowed a low variability in the ADCs
coefficient.

During an in vivo digestibility experiment, it is essential to define a proper faecal
collection method, as this can greatly influence the digestibility assessment of a diet
(Windell et al., 1978; Weatherup & McCracken, 1998; Vandenberg & De la Noue, 2001).
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The faecal collection method is a vital component of the process as levels of the inert
dietary marker (in the case of this study: yttrium oxide) and the nutritional values of the
feed and in the digested excreta, will be assessed. For these reasons, the accuracy, and
techniques used for sample collection have a significant effect on the determination of
the digestibility values of diets (Windell et al., 1978; Weatherup & McCracken 1998;
Vandenberg & De la Noue 2001; Glencross et al., 2005). Two main methods can be used:
the collection of un-defecated digesta directly from the fish gut (either by intestinal
dissection, suction or stripping) (according to Austreng, 1978; Vandenberg & De la Noue
2001; Glencross et al., 2005; Aslaksen et al., 2007) and the collection of faeces settled at
the bottom of the tank. The later can involve either a siphoning of the faeces from the
bottom of the tank, the collection of decanted faeces or a continuous collection (Choubert
et al., 1982; Cho & Kaushik 1990; Vandenberg & De la Noue 2001; Glencross et al.,
2005). While the collection of undefecated digesta is the most conservative method to
evaluate the ADCs (Vandenberg & de la Noue 2001; Glencross et al., 2005), it is more
labour intensive than collecting faeces from the water column and is constrained by fish
size (i.e. if the fish are too small to be handled). Moreover, as the faeces were not yet
expelled, samples were therefore collected at one time point providing a snapshot of the
ADC. In addition, as it can be a destructive method for the fish (if dissection is used), the
amount of sample collected can be limiting. In contrast, the collection of faeces from the
water column is typically less labour intensive, can be applied to fish of any size and does
not inflict stress on the animals (reviewed by Glencross et al., 2007). However, due to the
passive nature of this method, there is a risk for the samples to be contaminated with
scales, mucus or any other exogenous material, but also to be overestimate true
digestibility values if nutrients are leaching through the water column (Glencross et al.,
2007).

Considering the stage of the fish in this experiment, (i.e. post sex-reversed fry of 0.259)
the faecal settlement collection method had to be used. The diet-substitution digestibility
method was used according Aknes et al., 1996, but due to the size of the fish some issues
arose. Some values were clearly erroneous, like the ash content digestibility values and
the carbohydrates values (calculated using the ash content), and were not useable. This is
most likely due to the low nutrient content allowing it potentially to leach out of the feces
when they were expelled into the tank, making it hard to detect during the analysis.

Despite multiple, independent analyses, these values were not useable.
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Secondly, upon testing, the yttrium concentration in the different diets were not exactly
70% as planned in the protocol. This is most likely due to a problem in the mixing. The
yttrium oxide proportions were very low, and therefore due to the ambient humidity in
Thailand, may have slightly aggregated in the diets and did not mix perfectly. Therefore
two ways of calculations were possible, and both we consider correct for different
reasons, one using the 70%:30% basal diet to tested ingredient ratio, and the second using
the actual ratios given with the yttrium values (between 69%:31% for the fish meal to
55%:45% for the Black Soldier Fly defatted meal). The second method giving more
conservative values.

In both scenarios, some apparent digestibility values can be higher than a 100%
digestibility. This is due to the fact that either the nutrient levels were very low, therefore
could introduce and exacerbate a measurement error and making a potential dilution of
the nutrient in the tank prior its collection more likely, or could be caused by interaction
effects between ingredients for the values slightly above 100%. In the case of soybean
the lipid level was very low (2.82%) causing apparent digestibility values for lipid to be
way above 100% (176% and 188% for the two scenarios respectively). A similar case
was observed by Glencross et al. (2007) were a lipid ADC (for soybean as well) was
recorded at 400%. Similarly, the lipid levels were very low causing this error.

For FM, and the two BSF meals (BSFM) the lipid digestibility was very good (being
105,125, and 112% in the first scenario for FM, BSF WM and BSF DF respectively and
104, 95, 91% in the second scenario). The near 100% apparent digestibility values
indicate synergetic effects in the feed, potentially enhancing the digestibility of other lipid
sources in the diet.

Regarding the protein digestibility, for all ingredients, it was variable with the lowest
observable value for the FM (72 and 71% in each scenario). This was lower than the usual
estimates (around 80% usually) and further suggests the possible adulteration of this
feedstuff in our study.

Regarding the 2 BSFM’s it is interesting to notice that the protein digestibility was very
similar, and in both cases excellent (95% in the first scenario, and 84-80 for BSF WM
and BSF DF in the second scenario).

The ADC of the dry matter was lower for the FM (60% in both scenarios) than for the
BSFM and the soybean meal (118, 107 and 123% respectively for the first scenario and

95, 85, 98% for the second scenario).
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To date, most of the digestibility investigations on BSFM have been done either on
chickens (broilers and layers) (Cullere et al., 2016; Schiavone et al., 2017) or quails and
guinea fowls (Wallace et al., 2017; Wallace et al., 2018). Presently, no in vivo
digestibility measurements have been reported on Tilapia fry, however, the ADC for dry
matter are within the range published from previous in vitro experiments, where the BSF
larvae digestibility was estimated around 82-90% (Arango Gutiérrez et al., 2004; Bosh et
al., 2014). It was interesting to notice however, that when pre-pupae were used, the
digestibility drops to 77.7% (Bosh et al., 2014) most likely due to the higher chitin content
(around 15% DM at this stage according Bosh et al., 2014). A similar observation was
made during an in vivo digestibility experiment on turbot (Psetta maxima) (Kroeckel et
al., 2012). Based on undefectated digesta, the ADCs coefficient of BSFM were lower for
organic matter (71%), crude protein (63.1%), crude lipid (78%), and gross energy
(54.4%) than FM (83.2, 89.1, 98.7, 84.9% respectively) (Kroeckel et al., 2012). The
author attributed it to the absence of chitinase activity or chitinolytic activity in the mid
gut of turbot. As they used defatted prepupae, the presence of chitin might have
influenced the feed intake, availability, and digestibility of the nutrients and therefore
growth performance. The processing of the meal could be important, as it would have
been possible that the defatting process might have caused an integration of the lipids into
the chitin structure, lowering their availability and therefore decreasing their digestibility
(Kroeckel et al., 2012). In our case, only white larvae were used, which might explain
the comparatively good digestibility of the lipids. These results are in line with Shiau &
Yu (1999) who demonstrated that lipid digestion in diets for tilapia supplemented with
chitin was significantly decreased. Similar observations were done on mice (Han et al.,
1999) and broiler chickens (Razdan & Pettersson, 1994), where the presence of dietary
structural polysaccharides, like chitin, was reported to inhibit nutrient absorption from
intestinal tract and thereby reducing fat absorption.

In European seabass (Dicentrarchus labrax), the ADCs of the diets, and digestive
enzymes were not affected by an dietary inclusion of BSF prepupae meal at 19.5%
(Magalhées et al., 2017). This suggests that even in fishes used to a chitin-free meal and
therefore not adapted to its ingestion, it is possible to use low amounts of BSF meal to
lower the fraction of FM used in the diet without affecting the overall digestibility of the
meal.

While the presence of chitin potentially lowered the digestibility of the Black Soldier fly

meal, it is still possible to use it as a feed ingredient when prepupae are used, by keeping
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the dietary inclusion low, or potentially with the addition of chitinases or probiotic
bacteria to enhance the digestibility of the feedstuff. This highlights the importance of
the use of white larvae instead of the prepupae when producing a BSF meal, as they are
more digestible at this stage.

In the present case, the BSF meal, either full fat or defatted was proven to be a good feed
ingredient for tilapia fry, even showing in our case, better digestibility values for proteins
than fishmeal, and could be used as a substitute of fish meal in their sex-reversal diet, as

part of a fully formulated feed.
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CHAPTER 7: BLACK SOLDIER FLY
FORMULATED FEED USED AS HORMONE
CARRIER FOR SEX-REVERSAL PROCESS IN

TILAPIA FRY (OREOCHROMIS NILOTICUS)
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7.1 Introduction

Agquaculture in Thailand started in 1922 in the vicinity of Bangkok based on imported
Chinese carps. In 1951 the Department of Fisheries started to promote aquaculture
production (FAO, 2018). Presently, more than 50 aquatic species are cultivated
throughout the country. Thailand is one of the top aquaculture producing nations in the
world. In 2016, the aquaculture production was estimated to be around 962,571 metric
tons, employing more than 660,000 people in fish farms and their related industries
(World Bank, 2016). In terms of annual (inland) production the five most important
species, are Nile tilapia (Oreochromis niloticus), hybrid catfish (Clarias sp), silver barb
(Barbodes goniotus), snakeskin gourami (Trichogaster pectoralis) and the giant river
prawn (Macrobranchium rosenbergii). Combined, these species contribute to almost 95%
in quantity and 92% in value of the total aquaculture production in Thailand (FAO, 2018).
Tilapia production contributes close to 30% (83,780 tonnes) of the total freshwater
aquaculture production (FAO, 2018). As the sector is rapidly growing, there is a trend
towards standardization of product size, feeds, production systems, quality control and
marketing in the supermarket chains. Consequently, the main cultured type of tilapia are
hormonal sex reversed fish.

The sub-optimal growth and low or variable size (and market value) from mixed-sex
populations of tilapia has been a notable constraint to the commercial development of the
species. This led to research efforts in the 1970’s to develop technology to produce all-
male fry in order to circumvent this problem. With the development of the technology,
production of all-male tilapia on a cost-effective and commercially viable scale emerged
in the mid 1980’s. Following this breakthrough, since the late 1990’s the number of
monosex tilapia hatcheries in Thailand has increased drastically as the demand for sex-
reversed fry increased. The ability to produce all-male tilapia fry has largely
revolutionised the profile of the industry in Thailand over the past 15 years, and
consequently produced a major shift in productivity and profitability (FAO, 2018).
All-male culture of tilapia is preferred in grow-out systems as they better tolerate
supplementary feed, can be raised in higher densities, and this leads to a more uniform
marketable product, produced at a faster rate due to a substantially better growth rate of
males and relative to females (Mair & Little, 1991; Little & Hulata, 2000; Phelps &
Popman, 2000). Typically, all-male tilapia are harvested when they reach 400 g - 1000 g,
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which compares to mix-sex tilapia usually harvested around 250-350 g after the same
culture duration (Dan & Little, 2000). This has made their farming a much more profitable
business. The faster growth of monosex tilapia is related to the fact that fish do not have
to invest energy in reproductive development and behaviour such as producing egg,
maternal care (mouth brooding by females, or digging a nest in the pond damaging it) and
energy expenditure on courtship by males (Macintosh & Little, 1995). Also, production
of monosex fry reduces problems associated with growth stunting caused by competition
for food that otherwise occurs between recruits and stocked fish in pond production (Dan
& Little, 2000). With improved farming practices commercial hatcheries have increased
their reversal rates and quality of monosex tilapia fry. The quality of seed, environmental
factors and husbandry are very important factors to consider, but feed quality and its
management are essential for its success (Popma & Green, 1990; Phelps, 2006; Little &
Hulata, 2000). While several methods exist to produce all-male fry (see introduction in
Chapter 5) the preferred commercial method is the addition of 17a-methyltestosterone
(MT) hormone into the feed during the first 21 days. The daily intake of feed (meeting
the fish early stages dietary requirements), and uniform concentration of methyl-
testosterone hormone at a level of 60 mg per kg of feed, needs to start prior the gonad
differentiation, therefore right after the newly hatched fish resorb their yolk-sack (D’Cotta
et al., 2001). The development of hapa-based broodstock management, was essential in
allowing the collection of same-age tilapia eggs and yolk-sack larvae to be later fed with
methyl-testosterone based feed (Haitook et al., 1999; Little et al., 1995).

The sex-reversal is considered effective in cage-production systems when at least 96%
males are produced (Mair & Little, 1991) and according to Vera Cruz & Mair (1994) to
avoid significant impacts on grow out fish crops in ponds, sex-reversed population
counting more than 98% males are recommended. Therefore, in order to maximise the
hormone intake, the feed needs to meet the fishs dietary requirements, have a good
buoyancy, and very importantly, good palatability. In Thailand, and in most of large-scale
tilapia producing countries, pure fish meal (FM) is used as a feed for the early feeding
larvae as it contains high levels of protein, and has an excellent palatability (Phelps, 2006;
NRC, 2011).

In recent years, the global rise of FM prices has led to an adulteration of this feedstuff,
often mixed with lower-quality products (such as soybean meal or saw dust as seen in
Chapter 6). However, high quality FM is crucial for the tilapia sex-reversal process, as

the pond production requires a nearly 100% success of this process. The purchase of fry
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IS a major cost for farmers and investment in monosex seed, which is more expensive
than mixed-sex fry, contributes to better performance during grow out, thus the
importance of a high percentage of males (Little, 1989). If a percentage close to 100%
males is not attained, it might depreciate the reputation of the hatchery, and could harm
the business’ economic viability. Currently, only large-scale hatcheries can afford to test
on a regular basis the nutritional value of their FM prior its use for tilapia fry, to ensure
the consistency of this key-product, while small to medium scale hatcheries relies only
on the manufacturer declarations.

In this context, locally produced Black Soldier Fly Meal (BSFM) could be used as a
protein substitute for FM in a fully formulated feed. We have demonstrated previously
(see Chapter 5) that the BSFM could be used as a direct substitute of FM or commercial
feed during the sex-reversal phase, allowing acceptable results in male production
percentage, and survival. However, the percentage of males resulting from this was lower
that the norm accepted in Thailand (i.e. > 99%), and as the economy of scale is yet to be
achieved in insect production, an even more strategic use of this meal is required to
optimise its use. Building on the digestibility data from the previous chapter, the aim of
this study, conducted in a commercial hatchery in Thailand, was to investigate the
efficiency of a fully-formulated isoenergetic and isoproteic diet, using both full fat
maggot meal and defatted maggot meal as protein substitutes for FM. Indicators on the
viability of this substitution would include; (i) percentage of males, (ii) overall survival,
(iii) growth, and (iv) size homogeneity of the fish. At the end of the sex-reversal period,
a stress test was applied to estimate the resilience of the fish to transportation-related

stress.

7.2 Material and Methods

7.2.1 Culture technique

The experiment was performed in Nam Sai Farms (Ban Sang, Prachinburi province,
Thailand) between the 18/02/2018 and the 19/04/2018. The experiment was approved by
the Ethical Committee (Ref: AWERB/1718/060 New Non ASPA 05/01/2018). One day

—old O. niloticus swim-up fry were harvested using a downwelling system.
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7.2.2 \Water parameters

The Ph, Oxygen dissolved in water and temperature were recorded inside the hapas 5
times a day prior to each feeding session. Hardness, alkalinity, Ammonium, Nitrates and
nitrites were recorded every 5 days using a spectrophotometer. The water parameters were
recorded to ensure that the quality conditions would not adversely influence the trial

results.

7.2.3 Hormone — feed preparation

Hormone-treated feed was prepared as described by (Killian & Kohler, 1991). A stock
solution of 17a-methyltestosterone (MT) was made by dissolving 60mg of hormone in 1
L of pure ethanol (EI-Greisy & El-Gamal, 2012; Popma & Green, 1990; Celik et al.,
2011) for 1 kg of feed. The solution was then evenly poured onto the diet and mixed. The
mixing process was repeated several time to ensure an even distribution of the MT
throughout the feed. Diets were fan-dried in the shade at 30 °C for 24 hours before being
kept refrigerated at -20°C prior to use (Barry et al., 2007). The maggot meal was sourced
from EntoFood in Kuala Lumpur (Malaysia; details in table 7.1). The different ingredients
were finely grinded, and sieved (@<1mm) to remove the larger particles, prior being
mixed to produced the formulated feed. As a quality insurance, once each experimental

diet was completed, the mix was re-sieved ensure that it was flour-like and homogeneous.

7.2.4 Experimental setup

An earthen pond area (2000 m?, water depth: 1.2 metre) located at Nam Aig site
(13°58°35.29°°N; 101°14°50.74”E, WGS84) was used for the experiment. The pond was
drained, and sun dried for a week. It was then filled with predator-free water, screened
through a fine mesh from an on-farm reservoir. The experiment started once the pond had
developed an algae bloom and turned green. 48 hapas (5m?2) were randomly placed inside
the pond.

To perform this experiment, 12 iso-proteic and iso-energetic, formulated diets with
different inclusion of maggot meal (defatted and full fat larvae) were tested (details in
Table 7.1). These were formulated based on the protein, and lipid values for fish meal,
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soybean, maggot meal (either full fat and defatted) obtained using the most conservative
values (from the second calculation method described in chapter 6) gathered from the
previous digestibility experiment, and the diets were formulated using the Winfeed™
software. The nutritional values of each feedstuff is presented in Table 7.2. All the diet
formulations were based on the diet requirements for tilapia fry production (according to
Jauncey, 1998 and Hayashi et al., 2002). Each treatment was replicated 4 times. In each
hapa, 28,000 one-day-old tilapia fry were stocked to achieve a density of 12 fish of 0.015
g per litre.
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Table 7.2: Nutritional composition of the Black Soldier Fly meal defatted, whole meal,
and fishmeal.

BSF defatted meal BSF whole meal Fishmeal
Proximate composition (%o)
Dry matter 97.63+1.71 91.73+£1.80 08.88+1.34
Crude protein 57.09+0.44 47.77+0.23 60.27£0.15
Crude lipid 12.21+0.10 21.76+0.18 8.49+0.23
Ash 10.16+0.59 9.83+0.70 24.61+0.33
Gross energy 21.5+1.45 22.2+1.9 18.5+1.45

(MJ/Kg)

Apparent digestible values!

Crude protein 45.53 40.13 42.61

Crude lipid 11.10 20.75 8.49
Essential amino acids (g/100g xN)

Histidine 2.13+0.24 1.21+0.25 1.63+0.08
Threonine 2.43+0.19 1.52+0.11 2.45%0.09
Arginine 3.25+0.08 2.34+0.08 3.34+0.13
Valine 3.89+0.27 2.51+0.16 2.78+0.17
Methionine 1.21+0.04 0.75+0.07 1.45+0.08
Lysine 3.62+0.34 2.19+0.25 3.96+0.22
Iso-leucine 2.93+0.18 1.85+0.18 2.32+0.17
Leucine 4.02+0.24 2.83+0.19 3.89+0.12
Phenylalanine 2.62+0.12 1.73+0.11 2.19+0.03
Fatty acid composition (g/100 of total % fatty acid)

12:00 3.23+£0.0.3 6.8+0.19 N.D.
14:0 0.89+0.04 2.08+0.08 0.41+0.03
16:0 2.53+0.21 5.84+0.96 1.78+0.14
18:0 0.34+0.03 0.76+0.08 0.46+0.09
Total saturated* 7.45+0.51 16.45+1.32 2.89+0.34
16:1n-7 0.29+0.02 0.83+0.08 0.52+0.03
18:1n-9 2.45+0.19 5.32+0.84 1.19+0.02
18:1n-7 N.D. N.D. 0.13+0.03
Total monounsaturated? 2.78+0.27 6.64+0.76 2.32+0.37
18:2n-6 1.29+0.08 2.43+0.39 0.21+0.02
18:3n-6 0.06+0.01 N.D. 0.09+0.01
Total n-6 PUFA3 1.26+0.07 2.56+0.23 0.53+0.01
18:3n-3 0.09+0.02 0.17+0.03 0.09+0.00
18:4n-3 0.01+0.01 0.08+0.02 0.04+0.01
20:5n-3 0.09+0.01 0.12+0.01 0.53+0.07
22:5n-3 N.D. N.D. 0.09+0.03
22:6n-3 N.D. 0.03+0.00 1.12+0.13
Total n-3 PUFA* 0.21+0.03 0.42+0.03 1.72+0.18
Total PUFA® 1.43+0.15 3.04+0.12 2.32+0.76
Total fatty acids 11.23+0.98 26.78+1.28 7.43+2.12

Values are based on duplicate analysis of four samples of each type of feed. Values are presented as the
meanzstandard error lincludes 15:0; 17:0 ; 20:00; 22:0 and 24:0; 2 Includes 14:1; 16 :1n-9 ; 17 :1; 20 :1n-
11; 20 :1n-7; 22 :1n-9cis; 22:1n-9; 24 :1-9; 2 Includes: 18:3n-6; 20:3n-6; 22:4n-6; 4 Includes 20:3n-3; 5
Includes 16:2; 16:3; 16:4. N.D.: not detected.
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The fish were fed 5 times a day, over 21 days with a hormone impregnated diet (17a-
methyltestosterone used at 60mg/Kg of feed).

During this period, the fish were weighed every 10 days to assess their growth rate. To
do so, about 100 fishs were randomly caught from each hapa, counted and bulk weighed.
Any obvious mortalities were recorded at every feeding session, and also at the end of the
21 day period when all the fish were harvested. At the end of the 21-day period, fish were
graded into 3 sizes using a hand grader with mesh of 7.5 and 9 mm to assess the
uniformity of the fish.

For each hapa, 300 fish were retained for a further 6-weeks post-sex-reversal treatment,
to assess their sex. The rest of the fish returned to the farms commercial system.
At the end of the 6-week period, 100 fish were sacrificed by an overdose of clove oil and
dissected to extract the gonads for sex-testing.

The fish size distribution was assessed using 2 hand graders. The fish below 7.5mm, the
first mesh, were considered “small”, the “medium” were sized between 7.5 and 9mm (the

second mesh) and all fish above this were considered “large”.

7.2.5 Sexing of the fish

A total of 100 fish were randomly selected from each hapa, euthanized using clove oil
(Ross & Ross, 2008) and dissected under a binocular microscope following the procedure
described in both Guerrero & Shelton (1974) and Wassermann & Afonso (2002). The sex

was assessed using Guerrero & Shelton (1974) and Guerrero (1975) papers.

7.2.6 Fish feeding ration

Fry were fed 5 times a day (at 8:00, 09:30, 11:30, 13:30 and 16:00h). Initially, the amount
of feed given to the fry daily was calculated as a function of the total biomass of all the
hapas in the pond. The daily feed rate was 30% body weight until day 5, recalculated until
day 10 and 20% to day 21. Fish were sampled every 5 days to estimate the total biomass

and adjust the feed ration of individual hapas accordingly.
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7.2.7 Assessing the stress resistance of the fish

During the sex-reversal stage, the final weight, survival and percentage of males are the
main quality indicators of feeding management. Resistance to stress is also essential from
a production point of view, as stress impacts the commercial value of the fish. Acute or
chronic stress can impact welfare and can predispose fish to disease (Eddie & Norman,
2008). Transport and handling can be considered as acute forms of stress during the
production and distribution of the sex-reversed fry.

Therefore, a stress test is an important tool to evaluate the quality of larvae and fingerling
production (Dhert et al., 1992). Amongst the various stress tests applied, air exposure is
commonly used for several species (Sakakura et al., 1998, on yellowtail fingerlings;
Arends et al., 1999, Koven et al., 2001 and Van Anholt et al., 2004; in gilthead sea bream;
Benfey & Biron, 2000, on rainbow and brook trout; Martins et al., 2000, on piaractus;
Luz & Portella, 2005 on Hoplias lacerdae; Trushenski et al., 2010 on cobias, Macniven,
1999, Luz et al., 2012 on Nile tilapia). It is described as an efficient evaluation of feed
quality on the stress resistance of the fish seeds (Ako et al., 1994; Kanazawa, 1997; Luz,
2007, Luz et al., 2012) and the quality of the fish lot based on diet quality (Luz et al.,
2012).

At the end of the sex-reversal experiment, 100 fish were collected and placed in 1m2 hapas
containing an air blower, to ensure an adequate oxygenation of the water. Then the 21-
day old sex-reversed fry were exposed to air for 7-minutes on a sieve, before being placed
back into the water. As the stress hormone —cortisol- peaks between 2.5-4.5 h post stress
exposure (Cnaani et al., 2004), it is advised (Luz et al., 2012) to let the fish rest for 24h
before measuring the survival. A day later the fish were counted, avoiding any additional
stress, and kept for a further 6-days in the hapas, in case the level of mortality increased
due to the occurrence of opportunistic diseases. The hapas were emptied 6-days later to
assess final level of mortality and the fish were returned back into the commercial

production.

7.2.8 Statistical Analysis

All statistical calculations were carried out using IBM SPSS Statistics (Version 21). A

significance level of 5% was chosen for all analyses. Normal distribution of the data sets
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was verified using Shapiro-Wilk test and homogeneity of the variance was tested with
Levene’s test. Significant differences with the control (p<0.05) were assessed using a

Chi-two parametric test.

7.3 Results

7.3.1 Water parameters

Over the course of the trial, water temperature and dissolved oxygen, ranged from 27.9
to 33.8°C and 2.6 to 7.1g/L respectively. Water pH remained stable during the
experiment, (7.9+0.3; meanzSD), while nitrites, ammonia and alkalinity levels decreased
during the first 10 days before stabilising around 0.5+0.2 mg/L, 0.8+£0.3 mg/L and
69.31£5.1 mg/L respectively. All values were within the tolerance range of Nile tilapia
(Beveridge & McAndrew, 2000; Xu et al., 2005; El-Sayed, 2006).

7.3.2 Sex reversal success and survival

No significant differences in sex-reversal rate were observed between hormone treated
diets (p>0.05) with values ranging from 98.41 to 100% (Table 7.3). In addition to females
some inter-sex fish (displaying both females and male characteristics) were observed. The
only significant difference was, as expected, between the negative control (fish meal diet
with no methyl-testosterone hormone) and all the other treatments (p<0.05) with a mean
reversal rate of 92.17%.

The survival, was not affected by the different diets (Table 7.3). Ranging from 82.69 to
91.57% it did not significantly differ (p>0.05) for the different dietary treatments with the

control.
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Table 7.3: Percentage of phenotypic males, and survival after 6 weeks post-experiment.

Inclusion of BSFM Treatment Males (%) Survival rate (%)
Positive control 1 99.20+0.99 87.00+6.18
Negative control 2 02.17+4.23 *** 82.59+7.29
BSF DF: 50% 3 99.70+0.6 84.43£2.65
BSF DF: 60% 4 99.17+1.67 84.05+1.16
BSF DF: 70% 5 99.69+0.63 88.80+6.13
BSF DF: 80% 6 100.00 +£0.0 91.57+2.03
BSF DF: 90% 7 99.74+0.51 89.90£2.55
BSF WM: 20% 8 98.43+1.06 82.92+3.83
BSF WM: 30% 9 99.75+0.5 82.69+4.56
BSF WM: 35% 10 98.41+0.66 83.69+6.56
BSF WM: 45% 11 99.00£1.41 83.27£9.76
BSF WM: 50% 12 99.24+0.96 86.41+8.92

Abbreviations: BSF DF: Black Soldier Fly meal defatted, BSF WM: Black soldier Fly whole meal, the
following number referring to its proportion in the fry’s diet, based on a dry matter basis. Superscript ***
MeanzSE (n=4) referring to a significant difference with the positive control (Diet 1) (p<0.01).

7.3.3 Growth and weight heterogeneity

The only significant difference in final mean weight (p<0.05) was between the positive
control and treatments BSF defatted meal at an inclusion of 70-80 and 90%, (0.13g
compared to 0.19g for the positive control). This result is translated in the final harvest
fish weight, where the total weight of the fish is therefore significantly affected (p<0.05),
displaying harvests of 2 831, 2 948 and 3 314q respectively (for the BSF DF treatments
of 70, 80, 90% respectively), while the control’s harvest was 4 9389 (See Table 7.4).
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Table 7.3: Average weight of the fish at the end of the sex-reversal process, and total
biomass.

Inclusion of BSFM Treatment  Average fish weight at the ~ Total biomass at the end

end of the sex-reversal of the sex-reversal

process (g) period (g)
Positive control 1 0.19+0.03 4 938.2+264.3
Negative control 2 0.16£0.03 4 427.7£641.4
BSF DF: 50% 3 0.17+0.02 3852.0+667.6
BSF DF: 60% 4 0.16+0.02 3453.5+720.2
BSF DF: 70% 5 0.13+0.02 * 2 831.0£656.1 *
BSF DF: 80% 6 0.13+0.02 * 2 948.5+452.0 *
BSF DF: 90% 7 0.13+0.02 * 3314.7£581.9 *
BSF WM: 20% 8 0.25+0.04 5369.5+304.9
BSF WM: 30% 9 0.23+0.02 5070.7+153.1
BSF WM: 35% 10 0.22+0.03 4 683.2+384.6
BSF WM: 45% 11 0.21+0.04 4 863.0+253.8
BSF WM: 50% 12 0.21+0.03 4 894.7+407.1

Abbreviations: BSF DF: Black Soldier Fly meal defatted, BSF WM: Black soldier Fly whole meal. , the
following number referring to its proportion in the fry’s diet, based on a dry matter basis. Superscript *
MeanzSE (n=4) referring to a significant difference with the positive control (Diet 1) (p<0.05).

Regarding the size distribution of the fish, the control displayed a class distribution of
41.73% small fish (<7.5mm), 45.12% medium (between 7.5mm and 9 mm) and 13.13%
large fish (>9 mm). The results are displayed in the Figure 7.1.

No significant differences (p>0.05) were observed relative to the negative control
(displaying for small, medium and large fish respectively: 42.45; 37.68; 19.86%).
However, the proportion of the different fish class, at the end of the sex-reversal period,
were affected by the black soldier fly defatted (BSF DF) meal treatments, displaying
much more smaller fish (ranging from 66.53 to 87.47%, compared to the control having
only 41.73%), and fewer medium and large-size fish than the control (11.78-31.33% for
the medium,0.56-1.37% for the large, while the control displayed respectively 45.12 and
13.13% for these two fish classes). The diets 3 and 4 containing respectively 50 and 60%
of BSF DF meal displayed only a significant difference (p<0.01) with the control for the
large fish (1.37 and 0.94%) compared with the control having 13.13% of large fish in the
total harvested population. The diets 5, 6 and 7 showed much more variation and were
mostly composed of small fish. In these treatments, each fish class (small, medium, large)
was significantly different with the control’s (p<0.01) and displayed for —small, medium
and large fish respectively- 84.47, 14.95, 0.56% for diet 5 (containing 70% of BSF DF as
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a protein substitute); 84.55, 14.71, 0.72% for diet 6 (containing 80% of BSF DF as a
protein substitute); 87.47, 11.78, 0.73% for diet 7 (containing 90% of BSF DF as a protein
substitute). The dietary treatments containing BSF whole meal (i.e. diets 8, 9, 10, 11, 12)

showed no significant differences (p>0.05) for any fish class with the control.
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* %k * % % * % %

40 -
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Figure 7.3 : Relative abundance (in % of the total population) of small, medium and large
fry at the end of the 21 day experimental period. For comparable columns (class size),
means+SE (n=4).

Superscript *** referring to a significant difference with the positive control (Diet 1) (p<0.01); Superscript
* referring to a significant difference with the positive control (Diet 1) (p<0.05). Abbreviations: Dietary
treatment 1: Control (100% fish meal —FM- as a protein source with methyltestosterone —MT-); Dietary
treatment 2:negative control (100% FM with no MT); Dietary treatments from 3 to 7 respectively: Black
Soldier Fly defatted meal as a main source of protein at an inclusion of 50, 60, 70, 80 and 90% respectively
with MT; Dietary treatments from 8 to 12 respectively: Black Soldier Fly whole meal as a main source of
protein at an inclusion of 20, 30, 35, 45 and 50% respectively with MT.
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7.3.4 Stress resistance

With respect to stress test outcomes after 24hrs, the BSF Whole Meal diets performed as
well as the positive control (Table 7.5), with the exception of the 50% inclusion which
performed significantly better (94%, p<0.05) . The negative control (i.e. with no hormone
added to the mix) performed significantly poorer (50.75%, p<0.01) than the control
(83%). For the diets containing defatted maggot meal, beside the 60% and 80% inclusion,
they were significantly lower than the control. The treatments with defatted maggot meal
inclusions of 60%,70% and 80% gave 24h survival rates of 57.5%, 51% and 67.25%
respectively, significantly lower than the positive control (p <0.01 for BSF DF 60-70%
and p<0.05 for BSF DF 80%). The results of the stress test conducted 7 days post-trauma

where almost identical to the ones obtained 24h post-trauma.

Table 7.3: Fish survival after being subjected to a 7 min air exposure stress test, after
their sex-reversal process.

Inclusion of BSFM  Treatment  Survival after 24h Survival after 7 days
Positive control 1 83+7.16 82.50+7.14
Negative control 2 50.75+4.11 *** 49.75+4.57 ***
BSF DF: 50% 3 85.50+3.42 84.50+3.87
BSF DF: 60% 4 57.50+6.45 *** 56.50+7.19 ***
BSF DF: 70% 5 51.00+2.94 *** 50.75+2.63 ***
BSF DF: 80% 6 67.25+4.50 * 66.75+4.99 *
BSF DF: 90% 7 81.25+4.99 80.50+4.36
BSF WM: 20% 8 77.50+6.35 77.00+6.16
BSF WM: 30% 9 82.75+3.86 82.75+3.86
BSF WM: 35% 10 82.25+3.10 82.00+2.94
BSF WM: 45% 11 84.50+3.87 84.50+3.87
BSF WM: 50% 12 94.00+1.16 * 94.00+1.16 *

Abbreviations: BSF DF: Black Soldier Fly meal defatted, BSF WM: Black soldier Fly whole meal. , the
following number referring to its proportion in the fry’s diet, based on a dry matter basis Superscript ***
MeanzSE (n=4) referring to a significant difference with the positive control (Diet 1) (p<0.01). Superscript
* MeanzSE (n=4) referring to a significant difference with the positive control (Diet 1) (p<0.05).
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7.4 Discussion

Sex reversal remains the industry standard for reproduction control in tilapia, but poor-
quality seeds are often identified as a significant constraint on the development of tilapia
aquaculture in Asia (Little et al., 1999). Not only does it discourage new entrants or poor
small-holders to enter into the business, but a low sex-reversal success or poor stress
resistance affects directly the reputation of commercial hatcheries. As stated previously,
FM is becoming a scarce resource, resulting in price increases, which further results in its
potential adulteration. A lower quality FM dramatically affects the efficiency of the
treatment, and harms the business reputation, consequently affecting the business
viability. Therefore, finding new alternatives to replace it, or at least, reduce reliance on
it, are critical in such a competitive market. In this study, Black Soldier Fly Meal (BSFM)
was considered as an alternative proteinaceous feedstuff, and not as a pure substitution
product as in chapter 5, allowing a reduction in fish meal inclusion in a formulated diet.
In order to create isonitrogenous and isoenergetic diets, satisfying the nutritional
requirements of the tilapia fry (NRC, 2011; Jauncey, 1998; Hayashi et al., 2002) the
formulation of the different dietary treatments had to use different inclusion rates of
defatted and whole meal BSFM. The lipid content of the whole BSF meal (21.76% on a
dry matter basis) was a constraint limiting its inclusion rate, consequently, levels above
50% were not possible (otherwise the lipid content of the overall diet would have been
too high), consequently, as the defatted meal had a lower protein content (12.21% on a
dry matter basis) it allowed a greater inclusion (from 50 to 90% substitution with FM).
The fact that the lipid content of each dietary treatments was similar —kept at 12% on a
dry matter basis- helped to ensure a similar floatability between dietary treatments. In a
similar study conducted by Devic (2016) the high lipid content of the BSF whole meal
used (41.5% DM basis) resulted in a coagulated diet, quickly sinking into the water,
therefore affecting directly the feed intake by the fish (as they feed on the surface).

Very few females were identified, indicating that the sex-reversal process was generally
very efficient across treatments, with high proportion of males recorded (98.41-100%).
No significant differences for the hormone-treated diets and the positive control were
observed. These results suggest that the fry received a sufficient dose of MT during the
21-day process and that neither the quality nor the type of feed used compromised the

feeding. The sex-reversal process is considered effective for cage-production systems
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when at least 96% males are produced (Mair & Little, 1991), and 98% in pond production
(Vera Cruz & Mair, 1994). In Thailand due to a competitive market, the aim is to produce
at least 99% males, and results below this are considered as low quality (Bhujel, 2014;
Turner, 2015). In our case, the percentage of males obtained in the control was 99.2%,
and none of the other dietary treatments significantly affected the percentage obtained. It
can be concluded that they all satisfied the required quality for commercial operations.
The only significant difference was for the negative control (with no hormone added to
the feed), were the proportion of males was 92.17%. This result is interesting, because a
normal proportion of males around 50% was expected. Similar, to the previous
experiment (chapter 5) where 64% males were observed in the control, this was most
likely due to residual hormone circulating in the pond. While this skewed result was
expected, it was not possible, as a matter of consistency and rigor, but also technically
(which is part of the constraint inherent to working on a commercial fish farm) to
specifically isolate this treatment in another pond: the water quality, temperature or other
exogenous factors could have influenced the result. The use of androgenic hormone in
the feed, and the residual effect in the water was tested by several authors. In an outdoor
tank, Phelps et al. (1992) used small hapas (separated by 30 cm apart) in static water in a
20 m? tank containing fish given a MT (or fluoxymesterone) treated-feed or a non-treated
feed. The treatments were randomly assigned within the tank but there was no evidence
of hormone leaching affecting the sex ratio of non-treated fish. Soto (1992) used a similar
setup, with eighteen 0.12 m? hapas distributed in a 20m? tank to evaluate the androgenic
potential of mestanolone to sex reverse Nile tilapia fry. No evidence of non-hormone
treated fish having a skewed sex ratio (even though fish were surrounded by hapas
containing fish being fed a hormone treated feed) was observed. However, Abucay et al.
(1997) found that reusing water that had held tilapia fry during a 25-day MT treatment
could alter sex ratios. It was later highlighted when a second group of fish were stocked
into the same water and given a non-hormone treated feed, that the sex ratio was skewed.
They also found that when “all” female fry were stocked into a cage in an aquarium and
when MT treated feed was added to the bottom of the aquarium, where the fish had no
access to it, the sex ratio became skewed to males. Therefore, it is plausible that
unmetabolized MT and its remains, through uneaten feed, can accumulate in the water of
recirculating systems. The degree of accumulation appears to depend on the frequency

and dose of MT administered to the target fish. Effects of the excreted metabolites and
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unmetabolized MT on non-target fish held in the same system could range from elevated
serum MT levels to altered sex ratios (Abucay et al., 1997).

The survival of the fish was not significantly affected by the different dietary treatments.
It was a key factor, for obvious economic reasons, but also because during the sex-
reversal process, a high density of fish is essential as it creates a crowding effect,
triggering an active feeding response (Phelps & Popma, 2000). Also, it reduces
hierarchical interactions between fishes, resulting in a more uniform population, and
therefore, resulting in a more uniform hormone intake for the fry (Little, 1991; Vera-Cruz
& Mair, 1994). The survival rates were better than those reported in the literature where,
for fry stocked at the same density (i.e. 6 fish/litre), Vera Cruz & Mair (1994) reported a
survival of 76.1%. This is most likely due to improved fry-breeding techniques. This
could explain why the negative control (dietary treatment containing no hormone)
displays no significant difference with the hormone treated diets. The presence of the
hormone usually stresses the fish physiology, and increase mortality (Buddle, 1984),
therefore, rates around 75-80% survival are usually expected. Over the years, hatcheries
have drastically improved their production process, decreasing fry mortality.
Additionally, to decrease any potential source of stress, fish handling was kept to a
minimum, therefore batch sampling was not done every five days (like in Chapter 5), to
assess the growth rate of the whole batch (as in Chapter 5) but only at day 10 and day 21
(end of the experiment).

The average fish weight was within the normal range usually accepted at the end of a sex-
reversal process, between 100 to 500 mg (Popma & Green, 1990; Popma & Lovshin,
1995). The fish fed a black soldier fly whole meal treatment, and the negative control
(pure FM without MT), displayed no significant differences to the positive control
(0.199). The final fry weight was comprised between 0.16 to 0.25g. The only significant
differences were observed for the fish fed black soldier fly defatted meal treatment at an
inclusion rate of 70-80-90% which displayed a lower average weight of 0.13g. This
difference in average final weight for the fry was therefore noticeable in the final harvest,
where only these treatments were significantly different with the control, displaying final
harvest of 2 831, 2 948 and 3 314g respectively. The whole meal BSF treatments, the
controls, and the BSF DF (of 50 and 60%) displayed ranges between 4 683.25g and 5
369.50g.

Consequently, these observations reflect differences in mean growth rates (& the linked

attribute of size heterogeneity). The grading process showed disparities for the BSF DF
166



treatments, displaying mostly small fish, and very low medium/large fish proportions.
While it was significantly different for the large fish for all BSF DF treatments, only the
inclusion rates of 70-80-90% showed significantly different rates for small and medium
fish with the control. Therefore, as the proportion of smaller fish was significantly higher
for the BSF DF inclusions at 70-80-90%, the average weight of the fish was smaller, and
so was the final harvest weight. The relative abundance of small, medium and large fish
is an important factor to consider, as larger fish tend to display more aggressive behaviour
toward smaller fish, which can lead to opportunistic cannibalism and consequently
increased levels of mortalities (Dambo & Rana, 1992). In addition to this, they also
require more MT-treated feed (as they are larger, they will therefore consume more feed)
which is an expensive input considering the price of the hormone (around 2.8 USD/g) and
the quality of the feed. The use of a green water in the pond usually helps to prevent such
aggressive behaviour, which usually worsens when the water is clear (Devic, 2016). As
all treatments, regardless of the dietary allocation, displayed a majority of small (for the
BSF DF treatments) or medium (all other treatments) fish, this size hierarchy problem did
not impact the survival rates.

In Thailand, tilapia fry of 250 mg are considered to be the commercial standard in
commercial hatcheries, and most desired market size because of a lower farm-gate price,
and a better tolerance to transportation (Nasr-Allah et al., 2014; Turner, 2015) compared
to larger fry. During the sex reversal process, factors such as high density and restricted
feed rations are usually applied to control the growth of the fish, leading to more uniform
distribution, and evenly distributed small/medium size proportion. The fish can still later,
if necessary, be grown to market size during additional nursing phases using a cheaper
feed (Little & Hulata, 2000).

At the end of the sex-reversed fry production, when sold, the fish are subjected to
handling, transportation and transfer to other ponds. This creates a major source of stress,
which can be sometimes translated in a high mortality rate. Resistance to stress is
therefore important, and stress tests can be a useful tool to evaluate the quality of larvae
and fingerlings production (Dhert et al., 1992). Challenge tests are often conducted on-
farm to assess the quality of the fry, ensuring that the fry are good quality and therefore
good value for money (Macniven, 1999). According to Koven et al. (2001), feeding is
crucial at this stage, since a better quality diet may impact fish survival rates after their

transfer, reducing the stress effects caused by this handling. The assessment of the stress
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resistance after only 24h, was proven sufficient in this experiment, as only very slight
variations occurs after 7 days.

While the control diet displayed an acceptable result to the 7-minute air-exposure stress
test with 83% survival, the negative control (without MT) shows a significantly lower
survival, dropping to 50.75%. While is known that the presence of MT hormone stresses
the fish physiology (Buddle, 1984), it is possible that the animal could get accustomed to
a stressful environment, and shows an enhanced resistance toward future sources of
stresses.

One of the emerging issues about BSF meal is the fact that the chitin and some specific
fatty acids (C12:0) might provide a protective and immunostimulant effect, increasing the
resistance of the fed-animals (Ravi Kumar, 2000; Mastan, 2015; Spranghers et al., 2017;
Gasco et al., 2018). With respect to the chitin, while the quantities were extremely low
(as the larvae were harvested at the white larvae stage — see chapter 4) it has been reported
to have a positive effect (even in very low quantities) on the functions of the immune
system, and contains antimicrobial properties (Rinaudo, 2006) and acts as a short term
immunostimulant (Ravi Kumar, 2000; Mastan, 2015). Similarly, the high levels of C12:0
medium-chain fatty acid, lauric acid (Spranghers et al., 2017) contained in the BSF fat,
are known to have strong antiviral and antibacterial effect (Devi & Kim, 2014; Gasco et
al., 2018) and several authors suggested that it may have probiotic effects on the
microbiota of fish and antibiotic effects on gastrointestinal disease-causing bacteria
(Skrivanova et al., 2006; Spranghers et al., 2017; Gasco et al., 2018), improving the
resistance of the fed-animal.

Both of these effects combined may have helped to boost the fish immune system and
increase their resistance toward stress. In our experiment, the BSF WM treatments display
similar stress resistance rates than the control, with the sole exception of the last treatment
(BSF WM 50%), which showed a significantly higher resistance to stress (94% instead
of 83% for the control). This result suggests that it is plausible that the antimicrobial
effects of the fat contained in the larvae (for both types of meal, the larvae were harvested
at the same time, hence they had a similar chitin content) may have conferred a protective
effect to the fish, giving a neat advantage for the use of BSF WM as a protein substitute
in tilapia fry diets. When using defatted meal, for the BSF treatments with an inclusion
of 60%, 70% and 80%, they displayed significantly lower results (57.50, 51, 67.25%
respectively) the control. The BSF DF 50% and BSF DF 90% showed no difference with
the control. For the lowest BSF DF inclusion (BSF DF 50%), this stress resistance might
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be due to the presence of FM, still present in large quantities, while for the BSF DF 90%
a protective effect might have been conferred by the sufficient presence of chitin and BSF
fat, in the BSF DF feed. The 3 treatments between (60-70-80%) could therefore be a
transition in resistance between appreciable quantities of fishmeal (BSF DF 50%) and a
large enough quantity of BSF DF (BSF DF 90%) to potentially confer a protective effect.
Combining several feed ingredients into a formulated diet, in addition to allowing a
greater flexibility in terms of feed formulation and adaptation to market volatility, leads
to better performance than any single source due to an improved nutrient balance provided
by a synergistic effect (NRC, 2011; Parker, 2011). It can also reduce the effects of a
poorer quality product. In the present experiment, the BSF WM, displayed better results
than the BSF DF meal in terms of size, proportion of fish class, and stress resistance.
Besides being quicker to produce, it is also cheaper than producing a defatted meal due
to all additional industrial costs involved. It is generally acknowledged that defatted
products can be stored for longer periods than whole meals, which can deteriorate rapidly
under tropical conditions. This constraint to the shelf life of these products is currently
being investigated and further developed at Entofood in Malaysia (Emilie Devic, Pers.
Comm., 2018). However, the possible antimicrobial effects of fat (C12:0) contained in
the BSF whole meal, still needs to be investigated thoroughly, but could be an important
value-added factor for this type of feedstuff, not only in tilapia fry, but in animal feeds in
general (Spranghers et al., 2017; Gasco et al., 2018).

Larviculture is usually considered to be a technical bottleneck phase in the production of
fish species due to a lack of technical development and lack of information regarding the
best handling procedures to be used (Santos & Luz, 2009). One of the main advantages
that Nile tilapia has over other fish species, is that it can be fed with a formulated diet
from first feeding (Sanches & Hayashi, 1999; Toyama et al., 2000; Hayashi et al., 2002;
Meurer et al., 2005; Boscolo et al., 2008), thus facilitating its early rearing. While the
poor-quality seed has been identified as a very significant constraint on the development
of the freshwater fish culture industry in Asia (Little et al., 1999), improvements made
by commercial hatcheries enabled its continued development.

While, the hatchery technology used in Nam Sai farms and in several hatcheries
worldwide is economically viable, it is dependent on the quality of their main feed
product: fishmeal. With prices rising and increasing risks of adulteration, hatcheries are
being forced to look for viable alternative feedstuffs, allowing them to be more flexible

and react quickly to market prices as a consequence. The Black Soldier Fly meal can be
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a potential alternative for use in a sex-reversal diet, without affecting the percentage of
males, survival, growth, total harvest or fish class size. Beside improving local sanitation,
creating local employment, this new feed product would led to the creation of a quality
consistent product, potentially cheaper than the imported FM, while improving the quality
of the feed during the sex reversal process, ensuring that the quality of their fry is
consistent. However, considering the production capacity at Nam Sai Farms, and the use
of the diet using 50% BSF WM (which displayed the most promising results) a quantity
of about 9 tons would be required monthly. The availability of this product is still limited
and is far from matching the demand yet (Bhujel, 2013). While some progress has
recently been made in the insect industry, this is not yet a credible alternative for a large
scale hatchery but might become it in the near future when the economy forecast will

allow, and when its production technology will have improved.
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CHAPTER 8: GENERAL DISCUSSION AND

FUTURE PERSPECTIVES
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8.1 General

In the present work, we assessed in on field researchs the potential of using the Black
Soldier Fly (BSF) larvae produced from a sustainable feed source in pilot-scale operation
system in tropical countries as a strategic feed ingredient for tilapia fry. Based on a
contextualised research in Ghana (Greater Accra Region), a substrate sustainability index
was developed to help selecting a breeding substrate for the BSF larvae, meeting
sustainable, safe, and cost-effective criteria (Chapter 3). Then the trade-off between
nutritional quality and yield characteristic of BSF larvae at different life stages (white
larvae or pre-pupae) was studied to select the optimal harvesting time to produce the
maggot meal (MM) (Chapter 4). While it is clear that MM currently has a very limited
capacity to meet the ever growing demand for aquafeed ingredients, there is clear need
for more targeted, strategic use of this new feed source. In this realm the potential of MM
as nursery feed for Tilapia fry (Oreochromis niloticus) during their sex reversal period
was assessed in two contexts. The first one, issued in Ghana, tested the effect of a basic
substitution of both commercial feed and fishmeal (FM) by increasing inclusion level of
MM (Chapter 5). Following this, a digestibility study was conducted in Thailand, on the
fry, to investigate the apparent digestibility coefficient of two types of MM produced in
Malaysia, from kitchen waste: a whole MM and a defatted version (Chapter 6). Built upon
the obtained data, isoenergetic and isoproteic diets were formulated using both types of
MM to assess its efficiency as a protein replacement of FM for tilapia fry during their

sex-reversal period.

8.2 Substrate selection and potential waste

remediation service

The selection of the substrate is a critical step toward the economic viability and safety
of a Black Soldier Fly production system. As highlighted in Chapter 3, several key
variables have to be taken into account during the selection process of a potential
substrate: its co-location with the production site, quantity, seasonality, purchasing cost,
risks involved and its impact on larvae growth. One of the arguments highlighted in the
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Chapter 3 was how to choose, and what is considered a real waste. In the realm of a
sustainable service, it only make sense to feed the BSF larvae with unused organic waste.
The feeding substrate is one of the main constraints for development of the BSF industry
in the Western world. The regulation for the use of potential substrates is yet too strict: at
the moment, only agricultural by-products, or refused human food, can be used. However,
these waste streams are already used in the pig industry as feed (even if it is under strict
controls following the last foot and mouth outbreak). While being non sustainable, as the
initial substrate is already used, entering in this competition with another livestock sector
means that the purchasing price of the substrate would be probably too high to compete
with. Consequently, the Black Soldier Fly bioconversion may be more interesting in
Muslim countries as there is no —or few- pig industries. This lack of concurrence, allows
to free these waste streams, rending them available for the production of maggots.

One of the most common argument against the BSF conversion is the lack of logic behind
feeding the larvae with ‘feed’ that can otherwise be used to feed directly livestock. While
it is true in most cases —stressing the need to identify properly a potential substrate- for
some the BSF bioconversion could still be of interest. For example, if the feeding
substrate, does not display a specific amino -or fatty- acid profile, or have a high fiber
content, the larvae bioconversion can act as a nutritional ‘make-up’ and turn this
unsuitable feedstuff into a more nutritionally-favourable feed for livestock. The BSF
larvae can also concentrate proteins and lipids from the feed source, and convert a
heterogenous substrate into larvae, a more homogenous, nutrient-dense, product
rendering it more easily usable as a feed ingredient. Finally, it can be of interest to
‘recycle’ the nutrients of highly perishable substrates, by converting them into stable and
storable maggot meal.

BSF bioconversion can also reduce the costs of disposal of organic wastes and improve
sanitation by the provision of a waste remediation service while producing both a feed
ingredient and high quality organic fertiliser. No other insect comes close to closing so

many material flow loops and creating a self-sustaining food system as the BSF.

8.3 Maggot meal quality

Once a proper substrate was identified to produce the larvae, the next main research

guestion was when to harvest the larvae ? The BSF larval goes through 5 instars which
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can be referred as “white larvae”. This usually last for 10-12 days (at 30°C). At this stage
the larvae is extremely photophobic (Everest Canary, 2009) and prefers to stay within the
substrate rendering its harvest difficult. The last instar (6) is often referred as “pre-
pupae”, corresponding to the pupariation stage, when the larvae cease feeding to complete
immobilisation and reduction in length. With this physiological change, a behavioural
change arise: the larvae escape the substrate, looking for a suitable, dry and shady place
to safely pupate. At this stage, it is very easy to collect the larvae, as a simple 30° angled
slope, ending in a trough is enough to collect the insects. Understanding the evolution of
the nutritional composition of the BSF during these two stages (white larvae vs pre-
pupae) is essential for a successful commercialisation. In Chapter 4, we demonstrated that
as the weight plateaued during these 2 stages, the biomass produced for either “white
larvae” or “pre-pupae” was similar. Then, while the pre-pupae stage was more
proteinaceous (33.54% at 720 degree day old, dry matter basis, with corrected levels of
proteins) than the white larvae (26.21% at 300 degree day old), the level of chitin
(139.099/Kg) was too high for the utilisation of the meal as feed. The 1,4 bond in chitin
is indigestible by most fish species (Rust, 2002 in Sanchez-Murros et al., 2015) and, could
even reduce growth performance by influencing the feed intake, availability and
digestibility of nutrients, including proteins (Longvah et al., 2011) or lipids (Kroeckel et
al., 2012). The presence of chitin in the pre-pupae is therefore a major hindrance for its
use. While some studies suggest that the chitin might act as short-term immunostimulant,
and can display probiotic effects, this effect is only demonstrated at very low quantities
(Ravi Kumar, 2000; Esteban et al., 2000; Vahedi & Ghodratizadeh, 2011; Van Huis et
al., 2013; Mastan, 2015; Spranghers et al., 2017), with a magnitude order of dozens of
milligrams per kilogram of feed.

Some solutions could be found to later remove the chitin, purify it and use it for its
antioxidant, anti-inflammatory properties, or as novel drug delivery-media and plastic
source (Park & Kim, 2010) but these solutions are costly, still at the development stage,
and yet to be up-scaled. The removal, without any further purification goal, could be
achieved, by using mechanical methods such as cold-pressing (as the chitin is mainly
deposited in the outer skin of the larvae) or chemically, with the addition of chitinase in
the final meal, helping to improve its digestibility.

Therefore, as a matter of efficiency, for the moment only the white larvae stage should
be used for commercial purposes. While it is hard to harvest the larvae, several systems

have emerged in the evolving large-scale commercial sector such as rotating drums,
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vibrating screening mesh, or the use of a specially formulated feed, allowing an easier
separation of the substrate and the larvae by physical screening.

As the quantities produced are low, a strategic use of this meal has to be found to
maximise its efficiency. In the present study, the maggot meal (MM) was used as a fish
meal substitute in tilapia fry diets during their sex-reversal time. In chapter 5 the MM was
used as a direct substitution product to FM and commercial feed (“super starter feed”) in
the context of Ghana, while in Chapters 6-7 it was used as a protein alternative source to
FM in fully-formulated diets. In the present Thesis, 3 different types of MM were assessed
as potential feed ingredients for tilapia fry.

The nutritional profile of each type of MM is presented in the Table 8.1. As stated before,
the lipid content and fatty acid profile were strongly influenced by the substrate used to
grow the larvae, but remained acceptable for tilapia fry (Jauncey, 1998). In addition, the
relatively low levels of lipid in the BSF whole meals did not affect the flotability of the
meal (Chapters 5 & 7), as reported by Devic (2016) where the resulted feed coagulated
on the surface of water before sinking rapidly. In line with Barroso et al. (2014) the
protein content of the BSF meals were satisfactory (above 40%, and even reaching
57.09% for the defatted meal) and displayed a similar amino acid profile to FM (Chapters
5,6,7).
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Table 8.1: Nutritional composition of the BSF meal used in this study, compared to

fishmeal.
Maggot meal BSF whole BSF defatted  Fishmeal Fishmeal
(Ghana) meal meal (Ghana)
(Malaysia) (Malaysia) (Thailand)
Substrate Fruit Waste Kitchen waste  Kitchen waste - -

Proximate composition (%)

Dry matter 92.45 91.73 97.63 92.85 98.88
Crude protein 43.19 47.77 57.09 53.11 60.27
Crude lipid 15.45 21.76 12.21 10.67 8.49
Ash 15.95 9.83 10.16 10.95 24.61
Gross energy (MJ/Kg) 18.98 22.2 21.5 18.9 18.5
Essential amino acids (g/100g xN)

Histidine 1.33 1.21 2.13 1.96 1.63
Threonine 1.75 1.52 2.43 2.58 2.45
Arginine 2.06 2.34 3.25 3.36 3.34
Valine 2.69 2.51 3.89 2.94 2.78
Methionine 0.78 0.75 121 1.59 1.45
Lysine 2.75 2.19 3.62 4.29 3.96
Iso-leucine 1.85 1.85 2.93 2.48 2.32
Leucine 2.99 2.83 4.02 4.36 3.89
Phenylalanine 1.88 1.73 2.62 2.46 2.19
Fatty acid composition (g/100g of total % fatty acid)

12:00 2.00 6.8 3.23 N.D. N.D.

14:0 0.57 2.08 0.89 0.35 0.41

16:0 2.35 5.84 2.53 2.39 1.78

18:0 0.32 0.76 0.34 0.90 0.46

Total saturated? 5.81 16.45 7.45 3.84 2.89

16:1n-7 0.47 0.83 0.29 0.48 0.52

18:1n-9 1.66 5.32 2.45 1.55 1.19

18:1n-7 0.46 N.D. N.D. 0.30 0.13

Total 2.82 6.64 2.78 2.60 2.32

monounsaturated?

18:2n-6 1.18 2.43 1.29 0.15 0.21

Total n-6 PUFA3 1.19 2.56 1.26 0.59 0.53

18:3n-3 0.09 0.17 0.09 0.05 0.09

18:4n-3 0.06 0.08 0.01 0.05 0.04

20:5n-3 0.01 0.12 0.09 0.52 0.53

22:5n-3 N.D. N.D. N.D. 0.09 0.09

22:6n-3 N.D. 0.03 0.00 2.02 1.12

Total n-3 PUFA* 0.16 0.42 0.21 2.82 1.72

Total PUFA® 1.36 3.04 1.43 3.54 2.32

Values are presented ‘as is’. tincludes 15:0; 17:0 ; 20:00; 22:0 and 24:0; 2 Includes 14:1; 16 :1n-9 ; 17 :1 ;
20:1n-11; 20 :1n-7; 22 :1n-9cis; 24 :1-9; 8 Includes: 18:3n-6; 20:3n-6; 22:4n-6; * Includes 20:3n-3; ®
Includes 16:2; 16:3; 16:4. N.D.: not detected.

In our system (see Chapter 3, Fgure 3.3) the production of the fresh maggots represented
about 35% of the initial weight of the substrate, and contributed to more than half of the
bioconversion outputs. Together —fresh- larvae and compost, contributed to a reduction

of the initial substrate by 41.95%. The larvae contained around 60% moisture, and

176



therefore when dried, out of 500 Kg of substrate, only about 70Kg of (dried) MM was
produced. As yet no viable large-scale production systems have been commercialised, it
is necessary to have a strategic use of this new feedstuff. Numerous studies (see Chapter
1.4.5.1) have demonstrated the suitability of BSF meal as feed ingredient for fish.
Nevertheless the interspecies and life-stage variability of the results make a generalisation
difficult. Low-trophic and herbivorous species like Nile tilapia (Oreochromis niloticus)
are more flexible in terms of feed ingredients and require less FM than carnivorous fish
species (Tacon & Metian, 2015). Nevertheless FM is usually included in tilapia fry diets
because it is considered as an excellent source of essential nutrients and improve the
feeding response. In order to optimise the feed efficiency, we decided to focus our
experiments on tilapia fry during their sex-reversal period. Tilapia fry are considered
being a critical stage in the intensive farming process, and their nutritional requirements
are usually high and specific. The development of hapa-based broodstock management,
allowed the collection of same-age tilapia eggs and yolk-sack larvae, to enable their
transformation into males through a feed impregnated with Methyl-testosterone (Little et
al., 1995). The successful sex-reversion of tilapia fry relies on a combination of good
farming and feeding practices. Quality and palatability of the hormone-treated feed are
the main quality to ensure a maximized daily intake of hormone, although pure FM is
preferred to produce monosex-tilapia (Bhujel, 1997), commercial feed (using high levels
of FM) formulated for monosex-tilapia are also widely used (Phelps, 2006).

Building on this, it was assumed that MM could reduce the reliance on marine products,
usually of high cost (like in Ghana, Chapter 5) or potentially being adulterated (like in
Thailand, Chapters 6 &7). In this optic the MM could be considered as a locally sourced,
high quality feedstuff for tilapia fry during this key-period. All experiments were
conducted on-farm to demonstrate the commercial relevance of the results in two different
production contexts:

In Ghana, tilapia are mostly produced in cages (85% of total production according
Asiedu et al., 2015) near the Volta region. While monosex tilapia is widely used, 96%
males after a sex reversal process is considered to be an acceptable rate. Tilapia hatcheries
are constrained by expensive and poor quality fish meal or locally-sourced commercial
feed (more widely used in local hatcheries). Therefore the MM could be a valuable
alternative feedstuff, being locally produced out of an unused waste stream and provide
a quality reliable, and potentially cheap feedstuff. Instead of having to formulate a diet, it

could be just used to substitute FM or expensive commercial feed. Combining several
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feed ingredients into a diet usually leads to better performance than any single source due
to an improved nutrient balance provided by a synergic effect (NRC, 2011; Parker, 2011),
and could subdue the effects of a lower quality product. In this scenario, as the quantity
requirements are low for a fry production, a small to medium-scale MM factory would
be sufficient. The MM produced from the system highlighted in chapter 3 met all
requirements in terms of protein, lipids, amino acid and fatty acid profile for Nile tilapia
fry (Ogunji et al. 2005; Diogenes et al., 2016). Therefore, while the diets were not
necessarily isoenergetic nor isoproteic, they were sufficient to cover the nutritional
requirements of the fry stage. The proportion of males nor the survival were affected by
the dietary treatments. This result suggests that the fry received a sufficient dose of MT
during the 25 days process, meaning that the quality nor the type of feed compromised
the feeding. The only significant difference observed was for the growth rate of the
commercial-feed fed fish, being better. This result can be explained by the higher protein
content of the commercial feed compared to the MM or the FM, but it is not an issue as
the fish can be easily grown to market size later using a proper —and cheaper- feed at the
fingerling stage (Little & Hulata, 2000). As we highlighted, tilapia fry can be fed with
diets containing either half commercial feed and MM or 100% MM without affecting the
percentage nor survival of males obtained. The results obtained are within the acceptable
range in Ghana (i.e. at least 96% males) for cage production (Mair & Little, 1991), but
would not be acceptable for a pond-production system, like in Thailand, were at least 98%
would be required, (Vera Cruz & Mair, 1994).

In Thailand, the sex-reversal industry is now the standard for reproduction control in
tilapias, and poor-quality juveniles affect directly the hatchery reputation, and
consequently its economic viability. As the tilapia production is done mostly in ponds,
the presence of females can impact severely the fish population in the pond (contrary to
a cage-based production where fry and fingerlings could escape through the mesh
lowering this risk). Their presence leads to stunted growth of the stocked fish, and smaller
and inconsistent size of fish at harvest. Consequently, in addition to the fact that monosex
quality seeds are expensive, near 100% males is expected at the end of the sex-reversal
process. Therefore, in this scenario the price of the FM is not so much an issue by itself
(as long as it is kept under an acceptable threshold price) but its adulteration can lead to
dramatic effects: lowering the palatability of the feed, decreasing its intake by the fish,

thus decreasing the hormone absorption and lowering the percentage of males obtained.
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In Chapter 6 we highlighted that the quality of the FM used in our experiment was lower
than expected. Upon investigations, it appeared that it was adulterated with probably
soybean or saw dust, lowering its digestibility, and effectiveness during a sex-reversal
process. While large-scale hatcheries can test regularly the quality of their feedstuff, it is
not the case for small to medium businesses’ relying only the manufacturer’s guidance.
In both case, they could gain from using MM: either to obtain a locally source protein
source with a constant quality, or to decrease the proportion of FM in their sex-reversal
diets, being replaced by a more quality-constant product. In this optic we decided to test
the inclusion of BSF meal as a protein substitute to FM. As the basis of diet formulation
resides in having reliable and accurate digestibility measurements, they were tested in
vivo on the fry. In chapter 6 the apparent digestibility coefficient (ADC) of the different
feedstuffs highlighted that both BSF defatted meal (BSF DF) and whole meal (BSF WM)
were highly digestible (85%, 95% respectively), even more than FM (59%) regarding the
ADCry matter and ADCproteins (80,84 & 71% respectively). While the experiment was the
first of its kind on tilapia fry, the obtained values were within the range from in vitro
studies (Gutiérrez et al., 2004; Bosh et al., 2014). Built upon these data 10 isoproteic and
isoenergetic diets were formulated using either incremental levels of either BSF DF or
BSF WM to substitute FM. This allows a greater flexibility in terms of feed formulation
while decreasing the quantity of MM required: as it happens to be, instead of focusing on
the quantity, the accent was placed on the quality of the feedstuff, lowering the proportion
of potentially poor quality FM. As all diets were isoenergetic, the lipid content of the
feedstuff was a significant constraint in the design: the BSF WM containing high lipid
levels (21.76% DM basis) its inclusion into the different formulations had to be lower
than the inclusion of BSF DF. Consequently, the incremental protein replacement for BSF
DF went from 50 to 90% replacement of FM, contrary to the diets made with BSF WM
ranging from 20-50%. As we discovered, no difference on the percentage of male
obtained was detectable, indicating that all fish, regardless their diets, received a
sufficient dose of methyl-testosterone. Similarly the survival rate was not affected.
However, the average final weight of the fish, total harvested weight at the end of the
process, and relative fish abundance (skewed in favour of smaller fish) showed that the
BSF DF dietary treatments at 70-80 and 90% protein replacement affected these
parameters. The relative abundance of small, medium and large fish is an important factor
to consider, as larger fish tends to display aggressive behaviour toward smaller ones,

which can lead to opportunistic cannibalism and consequently increase mortalities in the
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hapa (Dambo & Rana, 1992). The medium size fish are preferred, as in Thailand tilapia
fry of 250 mg are considered to be the commercial standard in commercial hatcheries,
and most desired market size because of a lower farm-gate price, and a better tolerance
to transportation (Nasr-Allah et al., 2014; Turner, 2015) compared to larger fry. The fish
can still later —if necessary- be grown to market size during additional nursing phases
using a cheaper feed (Little & Hulata, 2000).

The last important take-up point from this experiment is regarding the stress resistance of
the fish. It is significantly improved when the fish were fed a diet containing 50% BSF
WM as a protein source, and lowered significantly when fed diets containing 60, 70 and
80% BSF DF. Regarding the BSF DF inclusion, the stress resistance is only affected for
the medium values (diets containing 60, 70 and 80%) but not for the low value (50%
inclusion) nor the high one (90% inclusion). This can be explained by the fact that for the
lower ones, the presence of FM is still present in large quantities in the mix (around 25%
inclusion) and gain from a protective effect for the 90% treatment probably by the
sufficient presence of chitin and BSF fat, in the BSF DF feed. The 3 medium treatments
(60-70-80%) could therefore be a transition resistance between a still large quantity of
fishmeal (BSF DF 50%) and a large enough quantity of BSF DF (BSF DF 90%)
conferring a protective effect. The presence of both chitin and specific saturated fatty
acids (C12:0) in sufficient quantity in the MM, might have helped to boost the stress
resistance of the fish. The chitin is known to confer a positive effect on the functions of
the immune system, and displays antimicrobial properties (Rinaudo, 2006) acting as a
short-term immunostimulator (Ravi Kumar, 2000; Mastan, 2015). Saturated fatty acids,
especially lauric acid (Spranghers et al., 2017), are known to have strong antiviral and
antibacterial effects (Devi & Kim, 2014; Gasco et al., 2018), acting as a probiotic on the
microbiota of the fry and displaying antibiotic effects on gastrointestinal disease-causing
bacteria (Skrivanova et al., 2006). Both of these effects combined would have helped to
boost the fish immune system and increase its resistance toward stress. Research is
preliminary in this field, but if these hypothesis are confirmed, it would give a strong
advantage for the use of insect meal, potentially reducing the necessity to use in-feed
antibiotics (Van Huis et al., 2013) in livestock feed. Moreover, increasing stress
resistance of the fish has obvious economic consequences for a hatchery.

Upon these observations, it is therefore plausible to use BSF meal as a protein
replacement to FM in tilapia fry hatcheries. By using it in a fully-formulated diet, it

increases flexibility toward market price volatility while lowering its quantity. Therefore,
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it enables the hatchery to play on the quality of the MM rather than its quantity,
maximising its potential. Considering the production capacity of tilapia fry in Nam Sai
Farms, and the use of the diet using 50% BSF WM (which displayed the most promising
results) a quantity of about 9 tons of BSF WM would be required monthly to perform the
sex-reversal process. This quantity is fairly low and while it is yet to be achieved today,
it is a plausible alternative in the near future for medium to large scale operation systems.

8.4 Biofertiliser production

Another by-product generated from the bioconversion process is the frass. It consists of
undigested substrates residues thoroughly mixed with insect excreta. Compared to the
initial substrate offered to the larvae, the frass is odorless, homogenous, friable and its
moisture content is generally reduced by half (Ciékové et al., 2012c; Zhu et al., 2012;
Wang et al., 2013). Dry matter and volume reductions of between 50-80% have been
reported for animal manures, organic waste, faecal sludge or agricultural by-products
treated with larvae, leading to a material containing soluble and available nutrients such
as nitrogen, phosphorous, potassium and calcium available for the plants (Calvert, 1979;
Newton et al., 2005b; Myers et al., 2008; Diener et al., 2011a; Cickova et al., 2012c;
Gobbi et al., 2013; Lalander et al., 2013; Wang et al., 2013; Caruso et al., 2014). In our
system, the quantity produced was only limited (22.7% of the initial substrate quantity,
on a wet weight basis, or 85.3% on a dry matter basis) representing less than half of the
total (fresh) outputs (39.5%). This was only due to the substrate used —fruit waste-
containing a high moisture content (73.4%). In other systems it can go up to 80 to 95%
of the total fresh outputs (i.e. larvae + frass) (Calvert, 1979; Cickova et al., 2012b; Wang
et al., 2013; Caruso et al., 2014). Therefore it is important to find a suitable application
for this non-negligible by-product (Van Zanten et al., 2015).

In most studies, frass composition was comparable to “classical” organic fertilisers owing
to their optimal levels of N,P,K (Choi et al., 2009; Zhu et al., 2012; Wang et al., 2013;
Lalander et al., 2014). The results of the agronomy trials conducted by Devic (2016)
showed the positive effects on the use of frass as a biofertiliser, for plant growth and soil
fertility. Not only the plants performed better, but the structure of the soil was improved,
being more aerated compared to the unamended soil or soils improved with NPK

inorganic fertilisers. This is a characteristic of organic soil conditioners that usually

181



encourages the development of a root system and therefore the growth of the plants
(Singer et al., 1998). However, like any other organic fertilizer, the release of nutrients is
a slow process, and consequently its use is not suitable for a newly treated soil or for fast-
growing crops such as maize.

In addition to improving the soil structure, BSF frass seems to display a protective effect
against chitin-based organisms such as insects, fungus or nematodes (Vickerson et al.,
2015). This characteristic, demonstrated on the first time with BSF frass- is attributable
to the low quantity of chitin remaining in the frass. During their growth, the larvae molts
several times, leaving a chitin-rich exuvia in the substrate. The addition of chitin in an
organic fertilizer has been studied before, but only on little quantities, either pure or from
lobster shells (for llangumaran et al., 2017). Fragments of chitin or chitosan have an
eliciting activity with the plant, leading to a variety of defense response in host plant in
response to a ‘potential’ microbial infection, like the accumulation of phytoalexins,
pathogens related proteins, proteinase inhibitors, lignin synthesis and callose formation
(El Hadrami et al., 2010). Therefore, based on this properties, BSF frass could provide a
synergetic effect, by conferring a protective effect strengthening plant defense, reduce the
impact of disease on the yields and quality of the crops (Ramirez et al., 2010; Sharp,
2013; Deborde et al., 2016; Orzali et al., 2017).

While reducing the composting time from almost 4-6 months to 15 days, decreasing the
green house gases emissions by 47 times (Mertenat et al., 2019) and considering the
evolution of inorganic and organic fertilisers, it is likely that BSF frass will be competitive
with the locally used organic fertilisers. In a study published in 2017 by Aggrey, it was
demonstrated that local farmers in Ghana, would be willing to pay the same price for this
new organic fertiliser than for the traditional manures (20.7 US$/ton). However, if these
protective effects are confirmed by further studies, the advantage conferred could
therefore increase the value of the frass, making it a very valuable co-product of this

bioconversion.
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8.5 Circular economy

The Black Soldier Fly technology addresses three key problems: by providing a waste
remediation service and source of high quality feed for livestock as well as organic
fertiliser for horticulture. This ability makes it interesting in the realm of a circular
economy. While (yet) no products have entered commercial feed and fertiliser markets,
this will come in the near future. In our case, the BSF operations implemented in Ghana
had an investment cost (buildings & equipment) of about 8 000 US$, and had a low
efficiency, producing only 100 kilogram of dried maggot meal per month. While it
obviously required improvement to be upscaled, it is qualified as a small scale system.
Several large-scale companies, aiming to treat up to 200 tonnes of substrate per day are
starting to emerge. The most high profile enterprises include Protix (in the Netherland),
Agriprotein (South-Africa), Innovafeed (France) and Entohack (Indonesia) that are

aiming to release their products on international markets in the near future.

From the size disparity of these two production systems, two scenarios can be formulated,

each addressing separates problems:

) Large-scale producers will trade on international markets, providing
ingredients to large-scale feed producers. They will tend to use a high
quality substrate, to ensure the production of steady quality and quantity
of larvae and compost. The production will be highly automatized, and
will use environment-controlled cabinets to maximise the fly production.
However, their conception requires large investments funds, allow a
narrow flexibility if the substrate changes (or price increases) and usually
enters in direct competition to other livestock sector, as they are using the

same feeding substrate.

i) On the contrary, small to medium scale BSF systems can address more
local problems. Due to the greater plasticity in source and amounts of
waste possible to treat, it can serve and benefit a wide range of

entrepreneurs from a public toilet owner in the urban centre of an African
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city, a medium-scale fish-producer or an organic waste manager in an
Asian food market (Diener et al., 2015). Therefore they can act as real
waste remediation systems, potentially acquiring their substrate for free,
selling their by-products locally, and can still be upscaled. By providing
local employment, they could contribute to community development.
However, their waste streams usually require a primary sorting, cannot
provide a quality-reliable feedstuff or compost, and cannot test on a regular
basis their products to ensure that no bioaccumulation has occurred. In
addition, the fly-colony will have to cope with environmental conditions
(fluctuation in temperature, humidity etc.) and will require a significant
labour source to work properly, reducing its economic returns but

potentially enhancing its social outcomes.

By addressing two different issues, one on a local level, and the other on the international
level, these systems can have a synergistic effect, assuming that they would be
economically viable. At the moment, too little information is available to make such

assumptions.

8.6 Constrains & limitations

For the development and implementation of this bioconversion system, some constraints
are yet to be overcome. The most obvious one being its economic viability. It is the
cornerstone of every system, and unfortunately, yet no studies can answer properly this
question, as no market price has been given on the MM nor the compost. The economic
aspect of the MM production, as an alternative feedstuff, will be the key factor to consider
its implementation into the feed sector (Rust et al., 2003).

In a study done by IPIFF in 2018, the legal framework was identified as one of the main
factor impacting the growth of the insect sector. Food and feed safety is essential for the
insect industry, and like any food or feed company in Europe, insect producers have to
follow principles established under the European Feed Safety risk management policy.
Responsibility for the safety of feed/food placed on the market relies on the individual
feed/food business operators. Although the traceability of products must be ensured. In
the EU today, the opportunities for using and feeding insects are still quite limited. Insects
are for example not allowed to be used as feed for poultry and pigs and may not be fed
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with former foodstuff containing meat, fish or food losses originating from restaurants or
catering establishments. These restrict greatly the market and efforts are ongoing to
broaden the opportunities available. Consequently, the breeding substrates available in
Europe are not yet sustainable —as they could be used already as feed- rending the BSF
breeding irrelevant at the moment. This issue is however usually not present in LIDC, on
a general basis more flexible toward the type of substrate to be used to breed the larvae.
However, the saprophagy of the insect, and the idea that larvae fed on “waste” are used
to feed fish can still be considered too much of a taboo. However, surely, when the price
point has been achieved, it is more likely that minds and investors wallets will open to
this idea.

Another constraint comes with the domestication of the BSF. Being now a cosmopolitan
species, the phenotypic plasticity of the fly is great, and affect the global production
system. It has been demonstrated by Zhu et al. (2013) that three strains of BSF (from
Texas, Guangzhou, and Wuhan, China) displayed very different profiles in their
development time and bioconversion efficiency. The Wuhan strain appeared to be fitter,
reached the prepupal stage 17.7% faster than the one from Guangzhou and 29.9% than
the Texan one. They were also heavier (14.4-37.0% more than those from Guanghzhou
or Texas respectively). Consequently the bioconversion rates were affected, with that
same strain reducing the dry matter of the substrate by 46.0% (swine), 40.1% (dairy), and
48.4% (chicken) more than the Guangzhou strain and 6.9, 7.2, and 7.9% more than the
Texas strain. This strain differences are crucial into a large scale BSF production plant,
as they directly affect the quality and quantity of the by-products obtained. Therefore, no
general numbers can be extrapolated for a “classical BSF production”, hampering the
generalisation of a cost analysis, as it is site and strain specific. Similarly to livestock
domestication by humans, occured some 10,500 years ago for cows, the ‘domestication’
of the BSF will be required. The artificial selection of specific phenotypic-trait could help
to maximise the potential of the larvae, and target several key production stages (i.e.
maximising egg laying, bioconversion etc...). As an example of such issue, the egg
production is very variable amongst different location: in our site in Ghana the oviposition
rate was very low, while in Tanzania, Indonesia or Malaysia, under the same breeding
condition, the egg production was not an issue (Jesse Willems, Max Breinsteiner, Emilie
Devic, Pers. Comm., 2018). This particularity is most likely associated with a

phenotypical trait of the strain.
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The upscaling is also difficult for the harvesting process. As demonstrated in Chapter 4
the white larvae is the ideal larval instar for MM production, however at this stage they
tend to stay within the substrate, rending their harvesting challenging. Specific
machineries have to be designed and built to enable the mass production of the BSF
larvae. But, being only technical problems, it is only a matter of time before already-
existing machineries are converted to sort the larvae from the substrate with an automatic
process.

As we highlighted in chapter 3, the substrate has to be selected very carefully: mirroring
what they eat, the larvae can become formidable bioaccumulators of heavy metals or
pesticides. Having a high tolerance to heavy metals (Cai et al., 2017) it stresses even more
the problem as no external warning signs could be detectable. The only way to prevent it
remains by ensuring the quality of the feeding substrates, and by testing on a regular basis
the MM (Van Der Spiegel et al., 2013). This problematic is especially true for small to
medium scale production system, having no easy nor cheap techniques to test for this type
of contaminants.

In a nutshell, to have a successful implementation in the near future, the BSF industry
should meet an industrialization of its farming process, be economically viable and cost-
competitive, while at least meeting or exceeding already existing systems producing
conventional protein sources for aquaculture. This will be achieved through optimizing
the production process, using economically competitive and sustainable substrate
resources, closing a nutrient loop, as in a circular economic system (Rumpold & Schl(iter,
2013; Van Huis et al., 2013; Pastor et al., 2015).

8.7 Future perspectives

This Thesis highlighted the high potential of BSF meal as a high quality ingredient in
diets for highly targeted specific fish stages where low amounts, but high quality feed,
are required. Accounting for location-specific and environmental condition, the
production of MM could aim to maximise its sustainability and quality based on a circular
economy strategy, where unused waste streams would be upcycled into valuable co-
products. It could support a sustainable development of aquaculture in low income and

developing countries. In addition while producing maggots, the frass being a non-
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negligible by-product, could improve the sustainability and profitability of surrounding
crop culture while decreasing pesticide and fertiliser use.

Further investigations are required on the potential ability of the MM to enhance the
immune system and the resistance to stress, through the presence of chitin or lauric acid.
The outcomes of this Thesis shows that fish fed with diets containing whole BSF meal
have greater performances than defatted MM suggesting that fat has an important role to
play. Consequently, the potential role of BSF meal as a substitution to “in feed antibiotic”
should be investigated. If this role is proven, it will increase drastically the value of this

new feedstuff.

Obviously, studies on the lifecycle of the BSF should be continued in order to provide a
better understanding of its biology, enabling its commercialisation on a large scale basis.
Similarly to cow or sheep, the domestication process of this “new” species is crucial in

order to up-scale its production.

Finally, although Nile tilapia is an economically relevant, and sustainable species in
aquaculture, future researches on BSF should focus on invertebrates such as prawns or
shrimps, being intensively farmed. Similarly, outside aquaculture, their use as feed for
the poultry sector has to be investigated, as they could be fed live, and present a very high

digestibility, maximising their potential in this sector.

As a conclusion, the BSF bioconversion process is threefold: waste remediation service,
larvae and compost production. If this “triumvirat” is achieved, and not only focused on
one of these aspects, the BSF industry could meet the sustainability and economic criteria
it was looking for. Upon which it would have the potential to expand and be profitable to
both developed and LIDC.
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