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Preface

In recent years, worldwide interest in protein sources which can be used for human nutrition
has focused attention on edible insects. The rearing conditions, the utilizable byproducts and even
the insects themselves that are considered edible are not the same the world over. With this Special
Issue, we wanted to gather scientific articles of international standing that would give an overview as
complete as possible of the situation in the world regarding this topic. The result was the publication
of relevant manuscripts (articles and reviews) mainly on three edible insects: Silkworm (Bombyx mori),

Black Soldier Fly (Hermetia illucens), and Mealworm (Tenebrio molitor).

Simona Errico
Guest Editor
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Editorial
Sustainability and Perspectives of Edible Insect Rearing and
Utilization of Their Products and Byproducts

Simona Errico

Laboratory “Circular Regenerative Bioeconomy”, Division “Sustainable Agri-Food Systems”,
Department “Sustainability”, ENEA—Trisaia Research Centre, SS Jonica 106, Km 419+500,
1-75026 Rotondella, Matera, Italy; simona.errico@enea.it

This Special Issue, titled “Sustainability and Perspectives of Edible Insect Rearing and
Utilization of Their Products and Byproducts”, aimed to gather high-quality scientific con-
tributions suggesting innovative solutions for rearing edible insects and new perspectives
on the use of rearing products and by-products. The prediction that the world’s population
will increase to 9 billion by 2050, but probably even earlier, resulting in an ever-increasing
demand for protein, makes it necessary to find alternative protein sources [1].

Edible insect rearing can be useful in this context. However, it must be sustainable to
avoid further burdening the environment and climate. This can be achieved by valorising
waste and by-products for insect feed. Europe has only recently started using insects as
human food, though insects have been bred for food purposes in other countries for a long
time [2].

This Special Issue comprises five scientific studies and three reviews.

The first of those published reviews evaluates the sustainability and economic op-
portunity represented in one European country, Romania, by the rearing of the silkworm
(Bombyx mori), which has been proposed for human consumption but is not yet approved
by the European Commission. The authors analyse possible improvements in rearing, the
crucial importance of preserving the mulberry tree habitat and the need to also use the
by-products of rearing to make it sustainable. However, they suggest that further studies
are needed on the nutritional qualities and possible health effects of silkworm larvae with
a view of their potential use for human nutrition [3].

The second review analyses Hermetia illucens rearing, mainly by assessing its demand
regarding nutrition, potential and performance measures. This contribution emphasises
the difficulty of translating gained knowledge to industrial applications mainly due to
the considerable differences in by-products used and the biotic and abiotic variables
considered by previous studies, but it also helps define the range of variables to be tested
in the future [4].

The last of the three reviews describes the valorisation of spent coffee grounds to rear
black soldier fly (Hermetia illucens) larvae and illustrates the results of a bibliometric study,
i.e., the statistical analysis of books, articles or other publications. This contribution explains
how an adequate diet composition is indispensable since coffee contains caffeine as an
alkaloid that hampers the growth of certain plants and Hermetia illucens larvae themselves.
Furthermore, it analyses the possibility and limitations of using Hermetia illucens larvae fed
in this way in aquaculture and fisheries [5].

Among the studies, Suraporn et al. propose using waste from Thai silkworm rears
with the perspectives of both sustainability and economic benefit. Specifically, the group
isolated lactic acid bacteria from the faeces of a local strain of Bombyx mori and obtained five
extracts, all of which showed bile salt hydrolase activity, the ability to adhere to epithelial
cells and remarkable probiotic properties, making them potential candidates for use as
probiotics in feed [6].

Agriculture 2024, 14, 2037. https:/ /doi.org/10.3390/agriculture14112037 1 https://www.mdpi.com/journal /agriculture
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Of the other four studies, two focus on Hermetia illucens rearing and two on mealworm
(Tenebrio molitor).

The two studies focusing on Hermetia illucens larvae, one from Canada and one
from Italy, explore their uses in areas other than human food because Canada has yet
to implement specific regulations on entomophagy and Europe has not yet approved
Hermetia illucens larvae for human consumption.

Bejaei and Cheng studied the effects of including dried Hermetia illucens larvae in the
diets of free-range laying hens on production efficiency, food safety, blood metabolites and
health. In general, their use had no negative effects on hen health and welfare; however, the
authors emphasised the need for further studies to determine more efficient proportions of
dried Hermetia illucens larvae in the diets of laying hens [7].

De Santis et al., on the other hand, proposed a multidisciplinary approach for de-
veloping a supply chain in the conversion of agro-food waste biomass mediated by
Hermetia illucens larvae. The approach covers the entire process, from rearing to the ex-
ploitation of by-products. In their study, the heterogeneity of fruit and vegetable waste
from large-scale distribution did not appear to be a limiting factor in standardising pro-
duction in an insect rear and in organising the bioconversion process on an industrial
scale. Furthermore, the researchers noted the possibility of using compost obtained from
Hermetia illucens rear residues as a soil conditioner and as a partial replacement for synthetic
fertiliser [8].

The other two studies address issues related to rearing Tenebrio molitor, the only insect
discussed in this Special Issue that is presently approved by the European Commission.

The study by Errico et al. shows the advantages of using prickly pear (Opuntia ficus indica)
cladodes as a source of water and nutrients for the small- and medium-scale rearing of
Tenebrio molitor larvae, especially in the Mediterranean area, where this cactus is widespread,
but its cladodes are rarely consumed. Opuntia ficus indica maintains its overall qualities
longer than apple and potato while remaining palatable to mealworms, which allows for
less frequent feeding. The possibility to utilise residual cladodes from pruning and the
fact that it does not need to be stored at low temperatures makes Opuntia ficus indica an
advantageous alternative water source that could further reduce the ecological footprint of
rearing Tenebrio molitor at the small-to-medium production level [9].

Vrontaki et al. investigated the effects of using agricultural by-products in the large-
scale rearing of Tenebrio molitor larvae on larval growth and body composition. In particular,
the authors emphasise the benefit of incorporating locally abundant oat by-products, spent
brewer’s grains and rice bran into Tenebrio molitor diets. The work shows, on the one
hand, the great advantage of this large-scale utilisation of Tenebrio molitor rears, and on the
other hand, how it is not possible to directly apply the protocol and the results obtained to
any by-product due to the unique characteristics of each matrix and the possible need for
transforming the by-product before it is included in the Tenebrio molitor diet [10].

It is clear from these scientific contributions that the issue of sustainability in protein
production is very much on the minds of researchers globally. Although dealing with very
different specific topics, all of the studies aim to achieve the valorisation of by-products
and agrifood waste (oat by-products, spent brewer’s grains, rice bran, and prickly pear)
and the use of rearing by-products in different sectors (using isolates of lactic acid bacteria
from faeces as probiotics in animal nutrition, frass as a soil conditioner for vegetable crops,
etc.).

Overall, these contributions provide valuable insights for new research, demonstrating
the current relevance of this topic and its significance to researchers. They invite further
studies to provide a comprehensive answer to the questions posed by society, politics,
and consumers.
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Silkworm Bombyx mori—Sustainability and Economic
Opportunity, Particularly for Romania

Mihaela Habeanu, Anca Gheorghe * and Teodor Mihalcea

Research Station for Sericulture Baneasa, 013685 Bucharest, Romania; mihaela.habeanu@scsbaneasa.ro (M.H.)
* Correspondence: anca.gheorghe@scsbaneasa.ro

Abstract: The main concerns and challenges of raising silkworms include economic value, mulberry
management, biodiversity conservation of genetic resources, and developing highly productive
breeds for genetic variety. This study investigated the relationship between the economic relevance of
the products generated throughout the value chain, limitations, and opportunities to generate incomes
for sericulture farmers, trends, and perspectives worldwide, particularly in Romania. Seventy-seven
publications were considered from online databases. The diversification of products generated at
each level of the value chain of silkworm rearing and their multipurpose applications impact social
and economic life. Hence, silk is well known as a valuable biomaterial for industry, suitable for
textile and medicine. There are several arguments to use silkworms in human food even though they
are not yet authorized as edible insects at the European level. Thus, as a nutrient-rich by-product,
silkworm pupae (extract, cakes, and oil) have medicinal properties and can be used for human and
animal nutrition. Sericin, silk fibroin, and chitin are bioactive compounds in cocoons and pupae
with pharmacological implications and drug composition, while biomass is suitable for biodiesel and
excreta for compost. The farmers” attitudes and mentality associated with political circumstances
influence the perspectives for the sericulture field. Due to the high likelihood of using their products,
small-medium-scale farmers might benefit sericulture by identifying new sales marketplaces and
finding new beneficiaries for directing their multiple products. The funds allotted by government
subventions for supporting this fascinating activity and opportunities for jobs may aid in encouraging
to start of a new sericulture business or to contribute developing the existing one.

Keywords: mulberry; silkworm; pupae; silk; economic; biodiversity; conservation

1. Introduction

Climate change, biodiversity as an important driver of food safety and security, popu-
lation increase, and the identification of novel protein alternatives to those derived from
animals are the main issues currently on a worldwide scale.

Insects have been consumed for thousands of years and can be utilized as an alternative
source of protein and for waste disposal [1]. For example, insects such as the black soldier
fly, which can digest waste materials and generate high-protein larvae, are employed in
modern systems [2]. Fisheries may be maintained using insects that can substitute for
fishmeal in an aquaculture diet. The use of insects for livestock feeding was described
previously by several authors [3-6].

Among insects, the silkworm Bombyx mori occupies a special position, being an
excellent lepidopteran species representative of numerous scientific investigations [7].
B. mori was domesticated and developed by human-driven selection from a wild origin
since ancient times. Many years ago, silkworm genetic stocks were conserved in research
facilities [8].

Agriculture 2023, 13, 1209. https:/ /doi.org/10.3390/agriculture13061209 4 https://www.mdpi.com/journal /agriculture
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The silkworm can be considered from the economic point of view to be one of the
most significant insects. It has been providing important benefits to humans, and it has
continued developing thanks to its many practical applications, including using it as a
model organism for medical purposes [6,9-11].

Presently, UNESCO has designated sericulture as an intangible cultural heritage. In
addition to producing several beneficial by-products for human society (pupae, biomass,
excreta, mulberry leaves extract, etc.) and adding value through a wide range of applica-
tions in economic sectors [12,13], sericulture is required to produce silk fibre for fashionable
clothing, shoes, bags, wallpapers, and other fabric items [14].

The economic potential of the sericulture sector, which starts with the production of
mulberries (Morus sp.) and continues with the rearing of silkworms (upstream) to obtain
silk threads (downstream), depends on how this sector can add value and diversify the
way of valorisation of the primary product and by-products [15].

It was acknowledged that the production of natural silk threads and the rearing of
silkworms, both being historic traditional occupations in the world, would be comparable
to a veritable endless “gold mine” if all the conditions for doing so would be exploited
to the maximum possible extent. In this assumption, experts recognize that increasing
and promoting the production of silkworm cocoons are essential to preserve the coun-
try’s pedoclimatic conditions and the upgrading of this well-earned sector over many
decades [16].

Silk production accounts for around 0.24% of all fibre use or about 202,000 metric
tonnes annually. B. mori provides probably 99% of the silk production [17], although it is
challenging to determine the exact global value due to the absence of accurate statistics
on completed silk products in the majority of importing nations. China is the leader in
production, followed by India, which together account for 95% of global silk manufactur-
ing [18]. On the other hand, although silk thread together with cotton, jute, linen, wool
(natural fibres), and nylon and rayon (artificial fibres) is among the most popular known
types of fibres, competition among them on the market is obvious, and quality is frequently
sacrificed in favour of the price criteria factor when making purchasing decisions.

Silk is a valuable biomaterial that can become more significant in the current tex-
tile/fashion value chain framework, although the production of the world’s total textiles is
relatively low [19]. Under the new market conditions based especially on artificial fibres,
silk fibres declined, unable to compete, if we consider the purchasing power of a significant
market segment, even though there are several other factors, such as its natural protein
fibres. Furthermore, the preservation value of B. mori species can support the sustainability
of the sericulture sector.

The by-products resulted at each phase along the technological value chain contribute
substantially to opening new perspectives for development.

The pupae are a highly nutrient-dense by-product recommended as an edible by-
product from the silkworm, which is left after reeling silk. The pupae are utilized in
pharmaceutical research after being further treated to extract nutrients and active sub-
stances. Silkworm pupae bioactive compounds act for health. The varied medicinal
benefits can be remarkable.

The future of sericulture depends on a paradigm shift toward reducing environmen-
tal effects and enhancing economic and social life by valuing all products produced by
this sector.

This paper investigated the relationship between the economic relevance of the prod-
ucts generated throughout the value chain, limitations, and opportunities to generate
incomes for sericulture farmers, trends, and perspectives worldwide, particularly in Roma-
nia. We also pointed out the perspective of seeing silkworms as a contributor to decrease
protein hunger being recommended as suitable alternative protein sources.
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2. Materials and Methods

To explore the potential applications of the diverse range of products and by-products
generated from sericulture associated with economic and biodiversity implications, we
considered publications accessible in Elsevier, MDPI, PubMed, Web of Science, Research
Gate, Springer, and Wiley Online Library databases. For easier searching, we used the
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following key words: “mulberry”, “silkworm”, “pupae”, “silk”, “economic trend in seri-
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culture”, “biodiversity”, “conservation”, “compost”, “silkworm larvae”, “edible insects”,
“silkworm by-products”, “environment”, and “silkworm market”. The criteria for selecting
the publications consisted of the topic of the papers, the English language or bilingual
edition with one language being English, and the years. The articles between 2012 and
2023, with few exceptions, were selected attempting to meet the eligibility criteria. The

data were collected from over 100 publications, and finally, 83 studies were considered.

3. From the Past to the Present State of Sericulture

The current uncertainty could be clarified with a quick trip into the past. The molec-
ular analyses showed that the silkworm B. mori originated from the B. mandarina around
4600 years ago in China [20] (quoted by [21]).

The history of silk manufacturing and weaving is reflected in folklore. Undoubtedly,
this industry started about 3000 years BC in China. When it was found that approximately
1 km (1000 yards) of thread that makes up a silkworm’s cocoon could be reeled out, spun,
and woven, the sericulture industry in rural China rapidly gained popularity. According to
the Chinese tradition, Lei Zu, the mythical wife of Huangdi, the Yellow Emperor, taught
the Chinese people the technique; throughout the history, the empress was symbolically
linked to sericulture [14,22,23].

Since approximately 2000 years ago, when the so-called “Silk Road” connected Europe
to Asia, the silk trade was considered a significant industry preparing the globalization’s
beginning [19].

Due to industrial development, pollution, and the silkworm disease (pebrine), the
sericulture industry has declined since approximately 1873, particularly in Europe. Thus,
similar to other species, B. mori became endangered, leading to a detrimental effect on
biodiversity preservation. The mulberry trees were neglected, and the dead ones have yet
to be replaced. The output was restricted to meeting local demands.

Tanase [24] pointed out that the heritage of the silkworm breed depends on mulberry
management, maintenance, and utilization of modern techniques necessary to obtain up to
30 tons/ha of leaves.

According to Pau et al. [25], cited by Pop et al. [26], Romania possessed a variety of
mulberry species, comprising 49 foreign breeds and hybrids from Japan, China, Russia,
Bulgaria, and India in addition to roughly 10 local types.

Over the 20th century, this sector’s development experienced significant variations.
High levels of hazardous gases, liquid chemicals, and non-biodegradable solid waste were
discharged into the nature from household buildings, cars, and industry due to increasing
urbanization and the rising human population [27]. Sericulture is one of the industries that
was impacted. After this period, silkworm growth developed steadily until the beginning
of the 21st century. The specific activities remained at a lower level.

4. Climatic Conditions

No populations of B. mori still exist in the wild due to their intense domestication [28],
which led to the difficulty of adapting to unfavourable climatic conditions, particularly
high temperatures.

According to Rohela et al. [27], mulberry trees are widely distributed across the
continents in various environments (from temperate to tropical surfaces), suggesting that
they are more tolerant of changing environmental conditions. Hence, mulberry can adapt
to different climates, soil types, and altitudes (up to 4000 m above sea level); however,
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it is resistant only with the ensured light, temperature, water, wind, and other climatic
factors [29].

Mulberry trees have a high rate of carbon sequestration that makes it excellent for
removing gaseous carbon emissions from the environment [27]. Giacomin et al. [30] and
Habeanu et al. [6] mentioned that mulberry trees produce leaves for silkworm larvae intake,
and more of that can retain carbon. B. mori is also very sensitive to pesticides.

One kilogram of raw silk requires approximately 200 kg of mulberry leaves to manu-
facture it. When the mulberry tree matures in the third year, it can produce around 2 kg
of leaves. Mulberry fields per cultivated area reduce CO, eq. by about 735 times the
weight of synthetic silk fibre. On the contrary, fresh pupae are by-products that pollute the
environment and emit an unpleasant odour in the surrounding communities. In the space
where silk is produced, large-scale pupae disposal can have detrimental environmental
effects [6].

Romania has a mild climate between temperate and continental due to its location in
the southeast part of the European continent. The country’s diverse relief affects climatic
conditions in specific ways. Its geological subregions, which encompass hill, plain, and
mountainous areas, are related to climate fluctuation. In the south, the average annual
temperature is 11 °C, while in the north, it is 8 °C.

The most important Romanian centres where sericulture is practised to high standards
are the Research Station for Sericulture Baneasa, Bucharest, (RSSB) and the Global Centre of
Excellence for Advance Research in Sericulture and Promotion of Silk Production (GCEARS-
PSP). While the RSSB is situated in the southern lowland region characterized by a humid
continental climate with an average annual temperature of 10.8 °C, the GCEARS-PSP is
located in the heart of the Transylvania region characterized by a moderate continental
environment with oceanic influence and an average annual temperature of 8.2 °C. The
conserved genetic resources are the B. mori genus.

5. Mulberry Sustainability by Its Applications

Mulberry (genus Morus, family Moraceae) is a significant economic component in
sericulture, the starting point since the quality of the cocoon and the quantity of leaves
produced per unit of area are strongly correlated.

The mulberry tree is a perennial plant with significant traits, including higher leaf pro-
duction, a shorter gestation time, and a greater capacity to adapt to the environment [27,31].
Ninety percent of the world’s raw silk output comes from silk from silkworm B. mori [28].
This considerably improves many people’s lives worldwide. Moreover, it has been stated
that the mulberry plant offers a range of nutritional and therapeutic benefits, including its
use in livestock feed and well-recognized medical advantages [32].

The mulberry leaves, fruits, and wood push the limits of sustainable development
through multiple applications from an economic standpoint. Firstly, mulberry leaves are
well known for being the only nourishment source for feeding and raising B. mori silkworms,
although artificial diets have been adopted [33]. According to Srivastava et al. [34], leaves
powder contains key nutrients, such as protein (5-7.3%), fat (2-5%), ash (14.59-17.24%),
carbohydrates (9.70-30%), and energy (113-224 kcal /100 g). Cai et al. [35] found condensed
tannins, jasmonic acid, anthocyanins, flavonoids, stilbene, and terpenoids, as bioactive
compounds required as well for physiological processes in the larva body (growing, repro-
duction, silk production). One metric tonne of mulberry leaves will yield approximately 25
to 30 kg of cocoons [21].

Mulberry fruits, rich in protein and vitamins, have long been consumed worldwide in
human and animal diets. Mulberry products, including juice, tea, wine, and jam, are worthy
of inclusion in human diets because of their rich composition in antioxidants, vitamin C,
potassium, magnesium, iron, and vitamins K and E.
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Several studies have recently investigated the antioxidant potential of extracts from
various mulberry plant components, including the leaves, roots, and fruits [36,37]. Further-
more, numerous studies have shown antioxidant, antiviral, anti-inflammatory, hypolipi-
demic, anti-hyperglycaemic, neuroprotective, anti-HIV, antihypertensive, and cytotoxic
properties for mulberry leaves [6,38].

In conventional and contemporary medicine, fruits and leaves are recognized for
their antidiabetic properties [21,39]. Traditional Chinese medicine uses mulberry leaf tea
with flavonoids and polyphenol antioxidants. The tea has anti-inflammatory properties
and reduces cholesterol. Recent studies have also shown mulberry leaf tea has therapeu-
tic benefits for treating diabetes by decreasing blood sugar and inhibiting carbohydrate
absorption [40].

Ghosh et al. [31] provided a detailed description of mulberry’s economic importance.
Thus, the protein-rich mulberry leaves of Morus alba can be used successfully as animal
feed and can help in lowering blood pressure and cholesterol levels in humans.

Although they were considered waste, the mulberry leaf stalks, and leftovers, such as
twigs and shoots, can add value to ruminants and monogastric diets [41-46]. The trunks’
wood is valuable for manufacturing paper, handicrafts, cabinetry, handles, and as a fuel
source [21].

The main issues that affect the silkworm farmers include mulberry and silkworm rear-
ing management practices, mulberry field area, low quality of silkworm breeds, inadequate
infrastructure, a lack of room for raising silkworms, a lack of sufficient start-up equipment
for farmers, and low acceptance of new technologies [47].

6. Silkworm Products—Economic Impact

Although there has been a noticeable improvement in silkworm breeding and the
creation of new varieties, sericulture development still faces substantial challenges both
upstream and downstream. The availability of high-quality eggs, efficiency of farms, health
management, a lack or insufficiency of governmental support, unsustainable production,
and competition from imported products are the predominant impediments to its develop-
ment on both the upstream and downstream levels [17]. Sericulture’s profitability can be
boosted by legislation, investments, and cutting-edge procedures and methods.

Throughout the technological flux of growing silkworms, products (silk thread, pupae
cake, pupae oil, larvae and excreta, moths, eggs) are generated at each phase with excellent
application in various fields. This increases the incomes of silk farmers and from other
related industries.

For instance, the manufacturing of silkworm silk thread (the main product considered
a natural protein filament and finest yarns) had a considerable impact on economic devel-
opment since it formed the basis of rural and urban economy areas of Asia, Europe, and
American countries.

According to the FAO report, at the global scale, between 70,000 and 900,000 M.T. of
silk is produced yearly, while the demand is rising by 5%. The need for silk will grow due
to the population growth and the increased desire for attractive clothing items brought on
by rapidly changing fashion trends in highly developed nations.

The high value of silk yarns explains why they have been a crucial part of cross-
continental commerce for many generations. Major economic, social, and cultural contacts
have resulted from these exchanges over shifting continental and marine routes, but their
geopolitical and symbolic long-term significance is still obvious today. The silk production,
processing, and trade also serve as the foundation for a tangible cultural heritage by
aiding in the development of skills, work organization techniques, encouraging technical
and technological transfers, and designing rural and urban landscape types. These traits
of sericulture activities make them especially well-suited for addressing economically
important topics from a global viewpoint.
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Data Bridge Market Research [48] reports that the textile sector has experienced
tremendous expansion, leading to the increased demand for silk. Producing silk does not
require sophisticated machinery and equipment. These elements support the market’s
growth. The global silk market is anticipated to grow by USD 32.06 billion by 2029 with a
Compound Annual Growth Rate (CAGR) of 8.30% from 2022 to 2029. According to Market
Data Forecast [49], the CAGR is predicted to reach 11.32% from 2023 to 2028, while Mordor
Intelligence [50] forecasted a CAGR of 5.5% for the 2018-2028 period. The Observatory
of Economic Complexity (OEC) [51] reported the total silk transaction amount of USD
1.27 billion in 2020, which contributed to making silk the 96th most traded product in the
world. Raw silk exports increased from USD 245 million in 2020 to USD 269 million in
2021.

According to OEC statistics, Romanian silk exports represented 2.07% of the total
export value, while imports comprised 13.9%.

Silk fibrous proteins (sericin and fibroin) are beneficial compounds produced in the
sericogenic glands of the silkworm through biosynthesis. Sericin, which makes up 25-30%
of the protein, surrounds the fibroin fibre with a series of sticky layers that contribute to
forming the cocoon. Sericin binds the silk threads around each other, ensuring the cohesive-
ness of the cocoon [52]. Biodegradable polymers that are favourable to the environment
can be produced by mixing sericin with other resins. Sericin and fibroin can be used to
create membranes for separation procedures [53].

According to Saric and Scheibel [53], researchers from several fields are looking into
using recombinant silk proteins as green bio-polymers. Silk materials may also be macro-
scopically functionalized to create composite materials that offer remarkable versatility,
such as for medical uses in diagnostics, biosensors, or tissue regeneration. Silk is also
promising for various clinical and biological applications [54]. Similarly, Kundu et al. [54]
highlighted fascinating technical progress made by using bioengineering in implantable
optics, photonics, and electronics.

Silkworm pupa characteristics, nutritional value, and applications in different fields
were detailed in our previous paper [6]. Thus, we focused on the excellent nutritional
characteristics emphasizing fatty acids beneficial to health (omega-3 particularly) and wide
applicability in human food and animal feed, medicine, and environmental impact reduc-
tion. The varied and intricate medicinal benefits, such as immunomodulatory, antibacterial,
anticancer, antioxidant, hepatoprotective, antifatigue, and antiapoptotic actions, are also
remarkable. Silkworm pupa bioactive compounds act by reducing plasma triglycerides.
These bio-compounds act to treat wounds and control blood sugar levels, lower blood
pressure, prevent thrombosis and arteriosclerosis, boost cell vitality, and enhance the body’s
defences in metabolic disorders [6,55,56].

Among the benefits of silkworm proteins and hydrolysed peptides are increased
immunity and anticancer and antioxidant properties [57].

From a dietary perspective, the larvae and pupae are edible parts of the silkworms
and are eaten by the inhabitants of China, Japan, Korea, Thailand, and Northeast India [58].
Due to their high protein content, silkworm pupae have been sold for centuries in various
marketplaces and are regarded as an economically viable commodity [15].

Sericulture focuses on many methods that might boost the farms” incomes by manu-
facturing cocoons. Small-scale farmers need to identify new revenue streams, including the
sale of cocoons and other applications of by-products. Silkworm rearing allows for a cheap
supply of biomass, which is potentially a beneficial source for biogas generation [59]. In
a study in 2019, Lochyniska and Frankowski [60] presented an option with encouraging
results of fertilizer organic hemp culture (Cannabis sativa L.) with larva excrements.

Traditional Asian medicine has employed excreta therapeutically to treat various
diseases [59]. Since it contains a lot of flavonoids, chlorophyll, alkaloids, carotenoids, and
lutein, silkworm excreta may have considerable antioxidant action [6].

The litter of silkworms (leftover leaves and faeces) can be used as organic manure [61].
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Over time, due to concerns about animal welfare, scientists have been obliged to
restrict the number of vertebrates used as experimental animal models. Consequently,
other animal models that do not need ethics committee approval have been considered.
A richness of genetic resources, an evident genetic pedigree, and a short generation pe-
riod with a 25-30-day larval stage are some traits that make using silkworms a more
favourable, simpler, and less expensive model for studies [10]. Kodama et al. [62], quoted
by Meng et al. [10], developed the first silkworm larva viral infection model for medication
therapy. The findings of injecting the virus into the silkworm’s haemolymph showed that
nalidixic acid might suppress the growth of the flacherie virus and nuclear polyhedrosis
virus (BmNPV) and shield silkworms against infection with related viruses.

Due to their great susceptibility to pesticides, antibiotics, pathogenic fungi, and germs
that are harmful to humans, silkworms have become a paradigm for natural immune
activation, drug screening and kinetic testing [10]. In addition, research on the pathophysi-
ology and human microorganism toxicity has rapidly improved in recent decades. It was
discovered that the chitosan isolated from silkworm pupae improved economic parameters.
Hence, efficient pupa reutilization might be employed to produce a high-potential raw
material for numerous biomedical processes by turning it into beneficial bioproducts [63].

In contemporary research, the silkworm is used as a model organism to investigate
human tumours, degenerative diseases, and metabolic diseases.

Epigenetics investigates genetic variation at the chromatin and DNA alteration levels
without variations in gene sequence [64]. In cutting-edge research and technology, it is
a crucial information carrier. Sericulture research advanced in 2010 by creating the first
silkworm methylation map (as an epigenetics marker).

Aznar-Cervantes et al. [65] showed that it was possible to use the silkworm to assess
the hypoglycaemic activity of various products originating from sericulture by dietary
addition after promoting glucose or sucrose-induced hyperglycaemia.

Future directions and targets may be established and investigated as science continu-
ously develops.

7. Edible Silkworm—Mentality and Perspectives
7.1. Silkworm as a Source of Food

A 60% increase in the requirement for food is anticipated by 2050 [66,67]. Since the
Novel Food Regulation was enacted on 1 January 2018, EFSA [68] has received many
applications covering various novel and traditional food sources. They include foods made
from algae, non-indigenous fruits, herbal compounds derived from plants, and different
edible insect species. Silkworms B. mori have been considered as a suitable insect for human
consumption as a substitute for animal protein, but did not yet receive official authorization
as edible insects.

Edible insects are a distinct food ingredient that continues to gain value in improving
global food security and providing an attractive alternative to meat. Insects can contribute
to food production and reduce the adverse effects of climate change [69]. More than
2000 edible insect species, including silkworms, are consumed globally [67] in raw or
processed form [69].

A comprehensive nutritional comparison between B. mori and meat from different
species was provided by Orkusz et al. [67]. Accordingly, the energy value (kcal/100 g) of
edible parts of B. mori ranges between 171.27 and 229, for horse meat it is 109, for pork
shoulder 13.2, for beef shoulder 112, for rabbit carcass 123.24, for goose carcass 140.63, for
duck carcass 199.04, for turkey breast 83, for chicken breast 98, and for chicken drumstick
125. Regarding protein level (g/100 g), the higher value was reported for B. mori (17.9-23.1),
followed by chicken breast and horse meat (21.5%), while the lower value was found in
the goose carcass. For the poor rural population especially, B. mori represents a source
more attractive from the nutritional point of view than meat. The advantages include fast
growth, more efficient feed conversion, and minimum resource requirement.
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Although insects present many advantages, most consumers are wary of their safety
in most developed nations and reluctant to include insects in their diets. However, the
studies concerning edible insects are limited.

In Romania, similar to many Western countries, there is a strong mentality against
consuming edible insects, despite the EU opinion and advice due to respect for culinary
traditions, mentality, and lack of sufficient information. Zugravu et al. [70] pointed out the
importance of knowledge as a determinant factor for accepting the intake of edible insects.
The study of Zugravu et al. [70], including Romania, as part of a global investigation, used
a questionnaire translated into Romanian to assess attitudes against eating insects and find
modifiable factors associated with reluctance or aversion. Even though most people do not
find insects appetizing, those who know more about them may be willing to try these novel
food products because they relate them to protein or other nutrients content. Nonetheless,
overcoming aversion will be crucial in accepting insect ingestion, as eating patterns change
hesitantly and gradually.

As an argument, the FAO [71], cited by Zugravu et al. [70], reported that a significant
portion of the population will not have enough water by 2025. Raising and processing
insects requires less water. Certain insects, such as the yellow and smaller mealworms and
silkworms, can withstand drought.

According to Wu et al. [57], 26 proteins from silkworm pupae have been identified
as allergens. Phytate, phytic phosphorus, tannic acid, alkaloid, flavonoids, saponin, and
oxalate are some of the antinutrients in silkworm pupae that have drawn the attention of
several authors; however, their levels do not present a risk to humans [6,72,73].

The WHO and International Union of Immunological Societies (WHO/IUIS) Allergen
Nomenclature Sub-Committee (www.allergen.org) [74] have not officially confirmed or
registered any allergens of silkworm pupae aside from this arginine kinase (formally known
as Bomb m 1). Therefore, a thorough risk evaluation of possible allergic risks is necessary
before establishing silkworm pupae as a food source. Few studies evaluate silkworm
pupa allergens, and most tend to base them on case reports rather than regularly using
standardized tests. Although 26 silkworm pupa proteins have been identified as allergens,
little is known about their immunological characteristics [57].

7.2. Silkworm, a Valuable Feedstuff for Animal Feeding

There is an increased interest in using silkworms in animal feeding due to their
protein levels and protein digestibility (76-98%), lipids, and essential fatty acids [6], which
emphasize their significance in the current trends in feed science and related sectors. The
effects of using silkworm pupae in ruminants and monogastric species, including chickens,
pigs, rabbits, and fish, were studied by many authors [75-78]. Silkworm pupae are the
potential to replace soybean meal or fish meal in animal feeding. Silkworm pupa meal is a
valuable and less expensive alternative protein source having a little lower quality than
fish meal. The properties of hen eggs and yolk colour improved when silkworm pupae
were used as a protein supplement [5]. In monogastric diets, silkworm pupae did not
significantly impact growth and feed efficiency parameters.

The results demonstrated that silkworm pupae can stimulate rainbow trout’s immune
system and cause some anaemia-related symptoms.

There is little information available about using silkworm pupae in pig diets. However,
the pupal powder is advised for pig feeding due to its high protein content [79], albeit the
increased oil content may cause an adverse reaction. Interestingly, the protein in pupae is
superior to that in fish and soybean meal [5].

8. Employment Opportunity

Sericulture is a low-start-up-cost, employment-focused industry that generates income.
The agro-based economic development is depicted as bridging the gap between market-
oriented development and various development policy issues and goals, particularly
poverty reduction, climate change adaptation, and ecological and economic transformation.
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Every strategy, action, and link in the value chain must consider the broader structure hav-
ing as central point humans and their needs. The sericulture industry would significantly
impact the modern economies of many nations worldwide.

Commercial silk offers a high return to the producers who live in rural areas of
developing nations, and the silk industry requires only modest capital. Thanks to the
sericulture sector, millions of people from rural areas are provided with jobs, which prevents
and reduces migration to urban areas. More than this, the development of the silk trade was
aided by the expansion of the global market, which ensured significant financial inflows
into the payment systems of developing nations [80].

Each stage of the technological process involved in sericulture provides products
and by-products with a wide range of applications that have been identified and become
accessible over time. The question raised is how farmers who use sericulture wastes
might benefit.

According to a statement established by the EU in October 2007, applicable in Romania,
sericulture producers can obtain funding from the EU of about 134 euros for each carton of
silkworm eggs if they deliver the products to a licensed processing centre.

To be eligible for the financial support, breeders must purchase boxes containing a
minimum of 20,000 eggs from licensed distributors (e.g., in Romania, Research Station
for Sericulture Baneasa, Bucharest), then procure and distribute a minimum of 15-20 kg
of silkworm cocoons per box to an authorized processing centre. Breeders must also be
members of a sericulture association.

9. Sericulture Development Policy—Perspectives

The practice of eating insects is known as entomophagy, and historical evidence
supports this assertion [81].

For a higher economic impact, some more productive mulberry varieties, conservation
of silkworm genetic resources, obtaining a new silkworm breed resistant to harmful climatic
conditions and diseases, and biodiversity conservation are major challenges. At many
national and international forums, the concerns of the access to genetic resources, their
sustainable use, benefit sharing, and the farmers’ rights are being debated.

At present, few farmers practice sericulture, and even significant subsidies may be
obtained. The current government policy is directed to encourage and support the start-up
of businesses, particularly in rural areas.

Romania’s decision-making factors involved adopting measures to revive the sector,
implying specialists for know-how transfer.

Moise et al. [82] and Dezmirean et al. [83] emphasized the significance of the Romanian
GCEARS-PSP Centre, which has been recognized by the International Sericulture Commis-
sion since 2014, and whose main objectives include developing cutting-edge sericulture
research and analyses by using modern methods, building a gene pool for various silkworm
breeds, and trying to promote silk output. The revitalization of the Romanian sericulture
industry is the primary goal of GCEARS-PSP. A framework for restarting the activity at the
Research Station for Sericulture Baneasa, Bucharest, (RSSB) was also established in 2022
due to a government directive using updated coordinates.

Given the importance of raising silkworms via their diversity of products along
the value chain and their wide range of possible applications with economic relevance,
the involvement of policies, and the expertise of specialists in the sector’s relaunch, the
projection may be seen as a positive one (Figure 1). A key component of future development
is offering technical support for research activities.

Given the financial assistance received by those engaged (specialists, farmers, and
processors), silkworm breeding in Romania has great potential. However, it is crucial to
keep in mind that the magnitude of subsidies and the development of economic variables
are correlated, but it is necessary to keep in mind that the extent of subsidies and the
development of financial elements are related.
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Figure 1. Economic opportunities and perspective of sericulture.

10. Conclusions and Future Directions

A paradigm shift on the approach to sericulture evolution is required. Although
sericulture has seen a downturn, the paradox consists in the fact that its economic viability
is strongly maintained by a number of factors. The economic potential of sericulture is
determined by the ability to value its main output (silk thread) and by-products (pupae,
excreta, mulberry leaves, etc.) in various ways (medicine, model insects in genetic and
physiology research, food for humans and animal feeding, as compost, manure, biodiesel,
etc.). The profitability depends firstly on the mulberry tree production, area, and preserva-
tion, and maintaining the habitat despite industrialization. Silkworms are an important
contributor to biodiversity and become more and more important as a key factor for food
safety and security.

Debatable economic topics include biodiversity conservation, searching for new mar-
kets for silk, sharing expertise, know-how transfer, adaptability and shifts in public per-
ception, and regulations at both national and international levels. These issues may be
overcome by considering the substantial economic potential of using different silkworm
products, the opportunity for sericulture farmers to enhance their earnings, and the promo-
tion and encouragement provided by considerable subsidies.

To increase the value of sericulture, it is also essential to preserve the habitat of the
mulberry tree, which is the only feed supply for the silkworm B. mori.

Another crucial step is to market and find new applications for by-products such as
pupae, excreta, and mulberry leaves, silk threads (as principal commodities).

Providing technical support for research activities is an essential point in future development.

From an economic point of view, another way to boost sericulture is to encourage
people from rural areas to start or expand their silkworm-rearing businesses by supplying
them with substantial subsidies.

As supplementary arguments, silkworm pupae, besides multiple effects on the medical
field and in animal feeding, can provide an alternative to other animal proteins (such as
meat, for example).
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Abstract: New solutions are compulsorily needed to reconcile the enormous and ever-growing
request for protein for human nutrition and, at the same time, reduce conventional meat production.
This epochal challenge can find a valuable aid to a winning solution in insect rearing. The use of
insects as feed and food, far from being a definitive solution to global food shortages, can offer new
protein sources and perfectly fit circular economy precepts, yet more so when insects feed on by-
products from the agri-food industry. In this scenario, Tenebrio molitor (TM) is a concrete alternative.
Therefore, making its rearing more sustainable is a prime objective. In this paper, we evaluated
the possibility of replacing usual plant sources of wet supplementation used in TM rearing with
sustainable alternatives, including the cladodes of prickly pear (Opuntias ficus indica, OFI), to reduce
the frequency of administration, thus minimizing related labor costs. The alternatives were tested for
water content, dehydration, and shelf life to select the best-performing ones. On the selected matrices,
we evaluated the preference of the larvae and their palatability because a matrix may be convenient
and sustainable but not appreciated by consumers. The results showed that OFI cladodes have high
moisture and a long shelf life and are appreciated by the larvae that prefer them to other matrices.
Thus, OFI can replace the conventional wet source in TM rearing, at least in areas where this cactus
grows wild and is not difficult to obtain.

Keywords: Tenebrio molitor rearing; Opuntia ficus indica; alternative protein source; human food;
novel foods

1. Introduction

The world’s challenge today is to feed the entire human population sustainably. In
fact, the increase in the population to over 9 billion by 2050 [1] and the consequent increase
in the demand for food will lead to the excessive exploitation of animals and habitats,
with deforestation and increased greenhouse gas (GHG) emissions [2]. In this context, the
food system releases more than a quarter of all GHG emissions, most of which are due to
livestock [3].

Reducing the consumption of emissions-intensive animal-based foods can improve
our dramatic environmental and climatic scenario. However, the trend towards plant-
based diets cannot assure either health results or higher sustainability [4]. There is a need
to find alternative, more sustainable protein sources—Dbest if produced using a circular
economy perspective.

Given their biological characteristics and nutritional profile, insects lend themselves
to being a solution to global food shortages [5,6]. In nature, about 2000 species of edible
insects can provide food for both humans and farm animals such as fish, poultry, etc. [7].

Among edible insects, Tenebrio molitor (TM), a beetle of the Tenebrionidae family, also
named yellow mealworm, has been extensively studied in the last few years in scientific

Agriculture 2023, 13, 1435. https:/ /doi.org/10.3390/agriculture13071435 17 https://www.mdpi.com/journal /agriculture



Agriculture 2023, 13, 1435

circles as an alternative source of protein, especially since the European Commission
approved it as a Novel Food and deemed it fit for human consumption in June 2021 [8].

TM has several advantages: it has a higher efficiency in converting food to body
weight than meat animals, it reproduces and grows quickly, and its edible fraction is almost
100% compared to chicken and pigs (55%) and cattle (40%) [9]. It is currently widely used
for animal feed such as fish, birds, and poultry, both as a whole larva and as a processed
product (protein meals, protein extracts, and oils) [10,11].

TM rearing is much more sustainable than traditional livestock farming, as it emits
fewer GHGs and requires less space and water [12]. Moreover, TM fits perfectly into a
circular economy logic as it can grow and efficiently convert agro-industrial by-products
into protein, thus valorizing secondary feedstocks and reducing food loss and waste [13].

TM can exploit organic matter as a source of nutrients and water. Water supply is
crucial in insect rearing. It is known that TM larvae (TMLs), unlike adults [14], can recover
water from atmospheric moisture, but only at high levels (88-92%) [15]. Such values, on
the other hand, positively influence larval growth, causing their weight to increase already
in the early period of development [16].

Humidifying the rearing environment, however, is not energetically sustainable as it
requires additional water and, in the case of facilities like climatic chambers (especially on
large-scale farms), high energy consumption. Moreover, highly humid environments favor
the growth of mold and bacteria.

The most feasible alternative is to provide water using discrete doses of vegetables
(potatoes, carrots, pumpkin, red cabbage, and red beet) distributed 2-3 times a week [17].
Such additional feeding does not harm rearing and even reduces the larval development
time [9], increases the average weight of larvae of the same age [18], and decreases the feed
conversion ratio (i.e., the amount of feed it takes to grow one kilogram of larvae) [19].

To ensure the economic and environmental sustainability of small- and medium-scale
TM farming, it is preferable to use “water-supplying vegetable matrices” (hereinafter
VMs) such as agri-food by-products that are inexpensive, seasonally available, and do not
compete with human nutrition [20].

For our TM rearing, we focused on the cladodes of the prickly pear cactus (Opuntia
ficus-indica (L.) Mill., hereinafter OFI). This cactus is a rustic crop, cultivated in warm
climate areas for its fruit, but it is also very common on poor, dry soils, or marginal lands
due to its easy adaptation. For non-productive purposes, it is used as a defensive hedge
(due to the presence of spines) and windbreak. It is widely used in soil erosion protection
and degraded area restoration programs, providing food resources during drought [21].
Mexico is the world’s largest producer of prickly pears, while Italy (specifically Sicily) is
the biggest European producer [22].

In specialized productive orchards, annual pruning produces a large amount of waste
of cladodes/immature fruits which is usually wasteful and costly to farmers [23]. However,
recent studies have shown that these by-products can be sources of high-value components
with antioxidant activity, exploitable as anticancer, anti-inflammatory, hypoglycemic, lipid-
lowering, and cholesterol-lowering agents [24,25].

OFI has several advantages as a water source for small- to medium-scale insect farming.
It is widely spread and cultivated in the Mediterranean area and semi-arid climate areas
of South Africa, Australia, and Central and South America. OFI cladodes are available
throughout the year, even in semi-arid areas, and store well at room temperature, thus
allowing to reduce energy costs for storage [26].

This article’s principal objectives are to evaluate OFI as a replacement for the most
common VMs, at least in areas where OFI is widespread, and demonstrate whether it is
possible to reduce the wet supplementation frequency to reduce related labor costs. To
achieve these goals, we compared the performance of OFI to other selected fresh VMs,
in terms of dehydration and shelf life in the rearing chamber, the choice of TMLs, the
palatability by TMLs after 6 days under rearing conditions, and the larval weight gain
and survival.
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2. Materials and Methods

One-year-old OFI cladodes were collected in the ENEA—Trisaia research centre (in the
Basilicata region, in the south of Italy), where they grow wild. The cladodes are harvested
when they reach a size of about 40 x 20 cm? and are brushed thoroughly to remove thorns
and stored at room temperature. They were provided to TMLs with the peel because its
presence protects them from molding and slows down dehydration, mainly due to their
fatty acids that keep out water-soluble molecules [27].

The other tested VMs were purchased from local retail suppliers. All experiments
were conducted in a rearing room and on TMLs reared at the Trisaia research centre under
standard conditions of temperature (28.0 £ 0.1 °C), relative humidity (60 + 5%), and
photoperiod (0L:24D) [28]. The Larvae’s standard diet consisted of 95% bran and 5%
zootechnical yeast, purchased from local suppliers of livestock products. The larvae used in
the various tests were reared in standard conditions and fed with the standard diet, adding
slices of carrot twice a week, as a source of water, vitamins, and minerals.

2.1. Dehydration Test of Some VMs

One of the aims of this article is to look for an alternative to reduce the frequency
of administration of VMs to TMLs. The VM chosen, however, must have particular
characteristics, including that it does not dry out or go moldy when administered (i.e.,
under rearing conditions) and does not require removal within a few days of adminis-
tration. For this purpose, the suitability of vegetables as a wet supplement was tested
over time, under standard rearing conditions. The tested VMs are carrot (C), used as a
control, OFJ, potato (P), white apple (WA), red apple (RA), and red beet (RB). Specifically,
2cm x 2cm x 1 cm cubes of each VM, weighing on average 4.46 £ 0.41 g, without peel,
were placed in the rearing chamber for 4 observation times, i.e., 3, 6, 9, and 12 days (respec-
tively indicated as T3, T6, T9, and T12), according to a completely randomized design with
10 pieces (replicates) per treatment. Weight loss was used to estimate water loss over time.
The presence of mold/rot was verified for each observation time.

In addition, for non-moldy VMs after three days, the initial percentage of water content
was determined using a thermobalance (Gibertini Eurotherm, mod. EUJ; precision & 1 mg).

2.2. Choice Test by TMLs

The 60-day-old TMLs (kept for 24 h without wet supplementation) were weighed and
divided into 10 groups each of 15 larvae, balancing the weights of the replicates to avoid
larger and more ravenous larvae all ending up in the same group.

The protocol for the choice tests was adapted from Morales-Ramos et al. (2020) [29].
In detail, multiple-choice arenas (12 cm-diameter Petri dishes) were set up with cubes
of three VMs (OFI, C, and P), weighing enough to provide 3 g of water/cube of VMs,
according to the percentages of water contained in each VM previously determined using
the thermobalance. Thus, the water content, which was the same for all the matrices, could
not influence the choice of larvae. The average cube weights were OFI = 2.68 & 0.08 g,
C=244+0.05g andP=2.65+0.04 g.

Fifteen larvae/arena were released simultaneously into the center of the arena
(Figure 1). The number of larvae present on each VM was observed after 20 min (the
maximum time defined by the preliminary tests). The test was performed under standard
rearing conditions using larvae reared on a standard diet with the wet supplement in the
first case consisting of carrots (larvae taken as our control, CtL) and in the second case, it
consisted of various vegetable matrices (VvL). This was carried out to test whether the
habit of a particular wet supplement influenced the larvae in their choice. The choice tests
were repeated 10 times (replicates) for each group of larvae (CtL and VvL).
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Figure 1. Choice test. Arena prepared with the OFI-P-C equally spaced from the center and 15 TMLs
in the choice phase.

2.3. Palatability Test of the VMs by the TMLs

60-day-old TMLs (0.75 & 0.09 g), kept for 24 h without wet supplementation, were
used to investigate the palatability of the VMs, both fresh (“Fresh”) and stored in a rearing
room for 6 days (“Stored”). In detail, larvae fed on the standard diet were administered
fresh portions (0.56 & 0.07 g) and stored portions (0.17 £ 0.05 g) of the VMs (carrot (C),
potato (P), and OFI). After 96 h, the residual weight of the VMs is measured to evaluate the
amount of VMs eaten by the larvae. Ten replicates of each VM were conducted using ten
larvae/replicate.

In addition, we calculated the percentage of moisture in the three VMs, both in the
“Fresh” and “Stored” samples, by using the thermobalance (Gibertini Eurotherm, mod.
EUJ; precision £1 mg).

2.4. Performance of the TMLs Fed on the Standard Diet and the VMs

Next, 30-day-old TMLs (6.2 + 0.5 mg), previously reared under standard conditions,
were used to evaluate the effect of three VMs (carrot (C), potato (P), and OFI), added
to the standard diet, on larval weight gain. Complete randomization was applied to
the experimental design, with 10 replicates/treatments and adding about 1 g/replica of
different VMs to the standard diet on a weekly basis. Each replicate consisted of groups of
20 larvae, according to Rumbos et al. [17].

After one month, the trial was stopped, and larval survival was evaluated. The final
larval weight was determined with an analytical balance (Gibertini, mod. E42S-B; precision
£0.1 mg), and the weight gain/larva was calculated.

2.5. Statistical Analyses

For all tests, the data collected were statistically processed using the software Graph-
Pad Prism version 8 (GraphPad Software, San Diego, CA, USA). The values are shown
as the means =+ standard deviation (SD). Homogeneity of variance and normality was
verified prior to the statistical analysis. If this was confirmed, one-way ANOVA was used,
followed by Tukey’s post hoc test to identify the differences between the multiple theses.
Alternatively, the Kruskal-Wallis test with pairwise multiple comparisons (Dunn’s test)
was applied. An unpaired ¢-test was used to compare the means of two groups of indepen-
dent values with the homogeneity of variance and normality. Significance was assumed
atp <0.05.

3. Results
3.1. Dehydration Test of Some VMs
The dehydration test in the rearing chamber provided interesting data on both weight

loss (Table 1) and mold and rot resistance (Figure 2) at four observation times: 3-6-9—
12 days (named T3, T6, T9, and T12, respectively).

20



Agriculture 2023, 13, 1435

Table 1. Percentage of weight loss in the six VMs during four times of observation.

VMs 3 Té6 T9 T12
OFI 54.02 £5.322 78.13 £9.322 90.88 = 1.032 91.22 +8.382
P 58.85 =+ 7.02 ab 76.20 + 6.252 86.32 + 1.15° 86.16 + 1.28 bc
C 62.72 + 3.45P 78.74 +2.822 87.00 +1.01° 85.13 + 0.35P
WA 4518 +4.12¢ 59.92 +521°P 81.71 +£0.93¢ 79.73 +1.04 4
RB 46.50 +2.13 ¢ 63.07 +£6.17b 77.17 + 2274 76.67 + 1.04 4
RA 46.45 + 3.48¢ 66.27 +£1.37P 81.13 + 0.44 € 84.91 +1.07 ¢

Notes: VMs = water-suppling vegetable matrices. Values with different letters within columns are significantly
different according to Tukey’s test (p < 0.05).

Figure 2. Evolution of the six VMs tested during the dehydration test in the rearing room under
standard conditions.

Comparing the weight loss of the various matrices at the four observation times using
the unpaired t-test (p < 0.05), it can be observed that the values at T9 and T12 for all the
VMs are unchanged, while the values at T3, T6, and T9 are significantly different, probably
because after 9 days, they have no more water to lose, and only their dry weight remains.
The comparison between the results for the different VMs for each observation time using
Tukey’s multiple comparison tests shows that at T3, OFI is significantly different from all
matrices except P, and C is different from every other VM except P. At T6, OFI, P, and C are
significantly different from WA, RB, and RA. At T9, P equals C and WA equals RA. Finally,
at T12, OFI is still significantly different from all the matrices.

What happens during the dehydration test in the rearing chamber to two of the six
VMs is evident in Figure 2. The white apple (WA) and the red apple (RA) develop mold
after only 6 days and show clear signs of rotting already at 3 days; their texture also
becomes immediately too soft, making them very difficult to handle.

At T3, clear signs of desiccation also begin to appear on the potato samples. The other
3 VMs (OH], C, and RB), although showing small changes, are still usable at T6. At 9 days
(T9), OFI and C also show clear signs of desiccation, while, apparently, RB seems to resist
better, probably because it has a higher dry residue and lower water content than the other
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three VMs at the start (Table 2). At T12, all matrices are strongly altered and their use as a
source of water is certainly not recommended.

Table 2. Percentage of dry matter and moisture in the four VMs calculated by the thermobalance.

VMs Dry Matter (%) Moisture Content (%)
Carrot (C) 12.37 £ 0.32 87.63 £2.19
Potato (P) 18.06 + 0.51 81.94 £ 2.05

Prickly Pear (OFI) 11.07 + 0.28 88.93 £2.22
Red Beet (RB) 31.15 £ 0.84 68.85 £ 1.91

Note: VMs = water-suppling vegetable matrices.

Although RB has shown excellent resistance to dehydration, given its lower water
content than other VMs, a larger amount of RB should be added to the standard diet
to guarantee the appropriate water supplement, or it should be added twice a week, as
is usually carried out with carrots. In addition, it is not a convenient alternative wet
supplement, because of its cost and use for human nutrition. Therefore, we ruled it out in
subsequent tests.

3.2. Choice Test by TMLs

At the end of the choice test, the number of larvae on the three VMs was detected,
both for larvae that received carrots (CtL) and various vegetable matrices (VvL) as their
water source.

The unpaired t-test shows that the choice of VM is not influenced by the type of wet
supplement habitually consumed, as there is no statistically significant difference between
the values in the same column, as shown in Table 3.

Table 3. Number of TMLs on the three VMs.

OFI P C No Choice
CtL 67+144 2741.1P 25+11b 32+16P
VvL 58+19°2 28+11b 26+11Pb 38+23b

Notes: CtL = number of larvae habitually fed with a standard diet and carrot (control); VVL = number of larvae
usually fed on a standard diet and various vegetable sources. Values with different letters within rows are
significantly different according to Tukey’s test (p < 0.05). The unpaired t-test for the comparison between the
values in the same column shows no significant differences.

3.3. Palatability Test of the VMs by the TMLs

In this test, we observed both groups of larvae (“Fresh” and “Stored”) for 96 h and
noticed that as soon as we provided the ‘Fresh’ VMs, the larvae pounced on them, whereas
as soon as we provided the ‘Stored” VMs, the larvae took a while to approach the VMs.

The results on the VMs’ consumption are shown in Figure 3.

The data were analyzed using an unpaired t-test to detect differences between the
types of administration for each VM (Figure 3a) and Dunn’s test to evaluate differences
between the VMs by the type of administration (Figure 3b).

Figure 3a shows no significant difference between the consumption percentages of
‘fresh” and “stored” OFI. In contrast, the percentages of consumption between the ‘Fresh’
and ‘Stored” matrices are significantly different for both P and C. Figure 3b shows that
among the “Fresh” VMs, the consumption percentage of OFI is different from that of P,
while C is not different from the other two. Furthermore, among the “Stored” VMs, the
consumption percentage of C is significantly different from that of OFI and P.
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Figure 3. Percentage of VMs consumed by the TMLs after 96 h. (a) Percentage of consumption
for each VM, administered as “fresh” (blue bars) and “stored” (pink bars). Bars with different
lowercase letters are significantly different according to the unpaired t-test (p < 0.05). (b) Percentage
consumption of the three tested VMs for each administrative condition. Bars with different uppercase
letters are significantly different according to Dunn’s test (p < 0.05).

The analysis of the three VMs with the thermobalance provided interesting results
(Table 4).
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Table 4. Percentage of moisture in the three VMs calculated by the thermobalance. The analyses
were conducted on both fresh samples (“Fresh”) (see Table 2) and those stored in a rearing room for 6
days (“Stored”).

VMs Moisture (%)
Fresh Stored
Carrot (C) 87.63 +2.19 & 29.66 + 0.86 2
Potato (P) 81.94 +2.05° 28.60 + 0.732
Prickly Pear (OFI) 88.93 +£222°¢ 50.27 + 1.51 P

Note: Values with different lowercase letters within columns are significantly different according to Tukey’s
test (p < 0.05).

Tukey’s test for the comparison between the moisture data for the three VMs shows
that the three fresh samples have similar percentages of moisture content, except for P,
which has a slightly lower percentage. After 6 days, the moisture percentage is similar only
for P and C, while OFI has approximately twice as much moisture as the other two matrices.

3.4. Performance of the TMLs Fed on the Standard Diet and the VMs

The weekly supply of the tested VMs, as a moist supplement to the standard diet,
ensured a larval survival rate of 98% (Table 5). Furthermore, after one month of observation,
larval survival was not significantly different between the treatments. Conversely, the
weight gain/larva was differently influenced by the provided VM (F = 34.907; df = 3.36;
p < 0.0001). In fact, the weight gain in the P-fed larvae was significantly less than in
the other treatments. In the C-fed larvae and OFI-fed larvae, the weight gain/larva was
significantly higher than in the P-fed larvae, but they were not different from each other.

Table 5. Effects of different VMs on larval survival and weight gain; VMs were added as a wet
supplement to the standard diet for one month of rearing.

Wet Supplement Survival (%) Weight Gain/Larva (mg)
Potato (P) 98.5 +3.4 53.8 £4.2?
Carrot (C) 98.0 +3.5 625+21b

Prickly Pear (OFI) 98.0 + 3.5 64.8 £35P

Notes: Survival values subjected to the Kruskal-Wallis test with pairwise comparison; weight gain values
subjected to one-way ANOVA followed by Tukey’s post hoc test. The means with the same letter within columns
are not significantly different at the 5% level of significance.

The lower weight gain in the P-fed larvae could be because we fed them the same
quantity of wet supplement per week (1 g/replicate) instead of the same amount of water.
Indeed, the potato contains a lower water percentage than the other two administered VMs
(see Table 2).

4. Discussion

We tested OFI cladodes as a wet supplement both to test the possibility of using a more
sustainable alternative in areas where it is spontaneous and widespread and to decrease
the frequency of administration and, thus, the costs of managing the rearing activity.

The need to supplement the TM’s dry diet with a vegetable matrix providing water and
minerals, as well as some vitamins, is reported by many authors, who mostly used potato
slices [29,30] once or twice a week [17] or sliced carrots [31] once a week [32]. Ruschioni
et al. (2020) tried feeding olive pomace in addition to the dry diet [33].

Wet supplementation is so important in TM rearing, both in terms of survival and
larval weight gain, that Morales-Ramos et al. established an optimal diet consisting of 20%
of a mixed substrate, which in turn consists of 83% moist integration, i.e., more than 16%
of the total diet consists of water [34]. Deruytter et al. (2021) studied the influence of wet
supplement distribution on the weight gain of TMLs, by testing the different distances
between wet supplement pieces and different numbers of pieces per larval density [35].
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Although the comparison between TM and meat animals (pigs, chickens, and cattle)
sees TM as the winner in terms of lower water consumption per gram of protein [36],
the TM’s water footprint can certainly be reduced by appropriately choosing the water-
supplying matrix. In this sense, the same study by Miglietta et al. (2015), which focused
on medium-large industrial rearing of TM that uses a diet of mixed cereals with small
percentages of brewer’s yeast (like our standard diet) and carrots as VMs, calculated an
annual food consumption of 182 t of mixed grains and 260 t of carrots. These quantities
correspond to the virtual water consumption of approximately 310,000 m?® and 51,000 m?,
respectively. In addition, carrots need much more watering than mixed grain feed. The
peculiar characteristics of OFI, a cactus with low water and cultural needs, make it ideal
for significantly reducing the water footprint of medium-scale TM rearing [36].

In addition to the water footprint, the choice of the water-supplying vegetable is a
critical point in increasing the whole sustainability of mealworm rearing. Coudron et al.
(2022) calculated that 1.35 kg of VMs is required for each kg of worms produced. The
authors pointed out that the use of VMs requires frequent procurement, energy costs for
their transport and storage, and a lot of labor, which obviously affects the production costs
and economic sustainability of TM rearing [37].

For this purpose, we chose to test the prickly pear cladodes because they have the
necessary requisites for their valorization as by-products, are available all year round,
are not subtracted from the human diet, are sufficiently inexpensive, and require little
energy or economic expenditure for supply and storage [20]. From this point of view,
the most frequently used matrices (potatoes, carrots, and apples) are usually by-products
of the agri-food chain, which could be valorized in the same sector for juices, extracts,
etc. Conversely, the cladodes are the by-product derived from pruning OFI orchards for
fruit production, which is not intended for human nutrition. The absence of competition
between resources and human needs is therefore underlined.

Moreover, energy consumption for storage is one of the most critical aspects for the
other water-suppling vegetables. In our trials, we observed that apples rot very quickly
(Figure 2). Red beets are more resistant to dehydration and molding but contain too little
water (Table 2) to be a sustainable alternative, as they need to be added more frequently
to the standard diet. Potatoes have a water content slightly lower than carrots and OFI
and are quite palatable to TMLs. However, they show significant signs of dehydration
as early as day 3 in the rearing chamber, thus requiring more frequent feeding. Finally,
carrots, normally used as a control, have a water content comparable to OFI and a similar
dehydration/molding pattern. However, they are less attractive to the larvae. Testing the
palatability of “fresh” and 6-day-old matrices under standard rearing conditions (“stored”),
we observed that TMLs like both “fresh” and “stored” OFI equally. Among the “fresh”
VMs, they like the potato slightly more, whereas, among the “stored” ones, the preference
is definitely for the carrot (Figure 3). What makes us favor the use of OFI is its water
content after 6 days, which is about twice that of the other two VMs tested. We have also
shown that providing OFI as a wet supplement to the standard diet guarantees a very good
survival rate for the TMLs (equal to that provided by carrots and potatoes) and a larval
weight gain comparable to that obtained by feeding them carrots (Table 5). The larval
weight gain due to potato feeding is slightly lower, as expected, due to the lower water
content of potatoes per gram of VMs fed. This demonstrates that the amount of water
supplied to the TMLs by the wet supplement influences their weight gain and suggests
that wet supplementation also provides important nutrients for larval growth.

Our results suggest that OFI represents a valid and easily available alternative VM,
which is particularly attractive to TMLs. The cladodes have an interesting water content,
which makes it possible to replenish the TM herds even every 10 days.

To our knowledge, this is the first time that OFI has been considered a possible wet
substitute in TM rearing, or at least, there are no other scientific articles on its use in this
context. For this reason, no literature data are available to compare with our results. The
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current study represents a novelty in introducing and evaluating OFI as a cost-effective,
easily available, and more sustainable alternative VM.

On the other hand, based on our experience, using OFI may have limitations in
medium-scale TM rearing, which would merit further investigation. For example, when
OFl is administered in the rearing vessels, the larvae pounce on the water-rich pulp and
leave the peel intact, which then dries up until the next addition. These peels end up
in the leftover feed and must be removed before the new OFI administration. Another
limitation could be the number of cladodes needed, which, by projecting our results for a
medium-scale farm, could be around 30 kg/month. As a result, TM rearing should have an
orchard or a marginal field large enough to provide such quantities.

On the other hand, based on our experience, using OFI may have limitations in
medium-scale TM rearing, which would merit further investigation. For example, when
OFl is administered in the rearing vessels, the larvae pounce on the water-rich pulp and
leave the peel intact that dry up until the next addition. These peels add to leftover feed and
must be removed before adding new OFI administration. Another limitation could be the
number of cladodes needed, which, projecting our results for a medium-scale farm, could
be around 30 kg/month. As a result, TM rearing should have an orchard or a marginal
field large enough to provide such quantities.

All this is crucial with a view to setting up medium-small TML rearing that is increas-
ingly sustainable, especially in anticipation of the ever-increasing use of TMLs as a source
of protein in human nutrition.

5. Conclusions

The tests conducted in this study allow us to suggest the use of OFI as a water source
in TM rearing, especially in the Mediterranean area, where this cactus is widespread, but its
cladodes are little used for human consumption. We have demonstrated that OFI maintains
its overall qualities for more days than apple and potato and, at the same time, remains
palatable for mealworms (therefore, the frequency of OFI administrations is lower). OFI
does not require preservation at low temperatures (therefore, there are no costs for the
investment of facilities for its conservation nor costs for energy consumption), and OFI
administration like supplying water increases larval growth. In addition, residual cladodes
from pruning can be used, thus enhancing what would otherwise have no value and saving
water that would have been necessary for producing VMs with high water demand. Based
on our results, OFI is an advantageous alternative water source that could further reduce
the ecological footprint of TM rearing at the small-medium production level.
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Abstract: The research on black soldier fly (BSF; Hermetia illucens L.; Diptera: Stratiomyidae) rearing
is on the rise. The larval ability to grow on organic substances makes it an ideal candidate for the
bioconversion of agricultural and other organic side streams. While there are several publications
on the variables influencing the growth and development of different stages of BSE, juxtaposing the
results could be amiss. This is because of the different experimental approaches and units used by
the researchers. A few publications also lack information that might be necessary for comparing
the results when using similar substrate and rearing conditions. In this review, we have analyzed
the studies on rearing variables such as the type of feeding substrate, substrate depth and aeration,
substrate temperature, substrate moisture, pH, feeding rate, and larval density mainly, but not
exclusively, for the larvae. For the adults, factors such as the cage size, fly density, light, ambient
temperature, and relative humidity are considered. In addition, larval performance when fed with
side streams is encapsulated. This provides a backbone for future researchers to identify the already
assessed variables along with their range and encourages them to define and use standardized rearing
practices for a better comparison of the results.

Keywords: black soldier fly; Hermetia illucens; insect rearing; rearing variables; side streams; circular
economy; sustainability; insects as feed; alternative protein; waste reduction

1. Introduction

In mimicking nature, insects can be deployed to convert low-value side streams into
protein-rich insect-derived feed for animals [1]. Many industrial side streams are inedible
by humans and cannot be applied as feed for conventional farmed animals but could be a
source of feed for rearing insects [2]. The agricultural side streams have the potential to
be used as feed for insects creating a sustainable circular economy [2,3]. The insects can
then be directly fed or processed and fed to animals [4,5]. Insects are a valuable source of
protein and fat for both humans and animals [1,6,7]. The additional advantages of using
insects are [1,4] their rich nutritional profile, which meets the amino acid requirements
for humans [8], fishes [4], and terrestrial animals [9], their lower GHG production [10],
a lesser land requirement because of vertical farming, a shorter generation time, a lesser
water consumption [6], a higher feed conversion efficiency, and their ability to thrive on
side streams [11].

In the EU, insects have been allowed as protein sources for aquaculture since 2017 [12],
and for poultry and pigs since 2021 [13]. The insects include the black soldier fly (BSF; Her-
metia illucens; Diptera: Stratiomyidae), yellow mealworm (Tenebrio molitor; Coleoptera:
Tenebrionidae), common housefly (Musca domestica; Diptera: Muscidae), lesser meal-
worm (Alphitobius diaperinus; Coleoptera: Tenebrionidae), house cricket (Acheta domesticus;
Orthoptera: Gryllidae), banded cricket (Gryllodes sigillatus; Orthoptera: Gryllidae), field
cricket (Gryllus assimilis; Orthoptera: Gryllidae), and silkworm (Bombyx mori; Lepidoptera:
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Bombycidae). Insects are categorized as farmed animals and their feeding is subject to
the same laws as conventional livestock. In the EU, some of these insects have also been
proposed for human food. Albeit stringent regulation, the EU approved four of these
insects; in the order of approval, the yellow mealworm, house cricket, migratory locust
(Locusta migrotaria; Orthoptera: Acrididae), and more recently, the lesser mealworm.

In this review, the BSF is considered a potential insect for mass production. Through
better knowledge of feed composition and the resulting larval composition, the nutrient
profile of the larvae could be modified according to the requirements of feed production [14].
BSF is one of the seven insects for which larvae have been proposed to the European
Commission for use in human food, although it has not yet been approved for such use.
BSF is a polyphagous insect. Additionally, BSF larvae are not as susceptible to pathogens
compared to other insects used for industrial rearing [15]. All the above-mentioned traits
make BSF larvae the best candidate insect for industrial production.

The BSF industry plays an important role in feed safety, animal husbandry, garbage
disposal, and environmental protection [1]. However, the mass production of insects, as a
relatively new industry, has some challenges both in breeding and producing high-quality
insects at low cost. The major problems that still exist are upscaling, unknown diet-specific
feeding rate to reduce internal competition, lack of precise information on juvenile and
later instar densities to maintain optimum temperature range for larval development, and
preventing any disease outbreaks. For mass production, the major setbacks are automation
and digitalization, the regulations that limit the use of certain feeds for insects, and their
restricted sales [16]. Although protocols are available for industrial BSF breeding and
rearing [11,17], there is a lack of information on handling the possible changes in the insect
behavior on different feeding substrates. Despite scale (dimension) being an important
factor that interacts with and influences the variables, the reliability of the BSF industry on
the published laboratory scale studies can give unexpected results. The use of a variety
of substrates that tremendously vary in terms of their properties, such as surface area to
volume ratio, moisture, salinity, pH, or nutrients, makes it difficult to conclude on the best
diet for the BSF larvae. In addition, the differences in the development time, fecundity,
behavior towards specific environmental conditions, the yield, and the protein and fat
production due to the insect strain are not well known for BSF [18]. The use of agricultural
side streams, although sustainable, does not promise consistency in terms of product
quality and nutritional value. This risk is higher if the agricultural side stream is seasonal
and collected from several suppliers. Even with all the challenges, some progress has been
made in understanding the biology of the BSF. Some of the information that is known on
breeding and rearing BSF can be found in the life cycle section.

There are a variety of side streams available and tested as a feed material to rear insects
and, in particular, BSE. However, an assessment of factors influencing larval production and a
comparison of larval growth and development on side streams has not been summarized up
to date. Therefore, this manuscript focuses on the abiotic variables essential for the optimum
maintenance of all life stages. Additionally, a brief overview of the animal- and plant-derived
substrates used as feed is given. The variables such as the type of feeding substrate, substrate
depth and aeration, substrate temperature, substrate moisture, and pH are not applicable to
adult flies in the majority of cases since they do not rely classically on feed but on their energy
reserves to survive and reproduce successfully [17]. However, comprehensive information
was gathered from the available literature. In addition, the volumetric factors, such as the
cage size and fly density, are known to affect the fecundity, hence they are also listed in
detail. Due to the overwhelming amount of BSF publications, the references cited are the
most important representative studies and do not include all the data from every literature
available so far. This work paves the way for the process of making BSF one of the mainstream
feed sources by identifying insect feeds that are economical and environmentally friendly
while highlighting different experimental approaches by researchers.
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2. The Life Cycle of BSF

Adult flies, once emerged, live for approximately 9-11 days (d) when provided with
no food, approximately 21 d when provided with water, and up to 50-73 d when provided
with sugar water [19]. Besides the size, the sex of adult BSF can be determined by external
dimorphisms, including antennal and abdominal structures (Figure 1i-m). The flies also
need abundant sunlight or artificial lighting with a temperature range of 25-30 °C for
mating and subsequent oviposition. The mating of the flies was observed at temperatures
of 27 °C and above accompanied by bright sunlight conditions [20].
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Figure 1. Life cycle and sexual dimorphisms of the antennae and abdominal genitalia of adult BSF.
(a) Single deposited egg; (b—g) temporal sequence of larval instars L1-L6 (prepupa); (h) pupa; (i) full
body view of adult female (left) and male (right) BSF; (j k) dorsocranial view of male and female
antennae; (I,m) ventrocaudal view of male and female genital structures (scale bars: white = 1 mm,
black =5 mm).

Mating occurs 2 d after fly emergence and up to 70% oviposition happens after
2 d of mating. Females lay approximately 120-820 eggs in clutches in dry spaces near
decomposing matter using their ovipositor (Figure 1m) [21,22]. Up to 86.5% of oviposition
was restricted to the noon hours (h) between 12:00 and 15:00, with a temperature range
of 30-33 °C. The volatile compounds from decomposing materials [20,23], fresh fruit and
vegetable waste [21,24], millet porridge mash [25], and the Gainesville diet [17] stimulate
oviposition. Egg traps are used for the easy collection of eggs. The eggs turn white
12 h after laying (Figure 1a) and take 4-5 d to hatch at 24-27 °C and 70-90% relative
humidity (RH) [20,26,27]. There are six larval instars (L1-L6) with the prepupa being the
final one (Figure 1b—g). The first two instars are very fragile and the chances of mortality
are higher during handling. Larval growth takes approximately 14-20 d under ideal
climatic conditions with a nutritious diet [26,28]. Due to the larval mouthparts, ingestion
is facilitated in a moist substrate with a smaller particle size. The fifth instar represents
the reservoir of the highest nutrients and hence the desirable stage of harvest for animal
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feed. Furthermore, larvae reach their highest biomass in the fifth instar. At the prepupae
stage, the feeding stops and they move out of the moist substrate to pupate in a dry and
safe space. Prepupae are dark brown to dark grey (Figure 1g). The longevity of the flies is
also influenced by the caloric content of prepupae, which is diet-dependent. Higher caloric
content in the prepupae extends the life span of the resulting adults by 4 d, as observed
in wild BSF populations [26]. The pupation period is usually approximately two [29] to
three [23] weeks under ideal conditions (Figure 1h).

3. Variables Affecting BSF Rearing
3.1. Type of Feeding Substrates and Corresponding Challenges

Saprophagous insects, particularly the BSF, can consume a diverse group of organic
wastes [30]. Hence, BSF can be reared on a range of substrates, such as agricultural
wastes [3,31-33], animal and human remains [34,35], fish wastes [36,37], food or kitchen
waste [38—43], municipal organic wastes [44—47], compost leachates [30] as well as hu-
man [48,49] and livestock feces [29,50-54], and restaurant wastes [33,55] transforming
them into a protein-rich biomass and residual frass that can act as a potent biofertilizer.
Despite all the available side streams, there are some limitations. All types of organic
materials are not allowed by the EU legislation to prevent potential dangers like the
spread of zoonotic diseases. For example, side streams such as manure, catering wastes,
slaughterhouse wastes, and unsold products from supermarkets and food industries
(containing meat and fish) are prohibited as feeding substrates for insects in the Euro-
pean Union [12]. The main reason is the transmission of zoonotic diseases, especially by
prions. The restrictions in the EU began due to bovine spongiform encephalopathy, which
is a neurodegenerative disease in cattle [56]. Substrates currently being considered for
insect feeding are dependent on availability, regulatory frameworks, and their feasibility
of use [57]. To date, BSF producers in Europe are using poultry feed or pig feed as the
main feed for BSF rearing. The increased demand for feed in recent decades is compen-
sated by the import of feed ingredients such as soybeans. To meet export demand, forests
and agricultural lands in developing countries are being converted to grow more feed
crops [58]. Therefore, using these high-cost feeds raises the insect production price while
competing with conventional feedstock. Moreover, using high-quality feed for insects,
although they can grow perfectly well on low nutrient-based feed, is a waste of resources.
Identifying a sustainable feed that is nutritionally ideal for the larvae and permitted by
the legislation of the respective country can therefore be challenging. Feed for insects is
often conceptualized based on the observed habits and habitat behaviors for that particular
species in nature or in fields, rather than considering the nutrient requirements of the
diet. Although observations of their natural behaviors in nature, for example, in feed
consumption, give an idea of their preferred feed, nutritional composition would assist
in optimizing growth and development [59]. The substrate selection for industrial-scale
insect production must be performed based on its local availability, its suitability for larval
growth and development, and its positive impact on waste reduction by utilizing substrates
that are usually discarded. Preferentially, using side streams as feed for BSF larvae can be
profitable for the industries [60]. Substrate selection also relies on its properties and how it
can be best prepared to feed insects. For instance, the substrates can be blended [61], heat
treated [62], steamed [41], fermented [63-65], sterilized [66], or pretreated with probiotic
microbes [67-69] before usage as feed for the larvae. Furthermore, substrate properties
such as particle size, pH, and moisture retention are also to be considered to make the
substrate ideal for larval growth and development. Another challenge is separating the
larval biomass from the feeding substrate; this is discussed in more detail in the chapter on
substrate moisture. This leads to the exploration of factors that are crucial in rearing insects
and how larval and adult performance responds to relevant substrate modifications.
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3.2. Substrate Depth

Substrate depth is the height of the feed in which larvae live until harvest. Substrate
depth is considered to influence larval development as it can affect larval movements,
oxygen availability, and intraspecific competition. Larvae fed on mixed organic waste were
studied for three weeks on the effect of feed depth and larval aggregation temperature [61].
A homogenized feed with a 5 cm depth had 60% of the prepupae, including the highest
weighing larvae (approximately 270 mg FM) and a waste reduction of approximately 63%
dry mass (DM) in comparison to all other feed depths (10, 15, and 20 cm). A feed depth of
>10 cm prevented access to all the provided feed. In addition, the larval survival rate also
decreased to lower than 80% as the feed depth increased [61]. Lopes et al. (2023) tested four
substrate depths (1.0-6.5 cm) and also concluded that a substrate depth of higher than 5 cm
impairs material reduction and bioconversion efficiency [70]. Generally, larvae accumulate
in masses resulting in an increased temperature (due to metabolism and movement) known
as the aggregation temperature. This temperature was highest for the homogenized feed
with a depth of 15 cm. According to Brits (2017) and Lopes et al. (2023), to obtain a maximum
waste reduction and higher larval biomass, the feed has to be homogenized and fed to the
larvae at a 5 cm depth [61,70]. However, a depth of 5 cm is not a good option for upscaling
production because of the space needed and the huge surface, which would lead to higher
evaporation. Therefore, it is recommended to adjust the feed depths to <10 cm [61]. Peng
etal. (2022) concluded that for the examined substrate depths of 10-20 cm, the bioconversion
efficiency of pig manure is higher at the lower depths of 10-15 cm [71]. A depth of 3 cm
is suggested to be the best in terms of biomass conversion efficiency and larval yield [70].
In a study by Lalander et al. (2020), the substrate depth was between 3.2 and 8.0 cm for
substrates with a moisture content of 76% and ~98%, respectively. The corresponding larval
survival rates were 19% and 97%; which might be the result of synergistic interactions
between depth, aeration, and substrate moisture [72].

Substrate depth could also apply to neonates [21] and pupae [73,74]. A pupation
substrate is not mandatory [75] but having wood shavings [3,22,73], sand or soil [22],
vermiculite [74,76], or wood chips [74] prevents desiccation and was reported to support
adult emergence. For instance, the percentage of fly emergence was only approximately
88% without the use of pupation substrate and increased to approximately 97% with the
use of sand, topsoil, wood shavings, and potting soil. The duration from the prepupae
stage to adult emergence took 17 d without any pupation substrate and sand in comparison
to approximately 15 d for topsoil, wood shavings, and potting soil [22].

The limited literature makes it difficult to identify an ideal substrate depth, especially
since studies usually examine specific depth ranges under different rearing circumstances.
In addition, interaction with other variables such as the moisture content, homogenization
level, and aeration might play a role.

3.3. Substrate Aeration

The performance of larvae could be influenced by the aeration within the substrate
which in turn depends on the stickiness [21], viscosity [77], particle size [28,78], and physical
properties of the feed, such as its fibrous nature [79]. The particle size range described
in the literature includes 0.1-1.5 mm [75], ~0.4 mm [33], <1-15 mm [80], ~1 mm [63],
~5 mm [81], 4.00-6.35 mm [78], 1-2 cm [23], and <3.8 cm [82]. According to Dortmans
et al. (2017), the substrate has to be shredded to a particle size of at least less than 1-2 cm in
diameter [23]. Larval weights were slightly higher at a 6.35 mm (25 mg DM) particle size
than at 4.00 mm (~23 mg DM), when fed almond hulls for two weeks [78]. The authors
explain that the increased access of the feed to microbes and reduced oxygen transport are
assumed to be reasons for lower larval weight with a smaller particle size [78]. Yakti et al.
(2023) found that the larval weight reduced from ~125 mg FM to ~75 mg FM as the straw
particle size decreased from >3 mm to <1 mm [80]. Usage of a blended substrate could result
in less accessibility of feed for the larvae due to high feed compactness and lower oxygen
levels at the bottom of the rearing box forming anaerobic zones harboring corresponding
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microbiota [61]. Thus, the optimal substrate depth correlates with its density. The inclusion
of low compactness components such as sawdust and wood chips as matrix elements
during larval rearing may increase porosity and absorption of excess water in the feed [82].
Using pupation substrates of lower compact density (e.g., potting soil and wood shavings) is
recommended in comparison to substrates such as sand with high natural compaction [22].

Dried sugar beet pulp and a mixture of middlings and distillers’ dried grains adjusted
to a moisture content of approximately 73% were considered for studying the BSF larvae
performance. According to the authors, the higher aeration in dried sugar beet pulp
compared to the mixture of middlings and distillers dried grain was due to different
substrate physical properties. Especially the higher fiber content in dried sugar beet pulp
resulted in a higher survival rate of ~78% than in the middling mixture (~56%) and dried
distillers” grains (~28%) [79]. In contrast to the former study [79], the larvae were found
to prefer a coffee pulp bed that is dense and homogenous [77]. Larval dry weight and
overall yield were increased by three and five times, respectively, with increasing aeration
from the 0.04-0.36 mL/g feed DM /min of substrate. However, higher aeration rates of
>0.95 mL/g feed DM/min of substrate demonstrated no significant difference in the larval
weight or the overall yield. According to Palma and colleagues, higher aeration possibly
benefitted the microorganisms competing for resources. The reduced yield in the low
aeration approaches is presumably due to the competition for the already scarce oxygen
between larvae and microbes. Larval growth and development are influenced by the depth
of the feed due to the formation of zones and varied aeration. It is therefore important
to consider the factors of aeration and microbial activity during BSF production [83].
The medium-range aeration of 0.19-0.26 mL/g feed DM/min was used by Palma et al.
(2019) without highlighting its effect on larval consumption or growth rate. In addition,
the room ventilation of 1.22-1.39 m3/kg feed FM/h by channel fans has been used for
the substrates with a moisture content of 90-97.5% [78]. Ventilation can help in reducing
the substrate depth build-up and obtaining a drier residue that is important for the easy
separation of larvae during harvest. Although water removal through active ventilation is
possible, substrate moisture of more than 90% would demand higher resources in terms of
energy, space, and workload for a smaller change in outcome. Substrates with less than
80% moisture content are predicted to need less than 1 mL/g feed DM/min ventilation to
obtain a frass of approximately 50% moisture [72]. The aeration within the substrate can
also differ based on the types of lids used. Most [21,72,84] but not all studies [15] use an
open lid with or without mesh to preserve the substrate moisture.

Several substrates are used to stimulate directional oviposition but mostly as a source
of volatile compounds and not considering the substrate depth preferred by the females if
allowed to lay eggs directly on those substrates. In the case of direct inoculation, eggs are
usually placed on the surface of the substrate. Hence, the substrate depth here is not an
applicable variable.

Active aeration is usually not a regular practice in rearing BSE. Although, there are
several advantages such as avoiding the formation of anaerobic zones or easy separation of
larvae during harvest, the energy consumption and substrate desiccation might increase
disproportionate to the benefits.

3.4. Substrate Temperature

The temperature ranges found in the literature were between 23-30 °C for L1-L5
instars, ~22-33 °C for larvae and prepupae, and 10-30 °C for all larvae, prepupae, and
pupae. These developmental periods are categorized by the description from the papers.
The temperature of the feeding substrate plays an important role in the growth and devel-
opment of BSF (Table 1). As an example, larvae took 1.7 and 5.2 d longer, respectively, to
reach a prepupal stage at 30 °C and 36 °C in comparison to 27 °C. The 36 °C group did not
support the transformation of prepupae to pupae [28]. The larval growth period in cow
manure was almost two months at a substrate temperature of 22 °C [36]. The total weight
gain by BSF larvae was higher (4.7, 4.3, and 11.1 g FM) at 27 °C in comparison to 23 and
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32 °C for chicken, cow, and hog manure, respectively. There was no significant difference
in weight gain for hog manure between 28 °C and 32 °C [85].

Table 1. Effect of temperature on BSF weight gain on a grain-based diet.

Temperature (°C) Individual Larval Weight (mg FM) References
249 125 [86]
27.0 150 1 [28]
27.6 175 [86]
30.0 1381 [28]
322 125 [86]

! Individual prepupa weight (mg FM).

Substrate temperature is directly related to the ambient temperature. On the other
hand, it is also clear that there is some interaction between feed, the substrate temperature,
and larval aggregation temperature resulting in a varied larval performance for the same
diet (Table 1). This indicates that it is essential to rear larvae at different temperatures
for the same diet to determine the effect of temperature on the preferred larval trait.
However, the substrate temperature does not remain constant during the feeding trials.
At the beginning of the trials with early instar larvae, the substrate temperature is more
crucial and is dependent on the ambient temperature, while the larvae generate a higher
amount of excess heat as they gradually develop. Temperatures can rise to 42 °C at a
room temperature of 23 °C with a high larval density [21,87]. The temperature during the
decomposition of organic wastes by the larvae also differs. The highest temperature of
39 °C was recorded during the first days of an experiment for the mixture of vegetable and
fruit waste, while the lowest temperature was recorded for vegetable waste alone after 20 d
(28 °C) [45]. None of the larvae survived at temperatures of 10 and 42 °C. Furthermore,
prepupae and pupae are vulnerable even to 40 °C. At 30 °C, the pupal development was
the shortest with 8-10 d depending on the diet. The period from hatching to fly emergence
can be as low as 28-31 d at 30 °C to approximately 182 d at 15 °C. The temperature
range of 30-35 °C revealed the highest survival in most life stages [88]. Although the
slower developmental times are not beneficial for insect mass production, it is important
to study the threshold temperatures that slow down the rapid metabolism but are not
life-threatening to the insect.

Hence, to obtain optimum larval, prepupal, and pupal development, the temperature is
a key regulator. Furthermore, the consideration of other rearing factors, in particular larval
density and substrate moisture, is necessary as they might affect the substrate temperature.

3.5. Substrate Moisture Content

Ambient or relative humidity affects substrate moisture, which is the quantity of water
in the given substrate. The amount of water could be provided at once at the beginning
of a feed trial, also known as initial moistening [73,79,89], or at different intervals during
the experiment [50]. Initial substrate moisture in rearing BSF larvae was studied within a
range between 20 and 90% by various experimenters. The optimum substrate moisture
for BSF development was found to be approximately 40-60%. Substrate moisture of at
least 40% is essential for growth and development [50]. A 56% increase in larval yield
was observed as the substrate moisture content increased from 48 to 68% [83]. Cammack
and Tomberlin (2017) postulate that optimum moisture not only affected the yield but also
shortened developmental times, and increased pupation and emergence rates. The larval
development was a week faster and required 25-50% less feed at 70% moisture content in
comparison to 55%. There was up to a 3% higher fly emergence at 70% moisture compared
to the 55% diet [76].
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Ewusie et al. (2018) used substrates with an initial moisture ranging between 61 and
91% [45]. In another experiment, pre-consumer (vegetable trimmings, spent coffee and tea
residues, no meat) and post-consumer (leftovers with meat) food wastes, with substrate
moisture contents of 70, 75, and 80% were considered [90]. Here, the differences in wet
larval weight were negligible between the different moisture levels. Larval weights at the
moisture levels tested varied between 119 and 125 mg FM for pre-consumer and 143 and
161 mg FM for post-consumer waste. In contrast, the post-consumer diet produced heavier
larvae (~153 mg FM) compared to the pre-consumer (~122 mg FM) diet due to the higher
crude protein (CP) content in the former and not because of the difference in moisture levels.
The larval growth was found to be 3-5 d faster in 80% substrate moisture compared to
70 and 75%. However, the survival rate was not affected by the moisture content [90].
Although early instar larvae are more robust than eggs (Figure la—c), lower percentages
of moisture in the pre- and post-consumer treatments resulted in the drying of substrates,
disabling larvae from obtaining enough nutrients, and thus reducing growth and devel-
opment [90]. Nguyen et al. (2013) examined substrates with moisture contents between
75.2 and 96.5% but the effect of moisture on larval performance is not specified [39].
A broader moisture content range between 20 and 90% studied at 10% intervals by
Fatchurochim et al. (1989) revealed differences in survival rates on moistened poultry
manure [50]. The BSF survival was best and similar for the substrate moisture ranging
between 40 and 60% in comparison to lower (20 and 30%) and higher ranges of moisture
(70, 80, and 90%). As opposed to other publications, the 70% moisture reduced the BSF
survival rate to 38.8% but the weight of the adult flies was the highest (4.4 mg DM) [50].
The survival rates between different life stages can vary depending on other factors besides
rearing in the moist substrate [15]. A few studies also use structuring compounds in the
feed such as sawdust [91], or wheat bran and brewers’ spent grain [92]. Generally, pupae
are able to survive and eclose without any pupation substrate. In spite, a study testing
pupation substrates of varying moisture (dry to 150%) concluded that its use does affect pre-
pupae mortality and formation of pupae. According to the authors, moistened substrates
reduced the prepupal mortality by >88%, whereas dry pupation substrates enhanced the
pupation rate by up to 9%, compared to the groups without pupation substrates [74].

Similarly, the use of substrate for the egg stage is limited unless the eggs are immedi-
ately inoculated onto the substrates [3,28,36]. The direct inoculation of eggs on substrates
with 60-70% [17,28,91] may lead to reduced hatchability [17]. Providing water for flies
is recommended by most studies. This is performed by either spraying water on the
cages [17,45] or by keeping a water source like a wet cotton wick [76].

Substrate moisture is a crucial factor not only for BSF growth and development but
also for larval harvest, especially in an industrial setting. In conventional bioconversion
studies, organic wastes have been used as such without adjusting the water content to
the requirements of the BSF [46]. Although this could save time, separating residues at
approximately 80% moisture is considered difficult to impossible. Feeding larvae daily
reduces the sieving efficiency as the FM feed is mostly moist [72]. Thus, reducing the
substrate decomposition rate resulting in the emission of a foul smell because of incomplete
substrate degradation. Larvae also tend to escape from the moist substrate. Usually, the
substrate moisture decreases with ongoing rearing because of larval movement, mixing of
the substrate, evaporation, and assimilation of nutrients. Increasing moisture content is
crucial for some substrates, such as almond hulls, for breaking down the particles by larvae
and associated microorganisms [83]. BSF larvae can ingest the nutrients dissolved in water
with ease when the substrate moisture is maintained at approximately 70% [45].

Although substrates with higher moisture content could be fed to the larvae, the use
of substrates with less than 80% moisture is recommended for proper larval development
and is favorable for separating larvae from frass [72]. Egg hatching does not require a
moist substrate, albeit few studies inoculate the eggs directly onto it. Therefore, an optimal
moisture content cannot be suggested based on the current studies.
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3.6. Substrate pH

There are only a few studies on substrate pH and the corresponding effects on larval
growth and development, and almost none on the effects on hatching when eggs are placed
immediately onto substrates. Therefore, the influence of pH on BSF growth has not been
fully elucidated, although available studies have included pH values ranging from 2.0 to
10.0. Ma et al. (2018) showed that the performance of BSF larvae is pH-dependent [93].
While the pH of the diets differed considerably at the beginning of feeding, it was observed
that pH values settled between 8.9 and 9.4 at the end of feeding (Table 2).

Table 2. Change in pH and corresponding individual larval weight on different diets.

Feed Ir;i;ilal Du:';:ion Final pH I&t‘;ﬁ‘iﬂ;g&;l References
Gainesville diet 4.0-9.5 9.7 8.9-9.4 140-150 [94]
Coffee pulp 7.6 13.0 8.9 147 [95]
Chicken feed ~5.0 22.3 7.2 240 [75]
Cottonseed press cake ~6.0 23.7 8.9 140 [75]
Dairy manure 8.2 21.0 7.3 - [96]

Both acidic and alkaline pH values were well-regulated and resisted by BSF lar-
vae [94]. The increase in pH may be due to the release of ammonia in substrates rich in
nitrogen [85,97]. The pH seems to be affected by the feeding rates or the feed amount
because the measured pH of the substrates (vegetable wastes) at lower feeding rates of
60 mg FM/larva/d remains more or less constant between 7 and 8. However, higher feed-
ing rates such as 200 mg FM/larva/d possibly create an anaerobic condition pulling the
pH to acidic values ranging between 4 and 5. The acidity was assumed to have lowered the
growth performance of the larvae [43]. Interestingly, two nutritionally differing diets with
pH values in the neutral (6.8) and slightly acidic (4.5) range showed no difference in pH
levels within the larval gut. The pH values in the anterior, middle, and posterior midgut of
larvae on both diets were approximately 5.5, 2.0, and 8.5, respectively [81].

The pH of fresh dairy manure was 8.2 [96]. Conversely, the initial pH of pig manure
was 6.0-6.2, whereas that of chicken manure ranged between 7.4 and 8.2 [85]. Here, the
harvested larval weight was 2.4-fold higher in hog manure than in chicken manure at
27 °C. According to the authors, the difference in pH probably affected some antimicrobial
peptides influencing larval growth [85]. The pH of a diet consisting of chicken manure
and dairy manure in the 2:3 ratio used by Ur Rehman et al. (2019) was 7.6 [67]. The pH of
the fresh pig manure used in a choice test against a plant-based side stream diet ranged
between 6 and 7, while the plant-by-product was between 3 and 4. It is unknown if the
larval choice for pig manure was based on their aversion to the sensed acidity from the
other feed [98].

There are several studies giving initial pH values but without further relationships
between pH and life-history traits of BSF larvae [67,96,98]. Understanding the changing
pH during larval rearing might help to optimize the dietary composition and feeding rates.

3.7. Feeding Rate

The feeding rate is defined as the amount of feed provided to the larvae or adult flies at
a given time to support their growth, development, and maintenance. There are numerous
studies focused on feeding, but only a few that address feeding rates for the successful produc-
tion of BSF larvae. Larval feeding could either be performed initially in one batch [48,93,94]
or at regular intervals during the experimental duration. The continuous feeding interval
varies across the studies from daily feeding [76,94] to feeding once a week [84] or in other
intervals [41,48,72]. Studies using continuous feeding either replace the feed completely at
defined periods [84,99] or add a new feed on top of the remaining feed [48,53]. The feeding
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aspect also differs in terms of quantity. The feed could be provided at defined feeding
rates [53,89] or ad libitum [15] and sometimes with no information on the total amount of
feed [2,86]. The feeding rates included in the studies ranged from 12.5 mg FM/larva/d to
approximately 1000 mg FM/larva/d (Table 3).

Table 3. Larval feeding rate in various studies.

Feeding Rate (mg FM/Larva) Duration (d) References

60 144-215 [53]
350 15 [79]
960 12 [94]
1000 19-21 [67]
1667 21-29 [93]
13-200 1 10-36 [100]
13-2001 38-45 [32]
50-200! 15 [61]
70-1701 20 [89]
90-230 1 ~25-30 [52]
1001 29-43 [99]
100-1000 ! 12 [48]
2001 12-19 [101]
~2861 - [84]

~40-731 - [39,40]

1 Feeding rate in mg FM/larva/d.

For enhanced prepupal growth, the frequency of adding feed is more impactful than
the amount of feed itself [48]. If the final product is a protein with the desired amino
acid profile and fat, a feeding rate of 125 mg FM/larva/d or higher was recommended
by Brits (2017). For a faster yield that results in early prepupae formation, i.e., 60% of
prepupae within 21 d after hatching, the feeding rate can be raised to 200 mg FM/larva/d.
Larval biomass did not significantly differ between both feeding rates. However, the
efficiency of the conversion of digested feed is highest at the 125 mg FM/larva/d (42.2%)
in comparison to ~32% for the 200 mg FM/larva/d feeding rate [61]. In a study by
Myers et al. (2008), larval performance varied when cow manure was fed at different
feeding rates of 90-230 mg FM/larva/d, with the highest feeding rate resulting in the
greatest larval weight (~178 mg FM) and the highest prepupal fresh weight (~137 mg FM),
faster larval development (~25 d), and the highest adult fresh weight (~55 mg FM) [52].
In contrast, the lowest feeding rate resulted in ~142 mg FM of larval and ~89 mg FM of
prepupae, ~30 d for larval development, and ~37 mg FM of adult weight. A feeding rate
of 100 mg FM/larva/d chicken feed resulted in prepupae of 48 mg FM with a substrate
degradation of ~42%. The feeding rate of 200 mg FM/larva/d produced 63 mg FM prepu-
pae with a substrate degradation of ~26% [100]. In another study, 200 larvae were fed with
homogenized rice straw powder at rates of 12.5, 25, 50, 100, and 200 mg FM/larva/d. In the
latter feeding rate, the prepupae weight was highest with 13.6 mg DM after 38 d of rearing
compared to ~2 mg DM in the lowest feeding rate after 54 d. At 200 mg FM/larva/d, the
substrate consumption was merely ~10% in comparison to the feeding rate of 12.5 mg FM
with 30% substrate consumption harvested at 50% prepupal formation. This confirms that,
independent of the feeding rates, the harvested weights are very small and not suitable [32].
According to Parra-Paz et al. (2015), feeding up to 163 mg DM/larva/d and maintaining a
density of two larvae/cm? is considered ideal based on the predictions from modelling
in terms of biomass gain (59 g DM/ m?/d) and waste reduction index (2.6%/d) without
decreasing the pH to acidic levels [43]. Klammsteiner et al. (2021) fed larvae with oil waste
at 70 mg FM/larva/d and food waste at 170 mg FM /larva/d to obtain the same organic
matter as in 100 mg FM chicken feed per larva [89].

After the larvae have been fed for a certain period, insects must be harvested or
separated from the remaining frass. This procedure is performed either by handpick-
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ing them [53] or sieving [79], usually depending on the substrate moisture at the end of
the experiment. In addition, the harvesting also varies in terms of the developmental
stage. For example, harvesting was conducted at the L5 stage [102] when the first pre-
pupae were found [103], or at 10-100% prepupae formation [82,84,104], or at the pupae
stage [105]. However, other studies predefine a harvest date that could range between
8 d [80] to 20 d [89] or allow the prepupae to self-harvest by actively crawling out of the
substrate [24,96]. The emerged flies are not fed in the conventional sense but are commonly
offered water to drink. However, providing substances like sucrose solution [73,106,107],
moistened sugar cubes [19], honey, D-Glucose, Spirulina or Chlorella powder [108], milk
powder, or bacteriological peptone [107] has a positive effect on fly longevity [106] and
fecundity [107]. An experiment by Bertinetti et al. (2019) with no feed, drinking water,
agar with sugar water, and a mixture of sugar, bacteriological peptone, and milk powder
resulted in increased oviposition and egg weight with a protein availability of 2.5% and
9%, respectively, for the agar and milk diet. The adult longevity was less than 10 d without
feeding. Giving water increased the longevity by 3 d in male and 2 d in female flies.
The provision of agar or milk did not significantly change the longevity in males, whereas
female longevity increased to 13 and 15 d, respectively [107]. The oviposition period
was 10 d in the agar diet and 17 d in the milk-based diet. The total egg mass obtained
in the no diet (532 mg FM) and water diet (~556 mg FM) were lower than in the agar
(~931 mg FM) and milk (~1552 mg FM) treatments. The egg hatchability was ~82%
and differed significantly from the other three treatments with approximately 75% [107].
Similar to Bertinetti et al. (2019), Nakamura et al. (2016) reported an adult life span of 9-11 d
without feeding the flies. However, they observed a tremendously increased longevity
of approximately 21 d for both males and females when provided water. The longevity
increased to approximately 48 d in females and 73 d in males with a sugar diet [19]. Besides
sugar and water, the life history traits of adults were examined by a feeding experiment
with protein-rich (0.05-0.5%), carbohydrate-rich (5-50%), and a 0.5% saline solution [108].
Here, the feeding rate was 2 mL/pair/d of the corresponding solutions. The adult longevity
was approximately 6 d with no feeding, 18-21 d with tap water, 16-19 d with distilled
water, and 10-13 d with 0.5% NaCl. The females failed to lay eggs if they did not receive
water. Feeding 5% honey increased the total egg yield to ~490 mg compared to ~321 mg in
tap water, while 5% glucose led to a reduction of longevity (14 d) and egg yield (241 mg).
When fed with the lowest concentrations of both microalgae powders, adult longevity
decreased to 14-16 d, whereas the total egg yield did not differ compared to tap water [108].

It can be concluded that for higher adult longevity and egg mass, providing an energy
source such as carbohydrates and protein is recommended rather than starving or offering
only water at the adult stage.

3.8. Larval and Adult Density

It is important to ensure a consistent number of larvae per container depending
on the amount of feed. The amount of feed one larva could consume varies between
developmental stages (Figure 1b—f). The larvae have to be provided with enough feed to
minimize intraspecific competition. However, too many larvae in a container can increase
the substrate temperature to an uncomfortable level, which might result in larval escape
and lower larval weight gain. The number of larvae used per unit area, and their stages
as well as the container dimensions differ greatly between studies (Table 4). The lack of
standardization makes the comparability of data considerably difficult.

Table 4. Density of BSF juveniles and adults in various studies.

BSF Density Container Details References
~0.03 larvae/cm? 30 x 30 x 6.5 cm [40]
~0.04 larvae/cm? 76.5 x 56.5 x 30.5 cm [24]
~0.08 larvae/cm?® 17.8 x 11.4 x 6.5 cm [53]
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Table 4. Cont.

BSF Density Container Details References
0.11 larvae/cm?3 21 x 27 x 16 cm [2]
0.22 larvae/cm?3 60 x 40 x 30 cm [79]
~0.11 larvae/cm? 1.89L [82]
0.18 larvae/cm? 55L [101]
0.2 larvae/cm’ 100 L [82]
~1.7 larvae/cm? 05L [22]
1.2 larvae/cm? - [89]
1.45 larvae/cm? 23 x 15 cm [84]
2 larvae/cm? 21 x 17 x 11 ecm [72]
6 larvae/cm? 60 x 40 x 12 cm [72]
2-6 larvae/cm? - [43]
4.2 and 6.3 larvae/cm? ~194-2060 cm? [109]
4-10 kg prepupae 1.0x 1.0 x25mand 25 x 25 x 25m [110]
~111 flies/m3 1.5 x 1.5 x 3.0m [111]
500-8500 flies /m?3 45 x 45 x 45 cm [24]
740-3704 flies/m3 30 x 30 x 30 cm [112]
~741 flies/m3 30 x 30 x 30 cm [106]
~5080 flies/m?> 27 x 27 x 27 cm [19]

Moreover, the age of inoculated larvae varies greatly. For example, Miranda et al. (2019)
used neonates (<12 h after hatching), while other studies inoculated <1 d [53], 2 d [2], 3 d [17,99],
4d[22/40],5d [45,72,78,94,113], 6 d [33,67], several day-old larvae [80,85,98,101,109,114] or even
larvae older than 2 weeks after hatching [48]. It is only known that eggs and early instars are
more fragile compared to later instars (Figure la-g) [17]. However, no recommendation on the
ideal larval age for inoculation onto a feed is reported in the literature. In general, it can be
stated that the influence of a feeding regime of interest is more difficult to trace with increasing
age, as larvae may have been previously cultivated under different circumstances and diets.

Larval densities are reported either based on egg weight [15,63,91], larval numbers
calculated based on the average weight of a given number of individuals [72,79,96], or
by manually counting larvae [3,45,98]. Most publications only state the number of lar-
vae or eggs that are inoculated onto the substrate [22,40] but not whether larvae were
manually counted or weighed. When using eggs, the egg weights differed from 10 mg in
9.0 x 9.0 cm Petri dish containers [27] to 150-200 mg in 19.5 x 16.5 x 9.5 cm containers [15].
It is important to be aware of the differences in hatching rate depending on the egg clutches
inoculated and the resulting stocking density.

Adult density and cage size are crucial variables because of their role in egg pro-
duction [24,110]. The fly densities in various experiments ranged from ~111 [111] to
8500 [24] flies/m> in cages of different dimensions (Table 4). Based on the fly densities
used for M. domestica [115], a density of >13,000 flies/ m3 is possible [24]. In a study exam-
ining densities of 500-8500 flies, the oviposition period was significantly shorter (11 d) at
500 flies/m3 density compared to all the other densities (~15.9 d) [24]. The total egg mass
obtained increased as the fly density per cage increased, i.e., 0.4 g at 500 flies/m3 to 7.8 g at
8500 flies/m?3. The egg mass found in female-ratio-dominant cages was always higher but
not significantly different for the densities of 500, 2500, and 4500 flies/ m?3. In contrast, at
6500 flies/m? and 8500 flies/m?>, the egg mass collected from female-ratio-dominant cages
was significantly higher (7.6 and 9.0 g) than the male-dominant cages (5.2 and 6.6 g), respec-
tively. The egg hatching rate reduced although not significant from 97.5% at 500 flies/m? to
92.1% at 8500 flies/m3. Authors recommend >6500 flies/m? in 45 x 45 x 45 cm cages [24].
The total number of eggs obtained (based on the egg weight of 100 eggs) were 8366, 20,772,
and 42,633, respectively, for 740, 1852, and 3704 flies/ m3. The density of flies in this study
did not affect adult survival [112]. According to Park et al. (2016), it is recommended to
use higher densities of 8-10 kg prepupae in cages ranging between 1.0 x 1.0 x 2.5 m and
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2.5 x 2.5 x 2.5 m to increase the number of eggs and their mass, instead of using lower
densities (4 kg prepupae) [110].

It is hence noticeable that there is a considerable discrepancy between the studies,
particularly in the implementation and information provided, and that no standard density
of larvae or flies could be determined to achieve optimum yield.

3.9. Ambient Temperature and Relative Humidity

Ambient temperature is the temperature of the chamber or immediate environment,
where the insects are reared at a relative humidity (RH) that is often controllable. The BSF
thrive well in tropical climatic conditions at most of their life stages due to their habitat
origin [116], which refers to rearing temperatures above 25 °C and a comparatively high
RH. However, providing a tropical climate throughout the year in the northern hemisphere
is expensive. That makes it important to know the exact conditions required at different
life stages in BSF production. The ambient temperature for the larval stages corresponds to
the substrate temperature (besides larval aggregation temperature) and hence most of it is
mentioned in the substrate temperature chapter. In the case of other life stages, temperature
is an essential variable as well. The range of temperatures tested or maintained for adult
longevity, mating, oviposition, and egg hatchability was between 10 and 42 °C [20,73,88].
According to Holmes et al. (2016), at 12 °C (and 70% RH), eggs fail to hatch, while at 16 °C,
the time taken for egg eclosion is 7 d longer than at 19 °C (approximately 8 d). Also, the
eclosion rate at an ambient temperature of 16 °C was found to be only approximately 12%
compared to 75% at 19 °C. The early instar larvae from the 16 °C ambient temperature
died within 3 d. In the 19 °C conditions, the rate of adult emergence was approximately
32%, indicating that the minimum threshold temperature in rearing BSF is 19 °C [117]. The
pre-oviposition time was as long as 16 d at 20 °C in contrast to just 5 d at 35 °C. However, the
highest egg numbers were obtained at 30 °C. No oviposition was observed at temperatures
less than 12 °C [21]. The egg viability was lower than 11% at 10, 37, 40, and 42 °C. The egg
eclosion time was shorter as the temperature increased from 15 to 40 °C. The eclosion was
11.4 d faster at 35 °C than at 15 °C. The highest egg eclosion rates were at 30 and 35 °C
with an average of 75% [88]. Another experiment with a temperature range of 20.5-39.8 °C
observed up to 99.6% of the oviposition between the temperature ranges of 27.5-37.5 °C [20].

In general, temperatures of approximately 26-30 °C and 60-70% RH are maintained
in the majority of publications. A RH of 59-82% was recorded during the bioconversion
of feed by BSF larvae [45]. Holmes et al. (2012) studied a RH range between 25-70%
for egg eclosion and adult emergence. The prepupal development took the longest
(10.4 d) at 25% RH and shortest (9.5 d) at 70% RH. The pupal and adult mortality were
65, 23, and 2% and 84, 41, and 7%, respectively, for increasing RH of 25, 50 and 70%.
The adult life span was shortest (~5 d) at 25% RH and longest (~8 d) at 70% RH [118].
Under high ambient temperatures, maintaining a higher RH range of 60-70% RH can
minimize evaporation from eggs or moist feeding substrates. Up to 75% of eggs hatched in
just 2.6 d at 35 °C ambient temperature and 70% RH. However, the larval development
time at this temperature took 16 d, whereas the shortest larval developmental time of 13
d was achieved at 30 °C (70% RH) [88]. The extent to which RH affects larval growth
performance is limited based on the few publications that focus on this factor.

The RH in different rearing setups and experiments includes a range of 25-90% for
both flies and eggs. Jucker et al. (2017) maintained the flies at 25% RH [3]. According
to Sheppard et al. (2002), mating and oviposition can be observed at a wide range of
30-90% RH [17]. There are no studies that explicitly examine the effect of varying RH
on fly performance or egg hatching, except Holmes et al. (2012). Here, the egg eclosion
was approximately 7, 20, 38, 73, and 38%, respectively, at a RH of 25, 40, 50, 60, and 70%.
The time taken for egg eclosion was the longest (~131 d) at 25% RH in comparison to
71 d at 60% RH and 84 d at 70% RH [118]. An adequate RH is important to prevent egg
desiccation; spraying water [75,119] or using wet tissues [21] are some of the commonly
used techniques.

41



Agriculture 2024, 14, 8

In particular, understanding the specifics of RH could facilitate the transport of live
animals and improve the safety and efficiency of regular supplies of young larvae to small,
decentralized insect farmers. Based on the results of the above-mentioned studies, an
ambient temperature of approximately 28 °C and a RH of approximately 70% seems to be
ideal for BSF production.

3.10. Light

Light, or photoperiod, is the number of hours in a day in which an organism receives
illumination. Although the influence of photoperiod on BSF larvae is unknown, studies
are maintaining specific photoperiods in larval rearing. The photoperiod tested ranges
between zero [63,81,98], 10 h [107], 12 h [2,45,53,73,86,99], 14 h [22,76,117] and 16 h [27], or
as natural sunlight through a greenhouse [82]. The egg hatching is not affected by light
color temperature [120], nor by light intensity [24]. The photoperiod does not affect egg
hatching as well [24]. Nevertheless, in some studies, eggs were light exposed for 12 h [118],
14 h [22,26,76,94], 16 h [27,52] to 24 h [39]. The reason for this is probably that the different
developmental stages do not have to be spatially separated, thus saving money and space.
The mating of BSF is most efficient under natural sunlight [111,121]. Illumination via
artificial sources was shown to stimulate reproduction in adult BSF as well, offering a way
for commercial year-round production [27,119,122,123]. For artificial illumination, various
systems have been examined, including fluorescence lamps [106,119,122], quartz—iodine
lamps [121], light-emitting diodes (LEDs, [106,119,122,123]), halogen lamps [119,122], and
metal halide lamps [121]. The wavelengths studied were 300-885 nm [122], 332-535 nm [106],
350450 nm and 350-2500 nm [121], 380-780 nm [24], and 400-700 nm [121] range. The light
intensity range included 700-3700 lux [27], 3-800 umol/m? /s [111], 40 umol/m? /s [24],
~50-200 umol/m?2/s [121], 59 umol/m?/s [119], and 300 umol/m? /s [108]. Liu et al. (2020)
tested four artificial light sources for mating success and egg clutches. They used a 50 W
halogen lamp, a combined white LED and compact fluorescent lamp of 50 W each, a 400 W
metal halide lamp, and a 20 W LED lamp that matched the visual spectral sensitivity of
adult BSE. From each light source, wavelengths of 300-885 nm were maintained. The highest
mating success (90%) and proportion of fertile egg clutches (91.4%) were achieved from the
20 W LED lamp. No fertile egg clutches were found for the metal halide light [122]. A 500 W
quartz-iodine lamp (350-2500 nm) and a 450 W rare-earth lamp (350—450 nm) were used to
study mating and oviposition in BSE. The number of mating pairs observed was 70, 40, and
zero for sunlight, quartz-iodine, and rare-earth lamp, respectively [121]. Artificial light rich
in ~440-540 nm is recommended for enhanced mating [123]. Ultraviolet, blue, and green
light between the wavelengths 332 and 535 nm are perceived by the BSF adults, influencing
their mating behavior [106]. However, Zhang et al. (2010) suggest a wavelength spectrum
of 450-700 nm. The mating peak was observed at an irradiance of 110 umol/ m?/s [121].
Tomberlin and Sheppard (2002) recommend maintaining a minimum light intensity of
63 umol/m? /s, and, for optimum mating, an intensity of >200 umol/ m?2/s [111]. The
mating rate increased from 23 to 70% as the irradiance increased from 0.92 W/m? to
431 W/m? [123]. The oviposition peak was on the 17th and 13th d for sunlight versus the
quartz-iodine lamp and both took 4 d for egg hatching [121]. The day of oviposition was
(~16 d) with a LED of low intensity (~14 W/m?), whereas it was approximately 13, 11,
and 10 d, respectively, for an LED of high intensity (~24 W/m?), a fluorescent tube of low
intensity (~5 W/ m?), and a fluorescent tube of high intensity (~23 W/ m?) [106]. Here, the
authors conclude that the higher light intensity in the cages decreases longevity because
of higher energy loss due to increased flying activity. LED illumination is considered to
support a higher egg hatchability within the same number of egg clutches in comparison to
fluorescent tubes [106].

The photoperiod differs between the studies and was shown to have an effect on fly
performance. The oviposition period is light dependent [19,24,119,121]. The experimental
or rearing photoperiod ranged between 2-16 h [19], 6-18 h [24], 8-16 h [112], 9 h [121],
10 h [107], 12 h [20,61,88,106,109], 14 h [93], 15 h [73], and 16 h [119]. According to Hoc et al.

42



Agriculture 2024, 14, 8

(2019), the illumination periods of 2—-6 h and 12-18 h had oviposition peaks at 5 and 3 d,
respectively. The lowest light duration in this study yielded the lowest egg mass (4.1 g).
Although the egg hatching was not influenced by photoperiod, increasing light duration
from 6 to 18 h reduced the oviposition period by 3 d [24].

Neither egg hatching, nor the development of juvenile stages of BSF has been shown
to be affected by light exposure, thus saving energy. In contrast, different variables of
lighting, including wavelength spectrum, photoperiod, intensity, and color temperature
are crucial modulators for reproductive success.

4. Assessment of BSF Larvae on Various Feeding Substrates

Although BSF larvae are popularly known as voracious feeders of biodegradable sub-
stances, their performance in terms of survival rate, developmental time, biomass, and
capacity to reduce waste differs depending on the nutritional composition of the substrate.
The compilation of larval growth and development on various biodegradable materials helps
to obtain an overall picture of what could be more suitable for the larvae and how they can
be used as converters of biodegradable substances based on their specific needs. Although
the current EU regulations restrict the use of certain side streams as feed, there is a huge
potential in utilizing available side streams of animal or plant origin. These include livestock
side streams such as manure, slaughterhouse waste, dairy side streams, as well as food waste
or agricultural side streams consisting of vegetable and fruit production and processing side
streams, seed press cakes, brewer’s grain, fisheries side streams, and seed husks.

The comprehensive chapter on manure is intended to provide insight into its use as feed
for BSF larvae. Other agricultural side streams and food wastes could be fed to other livestock
animals [124] but manure remains unused except for its use as compost or fertilizer. Therefore,
the use of manure as feed for BSF larvae can minimize the competition between different
animals for feed availability. Hence, a compilation of manure studies on BSF performance
is gathered in the next chapter. In addition, aquaculture (and fisheries) side streams like
fish rendering and fish offal, meat and bone meal, feathers, and bedding materials are also
categorized as side streams. These can be a potential source of feed for the insects.

4.1. Manure

BSF larvae are found to thrive on different manure-based substrates [40,67]. Among
the feed trials on manure, the ones that are used widely are chicken manure, pig manure,
and cow manure. The properties of manure seem to influence larval survival. Miranda
et al. (2019) found that the BSF pupation rate was 60-80% higher in fresh chicken manure
compared to 2 and 4 d aged chicken manure. In this experiment, the pupation was not
observed when the BSF larvae were added to the 6 and 8 d old manure [103].

In general, feed trials sometimes include manure with additives, such as specific
microbes or chabazite, a zeolite that reduces unpleasant odor by absorbing volatile com-
pounds such as ammonia (Table 5). It can be summarized that on chicken manure survival
of larvae becomes challenging if the substrate moisture is too high or if the manure is
aged. The larval development time is predominantly longer when feeding manure in
comparison to high-quality standard diets, as shown by Oonincx et al. (2015), where the
development took 20 d on a chicken feed diet [53]. In addition, the developmental time to
reach the prepupal stage in fresh chicken manure was shorter (16 d; [103]). This discrepancy
could be explained either by the drying and remoistening process [53] or changes in the
manure-associated microbial community and changes in the nutritional composition due
to the ongoing degradation process. In most cases, larvae need approximately 20-25 d of
developmental time on fresh chicken manure.
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Table 5. Survival rate (%), developmental duration (d), and individual BSF weight (mg FM) on
chicken manure-based diets.

Feed Survival Rate (%) Duration (d) BSF Stage BSF Weight (mg FM) References
ChM (air-dried and remoistened to 80-90%) 0.0 NA Larva NA [50]
ChM (dried and remoistened to ~66%) 82.0 144 Larva 57.0 [53]
ChM + chabazite + water 86.0 - Prepupa 90.0 [125]
ChM + B. subtilis strain S19 99.3 - Prepupa 87.0 [68]
ChM + B. subtilis strain S15 98.7 - Prepupa 95.0 [68]
ChM (frozen and thawed) 98.0 - Prepupa 78.0 [68]
ChM: Cow manure 3:2 95.0 21 Larva 90.5 [67]
ChM: Cow ;rt\;rll;u&l"o'{é;— Bacillus sp. 991 19 Larva 1125 [67]
ChM (fresh) - 26 Prepupa 225.0 [113]
ChM (fresh) - 13 Larva 80.0 [69]
ChM (fresh) + B. subtilis strain BSF-CL - 13 Larva 93.0 [69]

ChM—-chicken manure.

The larval weight was 116 mg FM in chicken feed but only 57, 69, and 74 mg FM in
chicken, pig, and cow manure, respectively. Here it should be noted that the provided
feed amount was rather low (60 mg/larva). The larvae were harvested when the first
prepupa was observed [53]. The use of fresh poultry manure resulted in the prepupae
weighing almost 225 mg FM [113]. In contrast, the prepupae weight in the fresh chicken
manure was only 53 mg FM [103]. The larvae of 93 mg FM were obtained on chicken
manure and inoculated with the Bacillus subtilis strain BSE-CL at 1 x 10° CFU/mL (1 L of
bacterial inoculation to 1000 kg manure). Without bacterial inoculation, the weight of the
larva was only 80 mg FM [69]. Chicken manure yielded higher larval mass in 14 d when
inoculated with Kocurina marina, Proteus mirabilis, and Bacillus subtilis (each had 22 mg DM)
in comparison to the chicken manure without any inoculation (18 mg DM). In this study,
the bacterial strains were inoculated at 1% (v/w) proportion onto 500 g chicken manure at
a concentration of 1 x 10% CFU/mL [126]. These data show that microbes considered for a
co-digestion process seem to be beneficial for BSF larvae (Table 5). Furthermore, BSF larvae
are capable of reducing the bacterial load of manure-based substrates, as shown by Erickson
et al. (2004) [85]. Here, the concentration of inoculated E. coli O157:H7 (107 CFU/g) in
chicken manure was reduced to approximately 10! CFU/g within 3 d [85]. In contrast,
no reduction of Enterococcus spp. was reported throughout the rearing cycle [85,127,128].
Larvae exposed to contaminated manure still contained viable Salmonella enterica Serovar
Enteritidis after 6 d in their gut [85]. In addition, foodborne pathogens like Bacillus cereus
could also be found in the BSF larval gut. This emphasizes proper decontamination before
use as food or feed [129].

Sheppard et al. (1994) found a substrate reduction rate of up to 50% in their chicken ma-
nure management system. The amount of manure used is not specified by the authors [29].
In other studies, a total reduction rate of 75% of 300 g chicken manure [125], 35.8% of
1000 kg chicken manure [69], and 40.5% from 1000 kg chicken manure inoculated with
the Bacillus subtilis strain BSF-CL were found [69]. The substrate reduction rate was better
(54%) in Bacillus subtilis-inoculated chicken manure than in the control diet (49%) without
bacterial inoculation [126]. Another study with Bacillus sp. strain MRO, inoculation had
comparable results of 48% waste reduction from a chicken and dairy manure mix, whereas
the control diet without bacterial inoculation was reduced by 42% [67].

These results indicate that the chicken manure can be managed very well using BSFE.
However, the substrate moisture, manure age, microbiome, and quality are some of the
factors to be considered. Interestingly, no study so far highlights the effect of inoculating
helpful microbes on the pathogens present in the manure.

The other widely tested manure is cow manure. The weight of larvae reared on cow
manure and cow manure-based diet varies greatly (Table 6).
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Table 6. Survival rate (%), developmental duration (d), stage of harvest, individual BSF weight
(mg FM), and feeding rate on cow manure-based diets.

BSF Weight Feeding Rate

Feed Survival Rate (%) Duration (d) BSF Stage (mg FM) (mg FM/larva) References
CoM 85.0 - Prepupa 137 133 [52]
CoM 71.0 - Prepupa 179 233 [52]
CoM 91.0 24 Larva 63 1000 ! [130]
CoM: SCR 1:4 98.8 21 Larva 123 10001 [130]
CoM: SCR 2:3 98.5 21 Larva 117 1000 ! [130]
CoM: SCR 3:2 98.4 21 Larva 112 10001 [130]
CoM (dried and 87.8 214 Larva ~74 60 [53]
remoistened)
CoM - 21 Prepupa 100 150 [36]
CoM: FO 9:1 - 21 Prepupa 140 150 [36]
CoM: FO 1:1 - 21 Prepupa 150 150 [36]

CoM—Cow manure; SCR—Soybean curd residue; FO—Fish offal. 1 Feeding rate in mg FM/larva/d.

The substrate reduction in cow manure was 26% [130] and 22% [96] on a dry matter
basis. The percent waste reduction increased as the soybean curd residue replaced the
cow manure [130]. According to the authors, BSF larvae reared on cow manure can be
used to produce clean energy coupled with manure management since they produced
approximately 16 g of BSF oil in 10 d from 1200 larvae [96]. In cow manure, the E. coli
0157:H7 abundance was similar (~10” CFU/g) with or without larvae and at all three
temperatures and feed regimes examined [85]. Contrastingly, the presence of 15 d old
BSF larvae significantly reduced the E. coli O157:H7 concentration in cow manure from
approximately 107 CFU/g to 10! CFU/g in 3 d [127].

Pig manure was also a preferred substrate in the BSF larvae feed trials. Larvae of all
ages were observed to prefer pig manure over a plant-based side stream diet, irrespective
of the feed they were previously fed with. The preference for pig manure increased as
the larval age increased. Admittedly, this study only conducted a preference behavior but
information regarding larval development was not examined [98]. The larval survival rate
was 97% in dried and remoistened pig manure with a developmental time of 144 d [53].
A study conducted by El-Dakar et al. (2021) harvested larvae of approximately 202 mg FM
from fresh pig manure in 36 d of development [113]. In contrast, Veldkamp et al. (2021)
yielded larvae weighing just 37 mg FM at the time of harvest, when 10% prepupae were
formed. The lower weights could be due to the use of 7 d old manure in the experiment,
which was stored at 4 °C until use. Additionally, some general rearing issues might
explain the lower weight obtained for all dietary groups including the chicken feed control
(69 mg FM) [104]. The E. coli O157:H7 population increased slightly in the presence of larvae
in the pig manure unlike in chicken manure. However, the total biomass obtained was still
higher (11 g) in pig manure than in chicken manure (5 g) [85]. In the manure management
experiment using BSF, the on-farm reduction in pig manure mass was 56% DM in 14 d [54].
The waste reduction index for pig manure was 3 g DM/d [104].

The larval performance on manures from the same animal species might differ based
on the feed and health condition of that particular animal. The variations in survival
rate, growth, and development of BSF larvae fed similar substrates could be due to the
different experimental setups, including manure age and storage, BSF strains used, time
to harvest, feeding rates, and general differences in rearing conditions. More research is
necessary on the use of manure and its effects not only on larval performance but also on
its further use as an animal feed with a standardized rearing protocol [131]. For example,
varying factors such as the initial larval age, experimental duration, climatic conditions,

and stage of harvest do not give a comparable larval yield even on a similar substrate.

A publication by Bosch et al. (2019), which proposes a protocol for conducting a feed
trial for larval production can be used as a template. They suggest using a standard
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rearing diet in addition to experimental diets [131]. There is no standardization protocol
for trials with adults or parameter-specific studies on the BSF. However, providing detailed
information on the experiment could help understand any existing differences in the results.
Since manure is considered to have a high microbial load and studies postulate ambivalent
data on pathogen reduction or accumulation after BSF treatment, further experiments are
recommended. However, high larval survival rates indicate a species-appropriate rearing
when manure is used as feed.

4.2. Food Waste and Agriculture Side Streams

Food wastes and agricultural side streams encompass kitchen, household, canteen,
and restaurant leftovers, vegetable and fruit scraps, as well as side streams from plant- and
animal-based industries. Generally, these side streams are highly heterogeneous making it
hard to standardize a consistent composition. At times, this could include leftovers of both
plant and animal origin. Many experiments considered food waste either in whole or in
combination as a feeding substrate for BSF larvae. Food processing wastes comprise the
low-value side streams from agroindustry. The most popular feed trials with food waste
and agricultural side streams are brewer’s spent grain, fruit pomace, seed husk, soybean
side streams, spent coffee, pressed seed cakes, bread and cookie remains, fermented empty
fruit bunches and corn straw, potato peels, cassava peels, etc.

On kitchen waste, the survival rate of BSF larvae was only 41% [39]. Although not
very different, on canteen food waste the survival rate until the pupae stage was up to 80%.
However, when larvae were fed purely on oil waste from the canteen, the whole population
failed to reach the pupae stage. The inhibited mobility and respiration due to the viscous
consistency of oil waste and lack of easily digestible nutrients is a plausible reason for the
lower survival rate and biomass increase [89]. On agricultural side streams and side streams
from the food industry, the larval survival rates were above 90% such as for apple pulp,
brewer’s spent grain, corn meal, chicory roots, and fruit puree. None of the larvae survived
on tomato leaves [132]. Feeding rice straw at 12.5 mg FM/larva/d was found to result in
only half of the larvae surviving. In contrast, up to 92% and 98% survived for the feeding
rates of 100 mg FM/larva/d and 200 mg FM/larva/d, respectively [32]. That implies the
possibility of overfeeding low-value substrates as the larvae are able to extract the required
nutrients. The brewer’s spent grain obtained from four different companies was formulated
by either adding just water, brewer’s yeast, or molasses. This resulted in a total of twelve
different diet formulations. The diets significantly differed in their macronutrient contents
but the survival rate was >85% for all treatments [105]. On spent coffee, sweet potato, and
dough the survival rates were 98, 87, and 83%, respectively [133]. On cottonseed press
cake, the survival rate was >99%. This suggests that the presence of anti-nutritional diet
components like gossypol did not negatively affect the survival rate [75]. On fish-rendering
products, the larval survival rate was just 1.5%. The possible heavy metal contents in the
fish diet are considered to be detrimental to larval growth by the authors [39]. A survival
rate of 89% was found on food waste with a fat content of 12% [132]. Similarly, the crude
fat contents of approximately 9, 13, and 19% for vegetables, tofu side streams, and food
waste diet had no hindrance on larval performance. For example, larvae weighed 179,
200, and 193 mg FM, respectively, when reared for 14 d on vegetables, tofu side streams,
and food wastes [91]. Although larvae can survive on most diets, several factors and diet
characteristics listed in this review affect the life history traits of larvae considerably. In
addition, even if the larvae manage to stay alive the time taken for development is highly
variable. On a rice straw diet at a 200 mg FM/larva/d feeding rate, the larvae reached
the prepupal stage in 38 d, while lower feeding rates like 12.5 mg FM/larva/d extended
the larval developmental time to 54 d [32]. At a 100 mg FM/larva/d feeding rate, the
larval development time was ~25 d on diets consisting of vegetable wastes or tofu dreg [31].
The total developmental time to reach the pupal stage was 22 d on a food waste diet [89].
A developmental time of 31 d was taken on brewer’s spent grain consisting of a sorghum-—
barley—-water mix to reach the pupal stage. A development time of ~26 d was found in
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three diet formulations composed of malt-barley-water, sorghum-barley-brewer’s yeast,
and barley—water diet mixes [105].

Larval weight is an important factor in choosing the diet mixture. The larval weights
varied between 3 and 226 mg FM when fed on various food wastes and agricultural side
streams. On kitchen waste and fruit and vegetable wastes, the larval weight was 173 mg
and 123 mg FM, respectively [39]. Another study by Nguyen and colleagues (2015) obtained
a larval weight of 226 mg FM on kitchen waste. The reason could be the difference in fat
content [40]. In the former kitchen waste, the fat content of the diet was only approximately
5% and, in the latter, 20%. In addition, the fat:protein ratio, as well as the amino acid and
fatty acid profile, might play a role [134]. The high protein and high-fat diet obtained by
mixing agricultural side streams gave an 86% survival rate in comparison to a low-protein
and high-fat diet (72%) until observing the first prepupa [41]. The prepupal weight on a
rice straw diet at a 200 mg FM/larva/d feeding rate was only 13.6 mg DM in 38 d [32].
Another study on rice straw resulted in 100% inhibition of larval growth [61]. The addition
of restaurant wastes to rice straw by an 80:20 ratio resulted in a larval weight of approxi-
mately 49 mg DM; harvested at the 50% prepupae stage. Based on additional optimization
tests, restaurant solid waste and rice straw mix represented 70:30 and 0.35% of Rid-X, a
commercial product with functional microbes and enzymes able to break down cellulose,
lipids, and proteins, leading to a larval weight of approximately 61 mg DM [33]. The larvae
reared on solid residual fraction, a residue produced after oil extraction from restaurant
waste, weighed 65 mg FM [55]. Industrial food waste and household food waste yielded
final larval weights of approximately 176 mg and 65 mg FM within 9 d, respectively [132].
The unexpected low larval weight of 65 mg FM on household waste cannot be explained
by the nutritional quality of the diet. However, the possible presence of some harmful
substances (pesticides, cleaning chemicals, etc.) might have inhibited larval growth [132].
Although the survival rate in apple pulp was up to 95.5%, the larval weight was just
~38 mg FM. It was postulated that the combination of a pH of 3.7, lower protein content
(3.4%), high crude fiber (25.7%), and cellulose (21.5%) in apple pulp inhibits larval growth.
Similarly, feeding fruit puree led to lower larval weights (80 mg FM) even with a 99% sur-
vival rate [132]. Fiber-rich palm oil side streams used by Kliiber et al. (2022), yielded larvae
of 187 mg FM in a Bjerkandera adusta fermented diet in ~30 d in comparison to ~149 mg
FM in a non-fermented reference diet in ~41 d. The chicken feed diet in the same experi-
ment yielded larvae of 303 mg FM in ~22 d [63]. Chia et al. (2018) prepared 12 different
diets from brewer’s spent grain (sorghum, barley), brewer’s yeast, and cane molasses, and
the best results were obtained from the following diet mixes. The larval weight in the
sorghum-barley-water diet mix was ~150 mg FM, while ~200 mg FM was yielded from
a barley-water diet mix. Larvae of similar weights (~150-200 mg FM) were harvested
from barley-brewer’s yeast, malt-barley—brewer’s yeast-molasses, and sorghum-barley—
brewer’s yeast-molasses diet mixes. Larvae were collected as soon as they developed into
pupae [105]. Composted cocoa pod husks in combination with food waste resulted in a
larval weight of 112 mg FM within 18 d. The prepupal weight of 150 mg FM was obtained
from larvae fed on tofu dreg [31]. The larval weight on the cottonseed press cake was
approximately 160 mg FM [75]. The individual weight based on the biomass harvested
was 165 mg FM in the apple and spent grain diet. A slightly lower weight of 145 mg FM
was found on a diet consisting of spent grain and banana. The use of pure fruits drastically
reduced the larval weight to 88-105 mg FM for banana, apple, and a mixture thereof, in
comparison to spent grain alone with 136 mg FM [135]. Larval weights were 22 mg, 164 mg,
and 171 mg FM on oil waste, food waste, and chicken feed, respectively [89]. On fish render,
larvae gained 143 mg FM [39] and 167 mg FM [40]. The lower larval weight in fish renders
in comparison to kitchen waste (173 mg FM) could be caused by the bioaccumulation of
heavy metals.

The use of organic wastes as feed for larvae also aims at a reduction in substrate vol-
ume. Substrate reduction after the larval harvest has been measured in some experiments.
A substrate reduction of up to 85% was observed for canteen food waste. The percent
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substrate reduction was 66 and 2.4% on chicken feed and oil waste, respectively [89].
Brewer’s grain and corn meal had a similar waste reduction percentage of approximately
45%. Industrial food waste had a substrate degradation of 59%. Apple pulp and house-
hold food waste had approximately an 18% substrate reduction [132]. The substrate re-
duction was 79% for the fruits and vegetable diet, followed by 70% for bakery, 64% for
cheese, 61% for sugar beet waste, and approximately 52% for brewer’s grain and yeast [37].
The percentage of substrate reduction was 74% for the apple-spent grain substrate mix.
A substrate degradation of 59% was found in an apple-banana diet mix [134].

It is evident that BSF larvae are capable of thriving on various organic substrates.
However, the results of these feeding studies emphasize the complexity of the larval
feeding regime, particularly the availability and ratio of required nutrients, the absence of
contaminants, and the provision of appropriate amounts of feed. Moreover, differences
in larvae performance could be attributed to dissimilarities in rearing conditions and
substrate properties in terms of particle size, and substrate moisture among other factors.
The distinguishable experimental approaches by the researchers have to be standardized
or at least kept in mind to make an unbiased comparison of results.

5. Conclusions

For an optimized and sustainable production of BSF as a source of food and feed,
ample research on available side streams and appropriate rearing conditions is crucial.
Although the earlier studies conducted on BSF rearing provide good information on their
performances, it is clear that the protocols and approaches in measuring the listed rearing
variables differed tremendously. These differences make it challenging to compare the
results between studies but even harder to translate knowledge to an industrial application.
Here, a comprehensive overview of biotic and abiotic variables to be kept in mind is
highlighted. These include substrate chosen as feed and its properties, environmental
conditions, and container or cage type to facilitate optimum circumstances for BSF growth
and development.

According to the studies analyzed, the mortality rate of larvae grown on agricultural
side streams is relatively low while their performances differ between the diets, which
is promising. Combining different side streams in a way that their nutritional profiles
complement each other could compensate individual deficiencies. In consequence, low-
value agricultural side streams can be adjusted to the nutritional requirements of BSF
larvae, creating a sustainable feeding system that contributes to a circular economy. In
addition, this review also guides define the range of variables to be tested in the future;
ensuring an improvement first in research and long-term for BSF production.
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Abstract: Identifying alternative feedstuffs to replace conventional nutrient sources in poultry diets is
crucial to supplying the growing demand for animal feed. A 17-week-long feeding experiment with
three diets, including 0% (control), 10%, and 18% full-fat dried black soldier fly larvae (DBSFL), was
conducted to evaluate the production efficiency and feed safety of using the larvae for partial (50%)
and full (100%) substitutions of soybean meal and 90% replacement of soybean oil in free-range laying
hen diets. Thirty hens (18-36 weeks old) were housed in two mobile poultry trailers per treatment
level. The weight gain of hens, their feed intake, egg production, egg weights, feed conversion ratios,
bird welfare parameters, hematology and blood metabolites, fecal microbiology, and digestive tract
weights were examined. Control hens had higher weight gains, laid more and bigger eggs while
consuming less feed, and had lower feed conversion ratios than 18% DBSFL hens. However, the
production performances of 10% DBSFL hens were not significantly different from the control in
many of the parameters considered (e.g., hen-day egg production or HDEP). In conclusion, partial
replacement of soybean meal and oil with DBSFL in layer diets maintains production efficiency, feed
safety, and hen health and welfare status.

Keywords: laying hen; dried black soldier fly larvae; Hermetia illucens; edible insects; production
efficiency; hen health; feed safety; egg production; digestive tract; blood metabolites

1. Introduction

Soybean meal and oil are excellent sources of protein and metabolizable energy (re-
spectively) in laying hen diets, and they have been widely used as feed ingredients in
commercial poultry production for several decades. The consumer demand for animal
products (in particular poultry products) has shown significant growth in the last few
decades. The latest projections indicate that global demand for food in general will increase
at least by 50-60% from 2019 to 2050 [1]. This demonstrates that the need for animal
feed will also increase. Soybean cultivation for poultry feed requires large areas of arable
land that otherwise can be used to produce plant-based sources of food for direct human
consumption. Thus, it is important to identify extra feed sources, using alternative nutrient
sources that are not used directly for human consumption, to supply the growing demand
for animal feed [2].

Animal processing by-products (e.g., meat meal and blood meal) and fish meal have
also been used as sources of protein in poultry feed for decades [3]. However, the use of
animal by-products is severely restricted in some countries (e.g., the European Union [4]
because of public health concerns related to their use [5]). Furthermore, the use of animal
by-products is not allowed in organic production systems (e.g., the National Standard of
Canada [6], indicating that organic poultry farmers also face a scarcity of protein sources
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for organic poultry diets [7]. In addition, fish meal prices have increased significantly over
time due to static production and a growing demand from the aquaculture industry [8].

The need for alternative feed sources in animal production has facilitated the develop-
ment of circular food systems in which food waste, by-products, and inedible nutrients
for humans can be used to produce feed for animals [2]. When the reduction of food loss
and waste is not feasible, reusing the lost and wasted nutrients by recycling them through
circular food systems is of great importance. Nevertheless, there are diverse standards
and guidelines in different regions concerning which lost or wasted food products can be
recycled back directly into the food system through animal feed. About one-third (31%) of
the food produced in the world is lost or wasted, and approximately half of this wastage
(14%) happens at the retail and consumer levels [8]. At this stage, the nutrients are still of
high quality and not contaminated. Insects and worms have shown potential for recovering
nutrients from food waste by establishing a natural recycling and recovery system for the
production of highly nutritious feedstuffs. Their production is considered a viable solution
for tackling both the increased demand for animal feed and the challenges caused by the
production of excessive amounts of food waste in our current food systems [2,3,9,10].

Many alternative nutrient sources have been tested in the last few decades to identify
novel feed ingredients that can improve the environmental, economic, and social sus-
tainability of animal farming while increasing feed production. For example, the use of
insects in aquaculture, poultry, and swine production has been authorized in several coun-
tries/regions [11]. Nevertheless, there are considerable differences in the insect production
systems and conditions in different regions (e.g., what is allowed to be used as the nutrient
source for insects). These differences have made comparison of published results difficult
(see discussion) [9,10,12].

The black soldier fly (Hermetia illucens) is one of the insects used to convert significant
amounts of organic waste into biomass rich in protein and lipid [3,13,14]. The use of black
soldier fly larvae (from now on referred to as BSFL) has been promising in aquaculture
and monogastric animal production as a substitute for conventional lipid and protein
sources in aquaculture and poultry feed [2,10,14-22]. The nutritional value of BSFL as
a feedstuff depends on the nutrient sources provided to the insect and the production
stage of BSFL [21,23]. Different studies have used BSFL in different formats (full fat,
defatted, chopped, grounded, meal, etc.) at different stages of animal production. Moreover,
potential pathogen contents of the larvae (e.g., Escherichia coli O157:H7 and Salmonella
spp. and Enterococcus spp.) and the presence of heavy metals (such as As, Cd, Cr, and Pb)
or other chemical contamination are concerns about their use as a feed ingredient [24-26],
but investigations have rarely been reported in the published literature.

Considering the knowledge gaps in this area, this study was conducted to investigate
the effects of the inclusion of full-fat dried BSFL (from here on referred to as DBSFL),
either as partial or full replacements of soybean meal and oil, on the production efficiency
(i.e., weight gain of hens, their feed intake, egg production, egg weight and feed conver-
sion ratio), bird health and welfare parameters, hematology and blood metabolites, fecal
microbiology and digestive tract length, and weight of commercial laying hens, from the
beginning of their egg production until their peak egg production. The DBSFL used in the
current study was produced from pre-consumption plant-based food waste.

2. Materials and Methods

The current experiment was conducted under the guidelines of the Canadian Council
on Animal Care, and the study was certified by the University of British Columbia (UBC)
Animal Care Committee (Certificate #A16-0227).

2.1. Source of DBSFL

Whole DBSFL provided by Enterra Feed Corporation (Langley, BC, Canada) was used
in this study as a protein and lipid source in the laying hen diets in the form of chopped lar-
vae (about 3-5 mm length). The larvae were produced from pre-consumption plant-based
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food waste that was mainly supplied by the food processing and retail sectors. The larvae
were harvested as a 4th or 5th instar prior to darkening into prepupae to minimize chitin
content. Further information about the production practices was considered proprietary
and was not shared by the producer.

2.2. Experimental Design

The feed trial was conducted at the Kwantlen Polytechnic University Teaching and
Education Centre (Richmond, BC, Canada), and the laboratory work was conducted at the
UBC Avian Research Centre (Vancouver, BC, Canada).

A Completely Randomized Design (CRD) study with 3 dietary treatment levels (0%,
10%, and 18% DBSFL) and 2 replications per diet was carried out for 17 weeks, starting
when the hens were 18 weeks old.

Ninety commercial brown layer pullets (Novogen BROWN) were obtained from a local
supplier. Each experimental unit, consisting of 15 layers, was housed ina 3.35m (L) x 1.5m
(W) x 1.8 m (H) rat and predator-proof mobile poultry trailer, custom-built according
to Canadian General Standards Board guidelines for Organic production systems [6].
The outside free-range area provided 0.33 m? per hen, and the off-the-ground area in-
side the hut area provided 0.17 m? per hen. Each of the six trailers was equipped with
four 35.7 cm (L) x 33.0 cm (W) x 35.7 cm (H) nest boxes, inside perches (~20 cm/hen),
two feeders (one inside and one outside under cover), a 13.25 liter water bucket with
four nipple drinkers, and a sandbox for dust bathing. Trailers provided an enclosed en-
vironment for hens by covering all areas with wire mesh except for the ones made of
wood (Figure S1). All six trailers were located in a field seeded with rye grass and white
clover. Trailers were moved to new ground once every two weeks so that all birds could
have access to fresh cover crops at the same time. A solar-powered electric fence was
installed all around the field to minimize human and animal disturbances. From here on,
the three dietary treatment groups will be referred to as 0% DBSFL (or control), 10% DBSFL,
and 18% DBSFL, respectively.

2.3. Diet Formulation and Feed Nutrient Analysis

Before formulating the diets (Table 1), the proximate compositions of the DBSFL used
in this study were analyzed. Proximate composition analysis indicated that its moisture, dry
matter, crude protein, crude fiber, crude fat, and crude ash contents were 4.2%, 95.8%, 37.9%,
7.4%, 43.6%, and 6.4%, respectively. The ME value of DBSFL was calculated at 5.2 kcal/g
based on the Carpenter and Clegg equation (—53 + 38 (% crude protein + 2.25 x % ether
extract + 1.1 x % starch + % sugar)) [27]. This information was used to formulate the
three experimental diets using the WUFFDA program (University of Georgia Extension,
Athens, GA, 2014). The diets were formulated to be isocaloric and isonitrogenous according
to NRC [28] laying hen nutrition requirements. In the partial replacement diet, 50% of
the soybean meal was removed and 10% DBSFL could be included, along with some
modifications in the inclusion rates of other feedstuffs to balance the diet to the same
protein and energy levels as the control diet. In the full replacement diet, all the soybean
meal was removed, and 18% DBSFL could be included with some modifications in the
inclusion rates of other ingredients to balance the diet to the same energy and protein
levels. All three diets met the requirements for essential amino acids and fatty acids and
were prepared by a local organic feed supplier (In Season Farms, Abbotsford, BC). Feed
was provided in the mash form in all three diets, and whole DBSFL were chopped (size of
3-5 mm) before their inclusion in the treatment diets.

In the 10% DBSFL and 18% DBSFL diets, DBSFL substituted 50% and 100% of the
soybean meal, respectively. Moreover, in both diets, DBSFL also replaced 90% of the
soybean oil because larvae have a high lipid content. The chemical composition, fatty acid
profile, 12 amino acid concentrations, and metal profile of the three experimental diets were
analyzed based on the standards defined by AOAC [29].
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Table 1. Ingredients and calculated composition of three experimental diets 1

. o Diets
Ingredients (% w/w) 0% DBSFL 2 10% DBSFL 18% DBSFL
Chopped DBSFL 0 10 18
Soybean meal 20 10 0
Sunflower meal 14.3 12.3 15
Soybean oil 4.95 0.5 0.5
Ground Corn 49.5 41.5 30
Barley 0 3.16 10
Wheat 0 9 4
Wheat bran 0 1 10
Dehydrated alfalfa meal 1 3 3.4
DL-Methionine 0.15 0 0
Limestone 8.65 8.12 7.7
Dicalcium phosphate 0.5 0.5 0.5
Common Salt 0.35 0.32 0.3
Vitamin Mineral Premix 0.4 0.4 0.4
Choline 0.1 0.1 0.1
Phytase Enzyme 0.1 0.1 0.1
Calculated composition
Dry matter (%) 91.13 91.24 91.83
M.E. (Kcal/g) 2.79 2.79 2.79
Crude protein (%) 17.02 17.02 17.02
Ether extract (%) 7.9 6.73 9.9
Calcium (%) 3.52 3.53 3.53
Na (%) 0.18 0.18 0.18
Total phosphorus (%) 0.54 0.51 0.59

! Feedstuff nutrient values provided by NRC [28] and Feed Supplier (In Season Farms), and laying hen nutrient
requirements provided by [28,30] considering 120 g feed /hen/day; 2 DBSFL: Dried black soldier fly larvae.

2.4. Experimental Protocols and Production Performance Data

Pullets arrived as 18-week-old birds in the last week of June. The first two weeks
were an adaptation period, and the birds were fed the control diet ad libitum. All birds
were weighed and tagged with numbered wing tags at the end of the first week. After the
second week, all the birds were gradually introduced to their respective diet treatments.
By the end of the third week, the transition and adaptation stages were completed. The
data collection started at the beginning of Week 4, when the birds were 22 weeks old, and
continued until Week 17 (Week 36). This study focused on the early egg production stage
because it can have a long-lasting effect on production efficiency and hen health. During
this stage, hens not only initiate laying eggs, reach their highest laying rate, and complete
a 10-week peak production, but also gain considerable body weight [31]. Individual hen
weights were recorded biweekly during the experiment period (total of 7 times).

Each trailer was provided daily with 2.2 kg of feed evenly distributed between the
two feeders, and the leftover feed was weighed weekly using a handheld digital scale
(Salter-Brecknell SA3N253, ElectroSamson Digital Scale, Fairmont, MN). Then, the daily
feed intake per hen and feed conversion ratio (FCR) were calculated.

The number of eggs produced in each trailer was recorded daily, and then the weekly
hen-day egg production (HDEP) was calculated.

Daily egg production in each trailer was weighed once a week using a pocket scale
(100 g with 0.01 g reliability), and the results were extrapolated to represent the mean
weekly egg weight per trailer.

2.5. Blood Chemistry and White Blood Cells (WBC) Differential Counts

Baseline blood samples (1 mL) were collected from three randomly selected hens in
each trailer from the brachial vein using a tuberculin syringe with a 25 G heparinized
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needle on Week 2 before the hens were put on the experimental diets. The second blood
sample was collected in Week 17 from the same birds immediately after decapitation (for
post-mortem examination) by collecting trunk blood into heparinized vacutainer tubes.
Blood was stored in BD Vacutainer® Heparin Tubes (light green-topped tubes, Franklin
Lakes, NJ, USA) and transported to the laboratory immediately after.

Blood biochemistry metabolites were analyzed to determine the concentrations of al-
bumin, albumin/globulin ratio, amylase, aspartate transaminase enzyme, bile acids, blood
urea nitrogen, calcium, chloride, cholesterol, creatine kinase, creatinine, gamma-glutamyl
transferase enzyme, globulin, glucose, phosphorus, potassium, sodium, sodium/potassium
ratio, total protein, triglycerides, and uric acid. Blood smears were also made for the WBC
differential counts. Heterophil: Lymphocyte (H:L) ratios were calculated by dividing the
absolute heterophil count by absolute lymphocyte counts. Moreover, packed cell volume
(PCV or hematocrit) was measured after centrifuging blood in microhematocrit tubes at
12,000% g for 5 min.

2.6. Fecal Microbial Analysis

Fecal culture examination was conducted at Week 16, close to the end of the 17-week
experiment, to study the pathogen content of hens and monitor the impact of the inclusion
of the novel feed ingredient on hen health. This was carried out to ensure that the hens
were exposed to the new ingredient for the longest time possible in this experiment and to
detect any potential influence of the use of DBSFL on hen pathogen contents. About 5 g of
fresh fecal samples were collected from each trailer by placing five randomly selected birds
from each trailer in a clean crate with a plastic bag under the crate for half an hour. For each
trailer, three fecal samples were pooled in a ProtocolTM C&S Medium container (Cary and
Blair Medium containing 15 mL of Phenol Red solution; Fishe Diagnostics, VA, USA) (in
total, six samples) for the detection of enteric pathogens. Standard bacterial growth media
were used for specific incubation times and temperatures determined by the standard
procedures applied by IDEXX Laboratory (Delta, BC, Canada) for the detection of enteric
pathogens.

2.7. Health and Welfare Parameters of Laying Hens

Feather and wound scores [32] were recorded biweekly when the hens were weighed.
Plumage conditions in six body parts (neck, breast, cloaca/vent, back, wings, and tail),
bumble foot lesions, and pecking damage to the comb and the skin of the rear body were
assigned scores of 1 to 4 (4 being the best integument conditions and 1 being the worst) [32].

2.8. Post-Mortem Examination of the Gastrointestinal Tract

At the end of the feed trial (Week 17), the three hens per trailer (in total, 18 hens) that
were sampled in the baseline sampling were transported to the Necropsy Laboratory of the
UBC Centre for Comparative Medicine. A post-mortem examination was performed to
assess the effects of the three diets on the gastrointestinal tract weight of laying hens. The di-
gestive tract of the hens was segmented into the proventriculus, gizzard (ventriculus), small
intestine (duodenum, jejunum, and ileum), ceca, large intestine, liver, and pancreas [33].
The segments were weighed using a precision electric balance (0.01 g reliability). The
proportional weights of the digestive tract segments were calculated using the segment
weight divided by the bird’s live weight taken just before decapitation. The individual
segment weights divided by the total intestinal tract weight were also calculated as the
digestive tract weight proportions.

2.9. Statistical Analysis

CRD was considered the general design of the experiment, with two replications
(trailers) and a single-fixed effect treatment (with three levels: 0%, 10%, and 18% DBSFL).
Trailers were assigned randomly to the treatment levels.
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The experiment was designed to benefit from the strengths of the repeated measures
mixed models as discussed by Schank and Koehnle [34] and Olejnik and Algina [35].
The application of repeated measures tests makes it possible to obtain unbiased results
with limited samples [34]. These tests increase the precision of measurements, result in a
reduction of measurement errors, and increase the likelihood of identifying statistically
significant differences [34,35].

The o-level was 0.05 in all tests. The data were analyzed by Least Squares ANOVA
with repeated measures using JMP® PRO software (version 17.0.0, SAS Institute Inc., Cary,
NC, USA). Tukey HSD post hoc tests were used for means separation depending on the
frequency of measurements, the presence of subsamples, and the type of analysis. Trailers
were considered the experimental units, and the statistical models listed below were used
in the present study to determine differences between treatment groups.

e  CRD with repeated subsampling was used when measurements were conducted re-
peatedly during the experiment on hens (i.e., subsamples) within each trainer (i.e., ex-
perimental unit), e.g., blood biochemistry, WBC differential, and hen weight.

e  CRD repeated in time were used when measurements were conducted repeatedly on
the trailers without any subsampling, e.g., feed intake, HDEDP, egg weight, and FCR.

Thus, the power of the tests was calculated for the CRD and repeated in time to check
if the sample size was adequate for the tests. Cohen [36] recommended 0.8 as the generally
accepted minimum level of power for tests.

Due to the limited sample size, statistical analyses were not performed on the feed
composition and post-mortem data. However, the data are presented because they can
provide valuable insights and trends that can be used to inform future research.

3. Results
3.1. Feed Composition Analyses

Proximate composition of the control, 10% DBSFL, and 18% DBSFL diets indicated
their moisture (9.3%, 10.2%, 9.8%), dry matter (90.7%, 89.8%, 90.2%), crude protein (20.1%,
18.5%, 19.9%), crude fiber (7.3%, 7.2%, 9.1%), and crude fat (9.4%, 8.1%, 12.6%) contents
(respectively). The crude fat concentration was higher in the 18% DBSFL diet because its
lipid content was higher in absolute terms compared to the control and 10% DBSFL diets.

3.1.1. Metal Profiles of Diets

Table 2 shows that similar mineral mixes were included in the three diets, in approxi-
mately similar concentrations. The Ca concentrations were higher than the recommended
level in all three experimental diets used in this study. It was higher in the DBSFL diets
compared to that of the control feed. The 18% DBSFL diet had the lowest concentrations of
Cu and Cr compared to the other two experimental diets. Zn concentrations were similar
in three diets. The As, Cd, and Pb concentrations of the three diets were negligible.

Table 2. Metal profiles of three experimental diets.

Metal Diets

(ppm on Dry Matter Basis) 0% DBSFL 10% DBSFL ! 18% DBSFL
Aluminum 134.53 186.13 180.43
Antimony <5.00 <5.00 <5.00
Arsenic <2.50 <2.50 <2.50
Barium 3.97 4.78 6.51
Boron 11.48 7.56 5.96
Cadmium <0.50 <0.50 <0.50
Calcium 41,087.08 48,163.13 44,186.61
Chromium 717 7.22 6.07
Cobalt <1.00 <1.00 <1.00
Copper 25.49 26.34 20.29
Iron 269.29 300.03 261.39
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Table 2. Cont.

Metal Diets

(ppm on Dry Matter Basis) 0% DBSFL 10% DBSFL ! 18% DBSFL
Lead <2.50 <2.50 <2.50
Magnesium 1941.29 2052.45 2546.60
Manganese 162.56 154.13 181.21
Mercury <10.00 <10.00 <10.00
Molybdenum 0.99 1.00 0.88
Phosphorus 5439.80 5080.56 6159.70
Potassium 9695.40 8287.59 8569.54
Selenium <10.00 <10.00 <10.00
Sodium 2285.62 1984.66 1701.78
Sulfur 2808.74 2450.27 2421.97
Thallium <10.00 <10.00 <10.00
Zinc 156.16 160.13 161.46

1 DBSFL: Dried black soldier fly larvae.

3.1.2. Amino Acid Profiles of Diets

Figure 1 shows the amino acid content of three experimental diets. Threonine, valine,
isoleucine, and lysine concentrations were higher in the three experimental diets than the
recommended concentrations by Novogen [30]. Methionine concentrations of DBSFL diets
were slightly lower than those of the control diet and the recommended concentration in
the laying hen diets [30].

35 m0% DBSFL
30 B10% DBSFL
S 018% DBSFL
225
3
= 20
[}

815

Amino acids profile on a dry matter

Amino acids

Figure 1. Amino acid analysis (w/w%, dry matter basis) of three experimental diets with different
levels of dried black soldier fly larvae (DBSFL).

3.1.3. Fatty Acids Profiles of Diets

The results of the fatty acid analysis indicated that the lipid (ether extract) contents
of the three diets seemed to differ from each other (Figure 2). The lipid content of the 0%,
10%, and 18% DBSFL diets was 8.48%, 7.27%, and 11.3% (as fed), or 9.35%, 8.1%, and 12.6%
(dry matter), respectively. The lauric acid and myristic acid contents of both DBSFL diets
were higher than those of the control feed. In addition to that, the palmitic acid and oleic
acid contents of the 18% DBSFL diet were higher than those of the control group. On the
other hand, linoleic acid and linolenic acid levels were higher in the control feed than those
in the DBSFL diets.
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Figure 2. Fatty acid profiles of the three experimental diets with different levels of dried black soldier
fly larvae (DBSFL).

3.2. Hen Weight

There was a significant (p = 0.014) Time x Diets interaction. The weight gains of hens
from Week 4 to Week 16 differed depending on the level of DBSFL in the diet (Figure 3).
Results indicated that the control hens gained more weight at a faster rate during the
experiment compared to the weight gains of the hens in the 10% and 18% DBSFL diets.
However, the live weight of 10% DBSFL hens was not significantly different from that of
the 18% DBSFL hens throughout the trial, until the last weighing (p < 0.05).

—o—0% DBSFL —e—10% DBSFL —e—18% DBSFL
2

-
©
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N

N
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Experimental weeks

Figure 3. Time x Diet interaction effect on hen weights from Week 3 (age 21-week-old) until Week 16
of the experiment fed three experimental diets with different levels of dried black soldier fly larvae
(DBSFL). Means followed by different letters were significantly different (p < 0.05); n = 42.

3.3. Feed Intake

There was a significant (p = 0.04) Time x Diet interaction effect (Table 3). Hens from
the 18% DBSFL dietary treatment level consumed more feed compared to hens from the
other two groups. The differences in the feed intake of the 18% DBSFL hens and the control
hens were significant at Weeks 12, 13, and 16 (p < 0.05).
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Table 3. Fixed effect tests and interaction effects Least Square Means (LS Means) of Time x Diet on
the feed intake, hen-day egg production (HDEP), egg weight, and feed conversion ratio (FCR) from
Week 4 (age 22-week-old) until Week 16 of the experiment fed three diets with different levels of
dried black soldier fly larvae (DBSFL). (The means followed by different letters were significantly
different at p < 0.05 and n =78.)

Feed Intake HDEP Egg Weight FCR
. -Value . -Value . -Value . -Value
F Ratio fPower) F Ratio fPower) F Ratio fPower) F Ratio fPower)
. Treatment 12.48 0.04 (1.00) 1.75 0.31 (1.00) 73.99 <0.01 (1.00) 17.31 0.02 (1.00)
1 3-"_': "g' Time 2.73 0.01 (0.94) 2.88 0.01 (0.95) 17.52 <0.0001 (1.00) 142 0.20 (0.81)
g Interaction 1.92 0.04 (0.93) 4.19 <0.0001 (1.00) 1.82 0.05 (0.91) 4.64 <0.0001 (1.00)
Diets ]:i(ellel(r;‘ LS Mean Sig. level LS Mean Sig. level LS Mean Sig. level LS Mean Sig. level
4 123.33 ABCDEF 0.98 ABCDE 56.89 HIJK 2.21 ABCDEFGH
5 123.33 ABCDEF 0.97 ABCDE 59.52 CDEFGHIJ 2.13 CDEFGHI
6 122.33 ABCDEF 0.97 ABCDE 60.70 ABCDEFG 2.07 DEFGHI
7 120.33 CDEF 0.99 ABCD 62.28 ABCDEF 1.95 GHI
) 8 121.67 BCDEF 0.97 ABCDE 62.50 ABCD 2.01 EFGHI
3 9 121.33 BCDEF 0.98 ABCDE 63.05 AB 1.96 GHI
E 10 118.67 EF 0.99 ABCDE 63.12 A 1.91 GHI
) 11 120.00 CDEF 0.97 ABCDE 62.31 ABCDE 1.99 FGHI
s 12 118.33 EF 0.97 ABCDE 62.58 ABC 1.96 GHI
13 114.67 F 1.00 ABC 62.86 ABC 1.82 I
14 126.00 ABCDEF 0.99 ABCD 63.16 A 2.01 EFGHI
15 127.00 ABCDEF 0.98 ABCDE 62.55 ABC 2.07 DEFGHI
16 119.33 DEF 1.00 ABC 63.22 A 1.89 HI
4 126.67 ABCDEF 0.98 ABCDE 55.43 K 2.34 ABCDEFGH
5 125.33 ABCDEF 0.97 ABCDE 56.18 JK 2.30 ABCDEFGHI
6 124.00 ABCDEF 0.94 ABCDE 57.09 HIJK 2.30 ABCDEFGH
7 127.67 ABCDEF 0.97 ABCDE 59.49 CDEFGHIJ 2.22 ABCDEFGHI
= 8 134.00 ABCDEF 0.97 ABCDE 58.77 EFGHIJK 2.35 ABCDEFGH
% 9 134.00 ABCDEF 0.98 ABCDE 59.92 ABCDEFGH 2.28 ABCDEFGHI
=) 10 127.00 ABCDEF 0.97 ABCDE 58.98 DEFGHIJ 2.23 ABCDEFGHI
2 11 127.67 ABCDEF 0.99 ABCDE 60.17 ABCDEFGH 2.15 CDEFGHI
= 12 124.67 ABCDEF 0.95 ABCDE 59.93 ABCDEFGH 2.19 BCDEFGHI
13 127.33 ABCDEF 0.99 ABCDE 60.22 ABCDEFGH 2.15 CDEFGHI
14 130.00 ABCDEF 0.97 ABCDE 59.50 BCDEFGHI]J 2.25 ABCDEFGHI
15 131.67 ABCDEF 0.97 ABCDE 60.12 ABCDEFGH 2.25 ABCDEFGHI
16 129.67 ABCDEF 0.97 ABCDE 60.38 ABCDEFGH 2.22 ABCDEFGHI
4 125.33 BCDEF 0.98 ABC 55.99 JK 2.28 BCDEFGHI
5 131.67 ABCDEF 1.01 A 57.43 GHIJK 2.27 CDEFGHI
6 129.67 ABCDEF 1.00 AB 57.32 GHIJK 2.27 CDEFGHI
7 132.00 ABCDEF 0.97 ABCD 57.59 GHIJK 2.36 ABCDEFGH
= 8 136.00 ABCDE 0.98 ABC 58.74 FGHIJK 2.36 ABCDEFG
g 9 141.33 AB 0.98 ABCD 58.13 GHIJK 2.49 ABCD
=) 10 137.33 ABCDE 0.97 ABCDE 58.01 GHIJK 2.45 ABCDEF
2 11 135.00 ABCDE 0.95 ABCDE 57.46 GHIJK 2.47 ABCDE
2 12 142.33 A 091 DE 58.63 GHIJK 2.67 A
13 139.00 ABCD 0.93 BCDE 58.02 GHIJK 2.58 ABC
14 140.00 ABC 0.91 CDE 58.35 GHIJK 2.63 AB
15 139.00 ABCD 0.94 BCDE 58.03 GHIJK 2.55 ABC
16 142.33 A 0.90 E 59.51 BCDEFGHI 2.66 A
SE 3.38 0.02 0.60 0.08

3.4. Hen-Day Egg Production (HDEP)

There was a significant (p < 0.0001) Time x Diet interaction effect on HDEP (Table 3).

The results indicated that control and 10% DBSFL hens maintained high HDEP during the
study (Weeks 4 to 16), but the HDEP of 18% DBSFL hens started to decrease at Week 11
and had lower HDEP than the control hens in the last 4 weeks of the study (p < 0.05), even
though they still maintained above 90% HDEP.
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3.5. Egg Weight

The mean egg weights from the 0%, 10%, and 18% DBSFL diets during the experiment
were 61.90 £ 0.24 g, 58.93 4= 0.24 g, and 57.94 & 0.24 g, respectively. The average weights
of the eggs from all three diets were within the weight range for large eggs in the Canadian
egg grading system (56 g to 63 g). There was a significant (p < 0.05) Time x Diet interaction
(Table 3) in the egg weight variable. In Weeks 4 and 5 of the feed trial, eggs produced by
hens in the three treatment groups were not significantly different in weight (p < 0.05).
After Week 6, the egg weight of the 10% DBSFL diet started to show some inconsistent
pattern in that they were significantly lighter than those from the control diet in Weeks 6, 8,
10, and 14 (p < 0.05) but not significantly different at other time points. The egg weights
of the 18% DBSFL diet were significantly lighter than control eggs after Week 6 (p < 0.05).
There were no significant differences in the egg weights of the 10% and 18% DBSFL diets
throughout the study.

3.6. Feed Conversion Ratio (FCR)

Weekly FCR was significantly (p < 0.0001) affected by Time x Diet interaction (Table 3).
Control hens had the best FCR throughout the study. Starting at Week 9, the FCR of 18%
DBSFL hens was significantly higher than the FCR of the control hens (p < 0.05). Except for
the first 3 weeks, the FCR of 10% DBSFL hens was between the FCRs of the control and the
18% DBSFL hens. The 10% DBSFL hens’ FCR was significantly better than the 18% DBSFL
hens at Week 12 (p < 0.05). Both 0% and 10% DBSFL hens maintained their FCR throughout
the study, but the FCR of 18% DBSFL hens gradually increased.

3.7. Blood Metabolites
3.7.1. Blood Biochemistry

The baseline blood samples were taken during the ready-to-lay stage (20 weeks old),
and as a result, changes in the blood parameters after 15 weeks of laying eggs were expected
(Table 4), but for some of the blood parameters, these changes depended on Diet treatment
levels (Table 5) or Time x Diet interactions (Table 6). The lipid content of the 18% DBSFL
diet was higher than that of the control diet, but plasma triglycerides were higher in the
control hens than in the 18% DBSFL hens (Table 5).

Table 4. There was a significant difference in plasma parameters between 20-week-old hen baseline
plasma samples and 35-week-old hen blood samples (36 samples within 12 experimental units).

Age A

Plasma Parameters 20 Weeks & 35 Weeks SEM F Ratio p-Value
Glucose (mmol /L) 4.27 9.73 0.46 27.73 0.01
Urea (Bun) (mmol/L) 0.32 0.68 0.04 20.69 0.01
Uric acid (mmol/L) 437.06 149.5 21.05 176.07 0.001
Calcium (mmol/L) 6.28 477 0.15 57.64 0.005
Sodium /Potassium ratio 39.50 26.17 0.67 640.00 0.0001
Chloride (mmol/L) 118.56 124.17 0.86 37.09 0.01
Total protein (g/L) 49.89 42.61 0.96 16.74 0.03
Albumin (g/L) 17.94 14.83 0.33 50.58 0.006
Aspartate Transaminase (IU/L) 141.5 200.56 4.61 134.86 0.001
Gamma GT (IU/L) 10.78 51.00 4.28 60.43 0.004
Cholesterol (mmol/L) 2.87 2.14 0.12 18.31 0.02
Triglycerides (mmol /L) 13.53 9.04 0.65 17.88 0.02
Bile acids (umol/L) 36.87 6.91 1.72 961.11 <0.0001
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Table 5. Significant Diet effect on plasma parameters (36 samples within 12 experimental units).

Diets
Pl P ters ! F Ratio p-Value
asia Tatameters 0%DBSFL?  10%DBSFL  18% DBSFL SEM

Total protein (g/L) 49.25a 46.67a 42.83b 0.60 28.68 0.01
Albumin (g/L) 17.92a 16.17ab 15.08b 0.44 10.77 0.04
Triglycerides (mmol/L) 13.05a 12.19ab 8.62b 0.64 13.40 0.03

! In each row, means followed by the same letter are not significantly different. 2 DBSFL: Dried black soldier

fly larvae.

Table 6. Significant (p < 0.05) ! Time x Diet interaction effect on plasma parameters (36 samples

within 12 experimental units).

Diets
1 0% DBSFL 2 10% DBSFL 18% DBSFL SEM F Ratio p-Value
Plasma Parameters Week Week
Week 23 Week 17 Week 2 Week 2
17 17

Creatinine (umol/L) 14.33 15.00 14.83 11.33 12.17 8.67 1.31 12.50 0.04
Potassium (mmol/L) 3.77b 6.15a 3.85b 5.88a 3.90b 5.65a 0.15 1850 <0.0001
Amylase (IU/L) 387.50ab 385.50ab  422.33a  332.00ab 397.50a  277.50b  16.16 10.66 0.04
Creatine Kinase (IU/L) 613.33¢c 1904.00ab  721.17c¢  2336.33a  663.67c  1552.83b  64.19 20.52 0.02

! In each row, means followed by different letters were significantly different (p < 0.05); 2 DBSFL: Dried black

soldier fly larvae; 3 At Week 2 of the experiment, hens were 20 weeks old, and hens in all three treatment groups

were still on the control diet.

3.7.2. WBC Differential Counts

Most of the WBC differential counts were significantly affected by Time (Table 7),

and, except for monocytes, the effect of the diet and the Diet x Time interaction was not

significantly different. The 10% DBSFL hens had significantly higher percent monocytes

(5.92 £ 0.18%) than the control hens (3.87 £ 0.26%) (F(2,2.21) = 20.47, p = 0.04). The percent

lymphocytes of 18% DBSFL hens were 5.08 £ 0.18%.

Table 7. There was a significant difference in WBC differential counts between 20-week-old hens’

baseline plasma and 35-week-old hens’ blood samples (36 samples within 12 experimental units).
WBC Differential Age SEM F Ratio p-Value

20-Week-Old 35-Week-O1d

WBC count (x10°/L) 26.19 16.18 1.65 1043 0.046
Hematocrit or packed cell volume (L/L) 0.30 0.26 0.006 56.97 0.004
Basophils (%) 1.24 2.57 0.53 26.97 0.02
Heterophils (%) 27.14 42.96 2.04 54.19 0.005
Lymphocytes (%) 63.17 50.58 1.26 25.54 0.01
Lymphocytes absolute (x10” /L) 16.68 7.89 0.77 41.00 0.006
Heterophil:lymphocyte ratios (H:L ratio) 0.54 0.96 0.05 23.74 0.02
Monocytes (%) 7.36 2.55 0.50 24.33 0.01
Monocytes absolute (x10°/L) 1.91 0.45 0.13 38.75 0.007

3.8. Fecal Microbial Analysis

Results of the fecal culture indicated no Salmonella, Shigella, or Campylobacter con-
tamination in the trailers (or consequently, the treatments). Fecal culture direct exam results
are presented in Table 8.
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Table 8. Fecal microbial analysis direct exam results (n = 6).

Direct Exam 1

Diets Rephc':atlon Gram-Negative Gram Positive Gram Positive
(Trailer) oo irpe .
Bacilli Bacilli Cocci
o » 1 Moderate Moderate Many
0% DBSFL 2 Moderate Scant Moderate
1 Moderate Moderate Many
0,
10% DBSFL 2 Moderate Scant Moderate
o 1 Moderate - Moderate
18% DBSFL 2 Moderate Moderate Many

1 “Many’ indicates that the organism was present in all areas of the culture plates; ‘moderate’ indicates half
the plate was covered; and ‘scant’ indicates that the organism was only present in the initial sample inoculum.
2 DBSFL: Dried black soldier fly larvae.

3.9. Health and Welfare Parameters

There was neither mortality nor any observable signs of morbidity. Plumage conditions
were excellent, and there were no wounds (scores 4 out of 4 with no variation) on any of
the hens from all diet treatments.

3.10. Post-Mortem Examination of Gastrointestinal Tract

The 18% DBSFL hens showed a higher percent (of the digestive tract) of duodenum
weight than control birds (Table 9).

Table 9. Post-mortem examinations of the gastrointestinal tract in hens on dried black soldier fly

larvae (DBSFL) diets.
Diet

DI Weights 1 0% DBSFL 10% DBSFL 18% DBSFL

Mean SEM Mean SEM Mean SEM
Hen Live weight (kg) 1.93 0.08 1.73 0.04 1.73 0.10
Total DI Weight (g) 109.77 6.05 107.03 2.88 110.11 6.39
DW % BW 2 5.73 0.33 6.19 0.11 6.43 0.43
Proventriculus % BW 2 0.34 0.02 0.34 0.01 0.38 0.02
Proventriculus % DW 3 5.87 0.12 5.52 0.12 5.96 0.08
Gizzard % BW 1.50 0.08 1.66 0.08 1.68 0.15
Gizzard % DW 26.27 0.69 26.90 1.15 26.03 0.90
Duodenum % BW 0.49 0.03 0.55 0.03 0.59 0.03
Duodenum % DW 8.48b 0.22 8.93ab 0.47 9.28a 0.20
Jejunum % BW 0.55 0.06 0.69 0.04 0.69 0.08
Jejunum % DW 9.45 0.57 11.19 0.59 10.59 0.66
Ileum % BW 0.38 0.03 0.49 0.02 0.48 0.06
Ileum % DW 6.65 0.28 7.98 0.30 7.39 0.51
Ceca % BW 0.39 0.03 0.38 0.01 0.37 0.03
Ceca % DW 6.81 0.29 6.19 0.32 5.80 0.20
Colon % BW 0.21 0.02 0.20 0.02 0.17 0.01
Colon % DW 3.69 0.27 3.24 0.30 2.66 0.18
Liver % BW 1.69 0.09 1.69 0.06 1.88 0.10
Liver % DW 29.65 0.38 27.26 0.77 29.47 1.01
Pancreas % BW 0.18 0.01 0.17 0.01 0.18 0.01
Pancreas % DW 3.16 0.14 2.80 0.16 2.83 0.14

1 DI = Digestive system segments examined; > BW = hen live weight; > DW = DI weight.

4. Discussion

Changes in the production efficiency indicators of laying hens are expected when
insects are included in their diets as substitute protein and lipid sources [9,10]. In the current
study, control hens had a better weight gain, laid more and bigger eggs while consuming
less feed, and had a better feed conversion ratio than 18% DBSFL hens. However, the
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production performance of the 10% DBSFL hens was not significantly different from
the control hens in many of the parameters assessed (e.g., HDEP). Previous studies also
recommended that the partial substitution of conventional protein sources in poultry diets
with insects be feasible [12].

The effects of the use of BSFL meal in poultry feed have been investigated in several
studies, while the use of full-fat BSFL has been reported only in a few studies. The
fat content of the BSFL meal is extracted using different methods. For example, the
larvae are dehydrated and ground, and then the Soxhlet method is used to extract the
fat. Alternatively, the grounded larvae are repeatedly washed with a hexane organic
solvent [37]. Another method is to use compression [18]. In addition, the inclusion rates
and methods (i.e., whether they were used to substitute nutrients in the diet or used as
an extra nutrient source alongside a formulated diet), BSFL production and processing
methods, poultry production system, and hen age also varied among different studies,
which all contribute to the reporting of inconsistent results in different articles. For example,
Ruhnke et al. [38] reported that offering full-fat DBSFL ad libitum in an on-range choice
feeding trial (from 47 to 62 weeks of age) did not affect performance parameters, but the
egg weight was significantly lower in DBSFL hens. Nevertheless, Kawasaki et al. [39] found
that the inclusion of full-fat BSFL and black soldier fly pre-pupae (from 24 to 5 weeks of
age) did not impact the feed intake or hen egg-laying rates, while the pre-pupae treatment
level resulted in the production of heavier eggs than the control and BSFL treatment levels.
Moreover, Tahamtani et al. [40] fed four different amounts of live BSFL (0% to ad libitum)
to laying hens (from 18 to 30 weeks of age) in addition to their full feed concentrate diet and
found that hens (at ad libitum feeding) had higher protein, lipid, and energy intakes and
weight gains compared to the other groups; nevertheless, they did not notice any effects on
egg production or egg weight.

Similar inconsistencies have also been observed in the results reported from the BSFL
meal inclusions in laying hen diets. Maurer et al. [41] used partly BSFL meal to replace
soybean meal partially and fully in organic layer diets and fed old, spent White Leghorn
layers (64-74 weeks old) for 3 weeks. They concluded that feed efficiency was maintained
at a level similar to that of soybean meal-based diets, and the metabolic and health status
of the hens were not affected. Marono et al. [42] studied the effects of substituting soybean
meal completely with BSFL meal in the diet of 24 to 45-week-old hens. They found that
feed intake, lay percentage, egg weight, and FCR declined in the BSFL group compared to
the soybean meal-fed group.

The within-treatment live weight of 34-week-old hens in the control and the two DBSFL
treatment groups in the current study all exceeded the target weight of 1.83 kg recom-
mended by Novogen [31]. The 18% DBSFL hens consumed more feed compared to the
other two groups, but the control hens gained more weight at a faster rate than the 10% and
18% DBSFL hens. As a result, control hens had significantly better FCR compared to the
18% DBSFL hens. Several dietary factors can potentially affect the FCR and performance of
the 18% DBSFL hens, as listed below.

1. The 18% DBSFL diet was 30% bulkier than the other two diets because of the addition
of 10% wheat bran to balance the nutrient provision with the high lipid content of
DBSFL in the diet. The bulkiness of a diet impacts the amount of feed consumed
(see Waldroup et al. [43]). Leeson et al. [44] reported increased feed intake because
of nutrient dilution in bulky feed, which resulted in lower weight gain in layers.
Oku et al. [45] demonstrated the inhibitory role of unavailable carbohydrates on
the intestinal Ca absorption caused by the loss of Ca-binding protein when large
quantities of undigested ingredients transit the gastrointestinal tract. Pelleting bulky
diets reduces their bulkiness [46]. This solution can be applied to reduce the volume
of full-fat DBSFL diets when using a bulkier ingredient (e.g., wheat bran) is necessary
to balance the diets.

2. The exoskeleton of the chopped larvae and the tissue sheltered inside may pass
through the digestive system without being digested, resulting in the loss of some
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nutrients. Despines and Axtell [47] reported observations of undigested larval ex-
oskeletons in the excreta of turkey pullets when they were fed darkling beetle larvae,
and Zuidhof et al. [48] had similar observations in feeding house fly larvae to turkey
pullets. The form of DBSFL (whole, chopped, or ground) therefore affects digestion
and absorption of its nutrients [23,24]. Although crude protein levels were similar
in the control and 18% BSFL diets, the plasma protein concentration was lower in
18% DBSFL hens, probably because of the lower digestibility and absorption of the
nutrients in DBSFL considering the presence of the exoskeleton. Plasma proteins are
good indicators of health and contribute to gluconeogenesis, maintenance of colloid
osmotic pressure, production of enzymes and immunoglobulins, and transport of
minerals and hormones [49]. Kerstetter et al. [50,51] reported the negative impact of
low-dietary protein on Ca absorption in the gut. Plasma protein and Ca concentrations
declined with increases in DBSFL levels in the present study. The 18% BSFL hens
also had thinner egg shells compared to the control eggs [52]. Short-term studies
and studies using old or low egg production hens may not be able to detect such
Ca deficiency, and this may explain the inconsistency in the results reported from
different studies.

Another potential factor affecting the Ca digestion and absorption of the 18% DBSFL
hens could be related to the use of full-fat DBSFL. Using full-fat DBSFL to fully replace
soybean meal and the majority of the soybean oil in the diet resulted in a high lipid
content in the feed. The negative impact of the higher fatty acid concentrations in
feed on the absorption of some nutrients, especially Ca, is well documented [53,54]
because Ca can combine with fatty acids in the gastrointestinal tract to form insoluble
soaps, which prevent its absorption. The availability of a high level of digestible Ca
is crucial for egg production. Although the Ca concentrations were higher than the
recommended level in all three experimental diets, the Ca present in the exoskeleton
of the whole or chopped DBSFL could have a low bioavailability (see point 4 below).
This may result in a faster depletion of the medullary bone Ca a few weeks after the
beginning of egg production [55]. The drop in egg production of the 18% DBSFL hens
contributed to the FCR calculation. In addition to the drop in egg production, the
egg weights of the 18% DBSFL hens were also significantly lighter than the control
eggs after the first 4 weeks of the experiment. Further research to determine the
digestibility of the Ca in the DBSFL exoskeleton for laying hens may be worthwhile.
The total percent oil concentrations (crude fat) of the three experimental diets ex-
ceeded the fat requirements [30]. However, the plasma triglycerides of the 18% DBSFL
hens were lower than those of the control hens, and Marono et al. [42] reported
similar results. Avian energy reserves are mostly stored as lipids, specifically triglyc-
erides [56]. Serum triglyceride concentrations are the most sensitive blood metabolites
to feed or water deprivation [57]. Hossain and Blair [58] also reported that serum
triglyceride concentrations were significantly lower in the birds fed diets containing
chitin compared to the control birds. Lower plasma triglycerides in the 18% DBSFL
hens may indicate that they were not absorbing the optimally required nutrients.
Finke [23] reported that the chitin content of the BSFL is 2-3% on an “as-is” basis (i.e., 5
to 7.5% on a dry-matter basis). Marono et al. [42] calculated that full replacement
of soybean meal with 17% of BSFL meal (with 5.4% chitin content on a dry-matter
basis) resulted in the provision of 1.02 g chitin/day/hen. The presence of chitin in
the exoskeleton of DBSFL may influence the digestibility and bioavailability of its
nutrients [59,60]. Chitin is insoluble in most solvents and has limited digestibility
in poultry diets, and the inclusion of chitin in broiler feed significantly reduced
the apparent digestibility of protein and the serum triglyceride concentration [58].
Chitin may also result in a slight overestimation of the crude protein content of the
feed because it contains an N-acetyl group in its structure [61]. Biasato et al. [62]
documented higher feed intake in diets containing high levels of chitin.
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6.  The results of the present study showed that the 18% DBSFL hens had a heavier
duodenum (percent of the digestive tract) than the control hens. Johnson [55] indicated
that Ca absorption formation occurs in the duodenum and upper jejunum. Biasato
et al. [62] reported that inclusion of the yellow mealworm larvae in broiler chicken
diets resulted in shorter villi and deeper crypts in the duodenum. This, in turn,
decreased the digestibility and absorption of nutrients and caused poor performance
in the birds. The full replacement of the soybean meal with BSFL meal resulted in
a higher villi height in the duodenum but a lower villi height in the jejunum and
the ileum in laying hens, as well as a change in the enzymatic activities of the brush
border membrane [42,63]. The effects of the inclusion of BSFL on the digestibility of
nutrients and intestinal enzymatic activities require further investigation.

Furthermore, one of the concerns about the use of DBSFL in poultry feed was related
to the possibility of the presence of pathogens in feeds containing DBSFL. The inclusion
of DBSFL in the present study did not introduce new pathogens, and the fecal microbial
composition was comparable among the treatment levels. Another concern regarding
the use of DBSFL has been the potential for higher concentrations of heavy metals in the
DBSFL. The 18% DBSFL diet had the lowest concentrations of Cu and Cr compared to
the other two diets. In addition, Zn concentrations were similar in all three diets. The As,
Cd, and Pb concentrations of all three diets were negligible. The results of the present
study revealed that the heavy metal contents of DBSFL were not significant, and none of
the heavy metals examined exceeded the reported limits [64]. The heavy metal content of
the DBSFL is affected by the sources of feed material provided to the larvae during their
production period.

There was no mortality or any observable signs of health disorders in the flocks.
Assessing plumage condition and wound scores, all the hens had top scores with no
variation. An examination of the WBC counts did not reveal any signs of stress in the hens.

In the current study, hens from all groups had access to the cover crop in the free-range
production system. The amount of cover crop consumption was not considered in the
calculation of the FCR; however, it was controlled for by providing the same level of access
to all groups at all times.

5. Conclusions

In summary, the use of DBSFL in poultry diets had no adverse effects on the health
and welfare of the hens. Although 18% DBSFL hens were slower in gaining weight, gained
less weight, and laid fewer and smaller eggs than the control hens, they were still gaining
weight, maintaining above 90% HDEP, and their eggs were still in the Canadian large
egg category.

The use of chopped full-fat DBSFL in the diet increased the bulkiness of the feed.
Using BSFL meals may alleviate this problem. The BSFL meal will not be high in lipid
content, so it will not be necessary to increase the bulkiness of the feed to balance the diet
when substituting for soybean meal in the diets.

In conclusion, the authors recommend partial replacement of soybean meal and oil
with full-fat DBSFL in layer diets because, at the partial substitution treatment level of 10%
DBSFL, hen health and welfare, feed safety, and production efficiency parameters were
comparable to those of the control hens. Further studies are required to determine the most
efficient partial substitution rates for the inclusion of DBSFL in poultry diets and to develop
new production efficiency criteria to facilitate the use of edible insects and alternative feed
ingredients in poultry diets.

Supplementary Materials: The following is available online at https:/ /www.mdpi.com/article/10
.3390/agriculture14010031/s1, Figure S1: A photo of the trailer designed and built for the purposes
of this study:.
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Abstract: The global surge in coffee consumption has led to the generation of significant amounts
of spent coffee grounds (SCG), a by-product of the brewing process. If it is left unprocessed in
the landfill, it will generate methane, one of the greenhouse gases, and therefore accelerate global
warming. The intersection of SCG and its potential as a substrate for black soldier fly (BSF) larvae
cultivation as one of the pathways for processing SCG becomes intriguing as we seek sustainable
waste management solutions. The combination of both nutrition and toxic alkaloids (caffeine) makes
SCG and/or other coffee parts intriguing for recycling (or upcycling) via BSF cultivation to generate
insect protein. Due to its remarkable capacity to bioconvert organic waste into high-value proteins
and fats, the black soldier fly, Hermetia illucens, has garnered attention in waste management and
animal feed production. This comprehensive review sheds light on the recent development of using
SCG as a substrate for BSF larvae.

Keywords: black soldier fly; larvae; spent coffee ground; coffee; coffee silverskin; bibliometric;

systematic literature review

1. Introduction
1.1. Black Soldier Fly (BSF)

BSF larvae (Hermetia illucens) consume a wide range of organic waste. With a feed
assimilation rate of 1.0-1.5 g g~ day ! [1-4], BSF larvae greatly assist in the reduction
of the volume of waste, ensuring a more sustainable and effective waste management
strategy. BSF larvae have been identified as efficient decomposers of organic waste. Several
attributes and studies strengthen the superiority of BSF larvae in reducing organic waste
such as fruit and vegetable waste, manure, meat waste, etc. into high-quality protein and
lipids, which can be used as feedstock for poultry, fish, or swine, presenting an economic
opportunity [5] and therefore making them versatile for waste management [6].

Owing to their rapid consumption of large amounts of organic waste, BSF larvae
convert waste materials into their body mass, leaving behind significantly reduced waste
volume [7,8]. More interestingly, they not only significantly reduce the amount of waste but
are also able to reduce pathogen counts such as Escherichia coli and Salmonella sp., making
the end product safer for disposal or use as soil amendment [9]. Thus, the utilization of
BSF larvae in waste management is not just a method of waste reduction but a holistic
approach to waste valorization, pathogen reduction, and environmental protection. Their
ability to effectively reduce and valorize organic waste underscores the need for more
widespread adoption and research into the BSF lifecycle and its integration into sustainable
waste management systems.
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BSF larvae possess high nutritional value and are rich in proteins as well as fats and
other nutrients, making them an excellent source of feed for poultry, fish, and even pets.
Their high nutritional content is rooted in their unique composition, which includes pro-
teins, lipids, and other essential micronutrients, such as proteins (around 42-63%) [10],
lipids (about 15-35%) [11], essential amino acids (often comparable to those of fish meal, a
standard high-quality protein source) [12], minerals (such as calcium, phosphorus, magne-
sium, and potassium), and several vitamins [13].

Moreover, BSF larvae also have some antimicrobial peptides (that can be beneficial for
the animals consuming them, potentially improving gut health and disease resistance [14]),
as well as chitin (a polysaccharide that has potential benefits such as supporting the immune
system and promoting gut health in animals) [15]. The nutritional profile of BSF larvae
highlights their potential as an alternative and sustainable protein source for animal feed [5].
As the global demand for animal feed continues to increase, the high nutritional content of
BSF larvae, coupled with their environmental benefits, makes them a compelling option for
future feed formulations.

In addition to the aforementioned excellence of BSF larvae, by consuming and degrad-
ing organic waste as well as livestock manure, BSF larvae also simultaneously bioconvert
greenhouse gases, such as methane and nitrous oxide, that might be produced from unpro-
cessed and untreated organic wastes [16-18]. On the other hand, animal feed, especially
fishmeal and soy, is associated with high GHG emissions during its production. BSF larvae
can be used as an alternative protein source, reducing the demand for such feeds [19].

As BSF larvae consume organic carbon during their growth, a significant portion of
this carbon is stored in their bodjies, thus serving as a form of short-term carbon seques-
tration [17]. Furthermore, their frass can also be utilized as a soil amendment that serves
as an alternative to synthetic fertilizers associated with high GHG emissions [20]. The
high lipid content in BSF larvae can be extracted and converted into biodiesel. Producing
biodiesel from BSF larvae can reduce dependence on fossil fuels, thereby offsetting the
associated GHG emissions [5,21]. Incorporating BSF larvae into waste management and
agricultural systems can serve as a multifaceted strategy to reduce GHG emissions. From
diverting waste from landfills to providing sustainable feed alternatives, the benefits of
BSF are evident. Adopting such innovative solutions will be vital in the ongoing quest to
combat climate change and its impactful damages.

1.2. Spent Coffee Grounds (SCG) as a Potential Organic Substrate

SCG is the byproduct remaining after the brewing process of coffee beans. Over the
past years, there has been growing interest in SCG due to its potential applications in
various sectors, ranging from bioenergy production to food supplementation [22] and
also in nanotechnology [23-26]. SCG is rich in dietary fibers (predominantly cellulose,
hemicellulose, and lignin) [27]. It also has a reasonable amount of antioxidants (chlorogenic
acid, of 10.7% to 23.82%, with the yield of extracts from coffee parts (pulp, husk, silverskin,
spent waste) of 11.7% to 25.0%) [28] for potential use as nutraceuticals or food supplements,
and also lipids (around 8-20% of SCGs dry weight [29], as a prospective candidate for
biodiesel production [30,31]). However, it should be noted that SCG, as organic waste, if
left without proper treatment (such as dumped in landfills), will generate CHy as one of
the greenhouse gases and an agent of global warming [32,33].

Furthermore, SCG is also a source of minerals, namely potassium, phosphorus, mag-
nesium, and calcium [34], and also some antioxidants and bioactive compounds such as
chlorogenic acids (a major group of polyphenolic compounds in coffee, with antioxidant,
anti-inflammatory, antiviral, and antihyperglycemic activities, 4-8% of dry weight) [35],
melanoidins (about 25% of dry weight, responsible for the color of roasted coffee, possess
antioxidant and antimicrobial properties) [36], and especially caffeine (around 1% of SCGs
dry weight) [35,37]. Given the vast amounts of SCG produced worldwide due to the
popularity of coffee, understanding its composition is crucial. This knowledge not only
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helps divert waste from landfills but also unlocks potential sustainable applications in
various industries, especially for BSF-driven bioconversion.

1.3. The Effects of Feeding SCG to BSF

BSF has emerged as a significant player in the domain of waste management and for
producing high-quality animal feed [38—40]. By modifying the nutritional inputs [41—44]
of the BSF, researchers can control the quality and yield of its larvae, which serve as
protein sources. One promising nutritional input is spent coffee grounds (SCG) [45-49].
We aim to review the influence of SCG in BSF feed, considering the effect on growth rate,
nutritional profile, waste degradation, and the potential benefits and challenges. One
challenge encountered was the caffeine content in SCG. High caffeine concentrations could
pose toxicity risks to BSF larvae and, subsequently, to the animals consuming them. Thus,
finding the optimal ratio of SCG in the feed mix is crucial for ensuring maximum yield and
nutritional quality. To the best of our knowledge, this kind of study assessing the optimum
composition of SCG in the feed for BSF is not available yet.

2. Materials and Methods

This study employs a systematic literature review and is supplemented with bib-
liometric analysis based on the analysis from the Scopus database (https://scopus.com,
accessed on 1 October 2023). It is one of the largest databases utilized for reviews and
bibliometric analysis due to its vast array of abstracts and citations from a multitude of
journals, conferences, and books, thoroughly curated and inspected by a Content Selection
and Advisory Board [50,51]. From the Scopus web, the keyword “illucens” was inputted.
The usage of this single keyword in the scientific name of BSF is practiced because there is
little difference in the results obtained from inputting “illucens” and “black soldier fly” [5].

We conducted a systematic review following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) statement. The PRISMA diagram for this
study (accessed October 2023) is shown in Figure 1. Initially, there were 1683 titles shown
under the “illucens” keyword. The results were filtered for the new recent titles from the
last decase (2014-2023) to 1607 titles. These titles of BSF research were further sieved down
to 22 titles with relation to SCG, or coffee, or coffee-related products. Moreover, those with
minimum adherence were removed, and therefore there are 18 key papers to be further
discussed in this study.

[ Identification of studies via datab and regist ]
)
% s gics?rrgcst |c:iate|r;tlf'|(ee<;£g:‘gss)_c opes | Records removed before screening:
H 2 Keyw’ords:’ “ilugens”, z\:):t _f,rg)m recent decade (before 2014)
(n=1683)
" 4
' N l
Records screened: Reports not retrieved.
Papers from 201 4;2023 _ | (Do not deal with coffee, spent coffee ground, etc.)
(n=1607) > (n=1585)
=
£
3
; !
2
o Reports excluded:
| lity:
;e:pgg)s assessed for eligibilty > No or very minimum adherence to the topic.
L ) (n=4)
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3 Studies included in review:
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—

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for
this study.
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In addition to the systematic literature review about the effects of SCG on the growth
of BSE, this paper also employed bibliometric mapping/analysis. The aforementioned 18
core papers, along with their essential keywords (provided by the authors), were analyzed
using VOSViewer software (version 1.6.17) to provide visualization and mapping of the
interconnection for this research. The mapping will be very useful to the development
of future research directions, either for BSF cultivation, SCG utilization, or a combination
of both.

3. Results

The state-of-the-art of the effects of SCG (and/or other parts of coffee) on BSF larvae
cultivation is shown in Table 1. Furthermore, the effects of SCG-fed BSF larvae as a feed for
fishes are shown in Table 2. Table 1 contains 12 entries, while Table 2 has 6 entries, totaling
18 reports as a result of the PRISMA procedure stated in Figure 1.

Table 1 displays various research results conducted to optimize the rearing of BSF
larvae that focus on different rearing substrates, conditions, and their effects on larval
growth and development. There are several research works in Table 1, such as feeding
BSF (1) directly with coffee or spent coffee ground, (2) with algae-enriched coffee or coffee
silverskin, (3) with various carbohydrate or protein sources (either mixed with coffee or
not), and also (4) the application of SCG-derived BSF frass. There are some mixed results
from Table 1, which indeed make this kind of research exciting.

3.1. Cultivation of BSF Larvae Using SCG and/or Coffee Parts

In Table 1, Permana and coworkers et al. [52] investigated the use of SCG with
7-day-old BSF larvae. Different feeding rates are tested, namely 12.5, 25, 50, 100, and
200 mg/larvae/day. Their study concluded that the optimal feeding rate is 200 mg/larvae/day,
where it leads to a development time of around 25.6 days, efficient digestion conversion
of 5%, pupae biomass of 14.8 mg, growth rate of 1.41 mg/day, waste reduction index of
0.997, and pupae protein content of up to 33.45%. In other research, Ospina-Granobles and
Carrejo-Gironza used the Castillo variety of Coffea arabica to feed BSF larvae [53]. From
their study, it is evident that different feeding rates (100, 160, and 200 mg/larvae/day)
impacted the weight reduction index, larval development time, and the efficiency of the
conversion of ingested food. With 100 mg/larvae/day, the reduction percentage of coffee
pulp is 62.88% (wet basis), and the efficiency of conversion of ingested food = 7.89%. For
the feeding of BSF using coffee at 160 mg/larvae/day, it achieves the highest weight of
115.9 mg with the shortest average development time of 38.65 days.

Truzzi et al. [54] detailed the use of coffee silverskin enriched with Schizochytrium
sp. algae. The best results are observed with a 10% inclusion rate of Schizochytrium sp.,
enhancing the lipid and protein content in prepupae and increasing the levels of omega-3
fatty acids. Perhaps their study is the only report of the fatty acid profile of BSF larvae
reared with coffee products. Based on their results, the majority of the fatty acids (with
>10 g/100 g fatty acids) of BSF larvae fed with coffee silverskin enriched with algae
generally are C12:0, C16:0, C18:0, and C18:1n9 (lauric acid, palmitic acid, stearic acid, and
elaidic acid (trans-9-octadecanoic acid), respectively). However, for those enriched with
Schizochytrium sp., C20:5n3 and C22:6n3 emerge (eicosapentaenoic acid and docosahexanoic
acid, respectively). Those enriched with Isochrysis sp. do not show any new fatty acids
with a composition of >10 g/100 g fatty acids. Similar to the fatty acid profile of BSF larvae
fed with coffee silverskin, those reared with a total mix diet (composed of ground corn,
barley, bran, alfalfa, wheat, etc.) [55] also show C12:0 and C16:0 fatty acids (lauric acid
and palmitic acid, respectively) as the dominant ones (>10 g/100 g total defatted fatty acid
(TDFA)). The BSF larvae fed a total mix diet also have C14:0 (myristic acid) as the majority
of fatty acids, besides C12:0 and C16:0. On the other hand, it is also detected that there are
C18:1 cis-9 and C18:2n-6 fatty acids (oleic acid and linoleic acid, respectively), although
the concentration is quite moderate (3.69-8.5 g/100 g TDFA). Based on the comparison of
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profiles of fatty acids, it can be concluded that the profiles of fatty acids of BSF larvae are
varied as a function of the substrates for the rearing process.

On the other hand, Milanovic et al. [56] also used the algae-enriched coffee as the
feed for BSE. The algae are Schizochytrium limacinum and Isochrysis galbana. The results
indicate a high prevalence of tetracycline resistance genes and an impact on antibiotic
resistance (AR) gene distribution in larvae and frass. In another study about algae-enriched
coffee silverskin, Osimani et al. [57] mapped different bacterial dominances in the larvae’s
microbiota and the frass. As identical algae are used (Schizochytrium limacinum and Isochry-
sis galbana), they present different microorganism communities. BSF reared with coffee
silverskin with no algae enrichment showed the larvae’s microbiota was dominated by
Paenibacillus. bacteria are still present in the S. limacinum- and I. galbana-enriched coffee
silverskin, but with the presence of other genera in the larvae’s microbiota such as Entero-
coccus, Lysinibacillus, and Morganella (for S. limacinum-enriched silverskin) and even high
abundances of Brevundimonas, Enterococcus, and Paracoccus (I. galbana-enriched silverskin).
In the BSFs frass, Brevundimonas are detected for both BSF reared with algae-enriched
silverskin, with the addition of Alcaligenes genera specifically for that of I. galbana-enriched
coffee silverskin.

As the work by Osimani et al. [57] might be the only study of microorganism mapping
of BSF reared with coffee products (coffee silverskin enriched with algae (Schizochytrium
limacinum, Isochrysis galbana), it is highlighted that they have viable counts of lactic acid bac-
teria (Lactococcus, Lactobacillus, Enterococcus, Weissella, Leuconostoc) [57], as coffee byproducts
are dominated by lactic acid bacteria according to a study by Pothakos and coworkers [58].
Furthermore, they also noted that the frass from insects is dominated by saprophytic mi-
croorganisms [57]. However, although the reports discussed in Table 1, entries 3-5, are from
the same group that disclosed the details of the parameters of the BSF larvae cultivation,
the weight evolution of the BSF larvae in their reports is not available. They just harvested
or collected the larvae when the tegument color changed from white to black, without
mentioning any specific duration.

Hadj Saadoun et al. tested several substrates (brewery-spent grains, tomato peels
and seeds, cow’s milk whey, grape stalk, bread dough, and SCG) for BSF prepupae [59].
Brewery-spent grains showed the best larval performance (0.22 g/prepupae). Other larval
performances are 0.19 g/prepupae (tomato peels), and 0.14 g/prepupae (cheese). However,
there is no development for SCG-fed BSF larvae (they died after 15 days, or survival rate
= 0%, due to the high content of indigestible fibers and caffeine as a toxic alkaloid) [60].
Moreover, the highest ratio between unsaturated and saturated fatty acids is 1.34 (cow’s
milk and whey), while the lowest ratio is 0.37 (tomato peels and seeds).

Fischer et al. (Table 1, entry 7) experimented with SCG, donut dough, and a blend
of SCG and dough (1:1) for BSF larvae and prepupae for 35 days, observing variations in
survival, growth, and nutritional content [45]. Their best result is obtained from the feeding
of BSF using SCG:donut dough 1:1, with a survival rate of 81%, with its frass containing
the highest nitrogen (~4.20% dry matter (DM), compared to other feeding experiments.
The result for feeding SCG:donut 1:1 is comparable to soybean meal and organic fertilizers.
Feeding with sole SCG provided a survival rate of 45%, and surprisingly, that of the donut
dough is much lower, with a survival rate of 24%. Although BSF larvae fed with donut
dough are the longest (21.44 mm) and the largest (0.23 g), their net production is the lowest
(0.60 + 1.01 g/day/m?). On the other hand, those fed with SCG:donut 1:1 have similar
length (19.12 mm) and weight (0.18 g) but a net production of 4.42 + 1.02 g/day/m?3. Based
on the results, it can be concluded that the mixture of SCG and donut dough works in
synergy by covering each other’s drawbacks.

Sideris et al. compared SCG, brewer’s spent grain (BSG), and a mix of both as sub-
strates. BSG alone or in combination showed better results than SCG alone (larvae un-
derperformed, with a very long development time = 35 days and a larval yield of <0.77 g
in DM) [61]. The best result (for aspects of substrate mass reduction, protein conversion
rate, and bioconversion rate) is acquired for feeding with reference feed (B(2-321 feed,
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Viozois S.A., Greece) that is 67.38% in substrate mass reduction, 45.77% protein conver-
sion rate, and 23.28% bioconversion rate, besides the fast development time of 11 days
only. Although the performance is lower, the usage of SCG, BSG, and brewer’s yeast (BY)
provides an alternative feed from waste by-products from food industries that will drive
sustainability with comparable performance to that of the commercial feed (18.48-44.80%
substrate mass reduction, 17.55-30.15 protein conversion rate, 6.25-17.22% bioconversion
rate, and 8-17 days of development time).

Villa et al. (Table 1, entry 9) explored a mixture of sludge (S), brewery spent grains (BSG),
coffee waste (C), and whey (W) with various compositions as a feed to BSF [46]. The mixtures
affected larval development, size, and weight differently. With S:BSG:C:W = 50:10:10:30, BSF
larvae are not developed (final height after 23 days = ~6 mm, final weight < 10 mg). When
the composition is tuned to S:BSG:C:W = 50:10:30:10 (increased portion of coffee waste),
the larvae size and weight are significantly different (p-value < 0.05) when compared to the
control (final height after 23 days = ~15-18 mm, final weight = 81.9 &= 5.3 mg). However,
when coffee waste and waste are eliminated, leaving S:BSG = 50:50, or brewery spent grain
is increased to 30%, with S:BSG:C:W = 50:30:10:10, then no significant difference is observed
for larvae size and weight when compared to the control (final weight after 23 days is still
between 15 and 18 mm, and final weight = ~90 mg).

Romano et al. examined the nutritional profile of BSF larvae reared for two weeks on
sweet potato, SCG, or dough [47]. Each substrate affected the larve’s nutritional content
and bioconversion efficiency differently. For BSF larvae fed with sweet potato and with
SCG (separately), the length and weight of the larvae and prepupae are in a similar range
of around 17 mm and 17 g, respectively. It is shown in Table 1, entry 10, that those fed
with SCG show significantly higher crude protein (~65% dry weight), with the highest
composition of palmitic acid (24.85%) and linoleic acid (23.30%) compared to those fed with
sweet potato (17.45%, 12.40%, respectively) or dough (15.21%, 18.92%, respectively). It also
produces the highest total amino acid content (39.49 + 2.57%). However, those fed with
sweet potatoes have the strongest growth and nutritional profile of BSF larvae. This is due
to the fact that its percentage of prepupae is similar to that of those fed with SCG (in the
range of 36%) and higher than that of those fed with dough (prepupae percentage of 15%).
On the other hand, those with sweet potatoes also have similar larval length, larval weight,
and total amino content to those fed with SCG. However, as it has the highest lauric acid
content (43%) that is considered to have anti-obesity properties for mammals, BSF larvae
fed with sweet potato are considered to be the best compared to those fed with SCG (lauric
acid content of only 27%).

As previously mentioned, most of the innovations in the BSF feed are the enrichment
of SCG or other coffee parts with algae or their combination with various wastes. However,
there is only one research study about the fermented SCG for BSF feed, as reported by
Kharkratoke et al. [62]. They used fermented SCG in various proportions (0-100%) mixed
with fruit and vegetable pulp residue for BSF feed. With 0% fermented SCG (or purely fruit
and/or vegetable pulp residue), the waste reduction efficiency and feed conversion rate
are the highest among all (~90%). With 20% fermented SCG mixed with fruit and vegetable
pulp residue, the BSF larvae are developed in a short period of time (~15 days), with a high
survival rate (~95%), and high bioconversion efficiency (~85%). The largest prepupal size
is between 20% and 40% fermented SCG (similarly at around 120 mm length and 90 mg
weight). However, those of 40% fermented SCG have a low substrate reduction rate (~65%)
and a long prepupation time (~21 days), compared to those of 20% fermented SCG (~85%
substrate reduction rate and a short prepupation time of 15 days). As the composition of
fermented SCG is prolonged between 60-80%, the development time is getting longer to
fall between 25-35 days, with a passable substrate reduction time of 55-68%. It is then
worsened when BSF larvae are fed with 100% fermented SCG, as indicated by longer
development times (45-53 days), a reduced larval survival rate (65%), and a substrate
reduction rate (~30%).
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An interesting result is reported in Table 1 by Horgan et al. [37]. They studied the
effects of incorporating control SCG (aged < 1 months), aged SCG (7 and 14 months), and
SCG-derived BSF frass into soil or 1 cm on soil on the growth of radish and tomato, while
assessing their repellency to slug herbivory (Arion atar, Deroceras laeve, Derocerus reticulatum,
and Lehmannia marginata). Fresh SCG inhibited plant growth while simultaneously reducing
slug herbivory (radish plant height ~9 cm, radish leaf consumed by slug < 5%, tomato plant
height ~7 cm, area of tomato leaf consumed by SCG <1 mmz). In addition, SCG-derived
BSF frass mixed in the soil or on top of the soil resulted in declined plant growth, yellowing,
and reduced height (radish plant height ~5 cm, tomato plant height 2.5 cm, where there
was no further exploration for leaf consumption by slug). The 14-month-old SCG promoted
plant growth with no repellency effect on slugs (radish plant height 13 cm, radish leaf
consumed by slug 10-80%, tomato plant height 15 cm, area of tomato leaf consumed by
SCG 10-35 mm?). The best result is achieved when 7-month-old SCG is applied, where
plant growth is promoted while simultaneously reducing slug herbivory (radish plant
height 10 cm, radish leaf consumed by slug < 5%, tomato plant height 8 cm, area of tomato
leaf consumed by SCG < 3 mm?).

Related to the interesting effect of frass in the study by Horgan [37], BSF larvae frass is
also stated as a biologically unstable soil amendment [63], which is a result of the rapid
composting process in the presence of phytotoxic substances. In order to be suitable as a
soil amendment, the BSF larvae frass have to be stabilized via post-treatment, for instance,
thermophilic composting [63]. Ammonium nitrogen (NH4*-N) is highly suggested as the
main driver of the phytotoxicity [64] in frass. This might be the reason why frass, as an
organic excrement of BSF larvae, showed a negative effect on plant growth in the study by
Horgan and coworkers [37].

3.2. Utilization of Coffee-Reared BSF Larvae in Fisheries

To explore the impacts of SCG on the growth of BSF larvae as a sustainable fish feed,
Table 2 tabulates the particularly recent developments. Similar to Table 1, in Table 2, there is
some leading research on the use of (1) coffee silverskin enriched with algae (Schizochytrium
sp.) and (2) a mixture of SCG with other sources of nutrients (carbohydrate, protein, fibers).
Those various feeds are then utilized to grow BSF larvae that will be further consumed by
zebrafish (Danio rerio) or rainbow trout fish (Oncorhynchus mykiss). The effects observed in
the fish fed with SCG-derived BSF larvae are detailed as follows:

Zarantoniello et al. [65] explored the use of coffee silverskin enriched with 10%
Schizochytrium sp. algae to rear BSF larvae. The coffee silverskin-based BSF larvae are then
used as a substitution for the zebrafish (Danio rerio) meal at various ratios. At 0% and 25%
substitution rates of fish meal using coffee silverskin-based BSF larvae, the zebrafish show
no significant change in their responses. This trend is continued up to the substitution
level of 50%, which is the most balanced rate (in terms of fish growth and sustainability).
Therefore, we can conclude that (to some extent) the BSF-based replacements provide
comparable performance to the control fish meal diet. However, at higher levels of meal
substitution (75 and 100%), negative effects are detected, such as severe hepatic steatosis,
microbiota modification, increased lipid content, elevated stress, and immune responses.
Based on the aforementioned results, their study demonstrates the potential of coffee
silverskin-based BSF larvae as a promising partial substitution for fish meal, although there
are some limits at high substitution levels.
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On yet another use of coffee silverskin enriched with Schizochytrium sp. microalgae for
rearing BSF larvae, Milanovi¢ et al. explored the dynamic profile of the antibiotic resistance
(AR) genes in zebrafishes that are fed with them [66]. The study employed quantitative
Polymerase Chain Reaction (qPCR) to assess the detection of various AR genes. It is shown
by the researchers that genes like erm(B), tet(K), tet(M), tet(O), and tet(S) are present. On
the other hand, mecA, vanA, vanB, and aac-aph genes are not detected. Amusingly, in
zebrafish (at both juvenile and reproductive stages), the AR genes such as erm(A), erm(C),
vanB, and aac-aph are never detected, whereas erm(B), tet(M), and tet(S) are widespread.

Rodrigues et al. investigated the use of fish discards and coffee silverskin enriched
with Schizochytrium sp. for rearing BSF larvae [67]. It was found that those substrates
significantly improved the lipid profile of BSF larvae, enhancing the content of omega-3
fatty acids, which is crucial nutrition for fish health (and also human health). Upon using
fish discards, there is approximately a 40% improvement in the lipid profile and essential
fatty acid profile. In addition, the practice of combining fish discards with coffee silverskin
enriched with Schizochytrium sp. leads to high levels of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) detection in BSF larvae.

Chemello et al. assessed the physiological responses of zebrafish fed with BSF larvae
reared on coffee silverskin enriched with 10% Schizochytrium sp. algae [48]. They were
then used as a substitute for fish meal at different levels (0, 20, 50, 75, and 100%). At
lower replacement levels (0, 20, and 50%), there are no physiological issues observed in
the zebrafish, which is an indication that the larvae are a viable component of the diet.
However, at higher substitution levels (75 and 100%), there are significant impacts on fish
stress response, oocyte maturation stages, spawning, and hatching success. This study
provides critical insights into the feasibility of using BSF larvae as a fish meal substitute,
highlighting the importance of moderation in substitution levels to avoid adverse effects
on fish health.

The study by Osimani et al. explored the effects of feeding zebrafish with BSF larvae
and BSF frass reared on coffee by- products [68]. Variability in viable bacterial counts based
on the substrate used are shown in the zebrafish. When they are fed with larvae reared
on coffee by-products, Danio rerio exhibited a higher occurrence of Lactobacillaceae and
Leuconostoccaceae, low bacterial richness and evenness, and a higher abundance of Clostridia,
influenced by bioactive compounds from the coffee by-products. As an interesting finding,
the core fish microbiota remained stable despite these changes. On the other hand, the
zebrafishes fed with larvae that are reared on a mixture of vegetables showed the highest
bacterial richness and evenness in larvae and frass. They also showed higher abundance of
Enterobacteriaceae, as well as a stable core microbiota.

In a recent study by Ratti et al., Oncorhynchus mykiss (rainbow trout) were fed with
different proportions of BSF meal for six weeks [49]. The control group receives a regular
BSF meal, while the test groups are fed 3% and 20% BSF prepupae meals. The findings
reveal that the fishes accept the BSF-based diet well, with no adverse effects on fish growth,
gut and liver health, or marketable characteristics. Interestingly, the group fed with 20%
BSF prepupae meal demonstrated an increase in immuno-related gene expression, with a
slight reduction in fillet redness and yellowness.
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3.3. Bibliometric Analysis of the Effects of Feeding SCG to BSF

In order to illustrate the landscape of research on feeding SCG to the cultivation of
BSE, a bibliometric analysis is conducted. The author keywords from the 18 core papers
are entangled in an orderly fashion, as shown in Figure 2, as a result of the VOSViewer
software (version 1.6.17). There are four clusters that can be observed, as follows:

1.  BSF reared with SCG for aquaculture (red)

2 (Bio)chemical analysis related to BSF and SCG (green)
3. BSF and bioconversion (blue)

4. SCG and other substrates (yellow)

fermented substrate

4 bioconversion rate

brewer's spent grains

e

insec§f@rming
- circular #ulture
bloco&rsmnv

coffegipulp black *ier fly

alternu proteins 1
antibiotic igsiStance genes
zebyg@fish
herme“lucens
circular.nomy

food chaln"Pmdutt: . ' @ mici@Biota
a ;*c
2 isochr'galbana

edibl@ipsects

aq\..lture

Figure 2. The bibliometric visualization of the research on the effects of SCG to the BSF cultivation.

The details of the members of the aforementioned clusters and their strength (weight)
are detailed in Table 3.

The mapping of the keywords in Figure 2 resulted from the bibliometric analysis of
the keywords generated by the authors (“author keywords”) of the 18 core papers on the
usage of SCG or related coffee parts for the rearing of BSF larvae. There are 55 keywords
that are correlated with each other, with 162 links and a total link strength of 166. They are
clustered together, with the minimum cluster size optimized to be 8.
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Table 3. All keywords from the 18 key papers in this study, as visualized in Figure 2.

Cluster 1 Weight Cluster 2 Weight Cluster 3 Weight Cluster 4 Weight
zebrafish 9 coffee silverskin 13 black soldier fly 28 b1ocogx;2r51on 9
edible insects 8 Hermetia illucens 13 frass 14 brewer > spent 6
grains
microbiota 8 microalgae 13 insect farming 7 protelp 6
conversion
alterna'tlve 5 bioaccumulation 6 bioconversion 5 spent coffee 6
proteins grounds
fatty acids 5 chemical hazard 6 c1.rcular 5 substrate. mass 6
agriculture reduction
reproduction 5 Hermetia illucens 6 integrated pest 5 upeycling 6
prepupae management
Schizochytrium 5 potentially toxic 6 repellence 5 fermented 3
sp. elements substrate
aquaculture 4 .antlblotlc 5 systemic 5 growth 3
resistance genes defenses performances
circular economy 4 fa profile 5 coffee pulp 4 SCG 3
principal
fish feed 4 component 5 npk 4
analysis
. rearing
insect meal 4 substrates 5 prepupae 4
relative
Isochrysis galbana 4 macromolecular 5 spent coffee 4
composition
polyunsaturated 4 food chain 3 sustainable 3
fatty acids by-products protein
qPCR 4 prePupal fa}tty 3 waste 3
acids profile management
Sch'zzoch'ytrzum wgste' 3 caffeine ’
limacinum valorization
tetracyclines 4

3.4. Bibliometric Analysis of a Single Keyword: “Black Soldier Fly”

The bibliometric analysis conducted via VOSViewer software allows us to specifically

assess the multiple connections of one keyword of interest. That particular keyword is
“spent coffee ground”. This is quite a niche keyword for BSF cultivation that might have
plenty of room for innovation in the future. Based on the data in Table 3, the keyword
“spent coffee ground” is placed in cluster 4 (yellow), with a weight of 6. The connections to
the single keyword “spent coffee ground” based on VOSViewer analysis for the 18 core
papers are shown in Figure 3 and detailed in Table 4. Please kindly note that a gray ellipse is
intentionally placed to cover most of the keywords not related to the connection stemming
from the keyword “spent coffee ground”.
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Figure 3. Analysis of keyword “spent coffee ground” as a particular interest. Links = 6, total link

strength = 6.

Table 4. Network analysis for the terms associated with the keyword “spent coffee ground” obtained

from Figure 3.

N
7

/ bioconversion rate/

/

/ spent coffee’groundsy
/

/

Cluster for the

Cluster for the

No. First Node Second Node First Node Second Node Link Strength
1. spent coffee grounds substrate mass reduction 4 4 1
2. spent coffee grounds upcycling 4 4 1
3. black soldier fly spent coffee grounds 3 4 1
4. bioconversion rate spent coffee grounds 4 4 1
5. brewer’s spent grains spent coffee grounds 4 4 1
6. protein conversion spent coffee grounds 4 4 1

Based on Figure 3 and Table 4, it can be concluded that spent coffee grounds in
the cultivation of BSF larvae are clearly connected with the keyword “black soldier fly”,

which enables the “substrate mass reduction” with a specific “bioconversion rate” for the
beneficial process of “upcycling” organic wastes such as “brewer’s spent grains” (among

other resources) to obtain “protein conversion”. The portion highlighted in pale yellow in
Figure 3 is the area of the gap in the research on BSF cultivation using SCG and/or other
coffee parts. It is clearly seen that there is indeed plenty of room for improvement and
innovation in this research area. To name a few interesting topics, there are “food chain

7

by-products”, “circular agriculture”, “antibiotic resistance genes

Zan

“aquaculture”, and “circular economy”.
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4. Conclusions

This study reports the recent development of the utilization of SCG (and/or coffee
parts, mixed with or without other organic materials) for the cultivation of BSF larvae.
As coffee contains caffeine as an alkaloid that hinders the growth of some plants or the
BSF larvae themselves, the right composition or modification of SCG is intriguing to be
explored. The recent usage of SCG-derived or coffee-fed BSF larvae in aquaculture and
fisheries is also reported here, along with the limitations of substitution levels and the
related consequences for the fishes. Bibliometric analyses are also performed to supplement
the mapping of the recent advances in the cultivation and application of BSF larvae using
SCG and/or coffee parts.
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Abstract: Amidst the escalating global demand for protein-rich livestock feed, there’s an urgent call to
explore innovative alternatives. Insects, renowned for their rich protein, lipid, and nutrient profiles,
offer a sustainable solution. Integrating agricultural waste into insect diets emerges as a promising
strategy to alleviate rearing costs. However, large-scale investigations into by-product valorization
remain limited. Thus, our study aims to evaluate Greek agricultural by-products—brewer’s spent
grains, rice bran, oat and maize by-products, and animal feed mill leftovers—as potential feedstock for
Tenebrio molitor larvae, an insect species that is authorized by the European Union for both livestock
feed and human consumption. In this study, the larval growth and body composition were assessed in
commercial trays, unveiling optimal performance with rice bran and brewer’s spent grains. Conversely,
larvae fed with animal feed mill leftovers and maize by-products displayed suboptimal outcomes.
These findings underscore the potential efficacy of integrating locally produced agricultural by-products
into T. molitor commercial production. Such an approach not only addresses the growing demand for
protein-rich livestock feed but also offers a sustainable solution to agricultural waste management.
In conclusion, our research contributes valuable insights towards developing economically viable
insect farming.

Keywords: agricultural side-streams; by-products; insects for food and feed; larval composition;

mass rearing; yellow mealworm

1. Introduction

Nowadays, the ongoing expansion of a human population urges for novel, nutritious
and sustainable alternative protein sources for both human consumption and animal
livestock nutrition [1-6]. Among the proposed alternative protein sources, insects emerge
as a highly promising sustainable choice [4,5]. Briefly, insects have a high protein content,
whereas their modest land and water requirements, coupled with their low greenhouse
gas emissions and efficient feed conversion, enhance the sustainability of insect rearing
compared to the traditional livestock production [4,7,8]. Along the same lines, due to their
ability to biodegrade waste generated in the food industry, insect production is fully aligned
with circular economy strategies that are currently promoted in the EU [9,10]. However,
the complexities of their commercial production still remain a significant challenge [11].

The biggest hurdle that the insect production industry has to overcome in order
to develop further is the high insect feed cost, which notably contributes to the overall
production cost [12,13]. In this framework, the integration of agricultural by-products,
generated during various agricultural production processes, into insect diets has been
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extensively examined for various edible insect species commercially produced for food
and feed applications [14-19]. Extensive research has been conducted on the growth and
performance of the larvae of the yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebri-
onidae) grown on a variety of agro-industrial by-products and former foodstuff products
(FFPs) [14,20-24]. These included malt residual pellets, corn germ meal, sweet chestnuts,
bread remains, soybeans, sweet potatoes, wheat germs, wheat, rye bran, rapeseed meal,
rapeseed cake, flax, milk thistle cakes, brewery spent grains, bread and cookie leftovers,
and mixes of brewer’s spent grains or bread with cookies. Among these, certain substrates
emerged as particularly promising based on their impact on larval growth performance,
feed conversion efficiency, nutrient composition, and other parameters. Notably, malt
residual pellets, corn germ meal, sweet chestnuts, bread remains, soybeans, sweet potatoes,
wheat germs, and brewery spent grains demonstrated favorable outcomes in terms of larval
development, biomass production, and nutrient content. These substrates offer potential as
sustainable and cost-effective alternatives for the mass rearing of mealworm larvae.

Fruits and vegetables have also been utilized in T. molitor diets aiming to enhance
insects” growth performance and nutritional value [18,25-30]. Various agri-food wastes,
such as olive pomace, grape pomace, grape marcs, winery waste sludge, cucumber wastes,
and tomato wastes, along with FFPs like orange peel waste and carrot pomace, have been
evaluated as potential feed sources for the yellow mealworm larvae. Particularly, the
inclusion of wastes like olive pomace in larval diets presented promising outcomes in
terms of growth performance and nutritional properties. Similarly, the supplementation
of T. molitor diets with vegetable and fruit wastes, such as albedo orange peel waste,
carrots, and red cabbage, resulted in larvae with enhanced nutritional profiles, including
increased protein content, vitamins, antioxidants, and fatty acid composition. These
findings collectively underscore the feasibility and benefits of repurposing agricultural
by-products and food wastes as substrates for T. molitor mass rearing, offering a sustainable
approach to both waste management and protein production. Additionally, it is worth
noting that this insect species is currently authorized within the EU not only as an ingredient
of aquafeeds [31], poultry, and swine feeds [32], but also for human consumption [33].

The insect’s body composition is inextricably related to the nutrients and compounds
present in the consumed feed [34-37]. For instance, Ramos-Elorduy et al. [37] tested 35 dried
waste organic materials as a substrate for the development of T. molitor larvae and suggested
that the larval amino acid and nutrient content depends not only on the size and weight
of the larvae, but also on the substrate’s composition. Similar results were reported
by Rumbos et al. [16] who evaluated the growth and body composition of the yellow
mealworm larvae fed by-product-based isonitrogenous diets.

Most experiments related to T. molitor growth have been carried out at laboratory scale,
while there are disproportionally less data about the factors that affect the performance
of T. molitor at a large scale. Recently, Deruytter et al. [38] tested the effect of crate size,
oviposition time, number of adults, and cannibalism on the reproduction of T. molitor in
terms of the number of adults produced, oviposition time, cannibalism, and tray size at
pilot scale. Similarly, two studies of Adamaki-Sotiraki et al. [39,40] conducted both at pilot
scale, highlight the importance of conducting experiments at a larger scale. In this regard,
the objective of the present study was to valorize at large scale Greek, locally produced,
agricultural organic by-products for the rearing of T. molitor larvae.

2. Materials and Methods
2.1. Insect Rearing and Experimental Design

Plastic insect breeding trays (60 x 40 x 14.5 cm) (Beekenkamp Verpakkingen BV,
Maasdijk, The Netherlands) were used for the stock colonies rearing, in the pilot-scale insect
rearing unit of the Laboratory of Entomology and Agricultural Zoology at the University
of Thessaly, in Volos, Greece, under constant conditions, i.e., continuous darkness, 60 £ 5%
relative humidity and 27 &+ 0.5 °C. The substrate in which larvae were reared was wheat
bran, while agar cubes (20 g/L) were provided 3 times per week, as a larval moisture source.
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In order to acquire newly emerged larvae, adults were allowed to oviposit for 4 d on
white wheat flour. Then, the young larvae were left to feed undisturbed for 10 d on the flour.
After this interval, larvae were separated from the white wheat flour by sieving. To ensure
that the selected larvae had a similar age and size, only larvae that passed through a 850 um
sieve and were kept by a 600 um sieve were used for experimentation, corresponding,
according to their larval head capsule size, to 6th- and 7th-instar larvae [41]. Plastic insect
breeding trays were used as experimental units and wheat bran served as control. To
estimate the number of larvae, 3 subsamples, each containing at least 100 larvae, were
taken and weighed, in order to estimate the weight of 10,000 larvae. Then, approximately
10,000 larvae were inserted to each tray, along with 2.1 kg of each by-product. Larvae were
left to feed undisturbed for two weeks. After this interval, the content of each tray was
homogenized, and a subsample was taken from each tray to determine the number of
larvae per tray and the average larval weight. Attention was given, so that each subsample
contained at least 100 larvae. This procedure was repeated weekly until 2 or more replicates
run out of feed or more than 10% of larvae pupate. During harvesting, larvae were
separated from the substrate, using 2 mm sieve. Afterward, the total amount of larvae was
weighted (total harvest). The remaining substrate was also sieved, using 500 um sieve, in
order to separate the produced frass from the leftover feed, which was also weighted and
recorded. Frass that was produced by T. molitor larvae passed through the 500 um sieve,
while the leftover feed was kept by the 500 um sieve. After harvesting, larvae were fasted
for 24 h and frozen (—20 °C) for further analysis. During larval development, agar was
provided to larvae three times per week as a moisture source, increasing the amount of
agar provided over time, always ensuring the agar availability for larvae. There were four
tray replicates for each by-product treatment (oat by-product, brewer’s spent grains, maize
by-product, animal feed mill leftover, rice bran, and wheat bran—control).

2.2. By-Products

By-products locally produced in Greece and arising from the production processes
of oats, beer, maize, rice and animal feed milling were subjected to evaluation for their
suitability as T. molitor feed (Table 1). Specifically, the evaluation encompassed oat by-
products (comprising oat straw, husks, and small oat seeds), brewer’s spent grains (BSGs;
in pellet form), maize by-product (resulting from the seed cleaning process), rice bran,
and animal feed mill leftover (AFML), which was the residue of the animal feed grinding
process (composed of 75% maize, 15% barley, 5% soft wheat, and 5% other grains). All
by-products were ground using a thermomix (TM31-96 1C, Vorwerk Elektrowerke GmbH
& Co. K, Wuppertal, Germany), with the exception of rice bran and the AFML, which were
already in powder form. All by-products passed through a 2 mm sieve.

Table 1. Proximate composition, i.e., dry matter (%), protein (% DM), and ash (% DM) content of
five agricultural by-products and wheat bran (control). For all treatments, 4 replicates were con-
ducted (n =4).

By-Products Dry Matter (%) Protein (%DM) Ash (%DM)
Wheat bran (control) 85.8+0.1°¢ 174 +£0.5 46+0.149
Oat by-product 97.1£0.0? 147 £22 6.8 +0.0¢
Brewer’s spent-grains 95.6 + 0.0 % 2344 0.6 72+01P
Maize by-product 95.8 +0.12b 93+0.6 34+£01°¢
Animal feed mill leftover 93.3 +£0.1P¢ 56+05 1.0+00f
Rice bran 91.7 + 0.2 b¢ 174 £0.6 76 £012

p-value 0.006 0.11 <0.001

The case letters represent statistical differences among the larvae reared on the different by-products. In protein
content (%DM), no statistically significant differences were found (p > 0.11). SEM stands for standard error of
the mean.

99



Agriculture 2024, 14, 520

2.3. Proximate Composition

Proximate composition was conducted to determine the nutrient composition of the
by-products and the produced larvae. Thermal drying to constant weight in an oven at
105 °C was applied to determine the moisture content. The dried larvae were ground,
in order to form an insect flour and undergo further analysis. The crude protein content
was determined by Kjeldahl analysis, (Behr Labor-Technik GmbH, Diisseldorf, Germany).
Four samples of larvae (0.2 g insect meal) sourced from each of the by-products were
transferred to digestion test cubes. To expedite the digestion reaction, two Kjeltabs catalyst
tablets (5 g Potassium Sulphate K;SO4 and 5 g copper (II) Sulphate CuSO,, 5H,O) were
added. Subsequently, the samples were combined with 15 mL of concentrated sulfuric
acid (HySOy) and placed in the Kjeltec 2000 digestion apparatus. The digestion process
occurred at 150 °C for a duration of 85 min. Upon completion of the digestion process, the
samples were moved to the distillation apparatus. Here, 100 mL of distilled H,O, 80 mL of
NOH, and 50 mL of H3BO3 were added before distillation commenced for 6 min. Finally,
the titration of the resulting ammonium borate solution was conducted using a dilute
hydrochloric acid solution (0.1 N). The nitrogen content of the sample (N %) was then
calculated using the formula:

N % = (mL HCI — mL blank) x 0.8754
Weight of the sample

The Jones” default nitrogen-to-protein conversion factor (Kp) of 6.25 for the by-
products and a specific nitrogen-to-protein conversion factor (Kp) of 4.76, for T. molitor
larvae, were used as previously suggested [42].

The crude fat content was determined using the exhaustive Soxhlet extraction method,
employing petroleum ether (40-60 °C, boiling point) in a Soxtherm Multistat/SX PC
(Sox-416 Macro, Gerhard, Germany). In detail, the extraction process involved several steps.
Firstly, two boiling stones were placed into extraction glass vessels, and their weights were
recorded. Paper filters were then inserted into the extraction glass vessels, and 1 g of sample
was weighed and deposited into the filter paper container. Next, 150 mL of petroleum
ether was added to each extraction glass vessel, immersing the filter paper containers
containing the sample. The extraction glass vessels, along with the filter paper, were
transferred to a specialized fat extraction apparatus (Soxhlet apparatus). The extraction
process proceeded in two steps: initially, the samples were heated at 150 °C in the presence
of the organic solvent. Subsequently, the organic solvent was absorbed and washed into
the sample for a period of 1.5 h. Afterward, the solvent was allowed to evaporate for 15
min, leaving the total lipids in the sample at the bottom of the glass extraction container.
To remove any residual petroleum ether, the glass vessels were placed in an oven at 105
°C for 15 min (without the filter paper), followed by a 15 min period in a dehumidifier.
Weight measurements were recorded throughout the process. The net weight of fat in the
by-products was calculated using the formula:

Weight (g) of final extraction container — Weight (g) of original extraction container

Weight (g) of the original sample X100

Total lipids % =

Ash content was determined by dry ashing in porcelain crucibles in a muffle furnace
(Nabertherm L9/12/C6, Lilienthal, Germany) at 600 °C for 5 h, and the gross energy
content was determined adiabatically using an IKA oxygen bomb calorimeter (C5000; IKA
Werke GmbH, Staufen, Germany) [43].

2.4. Calculations

The average individual larval weight was determined by dividing the total weight of
the larvae with the number of counted larvae in each subsample. The Feed Conversion
Ratio (FCR) was determined by dividing the weight of the consumed feed by the weight
the larvae produced within each tray. In addition, the Efficiency of Conversion of Ingested
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Food (ECI) was calculated as the weight the larvae produced within each tray divided by
the consumed feed and multiplied by 100%. Finally, the specific growth rate (SGR) was
calculated according to the formula SGR = 100 x (InFBW — InIBW)/days, where FBW and
IBW stand for the final and initial body weight. FCR and SGR were calculated on a wet
weight basis, whereas ECI was calculated on a dry matter basis. The Economic Conversion
Ratio (ECR) was calculated by multiplying the FCR with the cost of feed per ton, and it
represents the feed costs per kilogram of live larvae. At the end of the experiment, the
feed with a particle size under 500 um was considered frass. Agar was not included in
the calculations.

2.5. Statistical Analysis

Statistical analysis was conducted using SPSS 26.0 (IBM Corporation, Armonk, NY,
USA) for the final individual larval weight, total harvest, FCR, ECI, SGR, dry matter, lipid,
ash, and protein content. All data were tested for the homogeneity and normality of
variances through the Shapiro-Wilk and Levene’s tests, respectively. As the by-products’
ash content, ECR, and ECI data displayed a normal distribution, a parametric analysis,
i.e., an analysis of variance (ANOVA), which was performed to detect the differences among
treatment. The Bonferroni correction for the multiple comparisons test was performed for
post hoc analysis. For the rest of the variables that did not follow a normal distribution,
i.e., final individual larval weight, total harvest, FCR, SGR, larval dry matter, lipid, ash, and
protein content, as well as by-products” dry matter, protein content data were subjected to
non-parametric analysis. Particularly, the Kruskal-Wallis H test was employed to detect
whether there were significant differences (p < 0.05) among the treatments, followed by
Dunn multiple comparisons for post hoc testing.

3. Results
3.1. By-Products’ Proximate Composition

The ash content varied significantly among the different by-products (df = (5,12),
p <0.001, F = 1787.6). Wheat bran (control) exhibited an ash content of 4.6%, AFML had
the lowest ash content at 1.0%. Rice bran showed the highest ash content (7.6%), followed
by BSG (7.2%). The oat by-product demonstrated an ash content of 6.8%, whereas the
maize by-product had an ash content of 3.4%. The dry matter content differed significantly
between the different by-products (df = 5, p = 0.006, test statistic: 16.336). Dry matter ranged
between 85.8% and 97.1%, with the highest dry matter observed in the oat by-product,
while the lowest was observed in what bran (control). Protein content did not present
statistically significant differences (p = 0.11) and it was above 5.6% for all by-products.

3.2. Final Individual Larval Weight

As indicated by the individual larval weights recorded, variation in the larval growth
was observed among the different dietary treatments tested (df = 5, p < 0.001, test statistic:
20.320). More specifically, the final individual larval weight spanned from 35.6 mg (AFML)
to 98.4 mg (wheat bran) (Figure 1; Table 2). Larvae raised on wheat bran (control), BSG,
and rice bran had the highest final individual larval weights. In contrast, larvae fed on
the maize and the oat by-product displayed comparatively smaller growth, with the final
weight remaining below 82.6 mg.

3.3. Total Harvest

The total harvest of larvae varied among the different substrates from 335.3 g to 914.4 g,
with the significant differences being observed among the treatments (df = 5, p = 0.001, test
statistic: 20.110) (Table 2). Total harvest was high for wheat bran (control) (872.3 g), BSG
(914.4 g), rice bran (748.0 g), and oat by-product (708.9 g), while the lowest total harvest
was recorded for AFML (335.3 g).
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Figure 1. Average individual larval weight (mg) of Tenebrio molitor larvae reared on five agricultural
by-products and wheat bran (control). For all treatments, 4 replicates were conducted (n = 4).

Table 2. Final individual larval weight (FILW, mg 4= SEM), total harvest (g == SEM), feed conversion
ratio (FCR, £SEM)), efficiency of conversion of ingested food (ECI, % +SEM), specific growth rate
(SGR, %/day £ SEM) of Tenebrio molitor larvae reared on five agricultural by-products and wheat
bran (control), at the end of the experiment. For all treatments, 4 replicates were conducted (n = 4).

By-Products FILW (mg) Total Harvest (g) FCR ECI (%) SGR (%/Day)
Wheat bran (control) 984 +1.02 8723+ 3392 2.3 4 0.0 2bc 438 +0.82b 10.7 £0.02
Oat by-product 82.6 + 3.8 b¢ 708.9 + 21.2 abe 204002 508 +£1.12 8.5+ 0.1 bed
Brewer’s spent-grains 90.7 4+ 0.7 2P 914.4 £ 4962 20401 50.9 + 3.3 30 8.8+ 0.12
Maize by-product 441 +26b¢ 434.4 +43.4°bc 3.9+ 044 263 +2.7 8.6 4+ 0.2 2b¢
Animal feed mill leftover 356+19¢ 3353 £ 12.3¢ 494014 204+ 0449 594004
Rice bran 90.7 £1.92b 748.0 + 41.7 2 2.840.2bc 36.1 +£1.9bc 7.8 +£0.0c

p-value 0.001 0.001 <0.001 <0.001 <0.001

The case letters represent statistical differences among the larvae reared on the different by-products. SEM stands
for standard error of the mean.

3.4. Feed Conversion Ratio, Efficiency of Conversion of Ingested Food, Specific Growth Rate,
Economic Conversion Ratio

FCR (df =5, p < 0.001, test statistic: 21.080) and ECI (df = (5, 18) p < 0.001, F = 41.141)
varied among treatments, ranging from 2.0 to 4.9 and from 20.4 to 50.9%, respectively
(Table 2). Low FCRs and high ECIs suggest the efficient utilization of the feed by the larvae.
Larvae reared on BSG and oat by-product exhibited the lowest FCR and the highest ECI
values (2.0 and 50.9%, 2.0 and 50.8%, respectively). Similar values were noted for larvae
fed on wheat bran (control) (2.3 and 43.8%, respectively). Conversely, larvae reared on
AFML resulted in high FCR (4.9) and low ECI values (20.4%), indicating the inefficient
bioconversion of this by-product into body mass. SGR varied between 5.9 and 10.7%/day
(df =5, p <0.001, test statistic: 21.088) (Table 2). Larvae reared on BSG (8.8%/day) and maize
by-product (8.6%/day) displayed high SGR values, similar to the control (10.7%/day),
while those reared on AFML, rice bran, and oat by-product exhibited lower SGR values
(<8.5%/day). The economic conversion rate (ECR) of larvae varied significantly across
different by-products used as feedstock (df = (5, 18), p < 0.001, F = 87.500) (Table 3). Larvae
fed with wheat bran (control) exhibited an ECR of 342.5 EUR/ton larvae, while larvae fed
with oat by-product had an ECR at 138.0 EUR/ton larvae. Treatments were grouped based
on Bonferroni post hoc comparisons, with larvae reared on BSG (555.9 EUR/ton larvae)
and rice bran (558.3 EUR/ton larvae) showing the highest ECR, followed by larvae reared
on maize by-product (275.1 EUR/ton larvae). Larvae fed with AFML (73.6 EUR/ton larvae)
demonstrated the lowest ECR among all treatments.
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Table 3. Economic conversion ratio (ECR, EUR/ton larvae 4+ SEM) of Tenebrio molitor larvae reared
on five agricultural by-products and wheat bran (control), at the end of the experiment and cost of
by-products (price, EUR/ton). For all treatments, 4 replicates were conducted (n = 4).

By-Products ECR (EUR/ton Larvae) Price (EUR/ton) Supplier
Wheat bran (control) 3425+ 65P 150 Animal Feed Anastasiadi Single Member P.C.
Oat by-product 138.0 627 70 Animal Feed Anastasiadi Single Member P.C.
Brewer’s spent-grains 555.9 £65.0 € 280 Animal Feed Anastasiadi Single Member P.C.
Maize by-product 275.1 +58.2P 70 Animal Feed Anastasiadi Single Member P.C.
Animal feed mill leftover 736 +£32° 15 Animal Feed Anastasiadi Single Member P.C.
Rice bran 5583 £60.2°¢ 200 Hellenic Feedstuff Industries S.A.
p-value <0.001

The case letters represent statistical differences among the larvae reared on the different by-products. SEM stands
for standard error of the mean.

3.5. Insects” Body Proximate Composition (Dry Matter, Lipid, Ash, and Protein Content)

The composition of larvae reared on the various by-products tested reflects significant
differences in key nutritional components (dry matter content: df =5, p = 0.001, test statistic:
15.700; lipid content: df =5, p = 0.001, test statistic 18.748; ash content: df = 5, p = 0.002, test
statistic: 18.676; protein content: df = 5, p = 0.001, test statistic: 10.057) (Table 4). Notably,
larvae reared on BSG exhibited the lowest dry matter content (23.9%), similarly to the DM
content of larvae fed wheat bran (33.8%). In contrast, larvae reared on AFML had the highest
dry matter content (39.1%), which was not significantly different from the DM content of
larvae reared on maize by-product (36.6%), rice bran (35.8%), and oat by-product (35.3%).
The lipid content fluctuated between 9 and 44.3%. Larvae grown on AFML, maize, and oat
by-product had a high lipid content (>39%). Conversely, BSG, wheat bran, and rice bran had
the lowest lipid content (<35.7%). The ash content took its highest values for larvae raised on
BSG (5.5%) and wheat bran (4.4%). Larval protein content ranged from 29.2 to 49%. Larvae
raised on wheat bran and rice bran had a high protein content (37.7% and 36.7%, respectively)
similarly to those raised on BSG (49%), while the lowest protein content was observed in the
larvae reared on maize by-product and oat by-product (32.0% and 34.4%, respectively).

Table 4. Insects’ body composition: dry matter, lipid, ash, and protein content (% DM =+ SEM)
of Tenebrio molitor larvae reared on five agricultural by-products and wheat bran (control). For all
treatments, 4 replicates were conducted (n = 4), unless indicated with * (n = 3).

By-Products Dry Matter (%) Lipid Content (%) Ash (%) Protein Content (%)

Wheat bran (control) 33.8+0.2¢2b 28.2 + 1.0 bex 4440279 37.7+092b
Oat by-product 353 +0.8b¢ 39.0 +1.92b* 4.0 £0.1b¢ 34.4 4 0.4 bed
Brewer’s spent-grains 239+042 9.04+0.1°¢ 554+0.14 490+062

Maize by-product 36.6 +1.8b¢ 40.5 + 1.5b* 3.9 4 0.1 bex 32.0 + 0.4 °d*
Animal feed mill leftover 39.1+£03¢ 443+ 052 37+00° 292+ 034

Rice bran 35.8 4 0.1be 35.7 4+ 0.3 be 3940.1Pbc 36.7 + 0.2 abex

p-value 0.001 0.001 0.002

The case letters represent statistical differences among the larvae reared on the different by-products. SEM stands
for standard error of the mean.

4. Discussion

The upcycling of low economic value side-streams and by-products of the agri-food
sector through insect bioconversion can substantially enhance the sustainable profile of
the insect sector, whereas it can further contribute to the reduction in the insect production
costs, improving the economic feasibility of commercial insect production. In this regard,
a considerable amount of recent research works has been dedicated to the valorization
of agricultural by-products as insect feedstocks [16-18,20,21,27,44]. Although of high
significance, most of these studies present results generated at lab scale, which may not
be directly applicable to industrial scale production systems. For instance, Yang and
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Tomberlin [45] reported significant differences in the larval survival, weight, and biomass
conversion of larvae of the black soldier fly, Hermetia illucens (L.) (Diptera: Stratiomyidae),
between the benchtop and industrial treatments and suggested that the application of
laboratory data to an industrial production system could lead to the underestimation
of biomass production and conversion rate. Accordingly, Adamaki-Sotiraki et al. [40]
evaluated the larval performance and growth of T. molitor grown on diets, composed of
agricultural by-products, at both the laboratory and industrial scales. Although, at the
laboratory scale, two diets seemed to efficiently support the larval development, only one
of them resulted in a high total harvest when they were evaluated at the industrial scale.
Therefore, there is a necessity for experimentation at a larger scale in order to generate data
that are closer to commercial settings and could be more easily adopted by the industry.
Along these lines, in the present study, we examined at large scale the potential of five
agricultural by-products as single feeding substrates for T. molitor larvae.

Based on our results, several of the by-products tested efficiently supported the growth
of T. molitor larvae and could be used for its rearing at commercial scale. In terms of the
final individual larval weight and SGR, larvae reared on rice bran and BSG grew the best
compared to larvae reared on the rest of the by-products tested and similarly to larvae
reared on wheat bran, a commonly used substrate for commercial mealworm rearing.
Those results are in accordance with the studies of Morales-Ramos et al. [44] and Lienhard
et al. [14] that both suggested these by-products as suitable components for T. molitor diets.
Specifically, the BSG is a by-product that has been extensively studied for its potential to
be utilized as feed for T. molitor [23,24,26,46]. Along with the aforementioned by-products,
the oat by-product gave good results regarding to the total harvest, FCR, and ECI, being in
accordance with the results of previous works [16,17,44,47].

Although larvae fed the maize by-product had a high SGR, close to the SGR of larvae
fed the BSG and rice bran, they had lower final individual larval weight, total harvest, and
ECI, as well as a higher FCR compared to those bred in BSG and rice bran. Interestingly, our
results do not coincide with the results of Lienhard et al. [14], who reported that a maize by-
product, originating from the seed cleaning process, efficiently supported the development
of T. molitor larvae, when provided as a single substrate. This may be attributed to the
different experimental protocol followed in the two studies. In our study, the experiment
was terminated when two or more replicates run out of feed or more than 10% pupation
occurred. Regarding the maize by-product, the experiment was terminated on the grounds
of feed depletion, and as a result, the larvae did not reach their optimal final weight. Among
the five by-products evaluated as feedstock for T. molitor larvae, the worst results in terms
of final individual larval weight, total harvest, FCR, ECI, and SGR were attained with the
AFML. Similar results were also reported by Riudavets et al. [48] who also suggested that
the T. molitor larvae reared on feed mill by-products performed deficiently.

The economic effectiveness of employing a specific feeding substrate is paramount,
as it plays a crucial role in determining the overall financial success of insect farming.
The lower ECR between the three most promising by-products of our research (rice bran,
BSG, oat by-product) was emerged by the larvae reared on oat by-product (138.0 EUR/ton
larvae) and it is even lower than the ECR emerged by the larvae reared on wheat bran
(342.5 EUR/ton larvae)—which is widely used as T. molitor feed. On the other hand, the
utilization of the other two promising by-products (rice bran and BSG) on which T. molitor
larvae thrived, resulted in higher ECR (558.3 EUR/ton larvae and 555.9 EUR/ton larvae, re-
spectively) than the ECR that occurred from wheat bran (control) utilization (342.5 EUR/ton
larvae). Larvae fed with the maize by-product had a higher ECR (275.1 EUR/ton larvae)
than the larvae fed with oat by-product (138.0 EUR/ton larvae), even though those sub-
strates had the same price (70 EUR/ton). This attributes these different FCRs (FCR of larvae
reared on oat by-product: 2.0, FCR of larvae reared on maize by-product: 3.9).

The chemical composition of the consumed feed is not only affecting the insects’
growth, but also their body composition [22,34-37]. The highest percentage of crude
protein content was found for larvae fed BSG (49.0%) and it was similar to the T. molitor

104



Agriculture 2024, 14, 520

larval protein content reported by Mancini et al. [22] and Oonincx et al. [24]. Interestingly,
the BSG substrate had the highest protein content (21.3%) among the by-products tested,
as well as wheat bran that was used as control (18.8%). Overall, the protein content of the
larvae ranged between 29.2% and 49.0%, while it was observed that the highest the nitrogen
percentage in the rearing substrate, the highest the larval protein content, as also suggested
by previous studies [21,49,50]. Notably, in the case of the protein-poor AFML that only
contained 5% protein, larvae fed with it had a protein content of 29.2%, which could be
explained by the insects” capability to regulate their bodies” protein content, regardless of
the protein content of the feed [18,36].

With respect to the larval lipid content, in most cases it was high (>28.2%), being in
accordance with previous studies [16,24,50]. Conversely, larvae fed the BSG substrate had
a significantly lower lipid content (9.0%), compared to the larvae reared on wheat bran
(control) and the rest of the by-products. Melis et al. [23] also pointed out a noticeably
lower lipid content for the larvae reared on BSG (6.39% FW), compared to the larvae reared
on wheat bran (control) (12.42% FW). Finally, with regard to the dry matter content of
T. molitor larvae, this was comparable to previously published results [16,49,50], with the
relative humidity, the moisture source and feeding substrate being the major factors that
affect the larval dry matter content [50].

5. Conclusions

Our investigation highlights the pragmatic feasibility of integrating oat by-product,
brewery spent grains (BSG), and rice bran into the commercial production of T. molitor
(yellow mealworm) larvae. By utilizing locally abundant agricultural residues, we not
only streamline the economics of insect farming but also mitigate pressure on the agri-food
sector, offering a sustainable solution for managing its by-products. This dual benefit shows
the potential for synergistic relationships between the insect farming and agri-food industry,
fostering a more circular and resilient approach to resource utilization. However, it is not
feasible to directly translate our protocol and results to other agricultural by-products
due to the inherent variability and unique characteristics of each substrate. Managing
different by-products requires distinct approaches, as factors such as particle size play a
crucial role. The further processing of the by-product may be necessary to ensure it is
suitable for the consumption by the insects. Additionally, the efficiency of conversion from
consumed feed to body mass varies depending on the specific properties of the by-product.
For instance, in our experiment, we encountered challenges with the quantity of maize
by-product provided to the insects, leading to a suboptimal larval weight.

In conclusion, our study emphasizes the critical importance of conducting large-scale
experiments to ensure the practical applicability of research findings to industrial insect pro-
duction. By bridging the gap between laboratory insights and real-world implementation,
we facilitate the seamless integration of insect bioconversion technologies into commercial
operations. By valorizing the agricultural by-products as valuable insect feedstocks, we
not only improve the environmental footprint of food production but also create oppor-
tunities for enhanced nutritional and economic outcomes. This underscores the need for
collaborative efforts between stakeholders to explore innovative solutions for sustainable
resource management and pave the way for a more resilient food system.
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Abstract: Insect farming is gaining attention as a promising area for exploring probiotic bacteria,
which can benefit both insect health and various industries. Silkworm farming is a key industry
in Thailand; however, challenges such as disease susceptibility and optimising growth require
innovative solutions for sustainable practices. Our study addresses this by assessing lactic acid
bacteria (LAB) in native Thai silkworm faeces, which accumulate as natural by-products during the
rearing process. We conducted biochemical tests, including those for catalase, haemolytic activity,
bile salt tolerance, antimicrobial activity, antibiotic susceptibility, and cell surface hydrophobicity,
along with taxonomic classification. Out of 102 isolates, eight potential probiotics were selected, with
five showing strong probiotic traits like acid and bile salt tolerance and cell surface hydrophobicity,
enhancing gut survivability. These isolates also displayed antagonistic activity against pathogens
like Staphylococcus aureus, Salmonella typhimurium, Escherichia coli, and Pseudomonas aeruginosa. Safety
assessments confirmed their safety, with no haemolytic activity and sensitivity to antibiotics like
chloramphenicol and amoxicillin. These LAB isolates (SP04, SP06, SP44, SP64, and SP67), identified
as Enterococcus faecalis strain NBRC 100481, show promise as in vitro probiotics for silkworm rearing,
calling for further in vivo evaluation.

Keywords: rearing optimisation; alternative protein source; insect biotechnology; artificial diet;
entomophagy; lactic acid bacteria; lactobacillus characteristics; probiotics; sericulture; microbial ecology

1. Introduction

As the global population continues to increase, the popularity of insects for both food
and feed applications is steadily increasing. This trend is gaining momentum because of
their remarkable nutritional profile and sustainable production practices, making insects a
compelling solution to the challenges posed by the growing world population [1]. Insect
farming may not only support protein self-sufficiency but can also offer novel means
for organic waste management and the generation of value-added products, including
fertilisers from rearing residues [2]. Bombyx mori (Lepidoptera: Bombycidae; Linnaeus,
1758) is one of the most important farmed insects in Thailand [3]. Throughout its life cycle,
the silkworm undergoes various stages, starting as an egg, progressing through five larval
instars, transforming into a pupa, and finally emerging as an adult silk moth (Figure 1). The
polyvoltine silkworm can be reared year-round and is primarily found in tropical regions,
such as Thailand. Beyond its traditional use in silk production, B. mori serves as a valuable
insect model in life sciences and plays an important role in antiviral agent screening (e.g.,
silkworm-baculovirus infection model) [4] and in environmental monitoring [5], and also
as food [6] and feed [7].
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Figure 1. (A) Silkworm (Bombyx mori) life cycle and (B) faeces harvested under aseptic conditions in
a laminar flow cabinet.

Only the monophagous larvae of B. mori exclusively feed on mulberry (Morus spp.)
leaves, generating faeces that are rich in nutrients and microorganisms [8]. This waste
material represents a significant by-product of silkworm rearing and is produced in large
quantities in Southeast Asian countries, including Thailand. Silkworm faeces, rich in
(plant) nutrients and mixed with undigested substrate residues (frass), are used as organic
fertilisers and in biogas production [9-11]. In Thailand, silkworm frass serves as a vital
fertiliser for mulberry plantations, offering organic nutrients and showcasing sustainable
agricultural practices. China has leveraged silkworm faeces in traditional medicine, em-
phasising their high fat, protein, and amino acid contents [12]. Reports indicate its use in
pharmaceutical supplements and the food industry [13], such as oral iron supplementation,
to ameliorate iron deficiency associated with anaemia [14]. Moreover, silkworm faeces
have been shown to have antiviral and anti-inflammatory effects and can be used to treat
symptoms related to rheumatoid arthritis [6]. Silkworm faeces primarily consist of organic
matter and ash, constituting about 84-90% and 16-20% of their biomass, respectively [15].
In particular, faeces from silkworms reared on a natural mulberry leaf diet show an enriched
content of amino acids, carbohydrates, and lipids [16].

Insects are generally considered a rich source of probiotic microorganisms that reside
in their guts, where they provide metabolic support and defence mechanisms that support
insect health [17]. These microbes are promising targets for biotechnological applications
and have previously been isolated based on their strong cellulolytic [18], amylolytic [18],
and xylolytic [19] properties. A metagenomic study by Yeruva et al. [20] revealed diverse
patterns of microbial communities across various silkworm breeds, highlighting the need
for further in-depth characterisation of silkworm-derived probiotics.

This study focused on the potential of lactic acid bacteria (LAB) isolated from faeces
of a native Thai silkworm strain, considering the beneficial probiotic qualities of many
LABs. Dong et al. [21] revealed that B. mori reared on fresh mulberry leaves had a higher
bacterial diversity in their guts than those reared on an artificial diet. LAB, particularly
those from the Lactobacillus genus, are widely acknowledged for their positive impact
on host health, interacting with the gastrointestinal mucosa, stimulating the immune
system, and decreasing pathogen infections [22]. Bermudez-Brito et al. [23] demonstrated
and summarised six major mechanisms of action of probiotics: (a) enhancement of the
epithelial barrier, (b) increased adhesion to the intestinal mucosa, (c) inhibition of pathogen
adhesion, (d) competitive exclusion of pathogenic microorganisms, (e) production of
antimicrobial substances, and (6) modulation of the immune system. Therefore, defining
probiotic properties involves multiple screening criteria, such as tolerance to low pH and
bile salts, inhibition of pathogens, cell surface hydrophobicity, safety assessments based on
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haemolytic activity, susceptibility to antibiotics, and the potential to induce host immune
responses [24,25]. Bacteria belonging to the enterococci genus are widely recognised for
their probiotic benefits and play a crucial role as food additives for human consumption [26].
Specifically, E. faecalis isolated from the meconium of newborns possesses notable probiotic
properties suitable for applications that foster human health [27]. Enterococci have been
extensively used to promote animal health and husbandry practices [28]. As feed additives,
enterococci contribute to the induction of the immune system, thereby enhancing resistance
against pathogens and supporting overall health.

Given the medicinal properties of silkworm faeces, this study aimed to isolate and
screen LAB from the larval faeces of a Thai B. mori strain, with a focus on characterising
their probiotic potential.

2. Materials and Methods
2.1. Silkworm Rearing and Harvesting of Fresh Faeces

Silkworm eggs of a Thai strain were purchased from a silkworm farm in the Kudrung
District, Mahasarakham Province, Thailand. The eggs were incubated at 25-26 °C for 10 days.
After hatching, the larvae were fed with mulberry leaves thrice a day (at 06:00, 12:00, and
18:00). Faecal samples were collected from 100 larvae on day 4 of the 5th instar (Figure 1A)
under sterile conditions in a laminar flow cabinet to avoid cross-contamination (Figure 1B).

2.2. Isolation of Lactic Acid Bacteria (LAB) and Assessment of Acid Tolerance

The inoculum was prepared by mixing 10 g of silkworm faeces with 90 mL of sterile
0.9% saline solution. De Man—-Rogosa-Sharpe (MRS) broth (pH 2.5) was inoculated with
100 uL of the silkworm faeces suspension and incubated at 37 °C for 2 h to determine
the acid tolerance of lactic acid bacteria [29]. After the acid treatment, the samples were
serially diluted from 10! to 10~*. Each dilution was plated in four replicates by spreading
100 uL on MRS agar (pH 6.2) supplemented with 1% CaCOj3; and 0.004% bromocresol
purple (BCP). The plates were incubated at 37 °C for 48 h under anaerobic conditions using
an Anaeropack® system (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan). LAB colonies
exhibiting characteristic morphological features and producing a yellow colour from BCP
were selected for the screening of probiotic properties. Of the 102 colonies, 74 changed
their colour to yellow and were surrounded by a clear zone.

2.3. Gram Staining and Catalase Test

Gram staining was conducted by transferring a bacterial culture onto a glass micro-
scope slide using a sterilised inoculation loop and smearing it with water. The culture was
stained with crystal violet for 1 min, followed by fixing with iodine dye for an additional
minute. Discolouration was achieved by washing with 70% ethanol. Finally, the culture
was counterstained with safranin for 30 s and then rinsed with water. Morphological
features of the bacteria were observed under a light microscope at 40 x magnification.

For the catalase test, the bacterial culture was smeared onto a dry and cleaned slide
using a sterilised inoculating loop, and a drop of hydrogen peroxide was added to the
culture. Immediate observation of bubbles indicated a positive catalase reaction, whereas
the absence of bubbles indicated a negative catalase reaction. Only colonies showing
gram-positive and catalase-negative reactions were selected. The selected colonies were
then evaluated for probiotic properties and stored at —20 °C in MRS broth containing 20%
glycerol for further studies.

2.4. Haemolytic Activity

The haemolytic activity of LAB was assessed following a modified protocol using
human blood [30,31]. Overnight cultures of each LAB isolate in MRS broth were streaked onto
Columbia agar plates (BD Difco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 5% human blood. The plates were incubated at 37 °C for 48 h. Subsequently, the bacterial
plates were examined for the presence of haemolytic zones, categorised as alpha haemolysis
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(greenish zone), beta haemolysis (clear zone), or gamma haemolysis (no haemolysis) around
the LAB colonies. Only the strains exhibiting gamma haemolysis were considered safe. The
selected LAB isolates were then subjected to antibiotic assays, with Staphylococcus aureus
serving as a positive control, showing a visible clear zone for beta haemolysis [32].

2.5. Bile Salt Tolerance Assay

The survival of LAB under acidic conditions with bile salts was also investigated. The
bile salt tolerance of the isolates was evaluated by adding 0.3% (w/v) bile salt (Oxgall,
Himedia, Maharashtra, India) to MRS broth (pH 2.5). For the test, a 5 mL culture of LAB
isolates grown overnight in MRS broth at 37 °C under anaerobic conditions was used.
Viable LAB colonies were determined using serial dilution and plate counting. MRS broth
without LAB was used as a negative control. Survival rate was assessed by contrasting
counts of viable colonies (mean log(cfu)/mL) before and after exposure to bile salts using
the following Equation (1):

Survival rate (%) = log value Of c.ells su.rvwed x 100 (1)
log value of initially viable cells

2.6. Cell Surface Hydrophobicity Assay

To assess the bacterial adhesion of LAB isolates to solvents, cell surface hydrophobicity
was determined following established protocols [33,34]. LAB suspensions were prepared
in phosphate-buffered saline (PBS) and centrifuged at 6500 rpm for 5 min. The PBS-
resuspended LAB were mixed with an equal volume of physiological saline to obtain an
optical density of 0.5 at a wavelength of 600 nm (OD600). Three mL of this suspension was
transferred to an autoclaved tube and 1 mL of xylene was added. After shaking on a vortex
shaker for 1 min, the tubes were left undisturbed for 15 min to facilitate phase separation.
Subsequently, the absorbance of the aqueous phase was measured at a wavelength of
600 nm. Hydrophobicity was calculated from three replications, representing the percent
decrease in the OD of the original bacterial suspension due to LAB partitioning into the
hydrocarbon layer [35]. The hydrophobicity of the cells was measured at OD600, and the
cell surface hydrophobicity ratio (%) was calculated using the following Equation (2) [29]:

OD600 before mixing — OD600 after mixing <10
OD600 before mixing

Cell surface hydrophobicity (%) = 0 )

2.7. Evaluation of LAB Isolates against Bacteria Pathogens

The antibacterial activities of the isolates against four human pathogens (Escherichia
coli ATCC 25922, Salmonella typhimurium ATCC 14028, Pseudomonas aeruginosa, and Staphy-
lococcus aureus ATCC 25923) were assessed using the agar spot method [36]. Sixteen LAB
isolates were spotted onto the surface of MRS agar and incubated at 37 °C for 24 h under
anaerobic conditions. After culturing, 50 uL of each bacterial pathogen was inoculated into
a Brain Heart Infusion (BHI, 0.5% soft agar) and poured onto the MRS agar plates. The
plates were incubated at 37 °C for another 24 h, and inhibition activity was observed. The
diameter of the clear zone for each isolate against each indicator pathogen was measured,
and inhibition levels were classified as (—) for no inhibition, (+) for 0.5-6 mm, (++) for
7-12 mm, and (+++) for more than 12 mm inhibition [37].

2.8. Sensitivity of LAB to Antibiotics

Antibiotic susceptibility was assessed using the Bauer—Kirby disk diffusion method [38]
with commercial antibiotic discs (Himedia, Maharashtra, India). Five antibiotics, penicillin
(10 units), chloramphenicol (30 png), gentamicin (10 pg), tetracycline (30 png), and amoxi-
cillin (30 pg), were tested [39,40]. LAB isolates were swabbed on Mueller-Hinton agar, and
antibiotic discs were placed on the plate before incubation at 37 °C for 24 h. The inhibition
zone around each antibiotic disc was measured, and LAB sensitivity was categorised as
sensitive (“S”), intermediate (“I”), or resistant (“R”) based on the enclosed zone size inter-
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pretative charts (Himedia): amoxicillin (S > 18 mm; I = 14-17 mm; R < 13 mm), chloram-
phenicol (S > 18 mm; I = 13-17 mm; R < 12 mm), gentamicin (S > 15 mm; I = 13-14 mm;
R <12 mm), penicillin (S > 15 mm; R < 14 mm), and tetracycline (S > 15 mm; [ = 12-14 mm;
R <11 mm).

2.9. Colony PCR, Sanger Sequencing, and Taxonomic Identification

For a single colony PCR, a mixture of 0.5 uL 27F forward primer (5'-AGAGTTTGATCA
TGGCTCA-3'), 0.5 uL 1492R reverse primer (5'-TACGGTTACCTTGTTACGACTT-3'), 0.5 uL
2% BSA, and 12.5 pL RedTaq Polymerase 2x master mix (containing 1.5 mM MgCl,, VWR,
Radnor, PA, USA) was prepared and combined with 11 pL PCR-grade H,O. Bacterial
isolates selected from the enrichment plates were carefully transferred into reaction tubes
containing 25 pL of the PCR mix using sterile pipette tips. Colony PCR was performed
according to the thermocycler program described in Table S1. Subsequently, the PCR
products were purified using the GeneElute PCR Clean-up Kit (Sigma-Aldrich, St. Louise,
MO, USA). Prior to Sanger sequencing of the entire 165 rRNA gene, 2 uL of the 27F forward
primer was added to each purified PCR product. The resulting full-length 16S reads were
subjected to nucleotide BLAST search for taxonomic assignment. All the samples were
amplified and sequenced in duplicate for more reliable verification.

2.10. Statistical Analysis

The experiments were carried out in triplicate (n = 3), and the results are presented as
the mean =+ standard deviation. Data analysis was performed in R (v. 4.3.1) using one-way
analysis of variance, and statistical significance was defined as p < 0.05. Prior to analysis,
normality of the data was checked using the Shapiro-Wilk test. Tukey’s Honest Significant
Difference post hoc test was used for pairwise comparisons of groups.

3. Results
3.1. Morphological and Physiological Study of Lactic Acid Bacteria

Through morphological analysis of the colonies, 102 LAB colonies derived from the
faeces of a local Thai silkworm strain were identified. Initial characterisation of these
isolated LAB involved criteria such as gram positivity, exhibiting either cocci or rod shapes
(Figure 2A,B) and demonstrating survival in an acidic environment (pH 2.5) through the
hydrolysis of CaCO3 combined with bromocresol purple on MRS agar. Notably, 74 isolates
exhibited morphological features indicative of their potential as probiotic candidates,
specifically for gram-positive bacteria. Additionally, all isolated strains demonstrated
defence mechanisms against oxidative stress, as evidenced by a catalase-positive reaction.

Figure 2. Preliminary characterisation of lactic acid bacteria (LAB) isolated from faeces of silkworms:
(A) single colonies of LAB isolated on selective MRS agar, (B) microscopic (40x magnification)
observation of gram-positive LAB.
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3.2. Haemolytic Activity, Bile Salt Tolerance, and Cell Surface Hydrophobicity

To assess the safety of the selected LAB, the haemolytic reaction was determined
by streaking LAB on Columbia blood agar containing 5% (v/v) human blood. Out of
the 74 isolates, 49 isolates did not exhibit a halo zone, confirming that they were gamma
haemolytic. In contrast, a clear haemolytic zone (beta haemolysis) was observed around
S. aureus, which served as positive control.

Among the LAB isolates, SP04, SP06, SP44, SP64, and SP67 displayed notable acid and
bile salt tolerance (Figure 3A). After 24 h in bile salt conditions, their survival rates were
26.3 = 0.6%, 51.2 & 1.0%, 12.8 £ 0.3%, 72.9 £ 0.8%, and 33.3 £ 0.0%, resulting in highly
significant differences across the isolates (F(4,10) = 3938, p < 0.001 ***).

Our study revealed that LAB isolates exhibited hydrophobicity ranging from 41%
to 65% on average (Figure 3B). Notably, we observed significant variation among repli-
cates within each isolate yet detected no significant differences across distinct isolates
(F(4,10) =0.141, p = 0.94).
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Figure 3. (A) Selected lactic acid bacteria (LAB) isolates” tolerance to bile salt (n = 3) (ANOVA:
F(4,10) = 3938, p < 0.001). (B) Cell surface hydrophobicity of selected LAB (n = 3). No significant
differences between LAB were observed in terms of hydrophobicity (ANOVA: F(4,10) = 0.141, p = 0.94).
Values are presented as mean =+ standard deviation. Lower-case letters indicate statistically significant
differences between groups.

3.3. Selected LAB Isolates against Bacterial Pathogens

The selected LAB isolates were subjected to an agar spot test on MRS agar against
indicator bacteria, demonstrating their inhibitory effects on pathogenic strains. The degree
of inhibition, measured by the clear zone, varied between 4.2 mm and 19.8 mm, as detailed
in Table 1.

Table 1. Antimicrobial testing of selected lactic acid bacteria (LAB) against pathogenic bacteria in MRS
broth (pH 6.5) (n = 3). Evaluation based on Vélez et al. (2007) [37]: 0.5-6 mm = (+), 7-12 mm = (++),
>12 mm = (+++).

Pathogenic Bacteria [6 mm]
LAB Isolate

Escherichia coli Staphylococcus aureus Salmonella typhimurium Pseudomonas aeruginosa

SP04 53+ 05(+) 12.8 + 1.0 (+++) 19.8 + 0.8 (+++) 14.5 £ 0.0 (+++)
SP06 48 +£0.3(+) 12.8 + 0.8 (+++) 18.5 + 1.4 (+++) 14.2 + 0.3 (+++)
SP44 13.1 £ 0.3 (+++) 42+ 05 (+) 14.2 £ 0.5 (+++) 6.6 + 0.4 (++)

SP64 129 £ 0.5 (+++) 73+ 04 (++) 19.7 £ 1.1 (+++) 11.3 4+ 04 (++)
SP67 179 £ 0.9 (+++) 9.0 £0.3 (++) 16.3 +£ 0.3 (+++) 13.3 £ 0.7 (+++)
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3.4. Antibiotic Susceptibility Test

To confirm the suitability of probiotic candidates for use as feed supplements, it is
crucial to evaluate the sensitivity of the isolates to a relevant range of antibiotics of both
human and animal importance. The five selected LAB isolates were subjected to antibiotic
susceptibility testing using various antibiotics. In line with the guidelines by the European
Food Safety Authority, two antibiotic groups were considered: (I) agents inhibiting cell
wall synthesis (amoxicillin and penicillin) and (II) agents inhibiting protein synthesis
(chloramphenicol, gentamicin, and tetracycline). Notably, the tested isolates demonstrated
sensitivity to amoxicillin, chloramphenicol, penicillin, and tetracycline as denoted by the
letter ‘S’ (sensitive). Four out of five isolates, however, showed resistance (‘R’) against
gentamicin, and for isolate SP44, this antibiotic showed intermediate inhibitory (‘I') effects,
as detailed in Table 2.

Table 2. Antibiotic susceptibility of selected lactic acid bacteria (LAB) isolates. Data on the measured
inhibition zones are expressed as mean diameter + standard deviation (n = 3). Susceptibility was
determined based on the size interpretative charts enclosed by the antibiotic disc manufacturer
(Himedia, Maharashtra, India). (R) = resistant, (S) = sensitive, (I) = intermediate inhibition.

Antibiotic Susceptibility Zone of Inhibition (mm)

LAB Isolate

Amoxicillin Chloramphenicol Gentamicin Penicillin Tetracycline
SP04 273 +1.9(S) 20.7 £ 1.0 (S) 122 £ 0.3 (R) 19.5 £1.3(S) 233+08(S
SP06 2924+ 0.3 (S) 20.3 £ 0.8 (S) 12.3 + 0.6 (R) 19.8 £ 0.6 (S) 23.8+£24(S
SP44 28.0 £ 0.5 (S) 20.0 £ 1.0 (S) 13.3 £ 0.6 (I) 193 £0.6 (S) 23.3+£08(S
SP64 277 +1.5(S) 19.5+0.9 (S) 128 £ 1.4 (R) 18.8 £0.3(S) 22.74+08(S
SP67 27.8 £ 0.8 (S) 20.0 £ 0.0 (S) 12.3 + 0.6 (R) 20.3 £1.0(S) 19.3+4.6(S

3.5. Genetic Identification

The sequences derived from Sanger sequencing of the five isolates were all identified
as Enterococcus faecalis strain NBRC 100481 (Accession no.: NR_113902.1). Comprehensive
information, including raw sequences and detailed nucleotide BLAST output, is provided
in Table S2.

4. Discussion

In the context of sericulture, silk production has been promoted and developed to
support a circular economy. Recently, the silk-producing industry has found applications
beyond traditional clothing, extending to uses in human food and animal feed [41]. As
a by-product of insect mass-rearing, insect faeces have gained popularity, particularly as
a novel agricultural fertiliser, due to their vast microbial and nutritional diversity and
soil-enhancing properties [42,43]. In this study, we aimed to harness the potential of waste
from silkworm farming by isolating LAB from the faeces of a Thai strain of B. mori and
investigate its potential use as probiotics. The results indicated that these LAB isolates met
the probiotic criteria established by Bermudez-Brito et al. (2012) [23]. Preliminary isolation
tests were conducted using MRS nutrient media (MRS agar and MRS broth) at an acidified
pH of 2.5. These tolerant isolates were further assessed for their probiotic properties. Five
selected isolates demonstrated bile salt hydrolase activity and the ability to adhere to
the epithelial cells. They were sensitive to amoxicillin, chloramphenicol, penicillin, and
tetracycline, but showed resistance to gentamicin, indicating that their growth could be
inhibited by a large selection of antibiotics if necessary. Based on their properties, the
isolated LAB can be considered potential candidates for probiotics in animal feed [44].
However, caution should be paid to resistance to, e.g., aminoglycoside antibiotics such
as gentamicin, which is frequently observed in LAB isolated from farmed animals [45].
The exposure of these animals to antibiotics increases the selective pressure on microbial
communities in the host guts, favouring the proliferation of resistant microbes and driving
the acquisition of resistances via horizontal gene transfer [45]. Artificial environments
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such as insect mass-rearing facilities may have similar effects on microbial populations.
Although LAB, such as enterococci isolated from wild animals, also demonstrate resistances
to antibiotics; farmed animals, pets, and humans constitute their primary reservoir [46].
Therefore, special attention should be directed towards monitoring the spread of resistances
and associated virulence factors.

Sanger sequencing identified the isolates as Enterococcus faecalis strain NBRC 100481, a
microaerophile mesophilic representative of the family Enterococcaceae. Recently, E. faecalis
was found to be an effective antagonist against infections in B. mori caused by Microsporidia,
including Nosema bombycis, the pathogen responsible for Pébrine disease in their larvae [47,48].
Enterococci are also capable of causing opportunistic infections [49] but are typically
known for their probiotic effects when present as commensal gut colonisers. In healthy
silkworms, enterococci make up a considerable amount of the gut microbiota, indicating
their relevance to host health [50]. However, other representatives of enterococci such as
Enterococcus mundtii, can have adverse effects on B. mori larvae and cause the flacherie
disease [51], while the same species has been proven to protect another insect species,
Tribolium castaneum, against Bacillus thuringiensis [52].

A critical aspect of probiotic bacteria is their ability to survive in acidic conditions in
the gut. In our investigation involving 102 LAB isolates, all met the primary criteria for
probiotic properties, displaying gram-positivity and growth in MRS broth with an acidic
pH of 2.5 to a neutral pH of 6.7. These findings align with previous reports emphasising
the importance of LAB viability in low-pH environments [53-55].

In this study, 102 different isolates were identified, of which 74 were found to be gram-
positive and tested negative for catalase, as indicated by the absence of bubbles [56]. Out
of these 74 isolates, 49 were cocci-shaped and exhibited gamma haemolysis. Additionally,
bacterial cell surface hydrophobicity, assessed through auto-aggregation, demonstrated
strong hydrophobicity to the hydrocarbon xylene, further supporting their potential as
indigenous probiotics in the host gut [57,58].

Considering the importance of antibiotic resistance in probiotics, our results showed
that the five LAB isolates identified as probiotic candidates exhibited susceptibility to
common antibiotics [6]. This suggests that probiotics isolated from the faeces of silkworm
larvae are safe for use in silkworm farming, benefiting from their origin in the native
host’s gut environment and potentially offering advantages over probiotics isolated from
other sources [59]. Moreover, these five isolates exhibited strong inhibitory effects on
common pathogens such as E. coli, S. aureus, S. typhimurium, and P. aeruginosa. Enterococci
are ubiquitous and can act as both probiotics or opportunistic pathogens depending on
the strain and environmental conditions [60], though the specific mechanisms of their
pathogen inhibition were not covered in this study. However, previous research has
shown that E. faecalis can effectively colonise the intestine and exhibits immunoregulatory
activities, including the activation of immune system cells [60]. Effective probiotics typically
adhere to the gut lining, providing a barrier and excreting antimicrobial peptides against
pathogens [61].

In this study, LAB were isolated from the faeces of a polyvoltine Thai silkworm strain.
Previous research has shown a higher prevalence of Enterococcus sp. in polyvoltine than
in bivoltine silkworms [20]. Probiotic criteria include the ability to reduce midgut pH
from alkaline to acidic, which is a key factor in preventing infectious diseases caused by
microorganisms, such as viruses, bacteria, and microsporidia.

Lately, lactic acid bacteria have been increasingly used as supplements and food
additives in animals, including insects [19,62]. However, the mechanisms and interactions
between silkworms and LAB remain unclear, and further research of LAB survival in the
gut is necessary. Our results suggest that LAB supplementation may offer opportunities to
enhance health while potentially reducing pathogens, particularly in preventing viral and
bacterial infections in silkworms, an area with limited reports to date.
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5. Conclusions

Our study was designed to capitalise on the utilisation of waste from silkworm
farming. Lactic acid bacteria isolates were specifically selected from the faeces of a local
strain of B. mori in Thailand for their promising probiotic potential. The five selected
isolates demonstrated bile salt hydrolase activity and the ability to adhere to epithelial
cells. Notably, all five isolates were sensitive to amoxicillin, chloramphenicol, penicillin,
and tetracycline and exhibited resistance only to gentamicin. Considering their favourable
probiotic properties, the selected LAB isolates were deemed potential candidates for use as
probiotics in animal feed.
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Representative sequences of the five isolates generated by Sanger sequencing using 27F and 1492R
primers and their corresponding nucleotide BLAST results for taxonomic identification.
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Abstract: Black soldier fly larvae (BSFL) can convert various organic substrates into high added-
value biomass. In addition, the residue can be used as a soil conditioner. Several studies have been
conducted on a laboratory scale that may not represent what happens on a prototype scale. Using
fruit and vegetable waste as a basic substrate, mixing them with agro-industry by-products (called
co-substrates), the Hermes project set up a process on medium (2 kg) and large (10 kg) scales with
two different feeding regimes (1.25 g/BSFL and 2 g/BSFL). At the mature stage, larval biomass was
separated from frass (the by-product of the larval rearing). The production of larval proteins and fats
and the use of frass as soil conditioning were evaluated. The lowest feeding regime (1.25 g/BSFL)
provided the best waste valorization. The shift towards higher production scales is not completely
linear. The addition of co-substrates to fruit and vegetable waste, as they are provided by the large-
scale retail trade, can help to standardize a process as part of an insect farm. The frass recovered from
the residue of rearing (on the diet or on the agrifood leftovers) was composted and used in field to
grow a processing tomato variety. The addition of composted frass assured a slightly lower yield
than synthetic fertilizer but there was no statistically significant difference (p > 0.10). This suggests
that partial replacement of synthetic fertilizer with composted frass has potential. Overall, the work
demonstrated that, using a multidisciplinary approach, the interest and the value in building a supply
chain based on bioconversion mediated by Hermetia illucens can be emphasized.

Keywords: circular economy; waste reduction; bioconversion; CORS; Hermetia illucens; frass; organic
fertilizers

1. Introduction

By 2050, the world population is estimated to grow to about 9.6 billion and the demand
for animal protein to increase by 70% [1]. With this rapid population growth, economic
development, and urbanization, meeting the demand for feed and quality food and organic
waste management require substantial resources, often with great environmental impact [2].
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The European Commission highlights organic waste as a key item of the circular and
green economy, emphasizing its valorization into useful products. Several studies investi-
gated their potential added value, mainly using anaerobic digestion and composting [3].
Among the organic biomass, fruit and vegetable waste (FVW), a mixture of edible and
inedible leftovers, plays an important role. The Food and Agriculture Organization (FAO)
reports about 45% of fruits and vegetables (FV) are discarded (as waste) across the food sup-
ply chain [2]. Furthermore, the United Nations predicts that 13% of all agricultural product
is lost during harvest as well as retail, while 17% is wasted in houses, retail, and eating
places [4]. In the context of FVW valorization, one promising strategy is its exploitation as
a substrate for mass rearing of edible insects to be used as a protein source for aquaculture,
chicken farming, or as a lipid source for biodiesel production [5,6].

Saprophagous insects represent a potentially valid solution to two problems: the
recovery of the growing amount of organic waste and the increasing global demand
for feed and food. In a circular economy perspective, the application of Conversion of
Organic Refuse by Saprophages (CORS) technology mediated by the black soldier fly
(BSF), Hermetia illucens L. (Diptera, Stratiomyidae, Hermetiinae), represents an important
innovation that can significantly contribute to the development of supply chains that meet
the principles of green economy and green chemistry. The species is distributed globally
throughout temperate and tropical regions [7]. BSF larvae (BSFL) can grow on various
organic substrates, i.e., vegetable matter, manure, and catering waste, transforming them
into high added-value biomass. It was observed that mature larvae, fed on different organic
waste, contain up to 44% of dry matter and reach 42% of protein and 35% of fat [8-10].

Larval performances, in terms of growth, size, biochemical composition, and life
span, as well as the efficiency by which substrates are converted into larval biomass, vary
considerably and are affected by the quality of the substrate [11-13], substrate supply [14],
as well as temperature, oxygen availability, and moisture content [15,16].

Larvae can grow on substrate with a moisture content within the range of 60-90% [17],
with the optimal at 70-75% [15]. For these reasons, the use of FVW as BSFL growth substrate
may not be sufficient to create suitable conditions for the optimal larval development and
the bioconversion of the waste into high added-value molecules, due to high moisture
content of the substrate. Furthermore, in case of high moisture content of such a waste
stream, the separation of BSFL from the frass might be challenging and time consuming [18].

Several works have investigated the feasibility of mixing FVW with other types of
waste that would optimize the bioconversion process, like fermented “spent coffee grounds”
or bread waste from catering [19,20]. Besides abiotic factors, such as substrate quality,
temperature, and moisture content, the feeding regime intended as substrate amount per
larva (sometimes stated as larval density, i.e., number of larvae per area unit) is an important
factor that needs to be optimized for its ability to improve or hinder the BSFL growth [14,21].
At low larval densities, which means a great amount of substrate per larva, BSFL. may
not achieve sufficient substrate conditioning and co-operative digestion, while too high
densities lead to providing a low quantity of feed per larva, causing competition over
the nutrients, and may negatively influence the growth [22]. The density also influences
other physical phenomena such as heat storage and evaporation, which change the feed
properties and consequently affect the growth of the larvae [23].

The bioconversion process reduces the volume by 50-70% of waste, a result that could
alleviate the environmental and economic cost of their disposal [24]. At the end of the
bioconversion cycle, the larval biomass can be separated and used directly as feed or as raw
material in a biorefinery conversion to produce protein meal, oil, biodiesel, and chitin [25].
The rearing residue (frass) is a mixture of uneaten substrate, feces, and exuviae, which has
interesting characteristics for improving soil and crop productivity [26]. Several works
have tested the frass as soil conditioner as such or after composting, demonstrating its
potential as alternative organic fertilizer on different crops [26-29].

Historically, most of the studies concerning the knowledge on BSF feeding perfor-
mance on different waste streams have been conducted at a laboratory scale (i.e., several
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hundred larvae per replicate on hundred grams of substrate) showing how BSFL growth
and performance can vary on different waste or with different bioconversion conditions
(feeding rate, moisture of the substrate, larval density, and feeding regime). The shifting
from laboratory to industrial scale is not necessarily linear; many authors indicated that the
findings of small-scale trials could not be necessarily moved to large production systems.
For example, small-scale compared to large-scale studies, both carried out in the same
conditions on swine manure, gave different results for larval development time until the
mature stage (less in the small scale) or survivorship (higher in the small scale) or for the
prepupal weight (less in the small scale) [30]. The size of the pilot-level studies (also named
large-scale or mass production or industrial-level studies) ranges from 10,000 to 20,000
larvae on 6-10 kg of substrate in a crate of about 3040 L of volume, considering each crate
as a bioconversion unit [31-34]. Gligorescu et al. [32] found the best feeding treatment
testing the bioconversion efficiency in crates with 20,000 BSFL on 8-10 kg of food waste.
Yang-Jie et al. [35] planned a 4-year full-scale study with containers filled with 6 kg of urban
waste inoculated with 8000 BSFL. The containers were racked in rows and layers to treat
15 ton/day of waste. Over the 4 years, they could improve the production of larvae and the
protein content modifying the frequency of pile turning or changing the fermentation agent
of the initial substrate. Hence, the industrial bioconversion process must be developed
by continuous technical optimization, according to the waste resource (type and quantity
daily provided).

The HERMES project, funded within POR FESR Lazio 20142020 (Det. Reg. n. G09493
140721, 22/07/2021), aimed at making available a sustainable and environmentally friendly
technology for the recovery and valorization of FVW from the large-scale retail trade by
means of bioconversion mediated by BSFL. With a view of the likely seasonal variability
of FVW, it was planned to carry out the bioconversion trials using waste provided by one
supermarket and, since the large-scale tests required a longer time for the preparation and
more space than the medium-scale laboratory tests, trials were diluted over time, within
the time allowed for the completion of the Hermes project. Hence, a supermarket provided
the mixture of FVW all over the year. To lower the moisture content of the FVW substrate,
bakery waste bran, brewer’s spent grain, and dry stuff (such as cellulose ramekins and
straw) were added one at a time in different tests. All the by-products were chosen since
they were locally available.

The experiments were planned in order to (i) compare two feeding regimes and two
rearing scales on bioconversion efficiency parameters (larval biomass, added-value prod-
ucts, and BSFL waste reduction); (ii) verify the scale-up of the system from experimental
proof-of-concept on a small-scale lab environment to the large scale; and (iii) evaluate the
field behavior of the composted residue.

2. Materials and Methods
2.1. Insect Rearing

Specimens for the experiments were obtained from the H. illucens colony, established
at the ENEA Casaccia Research Center of Rome, based on the rearing process described by
Harnden & Tomberlin [36], which is a modified method of Sheppard et al. [37].

Adults were confined in a BugDorm cage (type 6M630) (60 cm x 60 cm x 180 cm),
placed inside a climatic chamber maintained at 27 &= 1 °C, 70 £ 10% relative humidity
(RH), and 16:8 (light/dark) photoperiod controlled by BEF Biosystems LED lights. The
following were placed inside the cage: a Petri dish containing absorbent cotton soaked in a
sugar-water solution, a beaker containing only water, and the oviposition site consisting of
a beaker on the bottom of which “spent” diet, separated by a mesh, was placed to attract
females. Strips of corrugated cardboard placed on the beaker’s top edge were used by the
flies for oviposition. Eggs were collected after 24 h exposure to oviposing females.

BSFL were fed on a standard Gainesville diet, consisting of 20% corn, 30% alfalfa
meal, and 50% wheat bran, mixed with water in a 1:1.7 ratio (100 g diet:170 mL water) [38].
The larvae were reared in a climatic cabinet maintained at a temperature of 27 + 1 °C,
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70 &+ 10% RH, and darkness. The rearing was carried out adopting a “semi-batch system”,
i.e., adding the substrate (~0.1 g/BSFL/day) necessary to complete the BSFL growing
(about 1300 g /1000 BSFL) three times (instead of once at the beginning of the batch system).
Once larvae reached the mature stage, they were separated from the residue and transferred
into a new climatic chamber at 27 £+ 1 °C, 50 £ 10% RH, and darkness for pupation. The
frass of the rearing on the Gainesville diet was stored in the freezer until being used for
composting tests and was named GD¢omp.-

2.2. The Substrates and the Experimental Trials

The basic substrate was a mixture of fruit and vegetable waste (FVW) provided by the
Unicoop Tirreno supermarket located in Rome. With a view of the likely seasonal variability
of FVW, it was planned to carry out the bioconversion trials by covering the entire year
with waste collected in the spring—summer and fall-winter periods. For this purpose, an
agreement was established with Unicoop for the continuing supply. As was expected,
the composition of the basic substrate FVW varied with every supply. This variation
has not been considered as a variable to follow a real-life scenario of a daily supply to
a bioconversion plant. The parameter that addressed the choice about the addition of
other residual biomass was the percentage of humidity of the total FVW. Since optimal
larval growth requires 70-75% moisture content of the feeding substrate [15], different co-
substrates have been added to lower the overabundant moisture content of FVW (95-98%).
The bakery waste (BW) of the same supermarket has been firstly considered and was used
for the first trial of this work (trial A). As a second step, bran (BR) (from a local seller), BSG
(from two artisanal breweries in the province of Rome), and dry stuff (DS), such as straw
or cellulose ramekins, were considered for a second experiment (trial B). Based on their
moisture content, the residual biomasses were added to FVW at the following ratios: 80:20
(FVW:BW and BR), 60:40 (FVW:BSG), and 98:2 (FVW:DS). FVW and BD were chopped
by hand before feeding the larvae; FVW, BW, BR, and BSG were carefully mixed; DS was
placed in a layer of about 1-2 cm at the bottom of the box.

Table 1 shows the configuration of experiments A and B, in terms of scale (medium
scale, MS, and large scale, LS), feeding regime (low feeding regime, LFR, and high feeding
regime, HFR), and type of the substrate (1, 2, 3, and 4).

Table 1. The configuration of Trial A and Trial B.

. Larval Feeding Waste (%)
Trial Scale Regime Subst. - YW 2 -
\ HER > 1 5 30 50 20
MS
LFR® 1 30 50 20
A
; HFR 1 20 60 20
LS
LFR 1 20 60 20
FW VW BR S BSG ° DS 10
2 80 20
MS LFR 3 10 50 40
4 98 2
B
2 30 50 20
LS LFR 3 10 50 40
4 9 89 2

L FW, fruit waste; 2 VW, vegetable waste; 3 BW, bakery waste; 4 MS, medium scale (2 kg of substrate); 5 HFR, high
feeding regime (2 g of substrate/BSFL); ¢ LFR, low feeding regime (1.25 g of substrate/BSFL); 7 LS, large scale
(10 kg of substrate); 8 BR, bran; ? BSG, brewer’s spent grains; 10pg, dry stuff.
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- Trial A was aimed to evaluate substrate 1 (FVW:BW), comparing two feeding regimes
intended as the total amount of substrate divided per total number of larvae; the
HEFR consisted of 2 g/BSFL and the LFR of 1.25 g/BSFL, both applied at MS (2 kg
of substrate) and LS (10 kg of substrate). At the end of the experiment, the effective
feeding rates (g/BSFL/day) were calculated for each experiment, dividing the amount
of provided substrate per number of days until larvae reached a mature stage.

- Trial B was aimed to evaluate the linearity of bioconversion efficiency in the shift
towards higher production scales, comparing MS with LS trials. On the basis of the
results of trial A, tests were carried out only adopting the LFR and were conducted
using the other three substrate mixtures: FVW:BR (2), FVW:BSG (3), and FVW:DS (4).
The data obtained in trial A with substrate 1 (MS- and LS-LFR1) were compared with
data obtained with substrates 2, 3, and 4.

Plastic boxes of 36.5 cm x 25.5 cm x 14 H were used for MS trials; plastic boxes of
59 cm x 39 cm x 17 H were used for LS trials. All the boxes were covered with perforated
lids lined with a mesh of 1 mm?. For all the trials, 6-day-old larvae reared until then on a
Gainesville diet were used and exposed to a batch feeding strategy. The experimental trials,
carried out in triplicate, were kept in a dark climate chamber maintained at 27 £ 1 °C and
70 £ 10% RH.

2.3. Bionconversion Efficiency Parameters

Larvae were weighed at the beginning of the experiment and every 2-3 days during
the trial. Three randomized subsamples of 30 larvae each were washed, dried on filter
paper, weighed, and then returned to their respective container. The trials ended when
the larval weight began to decrease. At this phase, mature larvae undertake the prepupal
period with a nonfeeding phase, accompanied by weight loss and by darkening of the body
color [34,39]. Once the larvae reached the prepupal stage, the larval biomass was separated
from the residue (frass) that was stored in the freezer until being used for composting tests
and was named FVW¢omp.

Larvae were washed, dried on filter paper, and then weighed. Larvae and substrates
were characterized as follows: MLW was based on fresh weight; dry matter, ash, pro-
tein, and lipid content of both initial substrate and mature larvae were determined using
standard procedures [40]. Before starting each experiment, 100 g of fresh substrate was
oven-dried at 105 °C for 24 h to determine dry matter. At the end of the bioconversion,
40 g of fresh larval biomass was boiled for 3 min [41] and then oven-dried at 60 °C for 48 h
to determine dry matter. Ash content was determined in a muffle furnace at 550 °C for
4 h for all the samples. Crude fat content was determined on dry sample by means of an
automatized Soxhlet extractor (Soxhtraction PBI International apparatus, Milano, Italy),
using n-hexane as solvent [42]. Total nitrogen was determined on the defatted sample with
the Kjeldahl system (Buchi 426 Digestion Unit and Buchi 323 Distillation Unit, Cornaredo,
Italy) [43]. To determine protein content, total N was multiplied with the factor Kp 6.25 for
the substrate and Kp 4.75 for the larval biomass to avoid an overestimation of proteins due
to the presence of chitin in the exoskeleton [44]. All analyses were performed in triplicate.

Carbohydrate content (%) was estimated by difference, subtracting the sum of lipids,
protein, and ash (g/100 gDM) from the total dry weight of the sample (100 gDM):

Carbohydrates = 100 — [(crude lipid + crude protein + ash) content (g/100 g)] (1)

Protein conversion ratio (% PrCR) was calculated on a dry matter basis following
Lalander et al. [34]:

PrCR — LrBsrL - Pris

DMpsp.  DMis

where DMpggp;, and DMjg are the total dry matter in the mature larvae and initial substrate,
respectively, while Prggpy, and Prig are the percentage of crude protein (% DM) in the mature
larvae and initial substrate, respectively.

x 100 2)
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Waste reduction (% WR) was calculated on a wet weight basis as follows:

_ Initial substrate (g) — Residue (g)

WR
Initial substrate (g)

x 100 €)

2.4. Field Trial

In the case of an industrial plant processing heterogeneous material, as is the case
of the present study, it is necessary to standardize the reproductive cycle of the insect
using for larval development an artificial diet. The frass produced from the insect rearing
starting from the Gainsville diet (GD) or from FVW were composted in two cylindrical
composters (H 100, & 48 cm approx.) made of wire mesh covered with green shade cloth.
Each composter had a capacity of approximately 25 kg and was intended for the dietary
residue or the fruit and vegetable residue after bioconversion. Wheat straw was added to
the frass in a 1:1 (w/w) ratio. The cylinders were irrigated for one hour periodically with a
rotary sprinkler. The composting phase was conducted between the beginning of February
and mid-June 2023, lasting for 100 days.

The final compost was analyzed for the content of the main elements and heavy metals.
Before the characterization, 50 g of each substrate was dried for 24 h at 105 & 2 °C (Memmert
UFP800 drying oven, Schwabach, Germany) to determine the moisture content [45]. The
dried biomass was treated with a Retsch SM 100 kneading mill and then with a centrifugal
mill (Retsch ZM 200, Retsch, Haan, Germany) to shred and homogenize the matrix. To
determine the content of carbon (C) and nitrogen (N), about 5 mg of each sample was
analyzed by Costech ECS 4010 CHNS-O elemental analyzer (Costech International, Pioltello,
Italy) [46]. The quantification limit (LOQ) for each sample was 0.05% w/w. For the macro-
and trace element content, 0.5 g of the dehydrated sample was homogenized and solubilized
with 6 = 0.1 mL of HNOj3 65% and 3 £ 0.1 mL of HyO, 30%. The solution was digested in
a microwave oven at 180 °C, 650 W, for 8 min and then for a further 15 min. At the end
of digestion, the samples were filtered and diluted with MilliQ water. Two replicates and
a blank were made for each sample. The calibration line was made in nitric acid on five
points at increasing concentrations of internal standard. Element analysis was performed
using ICP-MS (Agilent 7700, Agilent Technologies, Tokyo, Japan).

Tomato plantlets (Solanum lycopersicum, L.) of the Roma Nano F1 variety, at the 4-5th
true leaf stage, were transplanted on May 2023 at the experimental field of the CREA
Research Centre for Engineering and Agro-Food Processing, Monterotondo, Italy (42° N
05'056.86", 12° E 37/026.23"). The soil, belonging to silty clayey loam USDA classification
(Table 2), was left as fallow in the preceding year. In the recent past, the soil was fertilized
with cow manure for at least three years.

Table 2. Soil physical and chemical properties.

Soil Properties UM.!

Sand % 25

Silt % 38

Clay Y% 37

pH 7.9

Organic matter % 2.6

Total nitrogen (N) % 0.16
Assimilable phosphorous (P) mg/kg 141
Exchangeable potassium (K) mg/kg 365.3
Cation Exchange Capacity Meq/100 g 31.8

1 Unit of measurement.

The soil composition was studied by Bascietto et al. [47], which outlined that the
endowment in organic matter and total nitrogen (IN) was moderate, while potassium (K)
was well represented. Overall, N and K concentrations were widely above the levels of
sufficiency for an average demanding crop, so their supply was not required. On the other
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side, the available phosphorus was low and, hence, it needed to be added with specific
fertilizations.

Both composts were used in an open field test. The study compared three fertilization
treatments and a control group: mineral fertilization, using diammonium phosphate
(18-46); compost from residue recovered from the rearing on a Gainsville diet (GDcomp) ;
compost from residue recovered from the rearing on fruit and vegetable waste (FVWeomp);
and unfertilized control. The amounts of compost and mineral fertilizer were calculated to
provide 130 kg/ha of nitrogen as required for processing tomato [48] and provided near
the plants just after transplanting.

The experimental design was a 4 x 4 Latin square. Each plot included 5 plants spaced
40 cm apart. A buffer zone of 80 cm was left between the plots. The distance between the
rows was 1 m. The total plot area was 1.6 m?, which corresponds to approx. 31,250 p/ha.
To reduce evaporation losses and weed infestation, the area was mulched immediately
with wheat straw after transplanting (Figure 1). Plants were drip irrigated with lines placed
near the plants and the water supply was scheduled according to the Integrated Production
Regulations for processing tomato [48].

Figure 1. Tomato plants at different stages of vegetative growth: 15 (above) and 30 (below) days
after transplant. The picture shows the irrigation system and the mulching on the area.

The same regulations were applied for controlling late blight and insect pests (southern
green shield bug and tomato pinworm) affecting the plants during growth. Meteorological
data were collected by the Arsial control unit of Monterotondo (RM), location: Grotta
Marozza (92 m asl) [49].

Three central plants of each plot were used for field measurements: chlorophyll
content (SPAD units) on at least three leaflets of the composed leaf, using a Konica Minolta,
Europe SPAD-502 reader; fruit set (ratio between the number of flowers per inflorescence
and the number of fruits) of the first two basal inflorescences of each plant.
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Fruits were collected after 98 days from transplanting when around 80% of the fruits
were at the red-ripe stage. The number of marketable, unripened, and damaged fruits per
plant was recorded and weighed using a digital balance (Mettler PC8000, Mettler-Toledo
S.p.A., Milan, Italy). Ten marketable fruits for each plot were chosen to determine the
average length and the polar diameter. The ratio of length/diameter was used for the
calculation of the fruit shape index (FSI).

Finally, five fruits per plot identified as marketable were used for the destructive analy-
ses. The fruits were squeezed and the juice was used to determine the pH with the SensION
pH25+ portable pH meter (Crison Instruments, Alella, Spain) and the soluble solids (°Brix)
with the OPTech digital refractometer (Optical Technology, Hannover, Germany). pH and
soluble solids were measured in triplicate.

2.5. Statistical Analysis

All the statistical analyses were performed using PAST software version 4.13 [50].
The data concerning the combination between feeding rate and rearing scale were com-
pared using two-way ANOVA; the remaining data related to substrate and larval biomass
characterization, maximum larval weight, waste reduction percentage, and fertilization
study were analyzed by one-way ANOVA. Before performing the ANOVA test, data were
checked for normality by Shapiro-Wilk test and the Levene’s test for the homogeneity
of variance. Differences among the means were tested according to the Tukey’s honestly
significant difference (HSD) test (p < 0.05). Differences in composition between two types
of compost were analyzed by Student’s f-test. Principal component analysis (PCA) was
performed using the same software to visualize the differences between the fertilization
treatments.

3. Results
3.1. Trial A: Feeding Regimes Comparison

This study compared two feeding regimes (HFR and LFR) at a medium (MS) and
large scale (LS) and was performed with the substrate FVW:BW, identified as number 1.
Although the general ratio among the residues was the same (FVW:BW 80:20 in trial A),
each substrate supplied to BSFL had specific composition (Table 3). Significant differences
among the values of the substrate nutritional components were found for DM, ash, crude
lipid, and carbohydrate content. In all the cases, only one type of substrate differs from the
others and, with the exception of crude lipids, all the values were within a narrow range.
The crude protein content did not significantly vary among the different substrates.

Table 3. Characterization of the substrate (mean + SD) used in the experiment at high feeding rate
(HFR) and low feeding rate (LFR) with substrate 1 (FVW:BW) in both the medium (MS) and large (LS)
scales. Different letters indicate statistically significant differences for Tukey’s HSD test (p < 0.05).

Trial
Parameter UM.! Scale
HFR1 LFR1
MS 2544+59a 273+36a
DM 2 %
LS 3174+17a 2194+ 15b
MS 48402a 494+ 03a
Ash 8/100 gbM LS 52+02a 38+ 0.6b
N MS 1.8+01b 1.6+03b
Crude lipid 8/100 gbM LS 47+03a 23+06b
. MS 132+03a 128+ 06a
Crude protein 8/100 gDM LS 131+05a 146+ 09a
MS 8054 0.5b 8124 02a
Carbohydrate 8/100 gbDM LS 780 +09b 793+ 05b
3. MS 1:6 1:6.5
P:C* ratio LS 1:6 1:5.5

1 U.M., unit of measurement; 2 DM, dry matter; 35P.C, protein/carbohydrate.
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The variability in substrates is due to the variability in FVW itself and in the type of
BW, supplies that have not been chosen, coming directly from the supermarket. With regard
to BSFL nutritional needs, all the substrates had a low lipid content (range 1.6 £+ 0.34.7 +
0.3 g/100 gDM), a medium-low protein content (range 12.8 & 0.6-14.6 &= 0.9 g/100 gDM),
a very high content of carbohydrates (range 78.0 £ 0.8-81.2 & 0.2 g/100 gDM), and, conse-
quently, a very unbalanced P:C ratio (range 1:5.5-1:6.5).

The addition of BW was effective in obtaining a suitable substrate for larval growth in
terms of moisture content (range 68.3 & 1.7-78.1 + 1.5 g/100 gDM).

Larval weight increment is shown in Figure 2 and in Table 4. The trend of larval growth
for all the trials looks like a part of a sigmoidal curve [51]. The highest MLW was reached
at day 13 in MS-HFR1 and was equal to 368.2 & 22.0 mg/BSFL value that is significantly
different from the MLW reached in 14 days in MS-LFR1 (256.8 &= 21.9 mg/BSFL). In the LS
trials, BSFL have longer larval lifetime until mature stage. The MLW was reached at day 17
in LS-HFR1 (347.7 & 12.8 mg/BSFL) and at day 19 in LS-LFR1 (247.3 & 1.2 mg/BSFL). MLW
values at HFR were significantly higher than at LFR1 in both scales. The shift from MS to
LS seems to be linear. Regarding the feeding regime, the batch feeding strategy does not
allow the quantity of feed provided to a single larva to be exactly modulated. At the end of
the experiment, based upon the time necessary to achieve the MLW, we could verify the
effective feeding rate intended as g/BSFL/day. The range was 0.066-0.089 mg/BSFL/day
for LFR against 0.12-0.15 mg/BSFL/day for HEFR (Table 4).
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Figure 2. Trend of larval weight (mg/BSFL) during larval lifetime until mature stage (days) compar-
ing medium scale (MS) with large scale (LS) and high feeding regime (HFR) with low feeding regime
(LFR) using substrate 1 (FVW:BW). Bars indicate standard deviation. Within MS or LS condition
different letters indicate statistically significant differences for Tukey’s HSD test (p < 0.05).

Regarding waste reduction (Figure 3), statistically significant highest values were
obtained in MS-LFR1 (79.3 + 1.2%) and in LS-HFR1 (77.4 + 3.0%). In this case, the shift
toward higher production scales was opposite and nonlinear; the waste reduction increased
significantly passing from MS to LS with the HFR, while decreasing likewise significantly
from MS to LS using the LFR.
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Table 4. Maximum larval weight (mean + SD), larval lifetime until mature stage, and effective
feeding rate: comparison between high feeding rate (HFR) and low feeding rate (LFR) with substrate
1 (FVW:BW) in both the medium (MS) and large (LS) scale. Different letters beside the maximum
larval weight indicate statistically significant differences for Tukey’s HSD test (p < 0.05).

Trial
Parameter UM.! Scale HFR1 LFR1
Maximum larval weight mg/BSFL I}H/ISS §Z§§ i %ﬁg Z 225467831119231:)
Time until mature stage days I\]i[s g 1491
Effective feeding rate mg/BSFL/day I\]i[sS 8}2 8822

1 U.M., unit of measurement.
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Figure 3. Waste reduction (% on wet waste): comparison between high feeding rate (HFR) and
low feeding rate (LFR) with substrate 1 (FVW:BW) in both medium (MS) and large (LS) scale. Bars
indicate standard deviation. Different letters indicate statistically significant differences for Tukey’s
HSD test (p < 0.05).

The characterization of BSFL biomass (Table 5) showed statistically significant differ-
ences between HFR1 and LFR1 at both scales. In detail, the significant highest values were
obtained, both in MS and LS, at HFR1 for the percentage of DM and the crude protein
content, while for the percentage of ash and crude lipid content at LEFR1. Evident linearity
between MS and LS has been detected in HFR1 for DM, ash, lipid, protein, and carbohy-
drate content per larva. Differently, at the same feeding regime, none of the values related
to the other parameters (PrCR, total larval biomass, total lipids, and proteins) showed
linearity in the passage from MS to LS. In contrast, at LFR1, biomass and protein production
maintains linearity. With regard to PrCR, the highest value was obtained in MS-HFR1
(58.8 £ 5.1%), which was significantly different from LS-HFR1 (37.7 & 2.3%). At HFR, for
the parameters associated to global production (biomass, lipids, and proteins production),
the values obtained at MS are significantly higher than those obtained at LS. In both the
scales, LFR1 achieves good results in terms of biomass and lipid production comparable or
significantly better than HFR1 (Table 5). At LFR, moving from MS to LS did not appear
to significantly change biomass and protein production. At the same time, the choice of
LFR at LS condition gave a significant increase in lipid content. LFR appeared to have a
buffering effect in scaling up from MS to LS. Keeping in mind the objective of scaling up
the system at an affordable cost and considering the results with LFR, trial B was set to
compare the bioconversion efficiency in MS and LS with other substrates at LFR condition.
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Table 5. BSFL biomass characterization and total amount of BSFL biomass and its added-value
products (mean + SD): comparison between HFR1 (high feeding rate) and LFR1 (low feeding rate)
with substrate 1 (FVW:BW) in both medium (MS) and large (LS) scale. Different letters indicate

statistically significant differences for the Tukey’s HSD test (p < 0.05).

; Trial
P t M. Scal
arameter UM cale HFR1 LFR1
MS 345+ 0.8a 287 +0.6b
DM 2 %
LS 3384 06a 2764 0.8b
MS 48+01b 57+05a
Ash 8/100 gbM LS 42+03b 49+03a
. MS 381+ 05b 397 +29b
Crude lipid 8/100 gbM LS 417+10b 457+10a
. MS 317+ 05a 274+22b
Crude protein 8/100 gbM LS 292+ 04a 23.7 4+ 05 ¢
MS 257+ 05a 271+12a
Carbohydrate 8/100 gbM LS 249+ 04a 258+ 07a
s y MS 588 4+ 5.1a 465+29b
PrCR o LS 377+23¢ 424 + 15bc
. . MS 617 +53a 5734+20a
4
Biomass production  g/kgWW LS 495+3.1b 573+11a
. . MS 235+ 23ab 228 +24ab
Lipid production 8/kgWw LS 207 +14b 260+ 03a
. . MS 196+17a 157+ 1.0b
Protein production 8/kgWW LS 145+ 09b 13.6 +05b

1 U.M.,, unit of measurement; 2 DM, dry matter; 3 PrCR, protein conversion ratio; 4+ WW, wet waste.

3.2. Trial B: Medium-Scale and Large-Scale Comparison

Trial B aimed to compare MS with LS using all the substrates described in Table 1
(FVW:BW, FVW:BR, FVW:BSG, and FVW:DS) at LFR. Substrate characterization is shown
in Table 6.

Table 6. Characterization of the substrates in the experiment with low feeding rate (LFR) in both
medium (MS) and large (LS) scale. Numbers 1, 2, 3, and 4 refer to the type of substrate described in
Section 2.2. and Table 1 (mean =+ SD). Different letters within each parameter indicate statistically
significant differences for Tukey’s HSD test (p < 0.05).

Trial
Parameter UM.1? Scale
LFR1 LFR2 LFR3 LFR4
s ) MS 2734+36a 253+05ab 169+1.0c 89+ 06d
DM o LS 2194+1.0b 268+06a 156+11c 11.5+13d
MS 494+03bc  844+01a 52400bc  92400a
Ash 8/100 gbM LS 38+06c  62+12b  83+00a  95+00a
. MS 16+01d 29+01c  44+01b  28+01c
Crudelipid - g/100 gbM LS 23402cd 26+ 03¢ 60+04a  634+05a
Crude /100 DM MS 124400d 209+13a 17.8+05b 213+14a
protein g/ 18 LS 146+09¢ 175+05b 152+02c 149+02c
MS 8124+12a 678+13c 725+04b 667+ 1dc
Carbohydrate  g/100 DM LS 793+05a 73.7+07b 70.6+02bc 69.7+ 2.7 bc
P MS 1:6.5 1:3 1:4 1:3
P:C? ratio LS 1:5.5 1: 4 1:4.5 1:45

1 U.M.,, unit of measurement; 2 DM, dry matter; 3P.C, protein/carbohydrate.
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From the observation of the data of Table 6, it appears that the addition of BW and
BR (LFR1 and LFR?2, respectively) to the FVW was effective in obtaining a substrate with
a moisture content ranging from 72.7 4= 3.6% to 78.1 4= 1.2%, suitable for larval growth. In
contrast, the addition of BSG (LFR3) and DS (LFR4) absorbed only a small part of the leachate,
making a substrate with a moisture content ranging from to 83.2 £ 1.3% to 91.1 &= 0.9%.

Regarding crude lipids, the difference was significant in LFR3 and LFR4, while, for
protein content, there was a statistical difference in all substrates,

The carbohydrate content was comparable within each substrate except for LFR2.
However, the range between the substrates of the MS and LS tests was very narrow.
Moreover, owing to the BW presence in LFR1 the carbohydrate content was statistically
lower in substrates 2, 3, and 4. As a consequence, P:C ratio lowered proportionally.

In general, considering the nutritional needs of BSFL, all the substrates had an excess
of carbohydrates content. The higher protein content of substrate 2, 3, and 4 compared to
substrate 1 contributed to increasing the P:C ratio ranging from 1:3 to 1:4.5.

The differences within the same substrate are due, as already described, to the vari-
ability in FVW itself and to the use of different by-products mixed with FVW.

The MLWs in substrates 2, 3, and 4, in both MS and LS trials, were significantly lower
than values reached on substrate 1 (Figure 4) and the lowest ones were those of FVW:DS
(LFR4). Within each substrate, no statistically significant differences were observed between
MS and LS, except in FVW:BR (LFR2). The MLW in the LS test was over 200 mg in both LFR2
(216.0 £ 5.3 mg/BSFL) and LFR3 (206.7 & 3.2 mg/BSFL). Except LFR2, the larval lifetime
until the mature stage was longer in LS than MS; for the first, it ranged from 16 to 19 days,
while, at MS, the range was 10-14 days. The feeding rate resulted in being effectively at
a low level (ranged from 0.066 in LS-LFR1 to 0.125 mg/BSFL/day in MS-LFR4), which
was the condition we wanted to test. Waste reduction at MS condition (Figure 5) showed a
decreasing trend according to the order LFR1 > LFR2 > LFR4 > LFR3. The same pattern was
partially confirmed for the LS where LFR1 and LFR2 had a comparable waste reduction,
higher than the waste reduction observed for LFR3 and LFR4. Waste reduction in MS was
significantly higher (LFR1), lower (LFR3), or comparable (LFR2 and LFR3) compared to the
LS condition.
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Figure 4. Maximum larval weight (MLW) (mg/BSFL) and larval lifetime (LL) until mature stage
(days) in the experiment with low feeding rate (LFR) in both medium (MS) and large (LS) scale.
Numbers 1, 2, 3, and 4 refer to the type of substrate described in Section 2.2 and Table 1. Bars indicate
standard deviation. Different letters indicate statistically significant differences for Tukey’s HSD test
(p <0.05).
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Figure 5. Waste reduction (% on wet waste) in the experiment with low feeding rate (LFR) in both
medium (MS) and large (LS) scale. Numbers 1, 2, 3, and 4 refer to the type of substrate described
in Section 2.2 and Table 1. Bars indicate standard deviation. Different letters indicate statistically
significant differences for Tukey’s HSD test (p < 0.05).

LFR1 and LFR2 showed the highest values of DM, independently of the rearing
scale (Table 7). LFR4 had the lowest DM. Interestingly, LFR1 was the substrate allowing
the highest accumulation of crude lipid in the larvae both in MS (39.7 £ 2.8%) and LS
(45.7 £ 1.0%). The difference with the other substrates was very impressive, ranging from
1.5 (MS-LFR3) to almost fourfold (MS-LFR4) compared to the highest value (LS-LFR1). On
the other side, the content of crude protein and carbohydrate in LFR1 were lower than the
remaining three substrates. Specifically, the percentage of crude protein was abundantly
above 30% in LFR2, LFR3, and LFR4, while, in LFR1, the BSFL crude protein was just

below this threshold in MS (27.4 + 2.2%) and even significantly lower in LS (23.7 & 0.5%).

LFR2 and LFR4 were instead the substrates allowing for the highest accumulation of
carbohydrates in BSFL. Except LFR1, where MS and LS were comparable, the highest
values of the PrCR value were obtained in the LS condition, with a difference statistically
significant compared to the MS.

Table 7. BSFL biomass characterization: comparison between medium- and large-scale trials with the
FVW-based substrates (mean =+ SD) in the experiment with low feeding rate (LFR) in both medium (MS)
and large (LS) scale. Numbers 1, 2, 3, and 4 refer to the type of substrate described in Section 2.2 and
Table 1. Different letters indicate statistically significant differences for the Tukey HSD test (p < 0.05).

Trial
Parameter uM.1 Scale
LFR1 LFR2 LFR3 LFR4
. o MS 287 +0.6a 248+ 02b 250+ 02b 165+ 02d
DM o LS 2764+ 08a 2734+ 03a 241+09b 208 4+ 0.7
MS 57+05d 89+02¢ 75+ 03¢ 1714+ 1.0a
Ash 8/100 gDM LS 49403d 55+05d 8.6+ 05c 105+ 03b
N MS 39.74+29b 211+ 18e 306+12¢ 128 £ 09 f
Crude lipid 8/100 gbM LS 457+10a 279+ 1.3 cd 26.8 4+ 1.1 cd 24.8 4 0.3 de
. MS 274422¢ 371+13a 34.0 + 02 ab 34.4 407 ab
Crude protein 8/100 gbM LS 23.74+05d 35.8 & 0.4 ab 3454+ 0.8 ab 329+ 0.8b
MS 2714+12d 330+ 03b 279+ 1.6cd 3584 09a
Carbohydrate 8/100 gbM LS 258 +0.7d 30.8 + 1.4 bc 30.1 £ 03¢ 31.8 + 0.3 be
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Table 7. Cont.

Trial
Parameter UM.1? Scale
LFR1 LFR2 LFR3 LFR4

, y MS 46,5 + 2.9 be 276408 f 463 4 5.1 ac 36,5 + 1.6 de

PrCR o LS 04+15cd 349+12e 53.0 + 2.4 ab 538+ 1.8a

. ‘ MS 5734+20a 3944 25¢ 409 + 4.3 be 202+12e

4

Biomass production 8/kgWW LS 573+11a 461+14b 36.5+ 0.8 ¢ 27.8+09d
N . MS 28+24a 83+12c 126 +17b 26+03d
Lipid production 8/kgWW LS 2604 03a 128 +1.0b 9.78 + 0.2 be 69+03c¢
. ‘ MS 15.7 + 1.0 ab 14.6 & 0.4 be 13.9 + 1.5 be 69+03e
Protein production 8/kgWW LS 13.6 £ 05 ¢ 165+ 03a 12,6 + 0.6 ¢ 924 03d

1 U.M., unit of measurement; 2 DM, dry matter; 3 PrCR, protein conversion ratio; 4 WW, wet waste.

When the results were expressed as grams per kilogram of wet waste, the data empha-
sized the positive effect of the FVW:BW in LFR1 compared to the other substrates (Table 7).
The values of biomass and lipid production were statistically different from those shown
by the other substrates, while, for protein production, the highest values were measured
for MS-LFR1 (15.7 & 1.0 g/kgWW) and LS-LFR2 (16.5 & 0.3 g/kgWW).

3.3. Field Trial

The weather showed a typical trend of the area (Figure 6). Substantial rainfall occurred
until early June, gradually reducing in the summer months until harvest. Transplanting
at the end of May made it possible to escape the downy mildew infestations that have
damaged early tomato transplants in Italy. Gradually increasing temperatures through July
mirrored the trends observed for central Italy by requiring proper water supply at different
stages of plant development.

4000 1e0.0
35.0 E 1400
300 = 1200
iy -] 3 .
% 50 3 o o E — 1000 B
5 — = Las . ] <)
= 200 o] - M * BN 800 =
g 55 == . =] 4
B - g Le= - ok =
g 150 = [~ ¥ 600 2
= _ L] F ak
10.0 iy gyl Co ity 400
&7 [ - -]
50 =] - [ - 200
Gﬂ :‘:‘: ':‘: :‘:‘ E:;_] ':‘: 00
Apil May June Tulw August September October
[ Eainfall (mm) o=T min (*C) w=T ave (C7) T max (*C)

Figure 6. Data on minimum, average, maximum temperatures, and monthly rainfall of the period
April-November 2023 were collected by the Arsial control unit of Monterotondo (RM), location:
Grotta Marozza (92 m asl) [49].

The two types of compost were quite different (Table 8). The final moisture and pH of
the FVWomp were significantly higher than those of GD¢omp. Although the carbon (C) and
hydrogen (H) content were similar in both types, the nitrogen (IN) content was significantly
lower in FVW¢omp. As aresult, the C/Nratioin FVWomp was significantly higher than that
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of GDcomp- It should be noted that, in the straw added during the composting process, the
average C content was 47.4 = 1.6% and that of N 0.6 = 0.1%, with a C:N ratio of 76.8 £ 8.6.
The data measured in the mature compost indicated an effect of composting in obtaining a
C:N ratio acceptable for agronomic use. Except for iron (Fe), the content of some macro-
and microelements was significantly higher in FVW omp.

Table 8. Characterization (mean + SD; n = 3) of GD and FVW compost.

Value UuM.? GDcomp © FVWeomp t-Value pe
Moisture % 169 +4.1 482 +£5.7 7.73 xt
pH 6.9 +0.2 83+04 6.17 x*
C % 349 +45 39.8+1.0 1.86 ns
H % 71+£17 7.6 £ 1.6 0.36 ns
N % 2.8 +03 194+03 3.70 *
C/N 124 +04 21.7 £ 2.6 6.22 ot
Na g/kg 09+0.2 1.54+03 2.82 *
Mg g/kg 6.6+05 8.3+ 04 454 *
K g/kg 14+03 21+£07 147 ns
Ca g/kg 54405 62+13 0.95 ns
Fe ¢/kg 0.8 +0.1 05 £ 0.0 3.39 .
Ni mg/kg 145 £ 3.0 17.7 £ 2.7 141 ns
Cu mg/kg 149 +£0.9 20.5+ 2.8 3.37 *
Zn mg/kg 66.2 + 3.7 87.0 6.2 5.01 xk
As mg/kg 43+0.8 32+£13 1.26 ns
Cd mg/kg 0.1+£0.0 0.2+0.0 9.96 x*
Pb mg/kg 9.0+ 1.6 11.1 £ 3.0 1.12 ns

a U.M., unit of measurement. ® GD = Gainsville diet, FVW = fruit and vegetable waste. © ns = not significant,
* significant at p < 0.05, ** significant at p < 0.01 after Student’s ¢-test.

In general, no significant differences were observed among the treatments. Compost
seems to have a slightly depressive effect on plant development (Table 9) but the chlorophyll
content of unfertilized plants was lower than in the other three treatments. The same trend
was observed for the fruit set in the second truss, while, in the first truss, there was a
positive effect of both chemical fertilization and FVW compost.

Table 9. Main characteristics of tomato plants (mean =+ SD).

Plant Height Chlorophyll Content Fruit Set
Treatment ? .
(cm) (SPAD Unit) 1st Truss 2nd Truss
Unfertilized 70.7 £5.1 447 +21 63.7 £22.1 60.1 £10.9
Fertilized 70.7 £3.2 473+ 49 742+ 47 66.1+19.3
GDcomp 679 £6.1 46.5 £ 3.6 66.2 £ 14.8 672 +438
FVWeomp 66.7 £5.6 46.8 £3.0 71+71 67.6 £8.1

@ GDcomp = compost from Gainsville diet, FVWcomp = compost from fruit and vegetable waste.

From a production point of view, there were also no significant differences between
treatments (Figure 7), although a definite trend can be appreciated. In terms of the pro-
duction of marketable fruits, the average fruit weight ranged from 70 (unfertilized control)
to 74 g (GDcomp). However, the most noticeable differences were in the number of fruits
produced per plant, which ranged from 24 (fertilized) to 15 (GDcomp)- The GD¢omp figure
was confirmed by the high incidence (by weight) of unripened and damaged fruits, which
reduced the percentage of marketable fruits to 76%. The final figure indicates decreasing
productivity according to the order Fertilized > FVWomp > Unfertilized > GDcomp-
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Figure 7. Productive traits observed for the studied treatment. Where present, bars represent the
standard deviation. GDeomp = compost from Gainsville diet, FVWcomp = compost from fruit and
vegetable waste.

The characteristics of the fruit did not show significant differences either (Table 10).
The fruit length of the unfertilized plants was slightly lower than the other treatments,
while the fruits treated with FVWomp had the lowest diameter. The pH value was around
4.6 for all treatments, while there was a slight difference in soluble solids between the
plants treated with compost and the fertilized or unfertilized plants.

Table 10. Mean (£SD) of marketable fruit weight, pH, and °Brix.

Fruit Traits Soluble Solids
Treatment 2 ; pH .
Lenght (cm) Diameter (cm) FSIP °Brix
Unfertilized 6.6 £0.2 48 +0.2 14+0.0 46 +0.2 52+0.7
Fertilized 6.8 £0.2 50£03 14+0.0 47 +0.2 52+0.6
GDcomp 6.8 +£0.2 51+0.2 1.3+ 0.0 46+03 50+0.3
FVWC(,mp 6.6 £0.3 4.8 +0.3 14 +0.0 46 1+0.2 50£0.7

? GDcomp = compost from Gainsville diet, FVW¢omp = compost from fruit and vegetable waste. b FST = fruit
shape index.

The analysis provided by PCA (Figure 8) confirmed how the different treatments
do not clearly differ from each other. The main productive traits (such as number and
weight of marketable fruits) were associated with the fertilized treatment or FVW omp
application. On the other hand, fruit characteristics and the number of immature fruits
were shifted more toward GDcomp. Overall, the two main components explain 61.9% of the
total variability.
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Figure 8. Biplot showing the PCA results of treatment separation based on the observed traits. °Brix
(soluble solids); CHL, chlorophyll content; FD, fruit diameter; FL, fruit length; NuMark, number
of marketable fruits per plant; PLH, plant height; WeMark, weight of marketable fruits per plant;
WeUnr, weight of unripened fruits per plant; WeDam, weight of damaged fruits per plant. Polygon
colors: purple, Unfertilized; pink, Fertilized; green, GDcomp, compost from Gainsville diet; grey,
FVW omp, compost from fruit and vegetable waste.

4. Discussion

This aimed to analyze the influence of rearing conditions (feeding regimes and rear-
ing scales) on bioconversion efficiency parameters of BSFL in view of system scale-up,
comprising the whole supply chain till the field evaluation of the composted frass. Fruit-
and vegetable-based diets represent the largest amount of useable organic waste from
large-scale retail trade and from local markets, together with a wide range of by-products
from the agrifood industry.

FVW supply from the supermarket was heterogeneous. The heterogeneity was not
related to the seasonality because of the continuous presence of greenhouse-grown products
provided off-season. A wide range of fruits and vegetables (domestic and exotic) were
provided by the supermarket and used in the various tests in the different compositions
and proportions as they arrived. Similarly, the supply of BW was very variable in quantity
(sometimes huge, sometimes few, since it was as a priority targeted to ethical food banking)
and quality (pizza and sweets contain fats and carbohydrates). For this reason and to
respect a real scenario of a continuous supply by several supermarkets to a CORS-based
bioconversion plant mediated by BSFL, the qualitative and quantitative compositions of
each supply were not considered as a variable.

The addition of bakery waste (BW) or bran (BR) was effective in lowering the initial
FVW moisture content, absorbing a part of the excess leachate, and facilitating the biocon-
version process. In contrast, the addition of brewer’s spent grain (BSG) was not sufficient to
lower the moisture content to the needs of BSFL. A combination of the three types of waste
(FVW, BW, and BSG) could represent an improvement in the composition of the substrate
and thus the efficiency of the bioconversion process. In addition to the moisture content,
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the feeding rate (amount of substrate/larva/day) is an important factor that influences
the bioconversion process. Diener et al. [14] evaluated the effects of different feeding rates
on waste reduction and final biomass production, demonstrating that the optimal value
was 0.1 g/larva/day if a balanced feed from the nutritional point of view was ensured.
Parra Paz et al. [21] estimated as the ideal condition of BSFL feeding rate a range between
0.095 and 0.163 mg/larva/day. The present study demonstrated that, with the combination
FVW:BW, valuable yields of larval biomass and added-value products can be obtained at a
low feeding rate (0.066-0.089 g/larva/day), no matter the production scale. Higher yields
are attainable (as observed also in our work) with high feeding rate but, when applied to a
firm scale, it means higher operating cost. Thus, a trade-off between valuable production
and wise economic management must be considered.

BSFL can be reared on a wide range of organic substrates [34] but the bioconversion
process is influenced by feedstock characteristics [10]. It was shown that dietary protein
and nonstructural carbohydrate contents are primary determinants of bioconversion effi-
ciency [17,22]. Nevertheless, high dietary protein levels do not necessarily lead to higher
larval performance [12] since the amount, quality, and ratio of protein, carbohydrates, and
lipid should be considered as well [52]. Compared to other studies [53] and considering
BSFL nutritional needs [22], the substrates used in this work were poor in protein and lipid
content, with a high percentage of carbohydrates. This led to a P:C ratio higher than the op-
timal rates of 1:2-1:3 [11,54]. Nevertheless, mature larval weights did not differ from those
observed by other authors using FVW as the main substrate for BSFL rearing [20,55,56].
At a low feeding rate, the maximum larval weight (MLW) was around 250 mg/BSFL
for FVW:BW and remained around 200 mg/BSFL with FVW:BSG and FVW:BR mixtures.
The best results in terms of MLW were achieved by using a substrate with a P:C ratio
of 1:5.5-1:6.5, which means an unbalanced diet, with a high percentage of carbohydrates.
Such data suggest that BSFL are able to exploit poor nutritional diets to reach a body mass
comparable to supplying a richer diet, such as kitchen waste with a high level of protein
and fat [57].

Shorter development time is especially important, as it leads to less production of
greenhouse gases such as CO, and NHj3 during the waste bioconversion process by
BSFL [58]. In this work, the larval lifetime until the mature stage (i.e., at highest lar-
val weight) was influenced by the scale of the trials, confirming how the transition from
laboratory to mass rearing of insects could affect this parameter [59,60]. In the MS trial,
BSFL had a development time not exceeding 14 days, while, in LS condition, the lifetime
lasted up to 19 days. The weight decrease following the MLW is typical of the prepupae,
the last larval stage before pupation. In this phase, the larvae empty their digestive tube,
do not feed anymore, and move away from the food source towards a place to pupate [10].
Similarly, Caruso et al. [61] obtained mature larvae under mass production conditions in
a time (14 days) longer than under laboratory conditions (9 days). Arabzadeh et al. [62]
evaluated that the required time to attain 40% prepupae was 15 days. In their study, they
suggested that the faster development time could be due to higher levels of proteins in
the diet rather than the presence of BSG and bread in addition to FVW. Other studies
reported that BSFL fed with vegetable-based diets completed their larval cycle in 36-52
days [34,55]. Meneguz et al. [63] found a significant difference in the development time
comparing BSG diet (8 days) with FV diets (20-22 days), where BSG has a considerably
higher protein content. However, protein level was not the key factor in our study, because,
despite having a low protein content compared to the carbohydrates, the percentage of
larval crude protein was in agreement with those of Arabzadeh et al. [62].

Although the addition of BW and BR did not show linearity between MS and LS
trials, probably due to the better conditions in terms of moisture content, the percentage of
waste reduction was the highest, ranging from 59.8 to 79.3%. These results are in line with
Arabzadeh et al. [62] and Candian et al. [20], who showed that, with the addition of bread
to FVW, the substrate reduction reached values of 66.8 and 76.9%, respectively.
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In the current study, BSFL reared on FVW with added BW, in both the scales, had the
highest crude lipid content. The role of carbohydrates-to-lipids conversion has been well
documented [53,64]. Again, the results are nonlinear between MS and LS trials; only in
LS does the lipid content of BSFL appear to be affected by the carbohydrate content of the
substrates, with the lowest values in BSFL fed with FVW:BSG or FVW:DS. These results,
ranging from 24.8 £ 0.3 to 45.7 £ 1.0%, are similar to values found in other studies for FVW-
fed larvae [62,65]. Larval crude protein content, ranging from 23.7 & 0.5 to 37.1 & 1.3, with
the lowest values in FVW:BW, appeared to mirror the protein content of the substrate. This
result is in contrast with the findings of Spranghers et al. [53] and Tschirner & Simon [66],
who reported that crude protein was higher in larvae fed on a diet with the lowest crude
protein content. Nevertheless, the percentages of BSFL crude protein are in agreement with
other authors [9,63].

A significantly lower percentage of crude protein content of substrate than BSFL
confirmed the efficient capacity of larvae to convert dietary proteins into larval protein
biomass [22,34]. The trend of PrCR values was not perfectly comparable between the
medium and large scale. In MS trials, the highest values were obtained for FVW:BW and
FVW:BSG, while, in LS trials, for FVW:BSG and FVW:DS. In addition, in LS condition,
the PrCR showed higher values than in MS. In any case, the PrCR values were in line
with the results of Lalander et al. [34] and Arabzadeh et al. [62], who tested FVW diets
for BSFL feeding. Lower efficiency in PrCR values in the MS trial and, in general, the
disagreement between the scales could be explained by the influence of the scale. At the
laboratory scale, with small amounts of larvae, BSFL performance could be more affected
by rearing conditions (substrate, temperature, and relative humidity), with a reduction in
bioconversion efficiency [65]. These results show how relevant the scale factor is for BSFL
rearing and, as for key performance variables (e.g., waste reduction, lipid content, and
PrCR), the transition from a benchtop to a large/industrial scale may not be linear [30,67].
In the setting up of the experiments, it was not possible to maintain the same proportion
between the quantity of feed provided to BSFL and the size of the container. In LS trials,
the fresh food column (about 12-13 cm) was reduced to 4-5 cm during the bioconversion
process because of larval activity and water evaporation. Considering the number of
starting larvae and the surface area of the container, the final density was about 3.5 BSFL
per cm?. In the MS trials, the larvae were more affected by the weight of the food column
weighing on them. In a preliminary test we observed that the same rearing conditions
produced much higher amounts of leachate than in LS. Under these conditions, the larvae
were unable to co-operate in bioconversion easily because of the lack of available oxygen.
Therefore, the food column was halved to about 6-7 cm, halving the number of larvae and
the total amount of food. This way, we had about 1.7 BSFL per cm?, which is still within the
optimal range of larval density obtained by Parra Paz et al. [21] between 1 and 5 BSFL/cm?.
Therefore, the conditions for the best performance of the bioconversion process and the
parameters to be set (whether they are expressed as feeding regime, larval density, or
feeding rate) cannot necessarily be the same on a small, medium, and large scale, thus
causing the nonlinearity of the scaling up. Results on BSFL rearing may provide the basis
to compare findings from previous small-scale studies. Moreover, they are a paradigm to
help in optimizing the mass-rearing conditions of BSFL fed with FVW and agro-industrial
by-products.

The most obvious finding from the results of the field trial is the lack of significance
between different treatments. There is a trend that indicates a decreasing productivity
according to the order Fertilised > FVWcomp > Unfertilized > GDcomp- Nevertheless, based
on the data collected, it is not possible to state if this is due to an intrinsic difference among
the fertilization strategies applied. A possible cause may be associated with the high exper-
imental variability responsible for masking the real differences. However, the magnitude
of the observed differences does not appear particularly consistent, and it can therefore be
an indication of a real equivalence of effects, in particular, between chemical fertilization
and compost administration. Although the tested compost was not able to completely
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equate the results obtained with the synthetic fertilizer, the yields were comparable. This
observation is supported by the work of Anyega et al. [26], who, by comparing composted
BSF frass fertilizer (BSFFF), composted brewer’s spent grain, commercial organic fertilizer
(Evergrow), mineral fertilizer, and some combinations, observed a substantial equivalence
between BSFFF and chemical fertilization in terms of tomato yield in both greenhouse and
in open field conditions. The two treatments were only overcome by the combination of
BSFFF with synthetic fertilizer. The reader must be aware that only the repeated medium-
and long-term administration of compost at agronomic or organic doses triggers improve-
ment trajectories affecting both the physical and hydraulic properties of the soil [68] and the
bulk soil chemical and biological parameters, thus contributing to decreasing the amount
of conventional fertilizer [69].

The results obtained using FVWomp were slightly higher than with GDcomp. This
could be explained by a better composition in terms of micro- and macro-nutrients, which
favored a higher production of marketable fruits. Based on the C/N ratio value, GDComp
appeared more mature and, therefore, more stable than FVWcomp. From a nutritional
point of view, this means a slower nutrient release than FVW omp. Conversely, FVW omp,
still not fully mature, could promote a faster release and, therefore, a prompt and greater
availability of nutrients. The fact that the production of plants fertilized with GDcomp
included the highest proportion of unripened fruits would confirm the effect.

5. Conclusions

The primary objective of project Hermes was to create an operating model to valorize
the waste of a large supermarket and by-products of the agro- or food industry within
the territory of the Lazio Region, carrying out experiments at a large-scale level. The
heterogeneity of fruit and vegetable waste coming from a large distribution did not appear
a limiting factor about the possibility to standardize the production in an insect farm as
well as to organize the bioconversion process at an industrial scale. The study demonstrates
that the addition of co-substrate such as bakery waste or bran to fruits and vegetable waste
lowers the final moisture content and improves larval growth. At a large scale, an increase
in the ratios of larvae to feed, even if it resulted in inducing individual lower larval weight,
produced high larval biomass as well as substantial total production of crude proteins
and lipids. The transition from medium scale to large scale in this study resulted in being
partially linear. So, it is possible to expect that, by modifying the feeding regime (and we
noticed that there is room for a reduction) and by studying the proportions between the
basic substrate (FVW) and the co-substrates, we can identify a model for the development
of an insect farm based on the waste supplies of one or more supermarket chains.

The fertilizer trials found no significant difference between fertilized and unfertilized
plants regardless of the type of fertilizer used. However, the data from the field trial
provided indications about the possibility of using the compost obtained from the residues
of BSF rearing as a soil conditioner even in partial replacement of the amount of synthetic
fertilizer. Such a result increases the degree of integration of the bioconversion system
within a circular economy context.
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