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1. A Giant catastrophe

Two interrelated global challenges threaten the long-term sustainability of human
societies: climate change and population growth. Climate change, driven by excessive
greenhouse gas emissions from anthropogenic activities, has led to rising global
temperatures, sea-level rise, and an increased frequency of extreme weather events.
These changes place substantial stress on the global food system, compromising its
efficiency, stability, and resilience (Wheeler & von Braun, 2013). In parallel, the global
population is projected to approach 10 billion by 2050, significantly increasing the
demand for food and natural resources. The food supply chain lies at the nexus of
both crises, acting as a major contributor to climate change while also being highly
susceptible to its impacts. Livestock production alone accounts for nearly 15% of
global greenhouse gas emissions. Furthermore, current trends suggest that global
meat consumption will double by 2050, exacerbating the environmental pressures
associated with conventional animal agriculture (Godfray et al., 2010; Van Eenennaam,
2024). These trends underscore the need to reduce the environmental footprint of
animal-source foods while still providing nutrient-rich diets.

2. A tiny solution

1.2.1. Edible insects

One pathway to achieving this involves both the integration of alternative protein
sources and the adoption of more sustainable and cost-efficient practices within
existing animal-based production systems (Wood & Tavan, 2022). Edible insects have
emerged both as a viable alternative protein source for direct human consumption
and as a sustainable feed ingredient that can enhance the efficiency of mainstream
animal production systems. Insects can be mass-reared under controlled conditions
with significantly lower requirements for land, water, and feed compared to traditional
livestock as illustrated in Figure 1.1. Many species are also capable of converting organic
side streams and waste into high-quality biomass, offering additional advantages in
terms of resource efficiency and circularity (van Huis, 2020). Insects can provide protein
of comparable quality to conventional livestock, along with beneficial fatty acids
and a chitin-rich exoskeleton (Rumpold & Schliiter, 2013). Unlike traditional insect
harvesting, modern edible insect production is based on farming systems comparable
to those used in conventional animal agriculture, enabling scalability and regulatory
integration (van Huis, 2020).

These farming systemsare adaptable to both industrial and smallholder contexts. Atthe



industrial scale, companies operate in automated insect farms that manage the entire
production cycle, converting food waste into protein, oil, and frass while contributing
to waste reduction and circular agriculture (Facchini et al., 2022; Protix, 2025). At the
smallholder scale, insects can be reared on locally available organic waste such as crop
residues and animal manure, producing feed for livestock while accelerating fertilizer
generation, better disposing of biowaste and supporting local circular farming systems
(Madau et al.,2020; Sokame et al., 2024).

Among the species considered suitable for insect farming, mealworms, crickets and
black soldier flies have received particular attention. These species exhibit favorable
amino acid compositions and are suitable for inclusion in both human diets and
the feed of omnivorous livestock such as pigs, poultry and fish (van Huis, 2020).
Additionally, certain insect species are rich in micronutrients, including minerals such
as iron, further supporting their potential role in sustainable food systems (First et al,
2024; Manditsera et al., 2019; Seyedalmoosavi et al., 2023).

1.2.2. Black soldier fly stands out

Among these farmed species, the black soldier fly (Hermetia illucens, BSF) has
attracted considerable commercial interest, specifically in organic waste conversion,
aquaculture, and feed for poultry and pigs (Bukchin-Peles et al, 2025; Osuch et al,
2024; Radhakrishnan et al.,, 2023; Siddiqui et al., 2022). Notably, BSF larvae also contain
substantially higher iron concentrations than most other commonly reared edible
insect species (Mwangi, Oonincx, Stouten, Veenenbos, Melse-Boonstra, Dicke, & van
Loon, 2018). Although BSF is currently used almost exclusively as feed, regulatory
changes may enable its future entry into the human food sector. To support this
potential expansion, consumer research further indicates that BSF larvae as food is
viewed as acceptable. In a study conducted in the United States, participants reported
being comfortable tasting cookies containing a modest percentage of BSFL flour and
French fries fried in oil containing a modest proportion of BSFL fat (Higa et al., 2021).

This combination of environmental sustainability, scalability, and nutritional value
has positioned edible insects as an emerging component of future food systems. Yet
while their role as alternative proteins is increasingly recognized, their potential as
sources of essential micronutrients such as iron has been far less explored.
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Figure 1.1 (A) Maximum (light blue) and minimum (blue) liters of water required to produce one kilogram
of traditional or alternative meat; (B) Maximum (light green) and minimum (green) land area required to
produce one kg of traditional or alternative meat; (C) Maximum (peach) and minimum (brown) carbon
dioxide equivalent emissions associated with the production of one kilogram of traditional or alternative
meat. Data are modeled using production parameters from the following species: Plant: wheat, oats, beans;
Cell: cultured meat; Insect: Tenebrio molitor, Zophobas morio; Algae: Desmodesmus subspicatus, Arthrospira
platensis; Fungi: Fusarium venenatum. Published by Lee et al. (2025).
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3. Dietary iron
1.3.1. Occurrence

All documented complex life forms cannot exist without the utilization of iron. Due
to its redox flexibility, where it can exist either in a reduced form (Fe*, ferrous) or
an oxidized form (Fe*, ferric), it can act as an efficient electron carrier and catalytic
cofactor in numerous biochemical reactions (Wade et al., 2021). This versatility enables
iron to participate in essential processes such as cellular respiration, oxygen transport,
DNA synthesis, and metabolic regulation. On the other hand, the unique parameters
of this element make it so that it can act as a catalyst for reactive oxygen species (ROS)
production through the Fenton reaction. These ROS can disrupt many biological
processes due to their high reactivity towards DNA, proteins, and other biological
targets, a property that stems from their unpaired electrons and strong oxidizing
potential (Dev & Babitt, 2017). Given the complexity of handling iron, iron absorption
has limited efficiency to both humans and livestock alike. Approximately 25% of the
human population suffers from iron deficiency anemia, and the vast majority of
farmed pigs are under iron supplementation treatment. The “main” mechanism for
iron absorption for both humans and pigs is through the absorption of iron sourced in
heme iron. There are specific channels and iron transporters which interact with iron
only sourced from heme, making it significantly more bioavailable compared to all
other dietary iron sources (Auerbach et al., 2025; Kim et al.,, 2018). Conventional animal
proteins, such as beef, poultry, and pork, are the most widely consumed and contain
the most bioavailable form of dietary protein. They are also the best sources of dietary
iron due to their high iron content, which in beef meals can reach approximately
60% of the total iron. In these protein sources, heme iron is predominantly found
in hemoglobin and myoglobin, which serve as the main oxygen-binding proteins in
blood and muscle tissues (Cross et al., 2012). Other heme containing proteins, such
as cytochromes, catalases and peroxidases, are also present in edible tissues across a
wide range of organisms. However, because they occur in much lower abundance as
they are not primarily involved in oxygen transport, their contribution to total dietary
iron intake is minimal, making non heme iron the predominant iron source in non-
vertebrate based foods (Gallio et al., 2021; Piskin et al., 2022a).

1.3.2. Non heme absorption

Under the umbrella of non-heme dietary iron, two primary pathways contribute to
intestinal iron absorption. The predominant mechanism involves the uptake of free
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iron ions. In its ferrous form (Fe*), iron is transported from the intestinal lumen into
enterocytes via the divalent metal transporter 1 (DMT1). This form of iron is most
commonly found in foodstuff bound to small molecules such as Phytate complexes,
organic acids, amino acids, sugars (Zieliriska-Dawidziak, 2015). Under the acidic
conditions found in the human gastric system, these complexes might dismantle,
releasing ferrous iron for absorption (Anderson & Frazer, 2017). Although ferrous iron
is soluble under physiological conditions, it is also chemically reactive and prone to
oxidation. Ferric iron (Fe*), the oxidized form of iron, represents the predominant
speciesin mostdietary sources. Due to its low solubility under physiological conditions,
its bioavailability is considered negligible unless it is first reduced (Anderson & Frazer,
2017). When consumed, non-heme iron is present in the ferric form, it must first be
reduced to Fe*" by ferrireductase enzymes (e.g., duodenal cytochrome B) located on the
apical surface of enterocytes. This step is essential for its subsequent transport via DMT1
(Dutt et al.,2022; First et al., 2023). Additionally, interactions with dietary inhibitors such
as phytates, polyphenols,and certain fibers can further promote precipitation and limit
absorption (Piskin et al., 2022b). Thus, diets with low heme content, such as vegetarian
diets, make it difficult to absorb adequate amounts of dietary iron, especially in iron
deficiency risk groups such as premenopausal women (Hunt, 2003). Moreover, oral
iron supplementation, such as with ferrous sulfate, is based on the same reliance on
soluble ferrous iron for absorption via DMT1. However, these supplements are often
associated with low bioavailability and frequent gastrointestinal side effects (Tolkien
etal.,2015).

1.3.3. Ferritins as a dietary iron source

An alternative and potentially more efficient pathway for non-heme iron absorption
involves the uptake of iron bound to high molecular weight complexes. This pathway
depends on the iron-containing complex being absorbed across the intestinal
epithelium while retaining its structural integrity. If the complex remains at least
partially intact during gastric and intestinal digestion, it may enable a more controlled
and sustained release of iron, potentially bypassing conventional absorption routes. In
this process, iron-containing complexes may be internalized via endocytic pathways
and trafficked through intracellular compartments such as endosomes and lysosomes.
Within these compartments, cellular iron gradient may facilitate the controlled release
of iron, providing a gradual and regulated source of bioavailable iron to the cell (Lv et
al., 2015).

One such complex which stands out is Ferritin. Ferritins are a major family of high
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molecular weight iron-binding molecules involved in iron storage and detoxification
across all domains of life. As shown in Figure 1.2, these proteins typically assemble into
spherical complexes composed of multiple subunits, forming a hollow interior where
iron is sequestered. Iron is taken up in the soluble ferrous form (Fe*), which is oxidized
to ferric iron (Fe*') at the protein’s ferroxidase centers. The ferric ions are then directed
into the cavity, where they are mineralized and stored, commonly as ferrihydrite under
physiological conditions (Pan et al., 2008). The ferrihydrite mineral core can be readily
dismantled in response to cellular iron demands, allowing controlled release of iron
when needed. Depending on the organism, ferritin complexes can store hundreds
to several thousand iron atoms, with storage capacity varying according to subunit
composition, shell structure, and physiological conditions (Pham & Winzerling, 2010).
Ferritins are generally stable across a wide range of pH values, and the mineral core of
it may keep stable under gastric acidity conditions (Kim et al, 2011). Purified ferritin
from both animal and plant sources has been shown to exhibit iron bioavailability
comparable to that of commonly used oral iron supplements (Davila-Hicks et al.,2004).
Moreover, known dietary iron absorption inhibitors, such as phytates and polyphenols,
have limited effect on iron uptake from ferritin, suggesting that as long as the ferritin is
intact, its absorption may involve a mechanism independent of the conventional non-
heme DMT1-mediated pathway (Lénnerdal, 2007).

%’ Fe** coordinated to O and OH
& Fe** in ferrihydrite crystal structure
O Protein shell sub-unit

Figure 1.2. Schematic representation of iron uptake and storage in ferritin. (a-b) Ferrous iron (Fe’+) enters
the protein shell and is oxidized to ferric iron (Fe®+), coordinated to oxygen and hydroxyl groups at the
ferroxidase sites. (c) Ferric iron is subsequently deposited inside the cavity as ferrihydrite, forming a stable
mineral core. (d) High-resolution electron microscopy image showing the ferritin shell and its mineralized
iron core (~5 nm). Published by Pan et al., (2008).

14



4. Edible insects in the Iron Equation

1.4.1 Iron in insects

Edible insects are increasingly investigated as sources of dietary iron. The total iron
content of several species is higher than that of most plant-based foods and in some
cases comparable to or exceeding levels in animal-source foods (Mwangi et al,, 2018).
This positions insects as potential contributors to reducing the global burden of iron
deficiency.

Unlike vertebrates, insects do not transport oxygen via hemoglobin or myoglobin and
therefore contain little heme-bound iron. Instead, they rely on insect ferritin, namely
entoferritin, as their primary iron storage and transport system. Entoferritin assembles
into soluble, iron mineralizing protein complexes capable of storing thousands of iron
atoms in a stable ferrihydrite core. In addition to its intracellular role, entoferritin
is secreted into the hemolymph (Pham & Winzerling, 2010). From a food and feed
perspective, this secreted form suggests increased water solubility, which may enhance
its nutritional potential as a dietary iron source compared to conventional ferritin in
plants or animals.

Experimental evidence supports the potential dietary value of entoferritin. In vitro
digestion and absorption studies using human Caco-2 cells demonstrated that iron
from grasshoppers, yellow mealworms, lesser mealworms, and crickets was absorbed
at levels comparable to beef (Latunde-Dada et al, 2016, Figure 1.3). The high level of
absorption is most likely linked to the presence of entoferritin. Once ferritins enter
cells, they can act as slow-release reservoirs of iron, delivering a steady supply rather
than a rapid, potentially disruptive influx (Theil et al,, 2012).

In vivo studies provide additional insight. In one trial, young women with low iron
stores consumed porridges fortified with mealworm. Fractional iron absorption
from mealworm porridge was comparable to ferrous sulfate supplementation, and
mealworm consumption did not impair absorption of supplemental iron (Hilaj et al,
2022). This indicates that despite containing antinutritional factors, mealworms are a
suitable and effective dietary iron source. By contrast, a comparable trial using cricket
porridge showed lower fractional absorption, and cricket consumption reduced the
uptake of supplemental iron (Mwangi et al, 2022). These findings demonstrate that
insect species differ not only in their iron content but also in their bioavailability.

Taken together, current evidence indicates that entoferritin is central to the nutritional
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potential ofinsect-derived iron. Its solubility, stability,and capacity to provide controlled
intracellular release may explain why insect iron is more bioavailable than would be
expected for a non-heme source. However, important gaps remain concerning the
contribution of entoferritin across insect species, the presence of alternative storage
mechanisms, the influence of rearing and processing conditions, and the pathways
governing uptake in the human gut. Entoferritin has not yet been systematically
considered as a distinct dietary iron source, and its nutritional relevance remains
poorly understood. Addressing these questions is essential to establish edible insects
as reliable contributors to bioavailable dietary iron.

Iron Uptake (ng Ferritin/mg Protein)

Figure 1.3 Invitro bioavailability of edible insects compared to beef usinga CACO2 model. The insect meals
tested were (from top to bottom) house crickets, grasshoppers, lesser mealworm and yellow mealworm.
Published by (Latunde-Dada et al.,, 2016).

1.4.2. Black soldier fly as an iron source

Such interspecies variation is further illustrated by black soldier fly larvae, which
contain more than six times the iron concentration of the lesser mealworm when
reared under physiological conditions (Mwangi, et al, 2018). Despite this high iron
content, little is known about the molecular organization of entoferritin in BSF, the
broader mechanisms of iron storage, and whether additional storage pathways beyond
entoferritin are involved. The stability, bioavailability, and behavior of BSF-derived iron
during digestion and processing are also largely unexplored. BSF larvae are further
recognized for their ability to accumulate heavy metals from their substrate. This trait
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is often painted negatively due to the high toxicity of most heavy metals and the strict
regulations against their presence in food and feed (Bessa et al,, 2021; Cai et al, 2018;
Wu et al., 2020). However, while it is not known whether BSF can accumulate iron in
a similar manner, their demonstrated capacity for metal uptake and storage suggests
potential for exploring iron enrichment. Harnessing this capacity to enrich iron in a
protein-bound form such as entoferritin could provide a foundation for targeted iron
biofortification strategies.

5. Mineral biofortification

Improving the nutritional quality of foods by enhancing their micronutrient content
has become a central goal in efforts to address global malnutrition (Ofori et al., 2022).
At the same time, foods with added nutritional value also carry greater commercial
appeal, as consumers increasingly seek products that combine health benefits with
convenience. Reflecting this dual importance, the global food fortification market
was valued at USD 117.3 billion in 2025 and is projected to grow to USD 315.1 billion
by 2035, with a compound annual growth rate of 10.4 % (FMI, 2025). In this context,
biofortification, the process of increasing the micronutrient content of crops or animals
during growth, offers a strategy to create food ingredients that are both nutritionally
impactful and commercially competitive.

Plant biofortification has demonstrated clear successes, showing that staple foods can
be enriched with essential minerals in a scalable and impactful way (Table 1.1). For
example, iron levels in rice were increased by 30-40% through soil supplementation,
and by more than 350% using genetic manipulation (Masuda et al, 2012; Utama et
al,, 2017). Pear]l millet enriched through conventional breeding achieved increases of
more than 150% in iron concentration, while calcium in carrots has been enhanced by
60% through genetic modification (Jeong & Guerinot, 2008; Kodkany et al., 2013). Zinc
levels in wheat have also been boosted by 29-55% via soil and foliar supplementation,
and calcium in basil by around 20% through water supplementation. These examples
illustrate that plant biofortification is both technically feasible and commercially
relevant, with proven nutritional impact. It should be noted, however, that even when
biofortified, the absolute iron content of plant foods remains considerably lower than
that of animal-derived products or insects. Moreover, the non-heme form of iron in
plants is less efficiently absorbed, and have a significant phytic acid content, which
is a major antinutritional factor of iron absorption, leading to low iron solubility and
iron bioavailability (Hackl et al, 2016). Thus, plant iron biofortification can increase
intake but does not fully overcome the issue of low bioavailability. As such, while plant
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biofortification is a valuable public health strategy, animal and insect sources of iron
continue to provide a distinct nutritional advantage.

By contrast, animal-based biofortification has been far more limited. Fortification of
animal diets has not increased the iron content of milk, and no meaningful scalable
enrichment of meat, which were also associated with adverse health effects (Lee et
al, 2008). Some improvements have been achieved for other minerals, zinc in bovine
milk increased by up to 75%, and calcium by about 40% (Klein et al., 2025; Wondater
& Ayanie, 2023), though these examples remain exceptions rather than widespread
practice.
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Table 1.1. Reported examples of mineral biofortification in plants, dairy,and meat. Data include iron, zinc,
and calcium enrichment achieved through soil supplementation, foliar application, classical breeding,
genetic modification, or feed supplementation.

Iron
Zinc

Biofortification strategies have shown success in plants, yet their impact remains

Rice: 30-40% increase, through
soil iron supplementation
(Utama et al., 2017)

Rice: Above 350% increase,
through genetic manipulation
(Masuda et al., 2012)

Pearl millet: Above 150%
increase, through classical
breeding (Kodkany et al., 2013)

Finger millet: 21%

increase, through soil iron
supplementation (Teklu et al.,
2023)

Wheat: 29% increase, through
soil zinc supplementation (Hui et
al., 2025)

Wheat: 55% increase, through
foliar (Hui et al., 2025)

Finger millet: 20%

increase, through soil zinc
supplementation (Teklu et al.,
2023)

Basil: 20% increase through
water calcium supplementation
(D'Imperio et al.,2016)

Endive: water calcium
supplementation did not affect
ingredient calcium content
(D'Imperio et al.,2016)

Carrots: 60% increase through
genetic manipulation (Jeong &
Guerinot, 2008)

No report of significant
increase

Bovine milk: 75%
increase through feed
supplementation (Klein et
al.,2025)

Goat milk: a 14%
increase through feed
supplementation
(Witkowska et al., 2015)

Bovine milk: a 40%

increase through feed
supplementation (Wondater
& Ayanie, 2023)

Pig leaver: 20%
increase, through feed
supplementation

(Lee etal.,2008)

No report of significant
increase

No report of significant
increase

limited by the inherently low iron contentand poor bioavailability of plant-based foods.

Comparable approaches in meat have so far failed to achieve meaningful enrichment.
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Insects, however, present a novel and potentially more promising avenue. Their unique
entoferritin-based iron storage and transport system further distinguishes them from
plants and animals and may enhance their suitability for biofortification (Missirlis &
Oliveira, 2022; Pham & Winzerling, 2010). Among them, the BSF larva is particularly
relevant as it naturally contains high iron levels compared to other insect species and
is known for its ability to accumulate metals from the substrate (Seyedalmoosavi et
al, 2023; Wu et al.,, 2020). These characteristics suggest that BSF could be a suitable
candidate for mineral biofortification, especially for iron.

6. Rationale thesis outline

Although edible insects are increasingly recognized for their potential to alleviate
iron deficiency, several fundamental questions remain unanswered. This thesis
addresses four key knowledge gaps. First, while entoferritin is proposed to play a
central role in insect iron storage and possibly in human iron uptake, its structure,
behavior, and nutritional relevance remain poorly understood. Second, it is unclear
to what extent the iron content and composition of edible insects can be modulated
through rearing manipulation, including the potential implementation of mineral
biofortification strategies, and how these interventions affect yield output and quality.
Third, the mechanisms and pathways involved in the absorption of insect-derived iron
in the human gut, and the factors that modulate this process, are largely unknown.
Fourth, most micronutrient studies have focused on a narrow range of insect species,
overlooking others such as the BSF, which is both rich in iron and of high economic
relevance. To address these gaps, this thesis employs a multidisciplinary approach,
combining literature analysis, ecological physiology, and molecular, biochemical, and
nutritional analyses, as illustrated in Figure 1.4.
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Chapter 2 Chapter 4

Literature review on ento- Multiomics and microscopy:
ferritin: molecular responses and

structure, function, and poten- localization of iron accumula-
tial as a bioavailable dietary tion in H. illucens larvae.

iron source in insects.

"

Chapter 3 Chapter 5
Dietary iron fortification: Iron fortification and thermal processing:
structure, function, and content ma- effects on iron bioaccessibility
nipulation potential as a bioavailable and nanoparticle stability
dietary iron source in insects. in larvae.

Figure 1.4. Overview of research chapters (2-5). Chapter 2 reviews entoferritin as a dietary iron source,
Chapter 3 examines effects of iron fortification on insect performance and composition, Chapter 4 explores
molecular responses and iron localization in H. illucens, and Chapter 5 assesses fortification and thermal
processing effects on mineral bioaccessibility and nanoparticle stability.

Chapter 2 provides an in-depth review of entoferritin and evaluates its potential role
as a bioavailable dietary iron source. This chapter utilizes current knowledge on the
structure, function, and nutritional implications of entoferritin, with a focus on its
presence in farmed edible insects. Additionally, it explores how entoferritin might
be leveraged within insect processing and rearing systems to enhance iron delivery
in both food and feed applications. This review lays the conceptual groundwork for
understanding the molecular mechanisms behind iron storage and mobilization
in insects, from a food and feed perspective. Chapter 3 investigates the impact of
dietary iron fortification on two economically relevant edible insect species: the lesser
mealworm (Alphitobius diaperinus) and the black soldier fly. By supplementing the
insect feed with graded levels of iron, this chapter assesses how iron enrichment
influences insect growth performance, survival, and developmental parameters. In
addition, changes in the insects’ macronutrient and micronutrient composition,
including total iron concentration. Chapter 4 presents an integrated multiomics
analysis of black soldier fly larvae reared on diets with varying iron concentrations.
Combining transcriptomic and proteomic datasets, this chapter uncovers molecular
responses to iron fortification at both the gene and protein levels. Particular attention
is given to the expression of iron-binding proteins and stress-related pathways. In
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addition, dissection, staining, and light microscopy are used to visualize and localize
iron accumulation sites within the larvae, providing spatial context to the molecular
findings and offering insights into the mechanisms of iron storage in insect tissues.
Chapter 5 examines how thermal processing affects iron bioaccessibility in iron-
fortified black soldier fly larvae. Using in vitro digestion models, this chapter evaluates
changes in iron solubility and potential bioaccessibility across different cooking
treatments. In parallel, nanoparticle analysis is conducted to assess how fortification
and processing influence the distribution, form, and stability of iron-containing
nanoparticles within insect tissues. This dual approach offers a deeper understanding
of the physical and chemical transformations that influence iron availability during
food processing. Chapter 6 offers a reflection on the insights gained throughout this
thesis regarding the use of edible insects as a source of dietary iron. Based on the
findings from the preceding chapters, this discussion evaluates what has been learned
about the biological, nutritional, and technological factors that influence iron content,
composition, and bioaccessibility in insects. The chapter then explores the current
status of the edible insect industry, examining its trajectory, present challenges, and
potential role in addressing nutritional deficiencies. In parallel, the broader field of
iron nutrition is considered, including the status and limitations of current food-based
and supplemental iron interventions. Finally, the chapter outlines directions for future
research, highlighting key gaps in knowledge and identifying areas where further
investigation is likely to advance both the scientific understanding and practical
application of insect-derived and conventional iron sources.
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Abstract

The high prevalence of iron deficiency in humans, alongside the lack of sustainable
iron sources call for alternatives. Although understudied, edible insects are high in
potentially bioavailable iron. Insect ferritin (entoferritin) is thought to make insect-
based iron bioavailable. This review examined the use of entoferritin as an iron
supplement based on its properties and comparison to mammalian and plant ferritins.
Entoferritin is a large, soluble, iron-affine transporting protein complex. These features
enable mild entoferritin purification. These purifying methods may not affect other
products due to the common structure of edible insect processing chains. The protein
complex can accumulate an abundance of bioavailable iron and be absorbed through
a human endocytosis mechanism. However, insect ferritin delivery systems into the
human iron pool, bioavailability and safety have various possible limits and require
further exploration. This paper suggests that entoferritin could help the valorization of
edible insects and fight iron deficiency.

1. Introduction

Iron deficiency is currently one of the most frequent form of micronutrient deficit in
human populations. It is estimated that over 2.9 billion individuals throughout the
globe are affected by iron deficiency anaemia (WHO, 2021).

The human body’s capacity to absorb iron is dependent on the amount of bioavailable
iron in the diet. Iron bioavailability may be defined as the proportion of an orally
administered dosage of iron which reaches the systemic circulation (Wienk et al., 1999).
In its most fundamental features, free iron may exist in two forms, ferrous (Fe*) and
ferric (Fe®), with ferrous being more soluble and absorbable. In addition, even if some
ferric iron is absorbed, it will be reduced to ferrous prior to assimilation. Hence, the
main reason for the lack of adequate iron absorption is that upon exposure to oxygen,
iron forms highly insoluble oxides, which are unavailable for absorption in the human
gastrointestinal tract (Wienk et al, 1999). Gastric iron oxidation can be lowered by
inhibiting iron-oxygen interaction in the gastric system by placing an iron-binding
protein “shield” surrounding the iron atoms (Lépez & Martos, 2004).

The most noteworthy of these “shield” complexes is heme iron. Heme iron consists of
an iron ion bound to a porphyrin molecule and is exclusive to animal-derived foods. In
animal dietary sources heme iron is obtained from the haemoglobin and myoglobin.
In a beef meal, between 60-70% percent of the iron is present in heme form (Cross et
al.,2012). During digestion, this complex is taken up by the mucosal cells of the human
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intestine and degraded by particular enzymes (Hallberg, 1983). As seen in Fig. 2.1, heme
iron may enter the human body iron pool via two primary pathways. The first pathway
for endocytosis is the binding of heme to the heme carrier protein 1 (HCP-1). In the
intercellular environment, using either Heme oxygenase 1 or Heme oxygenase 2 (named
HO-1 and HO-2 respectively), iron will be released from heme, bind to ferroprotein 1
receptor (FPN1), and released into the circulation. In the second pathway, heme iron is
directly taken into the cytoplasm by the HCPI transporter, it is immediately released
into the bloodstream by either the feline leukemia virus subgroup C receptor (FLVCR)
or the breast cancer resistance protein (BCRP) (West & Oates, 2008, Seyoum et al., 2021)
. Due to these specific mechanisms, heme iron is the most bioavailable form of iron
that is available today (Lopez & Martos, 2004). However, the direct impact that the meat
industry has on the environment, along with the sector’s high cost, makes it imperative
to find sustainable alternatives also for bioavailable iron (Milford et al., 2019).

Non-heme iron, or inorganic iron, is the predominant iron in alternative protein
sources such as plants and insects (Briat et al., 2007, Gorman, 2022). Unlike its heme-
based equivalent, the bioavailability of this iron is far more reliant on variables such
as enhancers, inhibitors, and its chemical form (ferrous vs ferric) (Lynch et al., 1989). As
presented in Fig. 2.1, the human body may acquire inorganic iron by the interaction
of divalent metal transporter 1 (DMT1) with the iron on the surface of gut cells (this
pathway is shown by the consumption of the commonly used iron supplement FeSO4).
The iron absorbed by DMT1 is found in a reduced form, the Duodenal cytochrome B
(Dcytb) reduces free ferrous iron atoms. The intercellular iron will be released to the
bloodstream via FPNI, similar to the heme originated intercellular iron (Ganz, 2022).
This pathway allows the iron absorption by the commonly used iron supplement such
as FeSO4 or iron gluconate.

Another interesting group of compounds is the non-heme iron binding proteins that
have shown to increase bioavailability of their encapsulated iron (Theil et al., 2012).
The iron-binding complex ferritin is a notable example of a non-heme iron-binding
protein complex, as its high iron bioavailability has been demonstrated (Lénnerdal,
2009). This iron storage protein complex can be found in a broad variety of organisms,
including plants, animals and microbes. In all its variants across different organisms,
ferritin is distinguished by its spherical design and the thousands of iron atoms thatare
found inside its structure. All ferritins share the capacity to accumulate iron via their
ferroxidase activity of ionic exchange of ferrous to ferric iron, followed by translocation
and hydrolysis to form an inorganic nucleation in the internal cavity (Theil, 1987).

Due to its specific properties, insect ferritin, or entoferritin (a word that was coined in
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this publication), has unique characteristics. Comprehensive overview of entoferritin
has been previously published by Pham & Winzerling (2010) and detailed illustration
of iron homeostasis and metal physiology in insects by Gorman (2022) and Missirlis &
Oliveira (2022). However, ferritin is understudied in the field of human consumption.
Therefore, the aim of this paperwas to offer a novel perspective by examining
the potential application of entoferritin as a dietary iron supplement for human
consumption. In order to accomplish this, general characteristics of ferritins derived
from plants, mammals, and insects, as well as the unique characteristics of entoferritin,
were considered in the discussion of entoferritin’s potential as a dietary supplement.
In addition, a future outlook for this unique approach, designed to valorize the edible
insect industry and help combat iron shortage, was examined.

Heme based iron Non-heme iron/
Inorganic iron

® ()
< \® ®
Intestinal lumen =

Intestinal lumen

Figure 2.1. Summary of the two primary dietary iron absorption pathways in the human digestive system
to the circulation. The pink and brown dots represent iron molecules (Ferrous and ferric respectably).
Non-heme iron or inorganic iron, which is the predominant iron in insects, enters the cytoplasm through
the divalent metal transporter 1 (DMT1) in a ferric form. DMT1 will only transport the reduced ferrous iron,
ferric iron is reduced by the Duodenal cytochrome B (Dcytb). The ferric iron migrates to the bloodstream
via the ferroprotein 1 receptor (FPNI1). Iron from heme enters the cytoplasm through heme carrier protein 1.
(HCP-1). Following that, heme-based iron will enter the bloodstream either with the heme protein through
the feline leukaemia virus subgroup C receptor (FLVCR)/breast cancer resistance protein (BCRP) or as free
ferrous iron, similar to inorganic iron, following separation from the heme protein with the assistance of the
Heme oxygenase (HO) enzyme group. Created with BioRender.com.
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2. Ferritins

1. Structural features of ferritin

Ferritin has a structure that is well conserved throughout all living kingdoms,
nevertheless, the functions it plays in the control of iron trafficking might vary
greatly depending on the organism. Within the centre cavity of ferritin, an inorganic
compound containing thousands of iron atoms is allocated. It is a hetero-multimer
protein complex that consists of heavy and light chains (named H and L respectively),
each of which is encoded by a separate set of genes. Depending on the demand for
iron absorption or storage, the ratio of H to L chains fluctuates (Cairo et al., 1991). The
L chain contains residues of amino acids that are necessary for the nucleation of iron.
The H chain includes amino acid residues that make up the “ferroxidase core”, which
is responsible for the oxidation of Fe?* to Fe* using O2 or H202, and tyrosine residues,
that are responsible for the accelerated biomineralization of iron (Yang et al, 1998).
On the ferritin surface, 3-fold hydrophilic ion channels are found. These channels are
designed to allows the passive passage of iron atoms in and out of the protein complex
(Takahashi & Kuyucak, 2003). Mammalian ferritin is used as a model for the ferritin
protein family in most foundational studies on iron loading and release.

2.Iron loading

The iron uptake in ferritin takes place through numerous oxidative reactions. As soon
as ithas entered the protein complex through the ion channels, the iron will first
undergo oxidation, followed by nucleation. Under aerobic conditions, iron (Fe?) will
immediately enter the protein complex and be passively oxidized in the ferroxidase
centre. In the ferroxidase centre, it reacts with oxygen to form peroxide, and this
peroxide quickly degrades into water and oxidized iron through the reaction (1) (Yang
etal.,1998).

4Fe* + O2 + 4H* — 4Fe> + 4H20 (1)
The oxidized ferric iron will go through hydrolysis to form the iron core in the ferritin
cavity to form an iron-oxygen mineral structure. Mineralization takes place when
the unstable iron state hydrolyzes and releases a proton, while binding to a dioxygen
originated from the water molecules. This chemical process is schematized in (2) (Yang
etal., 1998).

4Fe3* + 8H20 — 4FeOOH + 12H* )
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The complex itself does not attach to the iron core as heme proteins do; rather, the
iron mineral structure is kept stable due to the hydrolysis. The extent of the iron
biomineralization pathway might vary depending on iron concentration but it
always follows the two reaction steps described by Yang et al., (1998) and graphically
represented in Fig. 2.2.

A @

4Fe? + 0, + 4H* -> 4Fe™ + 4H,0
S Ao T >

4Fe™ + 8H,0 > 4Fe00H + 12H* Aé

X 4

® @@®
®ee

=)
/

Figure 2.2. A graphical representation of the iron loading process into ferritin. The purple shape is a two-
dimensional schematic representation of generic ferritin. Ferrous iron (pink dots labelled Fe) enters the
ferritin via the four ion channels. The ferrous iron is oxidized (red dots labelled O) to ferric iron (brown dots
labelled Fe) at the ferroxidase (green shape) site. The ferrous iron is subsequently hydrolysed (red and grey
dots), resulting in the formation of a mineral with other ferric iron (blue structure labelled 4FeOOH). Created
with BioRender.com.

3.Iron release

The reduction of Fe?* with various chemical reductants and chelators is a frequent in
vitro technique for ferritin iron release. At the cellular level, solubilization of ferric iron
through reduction to the ferric state is the primary occurrence of iron release from
the ferritin core. This reduction requires a favorable environment to reduction in the
cytosol. This environment exists when the thermodynamic activity or electrochemical
potential in the cytosol is lower than these parameters inside the ferritin core. The
release occurs when the ferritin core interacts by diffusion of an electron donor ligand
or an electron acceptor ligand (Badu-Boateng & Naftalin, 2019, Bou-Abdallah et al.,2018)
.In Caco-2 cultures, it has been shown that phytoferritin releases iron via an endocytosis
mechanism (Lv et al., 2015). This suggests that ferritin derived from exogenous sources
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could interact with ferritin receptors found on humanoid cells and release the iron in
the most efficient manner.

In gastric acidic conditions, when phytoferritin has been digested by pepsin, iron
absorption from phytoferritin and common iron supplements, are essentially equal,
indicating that the majority of ferritin may be digested by pepsin in the human
digestive tract conditions (Deng et al., 2011). Both mammalian ferritin and phytoferritin
have been demonstrated to disassemble into dimeric substructures and release their
cavity contents in acidic conditions. Interestingly, when the pH returns to normal,
ferritin will reassemble, without its original mineralized core (Kim et al., 2011, Perfecto
etal,2018).

4. Entoferritin

The ferritin found in insects has many different features than its counterparts in plants
and mammals, as summarized in Fig. 2.3. The entoferritin crystal structure consists of
12 heavy chain and 12 light chain subunits with tetrahedral symmetry. This protein
complex’s structural integrity is maintained by a variety of inter-subunit di-sulfide
and ionic bridge bonds (Hamburger et al., 2005). One of the most visible differences
is the molecular weight: mammalian ferritin ~440 kDa, phytoferritin ~550 kDa and
insect ferritin ~669 kDa suggesting a higher heavy to light chain ratio. This ratio vary
depending on the function a ferritin complex serves in a specific tissue (Crichton et
al,, 1973, Nichol & Locke, 1989). A more in-depth outlook of the crystal structures of
these ferritins is shown by the work of Hamburger et al,, (2005), Lewin et al., (2005) and
Masuda et al., (2010). Evidently, these sizes correlates to the subunit size, as the Hand L
chains of ferritin in mammals weigh 21 kDa and 19 kDa, respectively, but in insects, the
H chain weighs 31 kDa and the L chain - 24 kDa (Arosio et al., 1978, Nichol & Locke, 1989)
. As such, insect ferritin subunits are often referred to as heavy chain homolog (HCH)
and light chains homologous (LCH). The insect HCH contains the same ferroxidase site
as other H chains, including those from mammals and plants (Georgieva et al., 2002).
The highest amount of mineralized iron in mammalian ferritins is 4,500 Fe atoms per
ferritin molecule; while phytoferritin may retain more than 5,000 Fe atoms due to the
larger ferritin cavity size (Munro & Linder, 1978, Crichton et al., 1973). As the entoferritin
is even bigger than phytoferritin it is probable that the entoferritin cavity has even a
greater iron capacity, then it should have a greater iron delivery capability.

The presence of a hydrophobic leader peptide is a further structural distinction
specific to insect ferritin. This 20 amino acid-peptide direct the subunits towards
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a secretory pathway (Nichol & Locke, 1999), suggesting a significant difference in the
protein complex’s fundamental functioning. In fact, ferritin in mammals has mostly
an intracellular storage function (Arosio et al,, 2009). Similarly, phytoferritin serves as
the principal iron storage complex in plants, especially in seeds indicating its long-
term iron storage ability (Burton et al., 1998). In most insects, iron loaded entoferritin is
present in the hemolymph, the insect analogue of blood, as a protein complex secreted
from various insect organs. This indicates that in insects, beside storage, ferritin plays a
critical rolein iron transport (Nichol & Locke, 1990, Strickler-Dinglasan etal.,2006). The
structural characteristics of entoferritin suggest a potential use as dietary iron source
that is becoming more realistic with the introduction of edible insect consumption
as meat alternative. By extrapolating the known data on phytoferritin, mammalian
ferritin, and entoferritin, the following chapter evaluates the potential of entoferritin
as a functional product.
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Figure 2.3. Entoferritin versus plant and mammalian ferritin (Hamburger et al., 2005, Masuda et al., 2010,
Seong-Gyu et al., 2018). Created with Adobe illustrator.
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3. Utilization of entoferritin
1. Entoferritin purification in the edible insects production chain

The diet has a significant effect on the reared insect composition (Bordiean et al,
2022). Specifically, the amount of iron in the insect substrate has a direct influence on
ferritin gene expression in insects (Georgieva et al., 1999), implying that increased iron
digestion promotes entoferritin production. Furthermore, because iron content varies
across insect species and larval stage (Mwangi et al., 2018), entoferritin concentration
may vary between edible insect species. The precise amounts of entoferritin present in
various species of edible insects remain undetermined.

Prior to processing, edible insects are often starved to empty their digestive tract
(Wynants et al.,, 2017). Recently, Li et al., (2022) demonstrated that starved bee larvae
overexpress the ferritin-coding genes. This may indicate that the known ferritin
concentrations found in insect hemolymph, which have reached ~0.3 mg/mL, could
be enhanced, thereby increasing the yield potential of entoferritin purification from
edible insects (Capurro et al., 1996).

The gold standard for entoferritin purification utilizes a KBr density gradient. In recent
advances and uses of this technique, insecthemolymph or reconstituted insect proteins
were subjected to a series of extensive high-speed density gradient ultracentrifugation
(105,000-180,000 g, 36 hours) (Wajnberg et al, 2018, Gutiérrez et al, 2013). However,
for both commercial and research purposes, the time and energy invested in this
ultracentrifugation process should spur the search for a low-cost alternative. In terms
of ferritin purification and production for human consumption, these procedures
are very uncommon, and an industrially scalable ferritin purification process may be
found only for mammalian recombinant ferritin. In this case, genetically engineered
bacteria are being used in order to create recombinant mammalian ferritin for
pharmacological usage (Zhen et al., 2013). However, these production procedures are
only marginally applicable in the food system.

Entoferritin is found predominantly in the soluble protein fraction of the insect
material, and it is usually purified from insect hemolymph for research purposes
(Nichol & Locke, 1990). To collect this soluble fraction, the insect material should be
grinded, following the collection of liquid fraction. This step is already commonly
used at the beginning of insect processing (Tzompa Sosa & Fogliano, 2017) and can be
done on industrial scale, and excludes harsh mechanical or enzymatic insect tissue
treatments. Selection of protein fractionation and processing methods should consider
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possible decrease in efficacy of entoferritin as an iron transporter. For instance, pea
ferritin shown to be degraded when exposed to acidic environments (Perfecto et al,
2018). It can be assumed that some procedures used to extract proteins from edible
insects break down entoferritin into atleast its dimers. As a result, iron is released from
the protein complex and rendering it irrelevant as an iron source.

Entoferritin exhibits distinctive features that might facilitate the repurposing of existing
protein purification. Its high iron affinity may be employed to recover this protein from
the insect-soluble fraction by employing different affinity chromatography methods,
as previously shown on mammalian ferritin (Akduman et al., 2013, Uygun et al., 2011).
Also, the unusually high molecular weight of entoferritin (669 KDa) suggests the use of
protein purification techniques based on protein size (Zieliiska-Dawidziak et al., 2012
, Ghirlando etal., 2015).

The position of entoferritin purification step in the processing chain of edible insects
would depend on the selected processing approach and target insect-delivered
products. Entoferritin purification can occur in the initial steps of protein extraction
and fractionation that allow retaining the quality of other insect-delivered products.

2. Entoferritin as an iron supplement

While edible insects offer a source for highly concentrated iron (Mwangi et al, 2018),
a recent study demonstrated low in vivo iron bioavailability from whole cricket
powder. It is assumed that the insect sourced chitin played a main role in the iron
absorption inhibition (Mwangi et al., 2022). The House cricket’s chitin concentration
is comparatively low (4-7%) in comparison to other edible insects such as the yellow
mealworm (16-17% chitin) (Rehman et al., 2023). This suggests that the prevalence of
this iron inhibitor concentration is present in all manufactured edible insect species.
Purified entoferritin may relieve these constraints by facilitating the consumption of
insect-derived iron under stricter control of enhancers and inhibitors.

The current gold standard for iron supplements is ferrous sulfate. This is due to the
iron salt’s affordable production costs more than the established efficacy. Moreover,
this common iron salt has widespread adverse effects, which in adults present mostly
as significant gastrointestinal issues (Tolkien et al, 2015). Purified entoferritin might
give an alternate iron supplement that is safer and more effective. To back it up,
women who ingested pure phytoferritin did not report any gastrointestinal symptoms
(Theil et al,, 2012, Lonnerdal et al., 2006). Due to the presence of conserved sites in both

a1



entoferritin and phytoferritin, it may be presumed that their iron uptake mechanisms
in humans are comparable.

Furthermore, a difficulty associated with protein-based products is their allergenic
potential. Although understudied, evidence suggests that insects share allergenic
properties with their crustacean relatives. Some proteins present in edible insects have
been demonstrated to cause allergic reactions when consumed (de Marchi et al., 2021).
However, it is known that the ferritin heavy chain of dust mites, another arthropod, is
non-allergenic (Epton et al., 2002).

4. The emerging market of edible insects

It is anticipated that the edible insect market would expand by 26.5% per year between
2021 and 2027. This is mainly due to the ability of edible insects to convert organic by-
products into high-quality proteins, furthering the adoption of sustainable circular
agriculture (van Huis et al., 2021). In relation to the subject of this paper, it has been
proposed that a high concentration of iron makes edible insects a good source of this
vital element. Comparing Tenebrio molitor (Yellow mealworm) to common livestock
species revealed that its iron content is higher than that of chicken, pork, and beef
(Mwangi et al., 2018). In addition to its high iron content, an in vitro iron bioavailability
assay using the Caco-2 model showed that the bioavailability of insectiron is equivalent
to that of beef, which is widely recognized as the most effective source of iron (Latunde-
Dada et al, 2016). Even while earlier studies on iron in entomophagy look to point in
a favorable direction, little research has been conducted on this area, and its potential
and limitations are not yet completely understood. It is assumed that the origin of iron
bioavailability is associated with iron-binding complexes present in insects, namely
entoferritin (Latunde-Dada et al., 2016).

Even though the trend toward popular acceptance of entomophagy is reversing, the
psychological trait of food neophobia (aversion to novel foods) serves as a significant
impediment to the growth of entomophagy in Western nations. Eliminating the
public’s unfamiliarity with edible insects is a fundamental strategy for combating
this adverse perception (Ardoin & Prinyawiwatkul, 2020). This is accomplished by
processing and fractionating insects into their component parts of fiber, lipids, and
protein meals before incorporating them into traditional dishes like burgers, pasta
and baked goods (Tzompa Sosa & Fogliano, 2017). However, this wide range of insect
derived food ingredients and foods does not include any iron-based items of any kind.
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5. Conclusion

Entoferritin is a unique protein found in edible insects. It has the same basic iron
mineralization and storage capacities as mammalian and plant ferritins, but it is larger
and more soluble. Introducing an entoferritin based iron source could pave the way
for the valorization of edible insect products while also addressing the ubiquitous
problem of iron scarcity.

The size, function, and iron affinity of entoferritin, as well as past research on its
homologs in other species, imply thata mild, effective,and scalable purification method
is achievable. To accomplish this, further studies are required to determine how these
characteristics of entoferritin can be harnessed for its purification. Furthermore, the
emerging edible insect industry is not yet focused on increasing the iron bioavailability
of edible insects or producing iron-rich insect-based food components. However, the
structure of the production chain enables the purification of entoferritin without
compromising other products.

In terms of the nutritional value of pure entoferritin, research on mammalian and
plant ferritin has shown that the fundamental properties of this protein complex
make it a highly bioavailable iron source. Entoferritin ought to be purified to improve
its human consumption potential and to allow studies to evaluate its bioavailability,
optimal intake form, and safety.
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Abstract

Edible insects are key players in the alternative protein market. Alongside their high
protein content, edible insects contain abundant trace minerals, including iron. Given
the lack of sustainable and bioavailable iron sources, edible insects are a promising
iron source in both human and livestock diets. However, little is known about how the
iron concentration in edible insects can be manipulated. This study aims to investigate
the impact of dietary iron at different concentrations on the growth, survival, and
nutrient composition of two edible insect species larvae: black soldier fly (BSF, Hermetia
illucens) and yellow mealworm (YM, Tenebrio molitor). Substrate iron content was
increased using ferric ammonium citrate (FAC), ranging from 267-563 mg/kg (O to
10 mM FAC) for YM and 323-6637 mg/kg (O to 100 mM FAC) for BSF. Larval weight of
YM was unaffected by dietary iron content, but survival rates significantly decreased
by 4% at the 10 mM diet. In BSF larvae, no differences in body weight or survival were
noted between dietary iron treatments, but cuticular lesions potentially indicative of
iron overload appeared at 100 mM diet. When exposed to excess dietary iron, both YM
and BSF showed significant increases in iron content in a dose-dependent manner,
with BSF larvae exhibiting a threefold increase from 372 mg/kg to 999 mg/kg. Both
species exhibited significant reductions in zinc on iron-enriched diets. Calcium levels
in BSF strongly correlated with dietary iron concentration, rising by over 20% at the
100 mM diet, a phenomenon not previously reported. Finally, across all dietary iron
concentrations, no significant effects on protein and fat content or soluble protein
composition were observed in either species. All together data suggest that BSF larvae
can act as a precious source of both iron and calcium for food and feed formulations
through substrate manipulation.

1. Introduction

Iron deficiency is the most prevalent hidden nutrient deficiency worldwide, with more
than 24% of the world population suffering from iron deficiency anaemia (GBD, 2023).
Similarly, iron deficiency anaemia is also widespread among livestock, particularly
pigs, with over 60% of piglets suffering from this condition (Kim et al., 2018).

For human consumption, heme-based iron is currently the most bioavailable form of
iron available, which is found mostly in animal-based sources (Schénfeldt and Hall,
2011). However, the production of these animal-based products requires extensive
use of water, energy, and land, posing significant global economic and sustainability
burdens (Parlasca and Qaim, 2022). Iron supplementation is a common practice for
both humans and livestock to combat iron deficiency. Nevertheless, this approach
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is associated with health risks and low bioavailability. In humans, iron supplements
can lead to various side effects, such as gastrointestinal issues, fatigue and dizziness,
and poor iron absorption rates (Tolkien et al, 2015). In piglets, iron supplementation
can result in antioxidant deficiency and the induction of hepcidin expression, which
reduces iron absorption (Szudzik et al., 2018). These observations underscore the need
for novel, sustainable and bioavailable iron sources, for humans and livestock alike.

Edible insects are a viable alternative protein source for both feed and food, owing to
their lower requirements for water, land and energy in rearing (van Huis et al,, 2021).
Many edibleinsects have aniron contentsimilar to beef,and a Caco-2 iron bioavailability
assay suggested similar absorption between insects and beef (Latunde-Dada et al., 2016;
Mwangi et al., 2018). There is a knowledge gap regarding the effective utilization of iron
from edible insects, given the high levels of antinutritional factors that can inhibit
absorption (Mwangi et al, 2022). However, the use of fractionated insect products
may offer a promising approach to harness this iron as a viable nutritional source. It
is hypothesised that the iron availability potential in insects is rooted in entoferritin,
the predominant iron transporter protein in insects (First et al, 2023). Although
it is evident that substrate iron content influences iron concentrations in insects
(Seyedalmoosavi et al., 2023), little is known about how this affects their development
and nutritional profiles. For instance, Hermetia illucens larvae reared on different waste
streams with varying iron contents have shown increased iron concentrations when
reared on a high-iron waste stream (Seyedalmoosavi et al., 2023).

This study investigates how the targeted addition ofiron affects the overall development
and nutritional content of edible insects. The effects of dietary iron on the growth,
survival, macro- and micronutrients content of two key insect species in the food and
feed industry: black soldier fly (BSF) and yellow mealworm (YM) larvae were measured
under a diet intervention trial.

2. Methods

2.1 Yellow mealworm rearing

Ferric ammonium citrate (FAC, CAS number 1185-57-5) was obtained from Merck
(Darmstadt, Germany). The iron salt was dissolved in water (FAC solution) in
a concentration 0, 1,25, 5 and 10 mM (Table 3.1). Mealworm feed provided by
InsectenKwekerij van de Ven V.O.F (Deurne, the Netherlands) was mixed using a
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magnetic stirrer with the different FAC solutions at a 1:1, FAC solution feed ratio (v/w).
The wet feed was then dried overnight at 50 °C with ventilation set on 100% overnight
in an incubator (Binder GmbH, Tuttlingen, Germany). After drying, the substrate was
ground with a blender (Waring, Stamford, CT, USA) and returned to the incubator at 50
°C with ventilation set on 100% for another night. Finally, the feed was ground again
with a blender into a fine powder with a dry matter (DM) content of approximately
90% to finalize the YM substrate. Final iron content in the substrates varied from 267 to
563 mg/kg DM, including the non-spiked iron content of the feed (Table 3.1). Each YM
substrate was sampled for freeze-drying and homogenization prior to mineral analysis
as described below.

The YM larvae (InsectenKwekerij van de Ven V.O.F, Deurne, the Netherlands) were
reared in a controlled environment at 25°C, dark environment and 50% relative
humidity in a rearing container (15.5 x 10.5 x 6 cm). For each diet (Table 3.1), 500 larvae,
approximately 1 cm in length and weighing approximately 26 mg each, were placed on
20 g of YM substrate and 15 g of carrots. Every other day, the YM were provided with 10
g of fresh YM substrate and 15 g of fresh carrots. Dead YM were removed at each feeding
event to prevent cannibalism. Upon the appearance of the first pupae, 20 days after
exposing the larvae to the experimental substrate, the YM were transferred to a control
YM substrate diet for two days to clear excess iron-spiked diet from their gut (Figure
3.1). On day 22, the YM larvae were separated from the feed using a sieve (pore size 1
mm), weighed (three sets of 30 random larvae), and individually counted.

For each replicate, 5 g of larvae were sacrificed with CO, for further preparation of
soluble fractions. The remaining larvae were sacrificed by flash-freezing with liquid
nitrogen, followed by freeze-drying and stored at -80°C until proximate and mineral
analyses. Each diet was done in triplicate.

2.2 Black soldier fly rearing

Before mixing with FAC solution, chicken feed (Kuikenopfokmeel no. 1, Kasper
FaunaFood, the Netherlands) was sieved (pore size 1.0 mm). FAC solutions were
prepared by dissolving FAC in water at concentrations of 0, 10, 25, 50 and a 100 mM
(Table 3.1). The FAC concentrations incorporated in the BSF diet were tenfold higher
than those tested in the YM substrate, as preliminary trials indicated the lower FAC
concentrations did not affect larval weight or survival of BSF larvae, whereas at 5 mM
FAC YM performance was negatively affected (Figure 3.2). Sieved chicken feed was
combined with the FAC solution in a 1:2 ratio (w/v) and mixed with a magnetic stirrer
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for 30 min at room temperature to prepare the BSF substrate. Final iron content in the
substrates varied from 323 to 6637 mg/kg, including the non-spiked iron content of the
feed (Table 3.1). Each BSF substrate was sampled for freeze-drying and homogenization
prior to mineral analysis as described below.

Eggs from BSF were obtained from Protix (Bergen op Zoom, The Netherlands).
Approximately 10,000 eggs were distributed into 10 rearing containers, each containing
600g of wet BSF substrate, with a feed to water ratio of 1:2 (w/v). The lids of the rearing
containers had a window (8.0 x 5.5 cm) covered with nylon mesh to allow ventilation.
The day of the first larvae hatching was designated as day zero of the trial. Insect rearing
was carried out at 27 °C and a relative humidity of 70% in the dark.

On day 3, any unhatched eggs were removed to ensure uniformity among the larvae.
On day 5, a homogeneous group of larvae that were manually chosen and collected,
weighing approximately 10 mg each, were introduced to the FAC-spiked BSF substrate
(Table 3.1, Figure 3.1. A). For each dietary group, 250 larvae were placed on 105 g of wet
BSF substrate per 100 larvae with a feed to water ratio of 1:2 (w/v). Each rearing container
held a sample size of 250 larvae. After six days on the iron-spiked diet, the larvae were
transferred to a control BSF substrate to clear the iron-spiked diet from their guts. On
day 12, the larvae were separated from the substrate using a sieve, washed with room
temperature tap water, individually counted and weighed (three sets of 30 random
larvae).

For each replica, 5 g of larvae were sacrificed with CO, for further preparation of soluble
fractions. The remaining larvae were sacrificed by flash-freezing with liquid nitrogen,
followed by freeze-drying and stored at -80°C until proximate and mineral analyses.
Each diet was done in triplicate.

Table 3.1. Iron concentrations (mg/kg dry substrate) of substrates used for rearing the yellow mealworm
larvae and black soldier fly larvae.

Yellow mealworm larvae

Fe 323 943 2300 2740 6637

* Control substrates were not mixed with ferric ammonium citrate; the iron content is based on the starting iron
concentrations of the feeds.

56



~
P - p .
Start ron trial > Q ¢ \) Empty i
pty iron from gut
20gfeed+15g - Larvae on regular feed
Day3 Days Day Day Day
l l 13 | 7 l 22
Day1 I Day6 I Day | Day I Day T
0 5 20
10 g fresh feed p Weigh,
— sacrifice
A ® > “» e 3
> -
. Removal of Empty iron from gut
Eggs introduced unhatched eggs Larvae on regular feed
Day Day 5 Day
0 I 12
Day 3 I Day T
11
Eggs hatched Start iron trial Weigh,
Larvae on iron count,
spiked feed sacrifice
’ ©

Figure 3.1. Timeline of the rearing period of the yellow mealworm (A) and black soldier fly (B) larvae.
Created with BioRender.com.

3.Insect parameters

3.1 Survival

Survival was calculated as described by Oonincx et al. (2019). Survival is defined as the
percentage of larvae remaining at the end of the rearing period relative to the number
of'larvae at the beginning of the rearing period.

3.2 Larval weight

Average weight of the larvae was determined by randomly collecting 30 larvae from
each rearing container at the end of the rearing period weighing them collectively and
dividing the value by 30. This process was repeated three times for each replicate.

3.3 Lesion documentation

Freeze-dried BSF reared on 100 mM FAC diet were visually inspected using an Olympus

SZX12 microscope equipped with a Euromex sCMEX-20 camera, using ImageFocus
software. Images of specific lesions on the larvae were captured.
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4. Proximate composition
4.1 Sample preparation

Firstly, flash-frozen insects were placed in pre-weighed boxes, covered with plastic
lids. A hole was cut in each lid and covered with tissue to allow water sublimation. For
the substrate samples, approximately 20mL of substrate was placed in 50mL Greiner
tubes, covered with tissue, and secured with rubber bands. The insect and substrate
samples were freeze-dried with the Super Modulyo freeze dryer (Edwards, Burgess Hill,
UK). After freeze-drying, the containers with samples were weighed and immediately
transferred to new airtight containers. These containers were then stored in vacuum
bags in the freezer at -80°C until sample homogenization.

Insect samples werehomogenized using the Freezer/CryoMill® 6775 (SPEX SamplePrep,
New Jersey, USA). The CryoMill operated with dual samples under automatic liquid
nitrogen filling, with a pre-cool time of 3 min, a run time of 3.5 min, and a cool time of
1 min. Milling was performed in three cycles at a rate of 15 cps. Substrate samples were
homogenized by placing 8-10 g of the sample in the Retsch Ball Mill MM400 (Retsch,
Haan, Germany) for 45 s at a frequency of 25/s.

Soluble fraction was prepared by grinding CO,-sacrificed larvae with Milli-Q water at a
14 ratio. The resulting slurry was centrifuged at 4,700X g for 45 minutes at 4°C followed
by supernatant (soluble fraction) collection. This soluble fraction was then stored at
-80°C until further use.

4.2 Dry matter content

The dry matter (DM) content of the freeze-dried larvae was measured using a DAB 200-
2 Moisture analyzer (KERN and Sohn GmbH, Balingen, Germany). To determine the
DM, one gram of the sample was heated at 120°C until complete dryness. Dry matter
content represents the fraction of dried material relative to the fresh weight of the
larvae.

4.3 Fat content
Fat extraction was based on the Official AOAC method 920.39 (AOAC, 2023), with minor
modifications. The fat content of the larvae was determined using a SOXTHERM®

Extraction unit (Gerhardt GmbH and Kénigswinter, Germany). In this procedure, four
g of freeze-dried insect powder were placed into extraction thimbles and covered with

58



grease-free cotton wool. The fat was extracted using petroleum ether (boiling range 40-
60° C) at an extraction temperature of 150°C for a 2 h. Following extraction, the canisters
were left in a fume hood overnight to allow any residual solvent to evaporate. The
remaining fat content in the canisters was weighed the next day to and calculated as a
percentage of the DM.

4.4 Protein content and molecular weight distribution

The nitrogen content of the larvae was quantified using a DUMAS Flash EA 1112 Protein
analyser (Thermo Fisher Scientific, USA, Massachusetts, USA). Cellulose (Merck,
Darmstadt, Germany) was used as a blank, and D-methionine (Thermo Scientific
Chemicals, Waltham, USA) was utilized to construct the calibration curve. The protein
content of the samples was calculated assuming a nitrogen-to-protein conversion
factor of 4.75 for the yellow mealworm larvae and 4.67 for the black soldier fly larvae as
established for these two species respectively (Janssen et al., 2017). The Protein samples
were expressed as a percentage of the DM.

Protein composition was assessed using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions. The soluble fraction samples
were run on 12-well NuPAGE™ Novex™ 12% Bis-Tris gels. The electrophoresis was carried
out using NuPAGE™ MOPS SDS Running Buffer and NuPAGE™ Antioxidant, followed
by staining with Coomassie Brilliant Blue R-250 Staining Solution. Thermo Scientific™
Spectra™ Multicolor Broad Range Protein Ladder (10-225 kDa) was used as a molecular
weight marker. The gels were scanned using a GS-900 Calibrated Densitometer (Bio-
Rad, USA), and ImageLab (version 6.1, Bio-Rad, USA) was employed for documenting
the gels.

4.5 Ash content

The total content of non-combustible inorganic elements, called ash, was measured
following the AOAC ash determination protocol (Thiex et al, 2012), with minor
modifications. In brief, one gram of freeze-dried insect powder was incinerated at
550° C for 5 hours using a Gallenkamp Muffle Furnace (Gemini BV,, Apeldoorn, the
Netherlands). Post-incineration, the samples were left to cool overnight in a desiccator
before weighting. After weighing, concentrations were calculated and expressed as a
percentage of the dry matter.
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4.6 Trace mineral analysis

Larvae and substrate mineral quantification was carried out by the Soil Chemistry
Laboratory (CBLB, Wageningen University and Research, the Netherlands). Briefly, 300
mg of the insect sample was treated with concentrated nitric acid and hydrochloric
acid. The mixture was then heated in a microwave. Following this, hydrogen peroxide
was added, and the mixture was reheated in the microwave. After allowing the
undissolved silica particles to settle, the supernatant was collected for analysis using
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, Thermo iCAP-
6500 DV; Thermo Fisher Scientific, United states of America). The mineral content
was expressed as g/kg DM (Ca, K, Mn and P) or mg/kg (Fe and Zn). Bioaccumulation
factor (BAF) is defined by Das et al. (2023) as the larval iron concentration divided by the
substrate iron content.

5. Data analysis

Statistical analyses were conducted using RStudio (version 1.3.1073). A one-way ANOVA
was performed to evaluate differences among groups, followed by Tukey’s Honestly
Significant Difference (HSD) post-hoc test for pairwise comparisons with alpha set at
0.05. Pearson correlation analysis was employed to assess the relationship between
substrate iron concentration and the mineral contents. Correlations were classified as
moderate for Pearson correlation coefficients (r) ranging from 0.75 to 0.9, or from -0.75
to -0.9. Correlations were considered strong when r was = 0.9 or <-0.9.

3. Results and discussion

1. Insect parameters
1.1 Yellow mealworm (YM)

Larvae reared on control diet weighed 134.1 = 5.3 mg (Figure 3.2A). The observed range
of larval weight at this rearing time aligns with values reported in the literature (Kim et
al., 2016; Rumbos et al., 2022). The YM reared on substrate with 2.5 mM of FAC reached
a similar weight (139.3 + 3.2 mg) as the larvae on control and ImM FAC diets. Further
increase of FAC concentration to 5 mM significantly decreased larval weight to 131.5 =
1.5 mg compared to the 2.5 mM Diet. At the highest tested concentration of 10 mM FAC,
larval weight (134.2 + 4.7 mg) was significantly higher than the 5 mM FAC diet but was
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similar to that on control, 1 and 2.5 mM FAC diets. Thus, there was no clear trend in the
effect of iron concentration on larval weight of YM.

Survival of YM larvae on control diet was the highest (98.6%) compared to all FAC diet
reared larvae. Increase in FAC content up to 5 mM resulted in survival of 97.6%. On
10 mM FAC diet, survival dropped to 94.9%, being significantly lower than on control
diet (Figure 3.2B). The survival of YM larvae in this study is high compared to other
studies. The larvae in this study exhibited survival ranging from 94% to 99%, while
previous studies reported survival of 70% to 90% in various feeding experiments
(Jamaa et al, 2021; Liu et al,, 2020; Rumbos et al., 2022). The high survival rate observed
in our study suggests that the larvae were reared under suitable conditions. Prior to
this study, the effect of iron excess on YM survival has not been documented. However,
exposure to similar excess dietary iron can reduce growth rates, larval size, oviposition,
and locomotive functionality in insects such as Drosophila melanogaster and Lymantria
dispar (dos Santos et al.,, 2024; Keena, 2022). Although those studies did not measure
survival, they did demonstrate that excess dietary iron negatively affects larval
development and health. This negative impact aligns with the findings reported here
on the YM larvae when exposed to excess dietary iron. Given the significant impact of
iron supplementation on YM larvae, they were not reared on the tenfold iron diet used
for BSF larvae (Table 3.1).
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Figure 3.2. A: Average weight (mg) of YM larvae; B: Survival (%) of YM larvae. Both measurements were
taken 22 days after larvae were introduced to substrates with varying concentrations of ferric ammonium
citrate: control, 1 mM, 2.5 mM, 5 mM, and 10 mM. Bars having no letter in common differ significantly (one-
way ANOVA followed by Tukey’s HSD test; p <0.05).
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1.2 Black soldier fly (BSF)

The weight and survival of BSF larvae did not significantly differ across the FAC
concentrations tested (0-100 mM, Figure 3.3). The weight range of BSF larvae at a
similar age, between 200250 mg per larvae, is in line with literature (Kieling et al,
2023; Seyedalmoosavi et al., 2022). Larval weight change in response to increased iron
concentrations has not previously been reported for BSF, but the effect of heavy metals
iswell-documented. In a study conducted by Wu etal., (2020), larvae were reared on diets
spiked with copper concentrations ranging from 100 to 800 mg/kg DM and cadmium
concentrations from 10 to 80 mg/kg DM. The study demonstrated that BSF larvae do
not exhibit significant changes in larval weight when reared on diets with varying
levels of cadmium or copper, that is similar to the effect of the excess of dietary iron
observed in the current study. However, it should be noted, that biological effects and
known lethal or toxic concentrations of different metals vary, making it challenging to
directly compare effects of iron concentrations with cadmium or copper (Gupta and
Gupta, 1998).

Similar to the larval weight, BSF larval survival was unaffected by dietary iron
concentrations (ranging from 99 to 102%). The survival rates slightly exceeding 100%
are likely due to human error, as the larvae were counted manually. Survival of nearly
100% during an 11-14 days rearing period is a common in BSF reared in suitable
conditions (Cheng et al,, 2017). However, survival can vary depending on the feed
source. For example, BSF reared on fish-based diets and digested sewage sludge, which
are both contaminated with various heavy metals, exhibited survival rates of 47% and
39%, respectively (Lalander et al, 2019; Nguyen et al., 2013). The low survivability of
larvae reared on sewage sludge (39%) was associated with a lower protein conversion
rate compared to those reared on undigested sewage sludge, which had 79% survival
(Lalander et al, 2019). Cai et al., (2018) reared larvae on artificial diets spiked with
11 different heavy metals, mimicking the content found in such waste streams, to
investigate the specific effect of heavy metals on BSF larvae survival in contaminated
waste streams. Although iron was not included in the study, none of the tested heavy
metals affected larval survival when exposed to these artificial diets. These findings
align with the current study, indicating that metal content, including iron, has a lesser
impact on BSF larval survival compared to factors like substrate processing, moisture
content and macronutrient bio-accessibility.

Several BSF larvae reared on the 100 mM diet (6637 mg/kg DM of iron) displayed a
dark, three-layered lesions with an approximate diameter of 400 to 800 um (Figure 3.3).
Although this phenomenon has not been previously documented in insects, forensic
signs of iron toxicity have been characterized in other animals. For instance, bronze
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skin hyperpigmentation and the presence of a black-greyish, rigid pancreas have
been observed in humans (de Carvalho Machado and Dinis-Oliveira, 2023). Iron is not
known to be directly involved in cuticle formation in BSF larvae, but calcium is. As
elaborated below, calcium levels of BSF larvae levels are correlated with dietary iron
concentrations in the substrate (Table 3.3). Amorphous calcium carbonate and calcite
are abundant in the larval cuticle and their presence increases with larval growth
(Rebora et al.,, 2023). This could explain the appearance of these lesions. This finding

could be used as an indication of extreme iron concentrations in waste streams fed to
BSF larvae.
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Figure 3.3. A: Average weight (mg) of BSF larvae; B: Survival rates (%) of BSFlarvae. Both measurements were
taken 6 days after 5 days old homogenous larvae were introduced to substrates with varying concentrations
of ferricammonium citrate: control, 10 mM, 25 mM, 50 mM, and 100 mM. No significant differences between
diets were found for either the average weight or survival rate of the BSF larvae.
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Figure. 3.4. BSF reared in the 100 mM FAC diet. Image captured using an Olympus SZXI2 microscope
equipped with a Euromex sCMEX-20 camera. The taken pictures focus on the lesions found on the larvae
reared on the 100 mM diet. The scale bars in the pictures are 10 mm (A), 500 um (B), 250 pm (C), and 500 um
(D).

1.3 Proximate composition

Fat content, protein content and soluble protein composition of the two larvae species
were not significantly altered by the incorporation of FAC in the substrate. For the BSF
larvae, protein content ranged from 32.9% to 33.8% DM, and fat content ranged from
28.5% to 31.1% DM. For the YM larvae, protein content ranged from 38.0% to 38.7% DM,
and fat content ranged from 34.8% to 35.9% DM (Table 3.2, Figure 3.4). Protein content,
bio-accessibility and fat content have been shown to be the main drivers for protein
and fat alteration of both BSF and YM larvae (Fischer and Romano, 2021; Jankauskiené
etal.,2024; Wu et al.,2006). These findings further support the conclusion that substrate
processing, macronutrient composition and form are the primary determinants of
larval macronutrient composition, with iron playing a negligible role.

Ash content of YM larvae did not differ significantly between the different FAC diets,
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with 3.4% DM on the 1 mM diet being the lowest and 3.8% DM on the 5 mM FAC diet
being the highest. These ash concentrations are aligned with previously reported YM
larvae inorganic content ranging from 1% DM to 5% DM. An increase of dietary iron
concentration from FAC in this study did not significantly alter the ash content of YM
larvae. It is suggested that the relatively low proportion of iron, comprising less than
0.5% DM of the total larval mineral composition (Costa et al,, 2020), is insufficient to
significantly affect the total ash content.

The ash content of the BSF larvae was highest on the 100 mM FAC diet, at 11.5% DM, was
significantly higher compared to all other diets. The ash content reported in this study
falls within the previously reported range for BSF larvae, which varies widely from 3%
DM to 17% DM depending on factors such as strain, diet and rearing conditions (Boafo
et al., 2023, Weko et al., 2023). Unlike protein and fat content, ash is not reported to be
dose-dependent on any specific macronutrient (Boafo et al.,2023). Similar to YM larvae,
the total iron content in BSF larvae ranks it among microminerals, comprising less
than 0.5% of the total mineral content (Chia et al., 2020). Despite this, an increase in
ash content by 1.3% DM was observed. Given the small proportion of iron in the total
mineral composition of the larvae, it is unlikely that increased iron alone could account
for the rise in ash content. Instead, the data suggest that the elevated dietary iron in
the BSF substrate may have facilitated the accumulation of other minerals, notably
calcium, which contributed to the observed increase in ash content, as mentioned
below.
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Table 3.2. Protein, fat,and ash content (% dry matter) of YM and BSF larvae reared on diets with different
ferricammonium citrate concentrations. Each nutritional value is compared between the FAC diets within
the two insect species.

Yellow mealworm

Control 1.0 mM 2.5 mM 5.0 mM 10.0 mM
Protein (%/ 385+0.5 381+0.0 38.0+0.1 38.7+0.3 38.3+0.2
DM)
Fat (%/DM) 34.8+3.0 357+2.3 359+14 357+12 35.5+2.0
Ash (%/DM) 3.6=0.1 34+0.5 37=0.1 3.8+02 BISESON]
Control 1.0 mM 2.5 mM 5.0 mM 10.0 mM
Protein (%/ 329+0.8 33.3+0.8 33.6+0.8 33.8+0.1 33.3+0.1
DM)
Fat (%/DM) 285+1.6 30.8+0.5 30.6 0.6 304 +15 31.1+1.3
Ash (%/DM) 10.3ab £ 0.1 10.2a+ 0.0 10.3ab+ 0.3 10.8b = 0.2 11.5c +0.2

*Different letters indicate significant differences (p < 0.05). Mean groups lacking common letters are not
significantly different (p > 0.05).
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Figure 3.5. Molecular weight distribution of BSF and YM larvae soluble fraction by SDS page under
reducing conditions. Lane 1: Marker (10-225 kDa); Lane 2: BSF larvae control; Lane 3: BSF larvae 10 mM,;
Lane 4: BSF larvae 25 mM; Lane 5: BSF larvae 50 mM; Lane 6: BSF larvae 100 mM; Lane 7: Marker (10-225
kDa); Lane 8: YM larvae control; Lane 9: YM larvae 1 mM; Lane 10: YM larvae 2.5 mM; Lane 11: YM larvae 5
mM; Lane 12: YM larvae 10 mM.



2. Trace minerals
2.1.Iron

A significant dose-dependent positive correlation between iron concentration in the
substrate and YM larval iron content was found (Table 3). The YM larvae reared on
diets containing up to 5 mM FAC have shown a significant increase of just under 20%
in iron content (50.33 to 58.66 mg/kg) without compromising larval growth or survival.
Oppositely, a negative dose-dependent trend was observed between the YM substrate
iron and the iron BAF of the larvae. Iron bioaccumulation was significantly higher in
the control group (0.18) compared to all other treatments, while the 10 mM diet (0.11)
showed significantly lower bioaccumulation than all other treatments (Table 3, Figure
3.2). These results suggest that although iron levels in YM larvae can be increased
through dietary manipulation, the extent of accumulation is limited due to the low
conversion rate.

A significant dose-dependent increase in iron content was also observed in BSF larvae
with increasing concentrations of FAC in their substrate (Table 3.3). At the highest
dosage (100 mM), the iron content in the larvae nearly tripled, from 372 mg/kg DM
to 999 mg/kg DM, while larval size and survival remained similar (Table 3, Figure
3.3). These results are consistent with the study by Seyedalmoosavi et al. (2023), who
explored rearing BSF larvae on substrates mixed with various fertilizers to simulate
sewage waste and resulting in iron content of the substrates between 337 and 5852 mg/
kg DM. However, a decrease in iron BAF was observed, with the highest value in the
control diet (1.15). Bioaccumulation then plateaued at 25 mM (0.27), showing similar
values in the 50 mM and 100 mM treatments. The lack of significant differences among
these three highest iron treatments highlights the BSF larvae’s capacity to accumulate
iron even at very high substrate iron concentrations. The consistent BAF values across
diets with more than 25 mM FAC and above may indicate that iron absorption at high
concentrations occurs via a passive paracellular pathway, driven by a density gradient.
Unlike protein-regulated gut absorption, paracellular transport involves the passive
movement of water and charged molecules through tight junctions between epithelial
cells (Hollander & Kaunitz,2020). This phenomenon has notbeen investigated in edible
insects regarding iron and warrants further study. In the work of Seyedalmoosavi et
al. (2023), larvae reared on substrates with varying iron content showed lower larval
iron levels (150-557 mg/kg DM), compared to the current findings (372-999 mg/kg DM).
Notably, larvae reared on a substrate mimicking sewage containing 337 mg iron/kg
DM, accumulated less than half the iron (150 mg/kg DM) compared to larvae reared on
a sewage mimic with 351 mgiron/kg DM, which accumulated 339 mg/kg DM. The latter
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treatment is comparable to the iron BAF found in the control diet (1.15). Additionally,
larvae reared on a sewage mimic substrate with 5852 mg iron/kg DM resulted in a
larval iron content of 557 mg/kg DM, leading to a lower iron BAF when compared to
the 100 mM treatment (0.15). Thus, the strong correlation observed in the current study
between substrate iron and larval iron content and the higher iron BAF (Table 3), as
opposed to the findings of Seyedalmoosavi et al. (2023), may be attributed to differences
in iron accessibility in the substrates. Missirlis et al. (2006) demonstrated that FAC
inclusion in the substrate significantly increases iron levels in Drosophila melanogaster,
another fly species, suggesting that FAC can act as a bioavailable iron source for BSF
larvae as well. Thus, it is suggested that the FAC iron is more bioavailable compared to
the iron in fertilizer mimics, which may be less soluble and more prone to interactions
with anti-nutritional factors, making it less accessible to the larvae. Pre-processing
methods might improve the bioavailability of iron in waste materials for BSF larvae, as
suggested by this comparison.

2.2. Zinc

Increasing the dietary iron in both the BSF and YM substrate decreased the zinc
concentration of the larvae, from 128 (Control) to 117 (10 mM) mg/kg in the YM larvae
and from 183 (Control) to 125 mg/kg for the BSF larvae (100 mM, Table 3). The dose-
depended relationship between iron intake to zinc levels is not studied in insects but
is well known amongst other organisms. Iron is a known antinutritional factor of zinc
in mammals (Meadows et al.,, 1983). For instance, piglets exposed to excessive dietary
iron have a dose-dependent zinc decrease (Middleton et al.,, 2021). This might be as iron
and zinc share similar transporters and receptors, such as the ZIP protein family and
DMT1 (Hansen et al, 2009, Cousins et al., 2006). Although this relationship in insects
has not been investigated, ZIP proteins were identified in insects to deliver both iron
and zinc, and the transporter DMT1 is known to interact with both metals in insects
(Bettedi et al., 2011; Missirlis, 2021). Therefore, it is possible that excessive dietary iron
inhibits zinc absorption due to competition for both DMT1 and ZIP proteins capacity
in BSF and YM.

2.3. Calcium

Calcium levels were similar across all diets for the YM (from 1.1 to 1.2g/kg). In mammals
calcium is known to decrease iron absorption due to noncompetitive inhibition of
the DMT1 transporter (Thompson et al, 2010). The calcium absorption pathway in
insects begins primarily in the midgut, where calcium uptake is driven by a calcium
concentration gradient (Taylor, 1985). Although the specific mechanisms of calcium
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absorption in the insect midgut remain underexplored, evidence suggests that this
process may involve passive and active transport pathways. A secondary reabsorption
of calcium occurs in the Malpighian tubules, facilitated by calcium-specific channels
such as DmcalA and DmcalD (Browne and O’'Donnell, 2018; Dube et al., 2000). This
reliance on specific transporters and calcium concentration might explain the minimal
effect on calcium absorption observed in the diets provided, despite the competition
on the DMT1 pathway.

Interestingly, a strong correlation was found between substrate iron content to BSF
larvae calcium content (from 26.5 to 31.9 g/kg, Table 3) when dietary iron was increased.
Notably, this approximate 54 g/kg increase in calcium partially explains the 1%
significant increase in the total insect ash content (Table 3.2, Table 3.3). There is a gap
in literature regarding how increased iron intake affects calcium levels in arthropods.
However, calcium has been shown to inhibit iron absorption in humans (Lénnerdal,
2010). Understanding this phenomenon requires further research.

2.4. Phosphorus

No significant differences in phosphorus content were observed within the larvae of
the two insect species across the iron treatments. The phosphorus content ranged from
6.8t07.2 g/kgin the YM larvae and from 7.6 to 7.8 g/kg in the BSF larvae (Table 3.3). Ferric
citrate hydrate is a medicine used for patients suffering from chronic kidney disease
to lower phosphorus serum levels (lida et al., 2013). Ferric iron binds to phosphorus
ions, making it insoluble, lowering absorption. Similarly, the free iron in FAC could
interact with phosphorus. This potential interaction did not affect YM and BSF larvae
phosphorus levels.

2.5. Potassium

The most abundant mineral in the larval body, potassium, was not affected by dietary
iron concentrations. The potassium content ranged from 8.3 to 8.7 g/kg in the YM
larvae and from 10.9 to 11.5 g/kg in the BSF larvae (Table 3.3). The absorption pathways
of potassium occur primarily via a concentration gradient through Na+/K+-ATPase
pumps, a conserved mechanism common in all animals. This pathway has minimal
connection to the DMT1 and ZIP transporters involved in iron absorption found in
insects (Gorman, 2023; Terra and Ferreira, 2020; Thabet et al., 2016).
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2.6. Magnesium

The FAC diets did not affect magnesium content in the larvae of either insect species.
The magnesium content ranged from 1.9 to 2 g/kg in the YM larvae and 2.5 g/kg in the
BSF larvae (Table 3). Iron has not been documented to affect magnesium absorption.

Moreover, magnesium increases nonheme iron absorption in humans (Neda et al,
2022).
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Table 3.3. Trace mineral composition (W/W dry matter) of YM and BSF reared on diets with different
iron (FAC) concentrations. Each value is compared between the iron treatments within each of the two

insect species. Different letters indicate significant differences (p < 0.05). Mean groups lacking common
letters are not significantly different (p > 0.05). The Pearson correlation coefficient (r) between the mineral
content and the iron in the substrate is defined as follows: *indicates a moderate correlation (0.7 <r < 0.9 for
moderate positive correlation or -0.9 < r < -0.7 for moderate negative correlation), and xx indicates a strong

correlation (r = 0.9 for strong positive correlation or r =-0.9 for strong negative correlation).

Yellow mealworm

Diet Control

Substrate iron

content (mg/kg) 267
Bioaccumulation

factor (BAF) of 0.182
iron

Iron* (mg/kg DM) 50.32%2.0
Zinc* (mg/kg DM) 128.4a+15

Calcium (g/kg DM) 11+0.0

Potassium (g/kg .
DM) 8.6+0.3
Magnesium (g/kg

DM) 20+0.1
Phosphorus (g/kg

DM) 70+£0.3

Black soldier fly

1.0 mM

293

0.18a

55.3bc + (0.5

126.6ab £ 3.3

1.1+£0.0

8.6+0.1

2.0=0.0

7.1+ 0.1

2.5 mM

350

0.15b

54.0ab + 0.0

117.5¢+2.6

1.1+£0.1

83+0.2

19+0.1

6.8+0.2

5.0 mM

407

0.14b

58.6c+2.3

120.3bc =
Y

1202

87=0.1

2.0=0.0

7202

10.0 mM

563

0.11c

64.0d+1.0

117.3¢+2.6

11£0.1

84+0.2

1.9+0.0

6.8+0.2

Pearson
correla-
tion coeffi-
ciency (r)

0.91xx

-0.70x

-0.10

-0.22

-0.45

-0.28

Diet Control

Substrate iron

content (mg/kg) 525
Bioaccumulation

factor (BAF) of 1.15a
iron

Iron* (mg/kg DM) 372.6a+31.2
Zinc* (mg/kg DM)  183.8a+15.0

Calcium (g/kgDM)  26.5a+15

Potassium (g/kg

DM) 11.5+0.2
Magnesium (g/kg

DM) 25+0.1
Phosphorus (g/kg 76+05

DM)

10.0 mM

943

0.53b

505.3ab =
391

154.5b £12.1

27.02+0.53

11.5+0.1

2.5+0.0

25.0 mM

2300

0.27¢

626.6bc +74.8

136.3bc +10.1

28.1ab+ 0.5

11.2+04

2.5+0.03

50.0 mM

2740

0.21c

791.3c £
12.5

125.8¢+2.9

30.1bc£1.3

109+0.3

25+0.0

100.0 mM

6637

0.15¢

999.3d +125.1

125.6¢+9.0

319¢+0.5

109+04

25+0.1

Pearson
correla-
tion coeffi-
ciency (1)

0.95xx

-0.75x

0.91xx

-0.67

0.15

0.18



4. Conclusion

Thisstudy investigated the effects of dietaryiron on the growth, survival,and nutritional
composition of larvae of the yellow mealworm and the black soldier fly. Survival at
high iron concentrations (10 mM) decreased YM survival, indicating sensitivity to
iron overload. In contrast, BSF larvae demonstrated resilience across the tested iron
levels. Nutritional analysis revealed a dose-dependent increase in iron content in
both species, with BSF larvae showing a significant rise from 372 to 999 mg/kg. This
increase correlated with a decrease in zinc content in both species of larvae, suggesting
competition for absorption. An unexpected rise in calcium levels was observed in BSF
larvae across the diets. At the highest iron concentration (100 mM), stress-induced
black lesions appeared, suggesting structural modifications of the exoskeleton related
to the observed increase in calcium, a crucial mineral for exoskeletal development.
Characterization of these lesions and their source could enable the use of BSF larvae
as a detection tool for extreme iron conditions in waste streams, warranting further
research.

Ferric ammonium citrate (FAC), a commercial iron supplement, was used in this study
due to its previous success in enhancing iron content and increasing entoferritin
detection in insects. [ron offered as ferricammonium citrate is likely more bioavailable
than naturally occurring iron in substrates. Future research should identify substrate
processing methods to enhance the bioavailability of naturally occurring iron in
substrates, to further improve the larvae’s nutritional profile. The switch to an FAC-free
diet in the final days of rearing further supports the effective assimilation of iron by
the larvae, as iron was likely retained within the larvae. This suggests an enhancement
in the larvae’s iron content and potentially improved bioavailability, if bound to iron
binding proteins. This still requires further identification of protein expression and
concentration.

These findings underscore the potential of dietary manipulation to enhance the

nutritional profile of BSF larvae, positioning them as a promising sustainable source
of'iron and calcium for food and feed applications.
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Abstract

Black soldier fly (BSF) larvae are increasingly valued as a sustainable source of
proteins and essential minerals in animal feed and potentially food, yet their
physiological response to substrate iron fortification is poorly defined. Here, integrated
transcriptomic, proteomic, and tissue iron detection approaches were used to
characterize responses of BSF larvae reared on diets containing 323 (control), 1,255, and
6,970 mg Fe/kg dry matter (DM). Larval growth at day 12 was unaffected, while prepupal
emergence after 15 days showed a statistically non-significant increase at the highest
iron level, suggesting only subtle developmental effects. Prussian blue staining showed
a dose-depended iron accumulation in the midgut epithelium, consistent with known
insect iron responsive regions of entoferritin-based sequestration. An elevated iron
signal in the peritrophic matrix indicated a complementary defensive barrier. Multi-
omics profiling revealed oxidative stress responses, suppression of mitochondrial and
translational pathways, and activation of exoskeleton biosynthesis. Entoferritin levels
rose by ~70% for both protein subunits despite modest transcript changes, pointing
to a post-transcriptional regulation mechanism. These results suggest a gut-centered
“accumulate-and-store” physiological strategy enabling BSF larvae to tolerate high
dietary iron. This entoferritin-based high iron accumulation capacity highlights the
potential of this insect as a sustainable source of bioavailable iron in feeds.

1. Introduction

Thereisanincreasing need for climate-resilientand bioavailable sources of dietary iron
for food and feed alike (Byrne & Murphy, 2022; Wang et al., 2024). Iron bioavailability
in food is influenced by multiple factors, including its chemical form, whether it is
bound to proteins, and the presence of absorption enhancers or inhibitors in the food
matrix (Piskin et al., 2022). For instance, the edible insect ferritin (entoferritin) is an
iron binding protein that is hypothesized to increase iron bioavailability (First et al,
2023). It is a spherical, hollow protein complex composed of 24 subunits that can hold
thousands of iron atoms, typically assembled in a 1:1 ratio of heavy and light chains
(FerHCH and FerL.CH, respectively) (Pham & Winzerling, 2010).

Several edible insect species are proposed as novel protein and fat sources as well
as suppliers of essential micronutrients, including dietary iron (Mwangi et al., 2018).
Among these, the black soldier fly (BSF, Hermetia illucens) is the most established
species in the feed industry, valued for their larvae ability to efficiently convert organic
waste into high-quality biomass (Siva Raman et al,, 2022). Notably, BSF larvae contain
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considerable iron levels, of around 300 mg/kg Dry Matter (DM) under typical rearing
conditions, and have demonstrated the capacity to accumulate heavy metals, including
iron (First et al., 2024; Wu et al., 2006; Wu et al., 2020).

Iron is an essential nutrient for all living organisms, but its redox properties make it
potentially toxic at high concentrations, as it can catalyze the formation of reactive
oxygen species (ROS) via mechanisms such as the Fenton reaction (Dixon & Stockwell,
2014). Despite this potential toxicity, we have recently showed that BSF larvae can
tolerate and accumulate exceptionally high levels of dietary iron without adverse
physiological effects. BSF larvae were reared on diets with iron concentrations ranging
from 323 to 6,637 mg/kg DM, covering both typical feed iron levels and concentrations
considered extreme (First et al.,2024). For example, five days of exposure to 10 mM ferric
ammonium citrate is lethal to Drosophila melanogaster (Bonilla-Ramirez et al., 2011).
When reared on 6,637 mg Fe/kg DM, the BSF larvae accumulated up to three times
more iron and exhibited increased calcium levels, with no negative impacts on survival
rate, larval weight, fat and protein content, or the molecular weight of major soluble
proteins (First et al., 2024). How BSF larvae can accumulate and tolerate such extreme
iron loads remains unclear. A role for entoferritin is suggested (First et al., 2024), but
also specific biochemical tolerance mechanisms could be activated.

The aim of this study was to investigate the mechanisms by which BSF larvae
accumulate and regulate increased dietary iron content, in the context of BSF larvae
used as food and feed. Specifically, transcriptomic and proteomic analyses were
employed to examine molecular changes in iron-fortified larvae. In addition, imaging
and relative quantification of larval intestine of the BSF were conducted.

2. Methods

1. Larvae rearing and collection

Black soldier fly larvae were reared under controlled conditions at 27 °C and 70%
relative humidity, in the dark. Rearing procedures were based on First et al. (2024),
with minor modifications to feed moisture content, as well as rearing and sampling
timelines, depending on the analysis.

Dry chicken feed (Kuikenopfokmeel no. 1, Kasper FaunaFood, the Netherlands) was
sieved usingal.0 mm to homogenize particle size of thedry substrate. Ferricammonium
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citrate (FAG; CAS 1185-57-5; Merck, Darmstadt, Germany) was dissolved in water to
prepare solutions of 12.5, and 125mM, corresponding to final substrate concentrations
of 323 (Control, i.e. no fortification), 1,255, and 6,970 mg Fe/kg DM, respectively. Diets
were prepared by mixing 200 g of dry feed with 320 mL of the respective FAC solutions
(L:1.6 feed-to-water ratio), yielding 520 g of wet feed per container.

A total of 0.2 g of BSF eggs (Protix, Bergen op Zoom, the Netherlands) were introduced
to 520 g of wet, FAC-free feed. Larvae were reared on this control diet for five days.
Then, larvae were separated from the substrate by sieving, counted, and assigned
to treatments. For each treatment, 200 five-day-old larvae were transferred to new
rearing containers (15.5 x 10.5 x 6 cm) containing 520 g of wet feed prepared with the
corresponding FAC concentration. Each treatment was conducted in quadruplicate.
Two days after exposure, four larvae per replicate were collected, flash frozen in liquid
nitrogen, and stored at -80 °C for mRNA extraction. On day 7 since the start of the
exposure, all remaining larvae were harvested, flash frozen in liquid nitrogen, and
stored at -80 °C for protein and mRNA analyses.

To assess pre-pupation, an additional cohort of five-day-old larvae was reared on iron-
supplemented diets for twelve consecutive days. For each treatment (Control, 12.5,
and 125 mM FAC), 200 larvae were placed in rearing containers with 520 g of wet feed
with the corresponded FAC fortification. All treatments were reared in triplicate. At
the end of the period, larvae were harvested, sieved, and separated into larvae and pre-
pupae based on external morphology, as darkened and hardened lighter larvae were
counted as pre-pupas. All individuals were counted, and their biomass was measured
to validate developmental stage separation, as pre-pupae are significantly lighter than
earlier instar larvae (Georgescu et al., 2020).

For iron cluster localization, larvae were reared using the same procedure but were
switched to FAC-free feed on day 7 to avoid excess iron in the larval gut. These larvae
were collected on day 8, sieved and freshly dissected following a sacrifice using CO,
exposure.

2. Tissue Prussian Blue (iron) Staining
Larvae reared on control diet for 24 h after the end of iron treatments were harvested.
Dissections were performed in phosphate-buffered saline (PBS, pH 7.2), at room

temperature. Whole-body staining was initially performed using Prussian blue
solution (2% w/v potassium ferrocyanide [KFe(CN)] and 2% hydrochloric acid mixed
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in 1:1 ratio) for 10 min in dark conditions to localize iron deposits. Samples were
subsequently washed in PBS to remove excess staining reagent.

Following whole-body staining, gut tissues were dissected and stained separately
under the same conditions. This targeted approach was guided by the initial whole-
body results to refine the localization of iron deposits.

Tissue imaging was performed using an Olympus SZX12 stereomicroscope equipped
with a Euromex sCMEX-20 digital camera. Images were acquired and processed using
ImageFocus software.

3. mRNA and Protein extraction

mRNA extraction was conducted by Novogene Europe (Cambridge, UK). Total RNA
was isolated from frozen BSF larvae using TRIzol reagent (Invitrogen, USA), following
the manufacturer’s instructions with slight modifications. Two to three frozen whole
larvae were ground in liquid nitrogen and 50 mg of the larvae were homogenized in 1
mL of TRIzol. After chloroform extraction and phase separation, the aqueous layer was
collected, and RNA was precipitated using isopropanol. The pellet was then washed
with 75% ethanol and dissolved in RNase-free water. RNA concentration and quality
were evaluated with an Agilent 5400 system (Agilent, USA). All steps were carried out
under RNase-free conditions.

For protein extraction, each frozen BSF larvae was subjected to a preliminary wash with
70% ethanol to remove potential surface contaminants, followed by three consecutive
washes with PBS (137 mM NacCl, 2.7 mM KCl, 8.1 mM NaHPO-2HO, 1.76 mM KHPO) at a
1:10 weight-to-volume ratio, supplemented with EDTA-free protease inhibitor tablets.
A RIPA buffer, composed of 25mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% NP-40, and 1%
sodium deoxycholate was used for protein extraction. The freeze dried larvae were
homogenized on ice using an Ultraturrax at 30,000 rpm for 20 seconds, followed by a
30-second pause, for five repetitions. The homogenized samples were then left on ice
for 1 hour following sonication for 5 minutes with 2-minute pauses on ice, which was
repeated three times. The resulting crude extracts were centrifuged at 13,000 x g for 20
minutes at4 °C. Protein concentration in the supernatants was determined using Pierce
BCA Protein Assay™ kit (Thermo Scientific, Rockford, IL, USA). An aliquot containing
70 ug of protein from each sample was subjected to electrophoresis on a 12% SDS-PAGE
gel under reducing conditions, and the gels were stained with Coomassie Brilliant Blue
G-250 to verify the extraction protocol.
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Aliquots of 150 g was reduced, alkylated in the dark, and precipitated by adding six
volumes of cold acetone to remove interfering substances for shotgun analysis. After
precipitation, the samples were centrifuged at 8,000 x g for 10 minutes at 4 °G, and
the resulting protein pellets were air-dried. Each sample was digested with freshly
prepared trypsin (1:50 enzyme/protein ratio) in 50 mM TEAB buffer at 37 °C overnight.
The resulting peptides from each protein sample were quantified using the Pierce™
BCA Peptide Assay Kit (Thermo Scientific, Rockford, IL, USA). Subsequently, 30 g of
peptides per sample were labeled using the TMTsixteenplex™ Isobaric Label Reagent
Set (Thermo Fisher Scientific, USA). After 1h of reaction, 8 L of 5% w/v hydroxylamine
was added to each tube and mixed for 15 min to stop the derivatization reaction. For a
series of comparative experiments, the labeled peptide mixtures were mixed in equal
molar ratios and dried in vacuo under rotation. Then, TMT-labeled peptide mixtures
were suspended in 0.1% trifluoroacetic acid and fractionated using the Pierce™ High
pH Reversed Phase Peptide Fractionation Kit (Thermo-Fisher Scientific, USA) to
remove unbound TMT reagents and reduce sample complexity, according to the
manufacturer’s instructions. After fractionation, eight TMT-labeled peptide fractions
were collected, dried under vacuum, and finally reconstituted in 0.1% formic acid for
subsequent mass spectrometric analysis. All mRNA extraction and peptide extraction
were conducted in biological quadruplicates.

4. Peptide Mass Spectrometry

Peptide mixtures were analyzed in technical triplicate by means of a nanoL.C-ESI-Q-
Orbitrap-MS/MS platform consisting of an Vanquish- Neo nano-chromatography
system (Thermo Fisher Scientific) interfaced to a Exploris 480 mass spectrometer
through an easy-spray ion source (Thermo Fisher Scientific, USA). Peptides were
loaded on an EASY-Spray C18 column (150 mm x 75 m ID, 2 m particles, 100 A pore size)
(Thermo Fisher Scientific, USA), and eluted with a gradient of solvent B (19.92/80/0.08
v/v/v water/acetonitrile/formic acid) in solvent A (99.9/0.1 v/v water/formic acid), at a
flow rate of 250 nL/min. The gradient of solvent B started at 6%, increased to 31% over
120 min, increased to 50% over 5 min, increased to 95% over 5 min and remained at
95% for 4 min, and finally returned to 6% for equilibrating step. The mass spectrometer
operated in data-dependent mode, using a full scan range (m/z 400-1600, resolution
of 60,000 @200 m/z), followed by MS/MS scans of the 20 most abundant ions. MS/
MS spectra were acquired in a dynamic scan m/z range, using a normalized collision
energy of 38%, a Normalized AGC Target (%) of 200, a maximum injection target of
105 ms, and a resolution of 45000 @200 m/z. The dynamic exclusion value was set to
25s.
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5. Transcriptomics

Universal [llumina adapter sequences were trimmed from the reads using Cutadaptv3.5
(Martin, 2008). Next, low-quality bases were removed using Trimmomatic v0.39 with
the options SLIDINGWINDOW:4:15 MINLEN:30 (Bolger et al., 2014). Read quality after
processing was checked using fastqc v.0.11.9 (Andrews, 2010). Transcript abundances
were quantified using Salmon v.0.14.1 (Patro et al., 2017). First, a salmon index was made
using the BSF reference transcripts and the BSF genome (GCF_905115235.1) as “decoy”
sequences. Next, transcript abundance was quantified for each sample using salmon
in “‘quant” mode, allowing the library orientation to be determined automatically and
the —validateMappings flag implemented. Transcript abundances were imported to R
using tximport v1.26.1 for differential expression analysis using DESeq2 v1.38.3 (Love et
al,, 2014; Soneson et al., 2015). Overall gene expression patterns were visualized using
principal component analysis via the plotPCA function in DESeq2 on gene expression
countsthathad undergonevariance-stabilizingtransformation. Differential expression
analysis was conducted at the gene level. Differentially expressed genes between each
treatment within each time point were found using the Wald test with the Benjamini-
Hochberg method to correct for multiple comparisons (as implemented in DESeq?2).
Genes were considered differentially expressed if they had an adjusted p-value less
than 0.05. Differentially expressed genes across the samples were visualized using
ComplexHeatmap v2.22.0 with hierarchical clustering for both rows and columns (Gu
etal., 2016). Venn diagrams were generated using ggVennDiagram v1.5.2 in R (Gao et al.,
2024).

To determine the over-represented functions in the differentially expressed genes, the
BSF reference proteome associated with GCF_905115235.1 was functionally annotated
using eggNOG mapper v2.19 in diamond mode (Cantalapiedra et al, 2021). Gene
ontology (GO) term enrichment analysis was conducted with ClusterProfiler v4.14.4
using the enricher function incorporating the "BH” method to adjust p-values for
multiple comparisons. GO terms were considered "enriched” under a p-value cutoff of
0.05.Redundant enriched GO terms were clustered and assigned to parent terms using
rrvgo based on the “rel” algorithm (Sayols, 2023). Significant p-values were negative
logl0 transformed and the term with the highest score was used as the representative
"parent” term after clustering by semantic similarity (similarity threshold = 0.75). The
D. melanogaster orgdb annotation (org.Dm.eg.db) was used as the GO database for
annotations.

To locate entoferritin subunit iron response elements (IREs), ferritin subunit gene
(LOC119652653 and LOC119652654) mRNA transcripts were downloaded from NCBI.
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IREs in ferritin transcripts were predicted using the SIREs v3.0 web server with default
settings (Sudrez-Quintana et al., 2025).

To determine the homology of BSF ribosomal L1 domain-containing protein 1
(RSL1D1) to vertebrate RSLID1 proteins, a phylogenetic analysis was conducted. A
selection of vertebrate, arthropod, and cnidarian (outgroup) protein gene models were
downloaded from NCBI using biomartr v.1.0.7 (Drost & Paszkowski, 2017) and made
into a protein BLAST database. Next BLASTp was used to align BSF, human, and D.
melanogaster RSLID1 amino acid sequences to the custom metazoan database with a
minimum evalue of le-5. The longest isoforms from the resulting protein sequences
were retrieved from NCBI using datasets v.17.3.0 (O’Leary et al, 2024). All protein
sequences were aligned using MAFFT v.7490 incorporating the L-INS-i algorithm
and the resulting alignment was trimmed with trimal v.1.2 using the gappyout option
(Capella-Gutiérrez et al., 2009; Katoh & Standley, 2013). A phylogeny was inferred from
the trimmed alignment using IQ-TREE v.2.0.7 employing automatic model selection
through ModelFinder (Kalyaanamoorthy et al,, 2017; Minh et al., 2020). Support values
are shown as ultrafast bootstrap with 1000 replicates (Hoang et al., 2018).

6. Proteomics

All MS and MS/MS raw data files per sample were merged for protein identification
using Proteome Discoverer v.3.1 software (Thermo Fisher Scientific, USA), allowing
database searching using Mascot v. 2.4.2 algorithm (Matrix Science) according to a
shotgun proteomic approach. Database searching was performed with the following
criteria: Hermetia protein sequence database (downloaded from UniProtKB and
including17615 entries); carbamidomethylation at Cysand TMTpro 16plex modification
at Lys and peptide N-terminus as fixed modifications; oxidation at Met, pyroglutamate
formation at N-terminal Gln, phosphorylation at Ser/Thr/Tyr, and deamidation at
Asn/Gln as variable modifications. The mass tolerance of the parent peptide was set
to + 10 ppm and *+ 0.05 Da for MS/MS fragments. Trypsin was set as the proteolytic
enzyme and the maximum number of missed cleavages was limited to 2.

Hierarchical clustering and PCA analysis were used to assess dimensionality reduction
projections (DRPs). Both the heatmap and PCA were generated using Proteome
Discoverer 3.1 and based on normalized abundance data. The heatmap was created
using the Euclidean distance function, complete linkage method, and scaling after
clustering. In both analyses, biological replicates are shown, and the mass spectrometry
analysis was performed with three technical replicates. Functional annotation of
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DRPs and network inference analysis were performed using STRING software with
confidence score cutoff value of 0.4. Due to limited functional annotation in the BSF
protein database, homologous polypeptide sequences from Insecta were used as a
reference database.

7. Integrative omics analysis

Transcriptome-proteome integration analysis was conducted using DIABLO within
the mixOmics v.6.30.0 R package. DIABLO is a supervised N-integration method that
uses multiblock partial least squares-discriminant analysis (PLS-DA) to assess the
correlation between two omics datasets (Singh et al., 2019). Transformed counts using
the variance stabilizing method implemented in DESeq2 were used as input for the
transcriptomic data, while protein abundance per replicate was used as input for the
proteomic data. A weight of 0.92 was used in the experimental design and was chosen
by conducting a PLS regression analysis between the transcriptomic and proteomic
data. Two components were chosen for the final sparse PLS-DA (sPLS-DA) model. The
optimal number of variables used for the final sSPLS-DA model was found using the tune.
block.splsda function with 4 folds and 10 repeats. This returned 20 and 10 variables for
the transcriptome dataset, and 25 and 5 variables as optimal for the proteomic dataset.
Similarity between the datasets in two-dimensional overlapping space was visualized
using the plotArrows function. Correlations between the components were found
using the plotDiablo function, and loadings (i.e. which variables contribute the most
separation between groups) were found using the plotLoadings function.
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3. Results

1. Stable larval growth under iron supplementation with signs of accelerated
pre-pupation

Twelve-day-old BSF larvae reared for 7 days on medium (12.5mM) or high (125mM) iron-
enriched diets showed no difference in body weight compared to the control group,
with mean values consistently ranging between 230 and 240 mg per larva (Figure 4.1 A).
When five-day-old larvae were reared for 12 days on iron-supplemented diets, a mild
(P> 0.1), dose-dependent increase in pre-pupation rate was observed, from 30% to 37%
(Figure 4.1 B).
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Control 12.5mM 125mM Control 12.5mM 125mM
Treatment Treatment

Figure 4.1. (A) Mean of BSF larvae weight (mg) after 7 days of exposure to different iron treatments. (B)
Pre-pupation rate (%) of BSF larvae 12 days after exposure to the different iron treatments. No statistically
significant differences were observed between the groups.
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2. Iron accumulation localized to the anterior midgut and posterior midgut as the
primary storage sites

Iron storage of larvae reared on the control diet was compared to that of larvae reared
on medium (12.5mM) and high (125mM) iron diets. A dose-dependent increase in
Prussian blue staining intensity was observed in the Posterior midgut and anterior
midgut regions, as defined by Bonelli et al. (2020), indicating elevated iron accumulation
(Figure 4.2). In contrast, no iron signal was detected in whole dissected larvae, isolated
fat bodies, or extracted exoskeletons, regardless of the dietary treatment, suggesting no
novel iron storing locations were found in iron fortified BSF larvae.

Larval gut Anterior midgut Posterior midgut

oesophagus

cardia

Control Control

midgut

[ anterior
() middle
@3 posterior

H| | hindgut
2mm

anus

Figure 4.2. Prussian blue staining of the black soldier fly larva midgut under different dietary iron
conditions. On the left, schematic drawing of the larval gut showing the subdivision of the entire gut,
including the subdivision inside the midgut into anterior (light blue), middle (white), posterior (blue)
regions, and Malpighian tubules (MT) as defined by Bonelli et al. (2019). Oesophagus and cardia constitute the
foregut. In the center, images of anterior midgut, starting right after the cardia (C). On the right, images of the
posterior midgut segment, showing the part until the start of the hindgut (H). [ron accumulation is visualized
by Prussian blue staining in larvae reared for six days on control, medium (12.5mM), or high (125mM) iron
diets, followed by 24 h on a control diet prior to dissection.

3. Peritrophic matrix acts as a dose-responsive iron-binding barrier

The peritrophic matrix (PM) was stained with Prussian blue. No iron signal was
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detected in the larvae reared on the control diet, while the fortified larvae presented a
dose-dependent increase in iron stain intensity (Figure 4.3).

Figure 4.3. Peritrophic matrix of black soldier fly larvae stained with Prussian blue (A) reared on control,
(B) medium (12.5mM) and (C) high (125mM) iron diets. (D and E) Zoomed in images of the Peritrophic
membrane of larvae reared on the high (125mM) iron diet after staining with Prussian blue. Larvae
were reared on the iron-enriched substrate for six days following a switch to control diet 24 hours prior to
dissection.

4. Time-dependent transcriptomic shifts between treatments separate early defense
suppression from later cuticle and oxidative stress activation

The transcriptomic analysis yielded 10,838 expressed genes in all the BSF larvae (Table
4.S1).

93



A total of 299 of these genes were differentially expressed on day 2, and 791 genes
were differentially expressed on day 7 between the treatments (Figure 4.4). Principal
component analysis (PCA) revealed more distinct overall expression patterns on
day 7 compared to day 2, with the high (125mM) iron treatment group forming a
separate cluster primarily along principal component 2 (Figure 4.4 A-B). Consistent
with the PCA results, the high (125mM) iron group on day 7 also clustered separately
based on the differentially expressed genes using hierarchical clustering (Figure 4.4
D). In contrast, hierarchical clustering of the differentially expressed genes on day 2
showed that the control group was distinct from both iron-fortified groups (Figure
4.4 Q). Pairwise comparisons between treatment groups further revealed that on day
2, the medium (12.5mM) iron treatment group showed the greatest transcriptomic
differences from the control, accounting for 270 out of the 299 differentially expressed
genes identified on that day. Fewer differentially expressed genes were detected in the
comparison between the high (125mM) iron and control groups (60 genes), and only
two differentially expressed genes were identified between the high (125mM) and
medium (12.5mM) iron groups on day 2 (Figure 4.4 E). In contrast, on day 7, the medium
(12.5mM) iron group exhibited minimal differences relative to the control group, while
the high (125mM) iron group displayed extensive transcriptomic changes compared to
both the medium (12.5mM) iron and control groups (Figure 4.4 F).
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Figure 4.4. Differential transcriptomic analysis of iron-fortified black soldier fly larvae after two days (A,
C,E) and seven days (B, D, F) of exposure to control, medium (12.5mM), and high (125mM) iron treatments.
(A,B) Principal Component Analysis (PCA) of mRNA abundance data of the control (CTL), medium (12.5mM)
and high (125mM) iron treatments. (C,D) Hierarchical heatmap of protein expression profiles in larvae fed
a control (CTL) diet (grey), medium (12.5mM) iron (light blue), and high (125mM) iron (blue). The analysis
was performed on normalized protein abundance data. Columns represent biological replicates; rows
represent individual protein groups. Color scale indicates relative expression levels (blue = downregulation;
red =upregulation). (E,F) Venn diagrams showing the overlap of significantly differentially expressed protein
groups among treatments. Each circle represents one iron treatment: Control (CTL), Medium (12.5mM) and
high (125mM) iron. The numbers indicate proteins uniquely or jointly differentially expressed in response

to the respective treatments.
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Functional enrichment analysis of the differentially expressed genes revealed limited
functional over-representation on day 2, but substantial enrichment on day 7 (Figure
4.5). On day 2, Gene Ontology (GO) terms related to defense responses and protein
folding were significantly enriched. Genes associated with defense responses included
predicted detoxification-related cytochrome P450s (LOC119647124, LOC119651341,
LOGC119651369, LOCI119652925, LOC119653044, and LOCI119653068), small heat
shock proteins (LOC119650070, LOC119650378, and LOC119650380), and lysozymes
(LOC119654083, LOC119654085, LOC119654694, and LOC119654730), all of which were
down-regulated. The enrichment in protein folding-related terms was primarily driven
by multiple down-regulated genes encoding small heat shock proteins (Figure 4.5 A).
By contrast, day 7 showed a broader range of enriched biological processes. Notably,
genes involved in chitin-based metabolic processes, including cuticle and trachea
development, were strongly over-represented. Additionally, several genes associated
with the response to toxic substances were differentially expressed, including three
predicted animal heme peroxidases (LOC119651583, LOC119659891, and LOC119659737),
suggesting a physiological response to iron-induced oxidative stress (Figure 4.5 B).
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Figure 4.5. Functional enrichment of differentially expressed genes. (A) Day 2 and (B) Day 7. Enriched GO
terms (p-adjusted < 0.05) were found using ClusterProfiler with BH corrections for multiple testing. GO terms
were assigned to representative “parent terms” using rrvgo. The size of the boxes corresponds to the “score” of
the parent term which is equal to the -loglO0 of its adjusted p-value.

5. Conserved IRE-mediated regulation of ferritin expression in BSF

The main known driver for ferritin regulation is the binding of iron-responsive
element-binding proteins (IRP) to iron-responsive element (IRE) in the ferritin's mRNA
5 prime UTR region (Torti & Torti, 2002). To investigate if this same type of regulation
is affecting ferritin expression in BSF, SIREs prediction tool was used to predict which
BSF entoferritin transcripts contain IREs. Both FerlHCH and Fer2LLCH transcripts
were found to contain IREs (Figure 4.6). In the gene encoding for ferritin’s light chain
(Fer2LCH), two of the three transcript variants (XM_038056904 and XM_038056903)
have high-quality predicted IREs (SIRE score 7.5/8) with canonical IRE loop motifs
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and only one mismatch (C-A) (Figure 4.6). The two Fer2LLCH transcripts containing an
IRE, accounted for the majority of Fer2LCH expression, with XM_038056903 making
up for around 97% and XM_038056904 making up for about 2% overall (Table 4.1).
Additionally, the only transcript encoded by BSF’s ferritin heavy chain gene (FerIHCH)
also has a high-quality predicted IRE (SIRE score 7.5/8). However, instead of a C-A
mismatch, FerlHCH has a G-U pairing, resulting in lower predicted free energy (-11.2
kcal/mol) than Fer2LCH (-4.8 kcal/mol) (Figure 4.6).

20

25

O GU/UG Pairing
O Bulge/Missmatch

1 31

Figure 4.6. Predicted iron-responsive element structures found in the mRNA of ferritin subunits in black
soldier fly larvae. (A) The heavy chain subunit IRE predicted mRNA and (B) the light chain subunit IRE
predicted mRNA. Both IREs were predicted with high confidence using the SIREs v3.0 web server with
default settings. Created in SIREs (Version 3.0).
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Table 4.1. Overall Isoform Percentages of Fer2LCH and IRE Prediction

Isoform Percentage Predicted IRE

XM_038056903 97% Yes
XM_038056904 2% Yes
XM_038056905 1% No

Phylogenetic analysis confirmed the homology of BSF ribosomal L1 domain-containing
1 (RSLID1) to other arthropod and vertebrate candidate homologs, as the ancestral
branch connecting these two lineages has 100% bootstrap support (Figure 4.S1). After
these two lineages diverged, RSL1D1 orthologs were retained as single-copy genes, with
the exception of the sandfly which has a lineage-specific duplication. In the arthropod
side of the tree, closely related taxa form the expected monophyletic clades, however,
the overall branching pattern is not consistent with previous phylogenomic studies in
arthropods (Misof et al.,2014; Su et al.,2024). This is reflected by several lowly-supported
branches, possibly due to limited sampling.

6. Proteomic changes under high (125mM) iron treatments reveal stress defense
activation, suppression of energy metabolism and translation, and modulation of
chitin-associated pathways

Proteomic analysis yielded a total of 2489 proteins (Table 4.S2). Of these, 170 were
differentially represented between samples (Figure 4.7). The largest number of changes
was observed in the high (125mM) iron vs control comparison, which included 122
differentially represented proteins. Among these, 95 proteins were unique to this
comparison, 10 proteins were also differentially expressed in the medium (12.5mM)
iron vs control comparison, and 22 proteins overlapped with the high (125mM) vs
medium (12.5mM) iron treatments comparison. The medium (12.5mM) iron vs control
comparison included 19 unique proteins, and the high (125mM) vs medium (12.5mM)
iron comparison included 16 unique proteins. Two proteins were common in all three
comparisons (Figure 4.7 G). The heatmap revealed distinct clustering of samples based
on iron fortification, indicating clear differences in protein expression profiles among
the control, medium (12.5mM) and high (125mM) iron treatments (Figure 4.7 A). Over
representation of numerous proteins was observed in the high (125mM) iron group,
while the medium (12.5mM) iron group larvae exhibited an intermediate protein
representation between the control and high (125mM) iron conditions. This was
supported by the PCA protein analysis of the proteomic data, where three of the four
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high (125mM) iron replicates clustered in the positive PC1 and PC2 quadrant, reflecting
a pronounced shift in protein expression. Control replicates clustered tightly near
the origin, consistent with minimal variation and a baseline expression profile. The
medium (12.5mM) iron replicates were more broadly distributed (Figure 4.7 B).

Key over-represented proteins belonged to pathways associated with iron homeostasis
(e.g., entoferritin, transferrin), oxidative stress mitigation (e.g., glutathione S-transferase
GstE7,cystathionine beta-synthase Cbs),innateimmuneactivation (e.g.,croquemortcrg,
calmodulin Cam),and cytoskeletal remodeling(e.g., tropomyosin, coactosin-like protein
CG6891, Jupiter). These modulations reflect cellular strategies aimed at sequestration
of excess iron, detoxification of ROS, immune defense, and preservation of structural
integrity. Over-representation of cytochrome P450 enzymes (e.g., Cyp4d2, Cyp6al4)
further supports the activation of detoxification pathways, while increased expression
of coatomer subunit zeta (zetaCOP) and CHK kinase-like proteins (CG10562) suggests
an early activation of vesicular trafficking and stress signaling processes. Conversely,
a marked under-representation of mitochondrial respiratory chain components (ND-
PDSW, ND-MLRQ, ND-23, ND-B18, ND-30, COX5A) indicates suppression of oxidative
phosphorylation, likely aimed at limiting ROS production. In parallel, the repression
of ribosomal proteins and translation factors (RpL27A, RpL36A, RpLO, RpL4, RpL32,
RpL35, RpL38, RpS12, RpL10Ab, RpL40, and the initiation/elongation factors elF3A,
elF3B, elF4B, elF5, eEFldelta) suggests a broad inhibition of ribosome assembly
and translational activity. Additional under-represented proteins include enzymes
involved in lipid metabolism (ceramide 1-phosphate binding CG30392, hydroxysteroid
dehydrogenase-like protein 2 CG5590, beta hydroxy acid dehydrogenase 1 Hadl, acetyl-
CoA G-acyltransferase ScpX, 3-hydroxyacyl-CoA dehydrogenase Mtpalpha), nitrogen
metabolism (glutamine synthetase Gsl, glycine N-methyltransferase Gnmt), and RNA
processing (nucleolar protein 56 Nop56, RNA-binding protein squid sqd), reflecting
broad metabolic reprogramming under iron overload (Table 4.S2, Figure 4.7).
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Figure 4.7. Differential proteomic analysis of iron fortified black soldier larvae at day 7. (A) Hierarchical
heatmap of protein abundance profiles in larvae fed a control diet (grey), medium (12.5mM) iron (light blue),
and high (125mM) iron (blue). The analysis was performed on normalized protein abundance data. Columns
represent biological replicates; rows represent individual protein groups. Color scale indicates relative
expression levels (blue = downregulation; red = upregulation). (B) Principal Component Analysis (PCA)
of protein abundance data of the control, medium (12.5mM) and high (125mM) iron treatments. (C) Venn
diagram showing the overlap of significantly differentially expressed protein groups among treatments. Each
circle represents one iron treatment: Control (CTL), Medium (12.5mM) and high (125mM) iron. The numbers
indicate proteins uniquely or jointly differentially expressed in response to the respective treatments.

The STRING-based protein—protein interaction (PPI) network presented in Figure 4.8,
built from proteins differentially represented in BSF larvae reveals several densely
interconnected functional modules. The largest hub centers on translation and general
protein metabolism, where numerous ribosomal subunits (RpL/RpS nodes) interlink
tightly with canonical initiation and elongation factors (elF3 subunits, elF4B, elF5,
eEF1),indicating coordinated regulation of protein synthesis under augmented dietary
iron supply. Additionally, pathways related to iron transport (e.g., FerlHCH, Tsf1) and
oxidoreductase activity were markedly integrated, consistent with the modulation of
iron homeostasis and redox balance affected by excess iron. Notably, proteins involved
in nucleobase compound metabolism (e.g., Nop56, SC35, Prp8, AdS) formed a distinct
but functionally connected module associated with RNA processing, ribonucleoprotein
complex assembly, and mRNA splicing. Their close association with translation-
related proteins suggests a tightly regulated continuum from RNA maturation to
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active translation. Peripheral but connected clusters involve innate immune effectors,
lipid metabolism enzymes, and chitin-based cuticle development proteins, indicating
broader immunometabolic and developmental consequences.
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Figure 4.8. Cytoscape-based protein-protein interaction network of differentially expressed proteins in
BSF larvae exposed to high (125mM) iron treatment. The network was constructed using STRING data and
visualized with Cytoscape. Nodes represent proteins that were significantly over- or under-represented in
the high (125mM) iron group compared to control (adjusted p-value < 0.05), and edges represent predicted
functional or physical associations. This network reveals highly interconnected modules reflecting key
cellular responses to iron overload, including iron sequestration, oxidative stress management, translational
repression, immune activation, cytoskeletal stabilization, and metabolic adaptation.

7. Integrative omics confirms coordinated molecular changes, with cuticle and
oxidative stress pathways driving treatment separation

Integrative analysis of the transcriptomic data and the proteomic data using DIABLO
revealed that the two datasets were highly correlated, with an overall correlation
coefficient of 0.92 (Figure 4.9 A). When plotting the overlayed sparse partial least
squares-discriminant analysis (SPLS-DA) results in two dimensions, the transcriptomic
data and proteomic data form three clusters by treatment group and corresponding
replicates fall closely together on the coordinate plane (Figure 4.9 A). In the first sSPLS-DA
component, we observed a high correlation (correlation coefficient = 0.99) between the
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transcriptomic and proteomic datasets along with clear separation between the high
(125mM) iron treatment and the control treatment (Figure 4.9 B). Next, which variables
(i.e. genes and proteins) are most important to cause this separation were investigated.
Consistent with the differential expression analysis results, many of these genes were
involved in cuticle formation, while oxidation related proteins such as cytochrome
¢ oxidase and ribosomal protein L3 where amongst the main drivers for treatment
separation (Figure 4.9 C). The two omics datasets were also highly correlated in the
second s-PLS-DA component (correlation coefficient = 0.98). However, component 2
mainly separated the medium (12.5mM) iron treatment from the other groups (Figure
4.9 D). Similar to the first component, the genes and proteins driving this separation
were not the same between the transcriptomic and the proteomic data (Figure 4.9 E).
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Figure 4.9. Integrative analysis of transcriptomic and proteomic data using DIABLO. (A) Block sPLS-DA
plotted on two dimensions shows high degree of similarity between the transcriptomic and proteomic
datasets. (B) Correlation of transcriptomic and proteomic datasets in sPLS-DA component 1. (C) Loading
plots of the highest contributing genes and proteins to separation between groups. Component 1 primarily
separated the control group from the high (125mM) iron group. (D) Correlation of transcriptomic and
proteomic datasets in sPLS-DA component 2. (E) Loading plots of the highest contributing genes and
proteins to separation between groups. Component 1 primarily separated the control group from the

medium (12.5mM) iron group.
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8. Entoferritin, ferritin, transferrin, IRP1, and RSLID1 reflect iron homeostasis
adjustments under increasing iron conditions

In addition to the broader omics analyses, the focus shifted to key genes and proteins
involved in iron homeostasis (Figure 4.10). Larvae reared on the high (125mM) iron
treatment showed a significant increase in entoferritin protein levels, with FerlHCH
and Fer2.CH subunits increasing by ~75% and ~70%, respectively. No significant change
in entoferritin subunit mRNA levels was observed at day 2, while mild (P > 0.1), dose-
dependent increases appeared by day 7. IRP1 expression was lower in high (125mM)
iron larvae at day 7, accompanied by a mild (P> 0.1) decrease in IRP1 protein abundance
for both iron treatments. RSLID1 expression at day 2 was significantly elevated in both
iron treatments compared to the control, with increases of ~320% for medium (12.5mM)
iron group and ~350% for the high (125mM) iron group. Transferrin mRNA showed no
significant difference at day 2, but at day 7 it was significantly higher in high (125mM)
iron group than in the control (~210%) and medium (12.5mM) iron group (~120%),.
Protein abundance of transferrin in the high (125mM) iron group at day 7 followed
the same pattern, with increases of ~140% compared to control and ~110% compared
to the medium (12.5mM) iron. Malvolio (Mlv), the insect homolog of Divalent Metal
Transporter 1 (DMT1), was detected at all time points, with no significant treatment-
related differences, though temporal increases occurred across treatments (Table 4.S1).
However, Mlv was not detected in the proteomic analysis.
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Figure 4.10. Gene expression and protein abundancy of proteins directly involved in iron homeostasis
in iron fortified BSF larvae. Mrna expression is shown for day O (left), day 2 (center), and day 7 (right), while
protein representation are shown in the rightmost panels (day 7). Y-axis scales are adjusted individually per
gene to reflect differences in expression range. Asterisks indicate statistically significant differences between
treatment groups based on DESeq2 analysis (p<0.1=*p<0.05=",p<0.005=*"); absence of asterisks indicates
no significant difference.

4, Discussion

Consistent with the findings of First et al. (2024), BSF larvae showed no significant
differences in body weight across treatments (Figure 4.1), maintaining stable growth
under dietary iron concentrations considerably higher than those typically applied in
excess iron exposure experiments on other insect species (Bonilla-Ramirez et al,, 201];
First et al., 2024; Wagers et al., 2024). Furthermore, larvae exposed to medium (12.5mM)
iron exhibited mRNA expression profiles indistinguishable from controls by the final
harvest day, suggesting effective transcriptional recovery at moderate iron levels. This
contrasts with other insect species, where substantially lower iron concentrations have
been shown to disrupt development or reduce survival (Bonilla-Ramirez et al, 201];
Firstetal, 2024; Wagers et al.,2024), and highlights the BSF larvae unique physiological
adaptations for tolerating high dietary iron.
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Prussian blue staining revealed a dose-dependent increase in iron deposits, localized
to the anterior and posterior midgut across all dietary treatments (Figure 4.2). No stain
was detected in fat bodies, whole larvae, or exoskeletons, indicating that storage is
restricted to the gut even under high (125mM) iron exposure. This localization aligns
with previously reported anterior and posterior iron regions in the black soldier fly
larval midgut (Bonelli et al, 2020). The fact that iron accumulation was confined to
this established storage site suggests that BSF larvae rely on the same pathway under
increasing iron, most likely entoferritin-based sequestration, rather than recruiting
novel storage mechanisms (Gorman, 2022). Previous work has shown that BSF
larvae reared on standard chicken feed (~320 mg/kg iron) accumulate ~370 mg/kg in
their bodies (First et al., 2024), far surpassing the 71-131 mg/kg typically observed in
Drosophila species larvae (Massie et al., 1985; Sadraie & Missirlis, 2011). In line with this
greater accumulation capacity, BSF larvae in this study displayed much stronger iron
staining in the midgut compared to the weaker staining reported for Drosophila species.
Moreover, the iron region of Drosophila is usually confined to the anterior midgut and
does not include the posterior midgut (Bettedi et al, 2011; Sadraie & Missirlis, 201];
N. Wu et al,, 2020). These differences highlight the enhanced ability of BSF larvae to
accumulate iron and suggest a potential evolutionary adaptation to a metal-rich
environments.

In addition to storage within the midgut, iron aggregates were also detected in the
peritrophic matrix of larvae reared on iron-fortified diets, but not in controls (Figure
4.3). PM is a chitinous, semi-permeable layer that lines the insect gut lumen and acts
as a protective barrier between ingested food and the gut epithelium (Lin et al., 2021,
Orozimbo et al.,, 2025). In blood-feeding insects, free heme and iron can bind to the PM,
reducing their pro-oxidant activity and limiting ROS formation (Orozimbo et al., 2025).
A proteomic analysis of BSF larva has identified both ferritin and transferrin in its PM
(Lin et al., 2021). Taken together, these findings suggest that, in addition to its barrier
function, the BSF PM may contribute to iron handling and oxidative stress mitigation
under high-iron conditions through the activation of mechanisms analogous to those
described in blood-feeding insects.

While iron accumulation was localized to the midgut and somatic growth remained
unaffected, both transcriptomic and proteomic data indicate that BSF larvae undergo
substantial physiological adjustments under iron fortification. These adjustments
extend beyond iron storage itself and involve pathways and proteins linked to oxidative
stress regulation, mitochondrial respiration, ribosomal structure and function,
translation factors, and exoskeletal development (Figures 4.5 and 4.8). Integration of the
transcriptomic and proteomic data demonstrated strong agreement, with replicates
clustering by treatment in both datasets (Figure 4.9). This clustering indicates that the
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responses observed are not limited to isolated regulatory processes but instead reflect
coordinated, system-wide remodeling under dietary iron stress. Dimension 1, the
strongest driver in the DIABLO analysis, clearly separated the high-iron diet group from
both the control and the medium (12.5mM) iron groups (Figure 4.9 A), highlighting that
the most pronounced physiological reprogramming occurs under high (125mM) iron
exposure.

The observed oxidative stress responses likely result from excess dietary iron increasing
the pool of free iron available to larvae, which in turn promotes the generation of ROS
via the Fenton reaction. These responses may represent cellular protective mechanisms
aimed at mitigating ROS-induced damage. Iron exposure can impair mitochondrial
function primarily through ROS-mediated pathways, which is in line with the observed
reduction in abundance of ribosomal proteins under iron-fortified conditions (Zheng
etal.,, 2018). This agrees with the multi-omics results, where ribosomal and cytochrome
proteins were among the strongest contributors to treatment separation (Figure 4.9 B),
reflecting the central role of energy metabolism and translational machinery in the
high-iron response. The increased iron has decreased larval ribosomal protein levels
(Figure 4.8), potentially through direct binding of free iron to ribosomal proteins,
leading to their destabilization and degradation (Smethurst et al., 2020).

Beyond oxidative stress, multi-omics analyses revealed that chitin- and cuticle-
associated transcripts were major drivers of treatment clustering (Figure 4.10 A).
Consistently, DEG patterns of exoskeleton development pathways, together with the
over expression of chitin-related proteins, indicated disruption of normal cuticle
formation (Figures 4.5 and 4.8).In line with these findings, Firstetal, (2024) reported that
BSF larvae reared on a high-iron diet (6,637 mg/kg DM Fe) accumulated up to 25% more
calcium compared to controls (323 mg/kg DM Fe) and developed limited black lesions
on their exoskeletons, suggesting impaired cuticle development under iron stress.
Calcium is a critical component of BSF cuticle development, where it is biomineralized
primarily as calcium carbonate (CaCO) across life-stage specific structures (Rebora et
al, 2023). Altogether, these results suggest that excessive dietary iron disrupts cuticle
homeostasis through oxidative stress, leading to structural remodeling and increased
calcium deposition.

Calcium dynamics are notrestricted to cuticle integrity butalso indicate developmental
progression, as contentincrease across successive instars to supportsclerotization prior
to pupation (Liu et al, 2017). A mild (P > 0.1), dose-dependent increase in pre-pupate
emergence was observed under iron fortification (Figure 4.2), suggesting a potential
increase in developmenttiming. Transcriptomic data supports this interpretation, with
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hexamerin being the most strongly up-regulated transcript under high (125mM) iron
on day 7 (Table 4.S1). Hexamerin is an amino acid storage protein typically stockpiled
just before metamorphosis in holometabolous insects (Burmester & Scheller, 1999).
Hexamerin protein abundance was numerically ~50% higher in the high (125mM) group
as opposed to the control, although the difference was not statistically significant (P >
0.1) due to variability among biological replicates (Table 4.S2). Moreover, intracellular
iron trafficking via transferrin and entoferritin to the prothoracic gland is essential
for insect hormone production and developmental progression. A lack of transferrin
or entoferritin has been shown to hinder iron signaling in the prothoracic gland
(Soltani et al., 2024), and whether the increased abundance of these proteins observed
here (Figure 4.10) may advance the onset of iron signaling remains to be confirmed.
Collectively, these observations point to accelerated developmental processes in
BSF larvae exposed to high iron. However, neither the present data (Figure 4.1) nor a
previous one (First et al., 2024) showed an effect of dietary iron on larval fresh weight
at harvest, suggesting that such a developmental shift is subtle. Larger-scale studies
spanning the full life cycle are needed to determine whether iron supplementation can
enhance developmental rates in BSF production systems.

The patternsobserved in entoferritin, IRP1, RSL1D1, transferrin and Malvolio transcripts
and protein abundance changes, reveal that BSF larvae rely on multiple regulatory
mechanisms to cope with high dietary iron (Figure 4.10). Entoferritin, the predominant
intracellular iron storage protein in insects (First et al, 2023; Missirlis et al, 2006),
increased significantly at the protein level under high (125mM) iron conditions, while
mRNA levels showed mild (P> 0.1), statistically insignificant changes. This divergence
between transcript and protein abundance indicates that ferritin synthesis is regulated
primarily at the post-transcriptional stage.

The reduction of IRP1 abundance detected under both iron conditions likely
diminishes IRP-IRE binding, leaving ferritin mRNAs accessible for ribosomal
translation (Figure 4.10). In mammals, IRPs binding to IREs in ferritin mRNAs prevents
ribosomal assembly and translation. Under iron-replete conditions, cytosolic free
iron binds to IRP1, promoting the formation of an iron—sulfur cluster that converts
the protein into a cytosolic aconitase enzyme and abolishes its RNA-binding capacity.
This conformational change, followed by degradation or repurposing of IRPs, frees the
IRE and allows ferritin translation to proceed (Georgieva et al., 2002; Meyron Holtz et
al, 2004; Nichol & Winzerling, 2002). Similar post-transcriptional control has been
described in Manduca sexta, whereas the IRP/IRE interaction has been demonstrated
to affect entoferritin heavy chain subunit translation (Zhang et al, 2001). IRE motif
analysis supports this regulatory framework. Both FerHCH and FerLCH transcripts



contained predicted IRE stem-loop structures (Figure 4.6). Messenger RNAs of ferritin
light chain containing IREs, as well as various loop mutations, are well characterized
and conserved in mammals (Luscieti et al., 2013). This is a novel finding for a dipteran
as IREs in the light chain were only reported in lepidopterans (Gorman, 2022; Missirlis
et al., 2007, Pham et al., 1996). A light chain isoform lacking an IRE was also detected
under high-iron conditions, which could bypass IRP-mediated repression and allow
translation even when IRP1 levels are high (Lind et al, 1998). However, given the
predominance of the IRE-containing isoform (Table 4.1), its overall contribution to
ferritin output is likely small. Together, these features suggest that BSF entoferritin
regulation integrates canonical IRP/IRE control with isoform variation to adjust
storage capacity in response to dietary iron.

Another potential indirect regulator of iron metabolism is RSL1D1, an mRNA-binding
protein involved in various cellular processes including apoptosis, proliferation, and
senescence. In mammals, RSLID1 binds to ferritin heavy chain mRNA, stabilizing
the transcript and protecting it from degradation. Knockdown of RSL1D1 in human
colorectal cancer cells reduced ferritin heavy chain mRNA levels, while its presence
extended mRNA stability over time (Jin et al, 2023). In the current study, RSL1D1
expression rose sharply early after iron exposure before returning to baseline (Figure
4.10), which might increase the stability of heavy chain transcripts across the rearing
period and in turn contribute to higher ferritin abundance. Phylogenetic analysis
indicates that RSL1D1 is a conserved, single copy ortholog across vertebrates and
arthropods, supporting a potentially shared role in ferritin regulation among these
groups (Figure 4.S1). However, a functional confirmation of the occurrence of RSLID1
in insects is needed to confirm this hypothesis.

Transferrin, an extracellular iron transporter in insects (Geiser & Winzerling, 2012),
showed a delayed but significant increase at both the mRNA and protein levels by day 7
in the high-iron treatment (Figure 10). It is established that transferrin gene expression
ininsects is regulated primarily at the transcriptional level (Geiser & Winzerling, 2012).
Consistent with this, in BSF we observed a close correspondence between transcript
and protein abundance, in contrast to entoferritin (Figure 4.10). The observed
concomitant up-regulation of transferrin gene expression and over-representation of
the protein may reflect an increased requirement for iron absorption and transport
under prolonged exposure. In mosquitoes, transferrin expression is influenced by the
chemical form of dietary iron, with inorganic sources often leading to suppression
(Harizanova et al., 2005). The opposite pattern in BSF may be linked to adaptation to a
non-blood detritus-type dietin which inorganicironisa consistent dietary component.
However, given its relatively low abundance compared to entoferritin, transferrin is
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unlikely to make a major contribution to BSF iron bioavailability.

Malvolio (Mvl), the insect homolog of DMT1, functions as a divalent metal transporter
thatfacilitates the uptake ofiron and other transition metals across cellular membranes
(Bettedi et al, 2011). In contrast to transferrin, Mvl, showed no significant iron-
fortification related changes in expression, indicating that BSF larvae do not appear to
reduce dietary iron uptake under increased iron conditions (Table 4.S1). In mammals,
DMT1 downregulation under iron overload is mediated in part through interaction
with Nedd4 family-interacting protein 1, which promotes its degradation (Howitt et
al, 2009). In insects, however, regulatory pathways for Mvl are uncharacterized, and
no expression patterns indicative of such regulation were detected. Instead, BSF larvae
seem to maintain uptake capacity and rely on entoferritin storage as their primary
protective strategy.

Overall, these findings suggest an entoferritin based “accumulate and store” approach
to dietary iron through a mild (P > 0.1) entoferritin induction mRNA transcription
increase, IRP1 repression, potential RSLIDI-mediated transcript stabilization, and
increased transferrin expression to meet iron transport needs. The previously reported
~250% increase in total iron content (First et al., 2024), compared to only ~70% increases
in entoferritin subunits in this study implies a higher iron-to-entoferritin ratio under
high-iron conditions. Such disproportionate loading could affect ferritin stability
(Irimia-Dominguez et al., 2020; Ruiyang Ji Mingyang Sun, 2023; Srivastava et al., 2023),
potentially reducing iron bioavailability, though this requires further investigation.

In conclusion, black soldier fly larvae tolerate a substantial level dietary iron, with
larval mass unaffected and only a mild (P> 0.1), dose-dependent increase in pre-pupate
emergence, suggesting that developmental shifts are subtle. Multi-omics integration
revealed coordinated remodeling under iron fortification, including oxidative stress
signatures, repression of mitochondrial and translational activity,and strong activation
of chitin- and cuticle-associated pathways. Iron localized to the gut epithelium and
peritrophic matrix, but not the fat body or exoskeleton, pointing to an “accumulate-
and-store” strategy in which entoferritin serves as the primary sequestration site.
Entoferritin subunits increased markedly at the protein level despite modest transcript
changes, indicating post-transcriptional regulation. Decreased IRP1 abundance,
predicted IREs, early RSL1D1 induction, and delayed transferrin upregulation further
suggest fine-tuned control of uptake, storage, and transport. This mechanism enables
larvae to withstand high iron exposure without impairing growth. From a food and
feed perspective, the entoferritin-based ‘accumulate-and-store’ strategy observed here
suggests thatiron-fortified larvae could provide a source of highly bioavailable iron. The
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soluble and stable nature of ferritins, particularly entoferritin, supports their potential
as effective vehicles for dietary iron fortification, a strategy already demonstrated in
ferritin-fortified plant models (Lonnerdal, 2007; Masuda et al., 2012). Insects may offer
additional advantages, as entoferritin is larger and potentially more water-soluble due
to its secreted nature (First et al., 2023), and the magnitude of total iron accumulation
in fortified BSF larvae is substantially higher than that typically achieved in plant
systems (First et al., 2024; Masuda et al., 2012). However, comparison with previously
reported whole-larval iron accumulation suggests a high iron-to-entoferritin ratio,
with possible consequences for protein stability and nutrient bioavailability. Future
research should quantify iron speciation, resolve regulatory nodes such as RSL1D1, and
evaluate whether controlled fortification can enhance larval development, improve
production efficiency. This information will definitively strengthen the role of BSF as a
sustainable source of bioavailable iron.
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Abstract

Black soldier fly larvae (BSFL) are a promising source of dietary minerals for food and
feed. This study quantified the bioaccessibility of iron, calcium, zinc, and magnesium
in BSFL reared on iron-fortified diets (269-7803 mg Fe/kg) and subjected to thermal
processing. Iron fortification increased larval iron content and the number of naturally
occurring iron nanoparticles (~45 nm), consistent with entoferritin-mediated storage.
Although iron bioaccessibility decreased from ~50% to ~25% with fortification, the
concentration of soluble iron released after in vitro digestion increased from 0.08 to
0.20 mg/mL, increasing total bioaccessible iron content. Thermal processing showed
nutrient-specific effects: blanching reduced iron bioaccessibility, likely via entoferritin
denaturation, but enhanced calcium and zinc bioaccessibility by disrupting mineral
storage structures. Overall, these results demonstrate that iron-fortified BSFL can
increase the absolute amount of bioaccessible iron despite reduced fractional
bioaccessibility, underscoring their potential as a mineral-rich ingredient for food and
feed.

1. Introduction

The mainstream livestock-based protein industry, which includes both meat and dairy-
based production, is a major contributor to greenhouse gas emissions. It also places
significant pressure on land, freshwater, and energy resources. These environmental
demands are becoming increasingly unsustainable and pose a growing threat to global
ecological and societal stability (Parlasca & Qaim, 2022). At the same time, animal and
dairy products remain the most bioavailable sources of dietary protein, both for direct
human consumption and for animal feed (Ajomiwe et al,, 2024). Importantly, they also
provide the most bioavailable forms of iron and calcium, two of the most widespread
micronutrient deficiencies worldwide (Carpenter & Mahoney, 1992; Gardner et al,
2023; Guéguen & Pointillart, 2000; Shlisky et al., 2022). Notably, iron deficiency is also
the most prevalent micronutrient deficiency in young, farmed pigs (Friendship et al,
2021). This dual challenge of environmental constrain and nutritional reliance points
to the urgent need for alternative protein sources that are both sustainable and capable
of addressing key nutrient gaps.

In this frame, edible insects have been proposed as a sustainable alternative protein
source for both food and feed (van Huis et al., 2021). The black soldier fly (BSF, Hermetia
illucens) has become a leading candidate in the alternative feed sector, due to its
efficient conversion of agricultural waste into protein-rich biomass with low resource
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demands (Siva Raman et al., 2022). Although not currently consumed, these attributes
also position BSF larvae as a promising candidate for future use as a food ingredient in
human diets (Bessa et al., 2020). Beyond its protein content, black soldier fly larvae also
provide significant amounts of iron and calcium (First et al., 2024; Zulkifli et al., 2022).
To strengthen the larvae’s potential as a novel mineral source, it was demonstrated that
iron levels in the larvae could be fortified through substrate manipulation, increasing
from 362 mg/kg Dry Matter (DM) to 999 mg/kg DM Fe. Moreover, iron fortification was
accompanied by an increase in calcium content from 26.5 to 31.9 g/kg when substrate
dietary iron level increased from 300 mg/kg to 6600 mg/kg (First et al., 2024). However,
current understanding of trace mineral bioavailability in this species remains limited,
especially under conditions of iron fortification.

To understand the nutritional relevance of BSF larvae iron fortification, this study
investigated mineral bioaccessibility. Bioaccessibility is defined as the soluble fraction
of a nutrient available for absorption in the gut after digestion, relative to its total
amount in the ingested material. The bioaccessibility of trace elements such as iron
and calcium is strongly influenced by the species of the mineral, the compounds it
is bound to, and the composition of the surrounding matrix (Manzoor et al., 2024).
Processing methods such as blanching or pasteurization, which are often required
by food safety regulations in edible insects (European Commission Health and
Food Safety Directorate General, 2024), can significantly affect nutrient availability
by altering mineral solubility, binding structures, or matrix composition (Cilla et al.,
2019). The effect of boiling on mineral bioaccessibility has been previously tested in
two harvested insects, Fulepida mashona and Henicus whellani. Blanching for 30 or 60
minutes was found to reduce iron and zinc bioaccessibility in both species. In contrast,
calcium bioaccessibility increased in Eulepidamashonabut decreased in Henicus whellani
following boiling (Manditsera et al.,, 2019). However, the commonly applied several
minutes blanching procedure used for farmed insects (Bessa et al,, 2021; Borremans et
al.,2020; Son et al.,2023) has not yet been tested for its effect on mineral bioaccessibility
in any farmed species. The iron bioaccessibility of insect-based ingredients are largely
influenced by the behavior of entoferritin, a large, water-soluble iron-binding protein
containing a ferrihydrite iron core (First et al.,, 2023).

Data on mineral bioaccessibility in farmed edible insects remains limited. Recently,
Machado et al. (2024) investigated the bioaccessibility of iron in two commonly
consumed edible insect species, house crickets (Acheta domesticus) and yellow
mealworms (Tenebrio molitor). This study was accompanied with the analysis of iron
nanoparticles (NP) content and its relation to iron bioaccessibility. Differences in the
sizeand quantity ofiron NPs can reflect distinctiron storage patternsamongorganisms.



Variations in iron NP size and content can affect bioavailability by influencing
solubility, redox state, and intestinal absorption (Kumari & Chauhan, 2021). Moreover,
in the iron-fortified BSF larvae, such data are essential for identifying the form in
which the accumulated iron is stored and for evaluating its potential nutritional value.
The yellow mealworm showed significantly higher iron bioaccessibility, despite both
species being rich in chitin, a known inhibitor of iron absorption, and exhibited lower
levels of iron NPs compared to house crickets (Karthikeyan et al., 2005; Machado et al.,
2024). These results lead the hypothesis that iron nanoparticle content may act as an
indicator of iron bioaccessibility. However, no analysis of iron NPs in black soldier fly
larvae had been previously performed.

Using an in vitro digestion model, this study evaluated the bioaccessibility of four
essential minerals,iron (Fe),calcium (Ca), zinc(Zn),and magnesium (Mg),in black soldier
fly larvae, and assessed the effects of iron fortification and thermal processing on their
bioaccessibility. In addition, the study investigated the effect of iron fortification on the
formation of iron nanoparticles in the larvae and their relationship to iron solubility
during digestion.

2. Methods

2.1 Insect rearing and processing

Insect rearing and feed preparation followed the protocol described by First et al. (2024)
with minor modifications to moisture content, harvesting time, and the number
of larvae per container. Commercial chicken feed (Kuikenopfokmeel no. 1, Kasper
FaunaFood, the Netherlands) was sieved through a 1 mm kitchen strainer and mixed
with water at a 1:1.6 (w:v) ratio to prepare the BSF feed. Dietary iron levels were modified
by supplementing the water with ferric ammonium citrate to final concentrations of
0 mM (control), 12.5 mM, and 125 mM, corresponding to iron contents of 269, 1151,
and 7803 mg/kg DM of the feed, respectively. Ferric ammonium citrate has been
documented to increase the BSF larvae iron accumulation without adverse effects on
growth or yield (First et al., 2024).

Approximately 0.2 g of BSF eggs (Protix, Bergen op Zoom, the Netherlands) were
introduced to 520 g of wet feed in rearing containers (15.5 x 10.5 x 6 cm). Five days post-
hatching, larvae weighing 3 to 5 mg were harvested, washed and using a sieve with
Imm pore size, and separated into groups of 200. These were transferred to insect pots
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(125 x H114 mm, mesh pore size 300 um, Megaview Science, Taiwan) containing 440 g
of wet feed corresponding to the dietary treatments. After six days on the treatment
diets, all larvae were switched to the control diet for one day, until harvest. Following
one day of feeding on the control feed, the larvae were harvested, washed, counted and
weighted. All treatments were performed in triplicate.

For each replicate, 15 g of larvae were placed in vacuum-sealed bags to prevent leaching
during blanching and subsequently blanched in boiling water (100 °C) for 120 seconds.
All larvae were then flash-frozen in liquid nitrogen. Frozen larvae were homogenized
using a GryoMill® 6775 (SPEX SamplePrep, NJ, USA) under automatic liquid nitrogen
cooling (3 min pre-cool, 3.5 min run, 1 min cool time), with three cycles at 15 cps.

2.2 In vitro mineral bioaccessibility

To assess the effect of blanching on protein solubility, cryomilled freeze-dried larvae
were extracted in phosphate-buffered saline (PBS, pH 7.5). From each replicate 10 mg
of sample was suspended in 1 mL PBS and vortexed to ensure proper dispersion. The
suspension was incubated at room temperature for 1 hour under continuous shaking,
followed by centrifugation at 15,000 x g for 10 minutes. The resulting supernatant was
collected, and protein concentration was quantified using the Pierce BCA Protein Assay
(Thermo Fisher Scientific, USA).

An in vitro digestion assay was performed on dried BSF larvae reared under different
dietary iron treatments. For each iron treatment, both blanched and unblanched
larvae were assessed in biological triplicate, except for the 12.5 mM unblanched group,
which was analyzed in duplicate due to a technical fault. The assay followed the
standardized INFOGEST protocol (Brodkorb etal.,2019), with minor modifications. The
chemical reagents used in the simulated digestion model across the three phases were
purchased from Sigma Aldrich (Sigma Chemical Co., St. Louis, Mo) and were prepared
in bulk, the composition is elaborated on table S2. Nutri Whey™ Isolate (WPI) R, 90%
protein content (Friesland campina, Amersfoort, Netherlands) was used as a reference
protein source, and a water blank served as a negative control. The digestion procedure
simulated physiologically relevant oral, gastric, and intestinal phases.

For the oral phase, 1 g of prepared BSF larvae powder was combined with 1.6 mL

simulated salivary fluid (SSF), 0.0l mL of 0.3 M CaCl, and 0.39 mL Milli-Q water, yielding
a final volume of 4 mL. No salivary amylase was included in this step.

127



In the gastric phase, the oral bolus was mixed with 3.2 mL simulated gastric fluid
(SGF), and the pH was adjusted to 3.0 using 5.0 M HCI to represent a physiological
postprandial condition. Pepsin (P7012, Sigma Aldrich, Burlington, USA, Activity =
4014 U/mg solid) was added to achieve a final enzymatic activity of 2000 U/mL. An
additional 2 uL of 0.3 M CaCl was included, and the volume was adjusted to 8 mL with
Milli-Q water. Samples were incubated at 37 °C with continuous shaking at 30 rpm for
2 hours. Gastric lipases were omitted.

For the intestinal phase, 5 mL of simulated intestinal fluid (SIF) was added to the gastric
chyme, and the pH was adjusted to 7.0 using 5.0 M NaOH. Then, 16 uL of 0.3 M CaCl
was added. Bile and pancreatin (B3883, P7545, Sigma Aldrich, Burlington, USA, Activity
=5.59 U/mg solid) were added to reach final concentrations of 10 mM bile salts and
100 U/mL trypsin (T0303, Sigma Aldrich, Burlington, USA) activity, respectively. The
total volume was adjusted to 16 mL with Milli-Q water, and samples were incubated at
37 °C with shaking at 30 rpm for another 2 hours. At the end of digestion, samples were
centrifuged at 10,000 x g for 30 minutes at 4 °C. The supernatants were collected and
stored at-80 °C until analysis of mineral content and degree of hydrolysis.

To assess the mineral bioaccessibility, the mineral content of the supernatant analyzed
from the in vitro digestion was divided by the total mineral content of the starting
mineral and converted into percentage, as presented in equation (1):

Supernatant mineral content (mg)
Mineral bioaccessibility (%) = 100 (1)
Staring material mineral content (mg)

Equation 5.1. Mineral bioaccessibility calculation.

2.3 Mineral analysis

Mineral quantification of the BSF larvae and the digesta was performed by the Soil
Chemistry Laboratory of Wageningen University (CBLB, Wageningen University and
Research, the Netherlands), similar to First et al. (2024). For the whole BSF larvae,
approximately 300 mg of freeze-dried insect material, or 15ml of digested supernatant
were digested using a mixture of concentrated nitric acid (HNO) and hydrochloric acid
(HCI). Samples were subjected to microwave-assisted digestion, after which hydrogen
peroxide (HO) was added, and the heating step was repeated to ensure complete
oxidation of organic matter. Following digestion, the suspension was allowed to
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settle to separate undissolved silica particles. The resulting supernatant was collected
and analyzed for elemental composition using Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES; Thermo iCAP 6500 DV, Thermo Fisher Scientific,
USA). Mineral content was quantified comparing the samples to certified standards
(WEPAL, Wageningen, The Netherlands). All mineral concentrations are reported on
a dry matter basis in units of mg/kg or g/kg. All analyzed minerals were above the
protocol detection limit, provided in table S1.

2.4 Iron nanoparticle analysis

A mechanical lysis method adapted from a recent study (Alvarez-Ferndndez Garcia et
al.,, 2020) was employed to preserve iron-accumulating proteins of the homogenized
freeze-dried larvae, using 500 m glass beads (850 mg) mixed with 1 mL resuspended
sample. The mixture underwent 10 min ultrasonic treatment (Ultrasons, ].P. Selecta
S.A., Spain) and 5 min vertexing (VO5 Vortex, Labbox Labware SI, Spain), repeated twice
for optimal disruption. Lysates were filtered through a Millex™ hydrophilic PTFE 0.20
m syringe filter (MilliporeSigma, Darmstadt, Germany) and diluted for analysis: 1:1000
(control), 1:2000 (12.5 mM), and 1:5000 (125 mM) for sp-ICP-MS, and 1:2 for HPLG-ICP-
MS. This protocol was used as the standard sample preparation for all nanoparticle
analyses. All treatments were analyzed in biological triplicates.

In preparation for the single particle inductively coupled plasma mass spectrometry
(sp-ICP-MS), all solutions and suspensions were prepared in water (18.2 MQ cm) purified
in a PURELAB flex 3 system (ELGA VEOLIA, Lone End, United Kingdom). The ICP-MS
instrument was operated with 99.999% Alphagaz Argon (Air Liquide, Valladolid, Spain)
and hydrogen (from Air Liquide) was used in the reaction cell of the instrument. The
elemental iron standard solution (1000 mg L.-1) was from Merck (Darmstadt, Germany),
ammonium acetate (297%) was purchased from Fisher Scientific (Madrid, Spain). Glass
beads of 500 um diameter (BioSpec Products, Bartlesville, OK, USA) were obtained
from Sigma Aldrich (St Louis, MO, USA).

All measurements were performed on the iCAP MTX ICP-MS (Thermo Fisher Scientific,
USA, Bremen, Germany) selecting the 57Fe isotope in the single quadrupole mode using
hydrogen as collision gas. Specific operating conditions of different measurement
modes can be found in Table S3. For single particle experiments, the instrument was
fitted with a High Efficiency Sample Introduction System (Glass Expansion, Weilburg,
Germany) that consists of a High Efficiency MicroMist™ Nebulizer with an inner
capillary tube of 110 m and a high efficiency spray chamber with a microjet gas adapter



that was designed to improve transport efficiency of nanoparticles using a sheath gas
flow. Solutions and sample suspensions were pumped to the ICP-MS at a flow rate of
10 L. min-1 using the syringe pump Fusion 100X (Chemix Inc., Stafford, Texas, EE. UU.)
fitted with a 1 mL Hamilton syringe (Hamilton, Reno, NV, USA). To convert the counts
of 57Fe for each event to mass of Fe (mdt), the intensity is related to the signal given by
a calibration curve constructed using ionic iron standard solutions measuring 57Fe
as well. This conversion includes the transport efficiency of the sample introduction
system (Equation 2) that was determined using a gold nanoparticle standard
suspension (LGCQC5050, LGC Standards, Middlesex, UK) of certified particle number
concentration (Pace et al., 2011).

myg=nxcxdtxf @)

Equation 5.2. Calculated mass of the element (Fe) on each particle (mdt) as a function of the transport
efficiency (TE), the intensity of the particle event (I), the dwell time (dt), the sample flow (F) and the slope of

the calibration curve with ionic standards.

The NP sizes (assuming spherical shapes) were obtained using the mass of iron
obtained from the calibration curve, the atomic mass of iron, and the density and
molecular mass of the iron containing species that forms the NP (Equation 3). Iron
NPs are assumed to be present as ferrihydrite (5Fe203-9H20), the most common
Entoferritin iron mineral form (Pham & Winzerling, 2010).

V _ Mg, X MFerVihydrite (3)
NP M
FeX pFerrihydrite

Equation 5.3. Calculation of the volume of a NP, where myg, is the mass of iron present in each NP, M

Ferrihydrite
the molecular mass of the ferrihydrite, MFe the atomic mass of iron and Pgyinyaie the density of the
ferrihydrite.

Assuming that the NPs are spherical, with the equation that describes the volume of
a sphere we can obtain the diameter of each nanoparticle (Equation 4), and that is the
value given in the results.
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41

Equation 5.4. Calculation of the diameter of a NP assuming that it is spherical.

The data was acquired using time-resolved analysis mode at a dwell time of 100 s. The
data was further processed by the SPCal software v1.4.5 and OriginPro 8 (Northampton,
MA, USA).

High-Performance Liquid Chromatography coupled with Inductively Coupled Plasma
Mass Spectrometry (HPLC-ICP-MS) was performed for chromatographic separations
using a size exclusion column (SuperdexTM 200 Increase 10/300 GL, GE Healthcare,
Uppsala, Sweden). This type of column proved to be versatile for the separation of
differently sized proteins and in some cases, of small nanoparticles (Separation range
between 10 kDa and 600 kDa). The chromatographic system 1260 Series (Agilent
Technologies, Tokyo, Japan) was used at a flow rate of 0.7 mL min-1with a mobile phase
containing a 50 mM ammonium acetate (>98%, Sigma Aldrich, Darmstadt, Germany)
buffer (pH 7.0). A sample volume of 50 L was used in each analysis. The exit of the
column was connected in series to a UV-Vis detector that measured the absorption at
280 and 380 nm and then to the ICP-MS equipped with a Savillex C-Flow PFA nebulizer
and a cyclonic quartz spray chamber (provided by Thermo Fisher Scientific, USA,
Bremen, Germany).

For further characterization of the biogenic iron containing NPs, images were taken
in high resolution transmission electron microscope (HR-TEM) MET JEOL JEM-2100F
(Tokyo, Japan) at 200 kV. A small volume (150 L) of the lysed and filtrated sample
suspensions were deposited on the Cu grids and introduced into the instruments
after evaporation of the solvent. Following the TEM picture (Fig S1), Energy Dispersive
X-ray Spectroscopy (EDX) was applied on the unidentified particles to provide relative
quantification of their given minerals.

2.5 Statistical analysis

Statistical analyses were conducted using RStudio (version 1.3.1073). One-way ANOVA
was performed to assess bioaccessibility differences among treatments for both
iron fortification levels and blanching conditions and iron NPs content and sizes.
Tukey’s Honestly Significant Difference (HSD) post-hoc test was applied only to iron
fortification groups to determine pairwise differences, with a significance threshold of
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= 0.05. For blanching effects on solubility and bioaccessibility, statistical significance
between blanched and non-blanched samples was indicated using asterisk notation: P
<0.05="P<0.005="", P<0.0005 =" the absence of asterisks denotes no significant
difference (P> 0.05).

3. Results and discussion
3.1 Iron fortification

Increasing the dietary iron content did not affect larval weight or survival in BSF larvae
reared on iron-fortified substrates (Table 5.1), consistent with previous findings (First
et al., 2024). Larval iron content increased in a dose-dependent manner, ranging from
183 mg/kg DM to 832 mg/kg DM in response to elevated dietary iron levels (Table 5.2),
which align with the previously reported iron increase from 362 mg/kg DM to 999
mg/kg DM through substrate fortification (First et al., 2024). Calcium levels mean were
mildly increased with iron supplementation (From 20.5 to 21.6 g/kg DM, Table 5.2),
albeit to a lesser extent than previously reported (First et al., 2024). No negative trend
was observed in larval zinc content (84 mg/kg in the control DM to 91 mg/kg DM in the
125mM larvae, Table 5.2), despite prior evidence that iron inhibits zinc absorption in
BSF larvae (First et al., 2024). Notably, larval copper levels significantly increased when
larvae were exposed to 12.5 mM and 125 mM treatment comparing to control (17 to 20
mg/kg DM). This increase aligns with the established role of copper as an essential
cofactor in ferroxidase enzymes, which catalyze the oxidation of Fe** to Fe** during iron
absorption in insects (Mandilaras et al., 2013).

Blanching did not affect the content of all tested mineral of the larvae across
treatments. This was likely due to the vacuum blanching method used in this study,
which minimized contact with water and thus limited the leaching of trace minerals,
as shown in similar food preparation methods (Rondanelli et al., 2017).
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Table 5.1. Survival rate and average weight of black soldier fly (BSF) larvae reared on diets with varying
iron content with standard deviation per treatment. No statistically significant differences were observed
between treatments (P> 0.05).

Larval weight (mg) Survival rate (%)

Control
(269 Fe mg/kg DM) 240+9.3 83+0.05
12.5 mM
(1151 Fe mg/kg DM) 231+72 84 +0.01
125 mM
(7803 Fe mg/kg DM) 226+19.3 87+0.05

Table 5.2. Mineral composition of larvae reared on diets with increasing levels of iron from ferricammonium
citrate with standard deviation per treatment. Different letters indicate significant differences (P < 0.05);
mean groups without letters are not significantly different (P> 0.05). Mean groups lacking letters are not

significantly different.

Treatment Blanch- Fe Ca Zn Mg Cu K P
ing (mg/kg) | (g/kg) | (mg/kg) | (g/kg) | (mg/kg) | (g/kg) | (g/kg)

Non
Control blanched
(269 Fe mg/
kg DM)

183+11a 20.6=*16 86+2.0 27+0.06 17+04a 107+02 76=05

Blanched 188+10a 20566 8420 26+0.03 17+t04a 105+01 73=0.3

Non 20+

e blambed 372%39b 213247  82:05 28005 .\ 11202 79:02
.5 mM
(1151 Fe
mg/kg DM) 20+
Blanched 372:39b 215:7 81230  27:01 i 11x03  78:04
blaﬁiﬁe g 771=5lc 216:16 8980  27:02 ggi 111+ 08 81:09
125 mM
(7803 Fe
mg/kg DM)
Blanched 832+40c 225+10 9140  27+0l1 3% 11104 81x05



3.2. Mineral Bioaccessibility
3.2.1.Iron

Unlike mammalian ferritins, entoferritin functions as the predominant soluble iron
transporter in insects. At the same time, it also serves as the primary iron storage
compartment within the insect body (Pham & Winzerling, 2010). In response to
elevated iron levels, gut cells can increase ferritin accumulation in the Golgi apparatus
and other vesicular structures. This phenomenon typically occurs in a region of the
anterior midgut referred to as the “iron region”, which had also been identified as the
primary iron storage region in BSF larvae (Bonelli et al, 2020; Pham & Winzerling,
2010).

ICP-MS data corresponding the measurements by single particle ICP-MS showed in
Figure 1 (A-B) indicated that the number of detected Fe nanoparticles increased in a
dose dependent manner, while iron ferrihydrite NPs diameter remained consistent at
~45 nm across treatments. These sizes substantially exceed the ~7 nm mineral core of
entoferritin (Kim et al.,, 2001), which could be ascribed to aggregates obtained during
sample preparation. Given that iron bioaccessibility differed significantly among
fortification levels, suggesting minimal changes in native entoferritin structure, the
comparable iron NP aggregates are likely affected by the mechanical lysis and filtration
steps of the nanoparticle preparation. However, further research should extract and
evaluate these aggregates to confirm entoferritin based clusters. Size exclusion
chromatography (SEC) further supported this interpretation, as the earliest eluting
peak above 600 kDa contained detectable iron and matched the expected size range
of large iron-accumulating proteins such as entoferritin (Figure 2). Energy-dispersive
X-ray spectroscopy (EDX) confirmed strong signals for iron, which were significantly
higher in the particles found in the larvae with 125mM compared to the two other
dietary treatments (Figure 3), reinforcing the identification of iron NPs. The consistent
size of iron NPs with a NPs increased content, combined with the SEC and EDX results,
indicate that entoferritin-mediated storage remained the dominant mechanism of
iron sequestration in BSF larvae, irrespective of iron fortification.
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Figure 5.1. Iron nanoparticle concentration of iron fortified BSF larvae (A) and the iron nanoparticles median
size of iron fortified BSF larvae, assuming that the NPs are ferrihydrites (5Fe203-9H20). Iron nanoparticle
concentrations are extrapolated from the events detected in the ICP-MS measurements (Figure S2-S4).
Different letters indicate significant differences (P <0.05).
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Figure 5.2. Chromatograms comparing retention times of horse spleen ferritin (Detection of 57Fe by ICP-MS)
with control and 125 mM supplemented larvae (Detection of 57Fe by ICP-MS and absorbance at 280 nm and
380 nm), showing the coelution of characteristic peaks of ferritin with peaks of the samples.
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Figure 5.3. EDX spectra of the control, 12.5 mM and 125 mM treated larvae. The red boundaries represent
the expected areas of which iron picks should be detectable, while the blue boundaries represent the area in

which calcium is detectable.

Data on iron bioaccessibility for the differently fortified BSF larvae are shown in
Figure 4A. The iron storage mechanism is similar across all fortification treatments,
however, bioaccessibility percentage data show a significant, dose-dependent decrease
with increasing fortification. Mammalian ferritin has an iron storage capacity of
approximately 4,500 iron atoms per complex, although under physiological conditions
it typically stores around 1,000 to 1,500 atoms (Kell & Pretorius, 2014; Macara et al., 1972).
The iron-holding capacity of entoferritin is not yet known. However, its substantially
higher molecular weight compared to mammalian ferritin (~670 and ~440 KDa,
respectively) suggests that it may be capable of storing a larger amount of iron.
Given that both ferritins mineralize iron in a similar manner, it can be assumed that
entoferritin, like its mammalian counterpart, generally operates below its maximum
capacity, storing only a fraction of its potential load (First et al., 2023). In mammals, iron
overload can result in overloading ferritin with iron that has been shown to impair its
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structural and thermal stability and solubility, which may negatively affect digestibility
(Irimia-Dominguez et al.,, 2020; Ruiyang Ji Mingyang Sun, 2023; Srivastava et al., 2023).
First et al. (2024) reported a threefold increase in iron content in fortified larvae. In
the current study, a 400% increase in iron content was observed in the fortified BSF
larvae. It can be hypothesized that this iron increase may not be fully matched by a
proportional rise in entoferritin content, due to regulatory limits on its expression or
synthesis. Further investigation is needed to confirm the iron to entoferritin ratio shifts
under iron fortification. The observed decrease in iron bioaccessibility in fortified
larvae may be explained by an increased iron to entoferritin ratio, potentially reducing
entoferritin digestibility and iron in the bioaccessible supernatant fraction. Although
iron bioaccessibility was lower with increasing iron supplementation, the iron
concentration in the digesta significantly increases in a dose-depended manner, and
more than doubled under the 125 mM treatment, from 0.08 mg/ml to 0.2 mg/ml of iron
(Figure 4B). This was primarily due to the high initial iron content in the fortified larvae,
which compensated the reduced bioaccessibility, suggesting that iron fortification
in BSF larvae can improve the insect as an iron source. However, the implications of
increased luminal iron on gut microbiota warrant evaluation, as unabsorbed soluble
iron can promote pathogenic overgrowth. Yet, assuming most iron in BSF larvae is
entoferritin-bound, it may behave similarly to ferritin-based iron supplements, which
have been shown to maintain intestinal integrity and avoid dysbiosis compared with
soluble iron salts (Yang et al., 2025).

The blanching of the larvae significantly lowered both total digested iron and iron
bioaccessibility across all treatments. Although the physiochemical behavior of
entoferritin under heat pressure is not well studied, these results were expected. Under
blanched conditions, proteins, including entoferritin can degrade, lose function,
aggregate and precipitate (Ruiyang Ji Mingyang Sun, 2023). This hypothesis aligns
with the visible decrease of over 40% of protein solubility after blanching across all
fortification levels (Table S4). Heat stress degradation and precipitation of entoferritin
following blanching are likely key factors contributing to the observed decrease in
iron bioaccessibility, regardless of the level of iron fortification. Nevertheless, further
spatial localization, and entoferritin relative quantification under heat treatments
are required to confirm whether iron bioavailability in BSF larvae is predominantly
governed by entoferritin-bound iron.
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Figure 5.4. Iron bioaccessibility, expressed as percentages (%) (A) and digested iron concentration expressed
in mg/L (B) of iron-fortified black soldier fly larvae. The iron concentrations listed in the treatment
column correspond to the measured iron content of the differently treated larvae. Different letters indicate
statistically significant differences among treatments (P < 0.05), with lowercase letters refer to non-blanched
larvae, while uppercase letters refer to blanched larvae. Asterisks denote statistically significant differences
between blanched and non-blanched samples (P < 0.05 =*, P < 0.005 = **, P < 0.0005 = ***); the absence of
asterisks indicates no significant difference (P> 0.05).

3.2.2. Calcium

No differences in calcium bioaccessibility were observed among the non-blanched,
iron-fortified larvae. The 12.5 mM group had the lowest bioaccessibility, while the
125 mM group had the highest (27.2%). A significant, yet small, decrease in calcium
bioaccessibility was seen in the blanched samples, from 58.3% to 54% (Table 2). Despite
this small reduction, the total amount of calcium digested remained similar, as the iron-
fortified larvae contained more calcium prior to digestion. In BSF larvae, most calcium
is found in a calcium carbonate granule which is stored in two specialized Malpighian
tubules known as lime glands. These glands provide a physiological environment that
facilitates the precipitation and accumulation of amorphous calcium carbonate during
the feeding stages. Aslarvae develop, the stored calcium is mobilized and used primarily
for cuticle hardening during molting and pupation. In the exoskeleton, calcium within
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the exoskeleton exists in a more dispersed, organically bound state, integrated into
the epicuticle and exocuticle layers through biomineralization (Rebora et al., 2023). In
the scope of iron fortification, it was shown that with an increased dietary iron in the
BSF larvae diet, there is a significant increase in the calcium bioaccumulation. It has
also been reported, that BSF exposed to excess dietary iron might exhibit dark lesions
on the exoskeleton. This led to the hypothesis that the increased calcium content of
the iron fortified larvae is accumulated in order to maintain exoskeletal structure and
function under the high iron environment (First et al., 2024). The given lack of changes
in calcium accessibility regardless of iron fortification level, suggests that although
calcium is accumulated to address exoskeletal development challenges under high
iron conditions, the substantial calcium reserves in the lime glands may overshadow
the contribution of the exoskeleton to overall bioaccessibility.

Interestingly, blanched larvae exhibited significantly higher calcium bioaccessibility
compared to non-blanched larvae, with the 12.5 mM group increasing from 10.3% to
53.7% upon blanching (Table 2). A previous study investigating mineral digestibility in
BSF larvae fed to mountain frogs reported a twofold increase in calcium digestibility
when the larvae were crushed. It was hypothesized that this physical disruption
of the exoskeleton led to the release of calcium from both storage and the chitin
mineral protein matrix (Dierenfeld & King, 2008). In the current study, all samples
were homogenized prior to digestion, providing a consistent baseline of mechanical
disruption. The blanching process likely introduced further structural breakdown,
especially of the lime glands residues, as indicated by the marked increase in calcium
bioaccessibility. While direct physical confirmation is still needed, these findings
imply that ground, thermally treated BSF larvae are preferable over live larvae when
the goal is to enhance calcium absorption. These insights underscore the nutritional
relevance of BSF larvae as a calcium source, and highlight the importance of processing
in optimizing their use in feed formulation and food applications.

3.2.3.7Zinc

Similar to calcium, blanching of the unfortified larvae and those reared on the 12.5
mM diet resulted in a significant increase in zinc bioaccessibility, from 22.5% to 50.1%
and from 26.3% to 40.1%, respectively (Table 2). In insects, zinc is stored in specialized
organelles known as zinc storage granules, which are localized specifically within the
principal epithelial cells of the Malpighian tubules. In comparison to calcium, which
is stored in larger granules (0.4 to over 10 um) distributed across both principal and
secondary cells, zinc granules are typically smaller (approximately 1 um) and more
spatially restricted (Rebora et al, 2023; Tejeda-Guzman et al.,, 2018). Based on these
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differences, it can be assumed that the increase in zinc bioaccessibility following
blanching is related to structural disruption of zinc storage granules, similar to the
mechanism proposed for calcium. However, this effect was not observed in larvae
reared on the high iron diet. In this group, zinc bioaccessibility significantly decreased
upon blanching, from 38.6% to 28.9%. Zinc absorption is known to be inhibited by iron
due to competition at shared transport mechanisms (First et al., 2024; Péres et al., 2001).
It is therefore hypothesized that zinc homeostasis was disrupted in larvae reared on
the high iron diet due to competitive interactions, leading to reduced accumulation or
destabilization of zinc granules in the Malpighian tubules. Consequently, blanching
may have a limited effect on zinc bioaccessibility in this group, as fewer zinc-containing
granules were present to be disrupted.

These trends contrast with previous findings on boiling effects in Eulepida mashona
and Henicus whellani, where zinc bioaccessibility increased. This discrepancy may be
explained by the lower zinc content in those species (43 and 50 mg/kg DM, respectively),
suggesting that zinc storage systems may be present to a lesser extent and thus less
affected by thermal disruption (Manditsera et al, 2019). This contradiction highlights
species-specific differences in zinc storage and mobilization and reinforces the need
for physicochemical confirmation of zinc granule localization, composition and
structural behavior under heat stress in black soldier fly larvae.

With respect to the effect of iron fortification on zinc bioaccessibility, larvae reared on
125 mM diet exhibited significantly higher zinc bioaccessibility under non-blanched
conditions compared to those reared on the control and 12.5 mM diets. In contrast,
under blanched conditions, iron fortification resulted in a dose-dependent decrease in
zinc bioaccessibility. Based on the hypothesis that high dietary iron interferes with the
proper formation of zinc granules, it is likely that in non-blanched larvae reared on the
125mM diet, zinc was more diffusely distributed outside of the storage system within
the Malpighian tubules, and therefore more bioaccessible.

3.2.4. Magnesium

Iron fortification of the larvae had no significant effect on magnesium bioaccessibility
in either blanched or non-blanched treatments. In previous studies on meat, sous-
vide cooking, comparable to the vacuum blanching approach applied in this study,
was shown to enhance magnesium bioaccessibility (da Silva et al., 2017). However, this
effect was not observed in the BSF larvae, likely due to the already high magnesium
bioaccessibility (>95%) across all treatments, leaving limited potential for further
improvement.
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Table 5.2. Mineral bioaccessibility (%) of iron-fortified black soldier fly larvae with standard deviation per
treatment. Different letters indicate statistically significant differences among treatments (P < 0.05), with
lowercase letters refer to non-blanched larvae, while uppercase letters refer to blanched larvae; mean groups
sharing the same letter are not significantly different (P > 0.05). Asterisks denote statistically significant
differences between blanched and non-blanched samples (P < 0.05 = *, P < 0.005 =™, P < 0.0005 = **); the
absence of asterisks indicates no significant difference (P> 0.05). Mean groups lacking letters or asterisks are

not significantly different.

o Ca (%) Mg (%)
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4, Conclusion

This study provides an integrated assessment of trace mineral bioaccessibility and
iron nanoparticle formation in iron-fortified black soldier fly larvae. It also evaluates
the effects of thermal processing on mineral bioaccessibility. Iron fortification led to
a dose dependent increase in larval iron content and iron nanoparticle events, while
nanoparticle diameter remained consistent (~45 nm), and chromatographic profiles
confirmed the presence of high molecular weight (>600 KDa) iron protein complexes.
Together, these findings indicate that entoferritin based iron sequestration persists
as the primary storage mechanism even under high iron fortification. Despite the
percentage of bioaccessible iron decrease with fortification, the total digestible iron
increased, supporting the nutritional efficacy of fortification strategy. Blanching
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significantly impaired iron bioaccessibility, likely due to heat-induced denaturation of
Entoferritin. However, the effects of increased luminal iron on intestinal microbiota
and related inflammatory or oxidative processes should be examined, noting that
BSF iron is assumed to be largely entoferritin-bound. Live BSF larvae may be legally
used as feed for all livestock species in the EU, excluding ruminants, following the
2024 clarification by the European Commission’s PAFF Committee, under Regulation
(EC) 767/2009 (EU, 2024; EU, 2009). Within this regulatory framework and the findings
provided in this study, live, non-blanched iron-fortified BSF larvae could serve as a
novel and enhanced source of iron for livestock nutrition.

Oppositely, blanching enhanced calcium and zinc bioaccessibility, probably by
disrupting mineral storage structures such as lime glands and zinc granules.
Magnesium bioaccessibility remained unaffected and consistently high.

Overall, the results highlight how iron fortification and thermal processing
differentially impact the nutritional profile of BSF larvae, and support the potential
of live, iron-fortified larvae as a sustainable, mineral-rich ingredient for animal feed.
Moreover, these findings showcase the potential of processed BSF larvae as a mineral-
rich food ingredient, with enhanced calcium availability, for future food applications.
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Supplementary Information

Table S1. Mineral analysis lower detection limits. Data provided by the Soil Chemistry Laboratory of
Wageningen University (CBLB, Wageningen University and Research, the Netherlands)

e | & e [ w [ e | s [ e ]

Lower
detection
limit (mg/
kg)

60 150 5 50 0.6 3 1

Table S2. Volumes of electrolyte stock solutions and final electrolyte concentrations of simulated digestion
fluids (SSF, SGF, and SIF)

Salt Stock | SSF(H SGF (pH SIF (pH
solution conc. A . Bl . Zprk
added . (M). stock for i stock for i stock for
04L 04L 04L
KCI &5 0.5 15.1 121 6.9 5.5 6.8 5.4
KH,PO, 68 0.5 3.7 3.0 0.9 0.72 0.8 0.64
NaHCO;a 84 1 6.8 109 12.5 20.0 42,5 68.0
NaCl 117 2 - - 11.8 37.8 9.6 30.7
MgCL,(H,0), 30.5 0.15 0.5 0.12 04 0.096 11 0.26
(NH,)CO,* 48 0.5 0.06 0.048 0.5 0.40 - -
HCI = 6 0.09 0.88 1.3 12.5 0.7 6.7
GaCl,(H,0),b 441 0.3 0.025 12 0.005 0.12 0.04 048
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Table S3. Operating conditions of the iICAP MTX ICP-MS in different measurement modes.

RF Power [W] 1550
Coolant gas flow [L. min] 14.0
Auxiliary gas flow [L. min] 0.8
Carrier gas flow [L min™] 0.8
Sheath gas flow [L min] 0.31
Cell gas flow [mL min] 0.31

Q1 bias [V] 0

Qcell bias [V] -5.94

Q3 bias [V] -12.0

Q3 masses [u] 57 (*"Fe’)

Single particle mode

Dwell time [ps] 100
Sample flow rate [mL min] 0.01
Analysis time [s] 60
HPLC-ICP-MS

Dwell time [ms] 100
Sample flow rate [mL min-1] 0.7
Analysis time [min] 60

Figure S1. Images obtained from the HR-TEM analysis of the control (a), 12.5 mM (b) and 125 mM (c) sample.



100 b W s 1
3 ~==" Detection Threshold

—~ 80F — Mean
8 £
[ =
5
8 eofF
-3
[}
8
o !h J I I

201‘ vT{T ‘L T J! !!vYT v I ¥ y

o
- 10 15 20 25 30 a5 40 45 50 55
Time (s)

10+
4 L
=
a
z [
& uk

oL L

10 30
Size (nm)

Figure S2. Single particle ICP-MS results from a control sample after 1:1000 dilution. A) Time-resolved
analysis. B) Histogram of the resulting sizes (Bin size: 3 nm).
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Figure S3. Single particle ICP-MS results from a 12.5 mM treatment, sample after a 1:22000 dilution. A) Time-
resolved analysis. B) Histogram of the resulting sizes (Bin size: 4 nm).
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Table S4. Soluble protein content (mg/ml) of cryomilled freeze dried iron fortified black soldier fly larvae,
before and after blanching with standard deviation per treatment. The solubilized proteins are sourced in
10mg of cryomilled freeze dried larvae in 1ml of PBS buffer (Ph7.5). Asterisks denote statistically significant
differences between blanched and non-blanched samples (P <0.0005 = ***).

Mineral Soluble

protein content Control 12.5 mM 125 mM
(mg/ml)

Non blanched 1.6+ 0.02 177+ 0.2 1.9+ 0.1
Blanched 0.9+ 0.01 1£ 0.05 1= 0.06
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1. Main findings

Edibleinsects have previously been proposed as a novel source of dietary iron, primarily
due to two factors, their rapidly growing interest as a sustainable protein source over
the past decade, and their relatively high absolute iron content (Mwangi et al., 2018).
However, little is known about the absorption and storage form of iron, bioavailability
for both animals and humans and potential to manipulate dietary iron in edible insect
species. This PhD thesis therefore aimed to elucidate the source and bioavailability of
iron in edible insects, focusing on the black soldier fly (BSF) larvae. The research further
explored iron biofortification strategies and evaluated their potential to enhance iron
content and bioavailability, thereby contributing to sustainable solutions for mitigating
iron deficiency in both humans and animals.

In this thesis, BSF larvae were identified as a successful animal model capable of iron
biofortification through dietary intervention. By altering the iron concentration in
the rearing substrate, BSF larvae were shown to effectively accumulate and regulate
iron levels, providing a biological route for iron enrichment. The baseline iron content
in BSF larvae already exceeded that of conventional iron sources, including beef
and fortified cereals, and fortification further amplified these levels, resulting in an
exceptionally iron-rich biomass (Figure 6.1).

Iron Content and Fortification Levels of Various Ingredients

Base iron content . Iron fortification

1000

Iron (mg/kg)
o
8

& 2 B

Figure 6.1. Iron content and degree of successful iron biofortification in various food ingredients.
Stacked bars represent the total iron concentration (mg/kg DM) for each ingredient, divided into base iron
content (light green) and additional iron gained through biofortification (dark green with stripes). Iron
biofortification of the plant samples are achieved by either classical breeding or genetic modification, while
insect iron biofortification was achieved through substrate manipulation. There are no successful reports
of iron biofortification of meats. From left to right: finger millet, rice, beef steak, lesser mealworm larva, and
black soldier fly larva. Data adapted from (Boonyaves et al., 2017; First et al., 2024; Teklu et al., 2023).




Iron biofortification experiments established the BSF larvae as a viable model for
iron enrichment, providing a foundation for continued investigation into underlying
mechanisms and nutritional and processing effects. The main outcomes of this thesis
are described below and summarized in Table 6.1. Chapter 2 reviewed the biology of
entoferritin in the context of a dietary iron source. The chapter highlighted entoferritin
as a nutritionally relevant iron carrier, characterized by high iron storage capacity,
solubility, and stability. Compared to ferritins in plants and animals, entoferritin
is larger and naturally water-soluble, making it a distinct and understudied form.
Evidence from related ferritins indicates that ferritin-bound iron can be absorbed
through mechanisms different from classical non-heme uptake and is less affected by
inhibitors such as phytates and polyphenols. The review concluded that entoferritin
warrants systematic considerationasadistinctdietaryiron sourceand called for further
research which includes iron speciation, entoferritin characterization, and nutritional
availability. Chapter 3 examined the feasibility of insect iron biofortification by rearing
the lesser mealworm and the black soldier fly larvae on iron-supplemented substrates.
Both species increased their body iron content in response to dietary enrichment, but
their tolerance and physiological responses differed markedly. Black soldier fly larvae
exhibited a threefold increase in body iron content without reductions in growth or
survival, while the iron concentration in the substrate was ten times higher than that
used for yellow mealworms. In contrast, yellow mealworm larvae showed decreased
survivability under elevated iron conditions. In black soldier fly, iron enrichment was
accompanied by moderate co-accumulation of calcium, while both species exhibited a
reduction in zinc levels. These findings established the black soldier fly as a promising
model for animal-based iron biofortification through substrate manipulation. Chapter
4 investigated the molecular responses of BSF larvae to iron biofortification using an
integrated transcriptomic and proteomic approach combined with tissue-level iron
localization. The analyses revealed an increase of about 70% in entoferritin abundancy,
largely achieved through post-transcriptional regulation involving iron-responsive
proteins such as IRP1 and RSLIDI. System-level responses also linked iron handling
to cuticle-associated processes and oxidative stress responses. Dissection and staining
showed that fortified iron was predominantly localized in the gut, supporting the view
that larvae rely on entoferritin-based compartmentalization to tolerate high mineral
loads. This chapter provided mechanistic insight into how BSF can serve as an effective
fortification platform. Chapter 5 addressed the effects of thermal processing and iron
biofortified on mineral bioaccessibility in BSF larvae using an in vitro digestion model
and mineral nanoparticle analysis. The results demonstrated that fortified larvae
provided significantly more digestible iron compared to controls. However, under
high iron conditions, the relative fraction of bioaccessible iron decreased, likely due
to an increased iron-to-entoferritin ratio that reduced entoferritin solubility. Iron
nanoparticle characterization showed that fortification and processing influenced
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nanoparticle abundance but not size, suggesting that BSF relies on a consistent storage
mechanism thatscaleswith iron content, further supporting the entoferritin-based iron
accumulation hypothesis presented in Chapter 4. Blanching reduced iron solubility,
which may indicate partial entoferritin destabilization, while calcium solubility and
bioaccessibility increased after blanching, underscoring mineral-specific effects of
thermal treatment. Overall, iron-fortified BSF larvae represent a promising source of
bioavailable dietary iron.



Table 6.1. Overview of thesis chapters, including core research questions, experimental approaches, and

main findings.

Chapter

2. Entoferritin: An
innovative iron
source for human
consumption

3. Strike while

the iron is hot:
Unravelling the
impact of dietary
iron on two edible
insects

4. Forged in
iron: Molecular
insights into
iron tolerance in
Hermetia illucens
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Core question

Is entoferritin

nutritionally relevant

and distinct from
other ferritins?

How does substrate
iron dosing affect
edible insects?

What molecular
response does iron

fortification lead to in

the black soldier fly
larvae?

Experimental

approach

Literature review.

Rearing on iron-
supplemented
substrates,
insect parameter
analysis,
nutritional facts
analysis.

Transcriptom-
ics, proteomics,
larvae dissection

and iron staining.

Key findings

Entoferritin is larger and nat-
urally water-soluble compared
with plant/animal ferritins

Ferritin-bound iron uptake? is
less affected by phytates/poly-
phenols and may use alternative
uptake routes

Entoferritin presents untapped
opportunities as a novel iron
source

BSF tolerated and accumulated
high dietary iron while lesser
mealworm showed a surviv-
ability decline at iron levels an
order of magnitude lower

Calcium accumulated in BSF
in an iron dose-dependent
manner

Zinc concentration decreased in
both species

Entoferritin abundancy
increased by ~70%, driven pri-
marily by post-transcriptional
regulation involving IRP1

Transcriptional and proteomic
changes associated with cuticle
and exoskeletal processes



Experimental

Chapter Core question B Key findings

5. Built by iron, How does iron Invitro mineral o Fortified larvae provided signifi-
Changed by fortification and bioaccessibility, cantly more digestible iron
heat: Mineral thermal stability iron nanoparticle

bioaccessibility affect the mineral analysis. o Blanching reduced iron solubil-
in iron-fortified bioavailability of ity consistent with entoferritin
and processed the black soldier fly destabilization
Hermetiaillucens  larvae?

larvae o Iron nanoparticles showed sim-

ilar size but greater abundance
with fortification

Calcium bioaccessibility in-
creased after blanching

2. Dietary iron considerations of an entoferritin-based systems

The multi-layer omics analyses and tissue dissections described in Chapter 4, together
with the iron nanoparticle characterization presented in Chapter 5, demonstrate that
iron biofortification of BSF larvae is based on an entoferritin system for iron storage.
Ferritin absorption differs fundamentally from that of heme iron and other inorganic
iron sources. Studies in humans and animals have shown that ferritin uptake is not
affected by the presence ofhemeor FeSO,indicatingthatferritin follows anindependent
absorption pathway that does not rely on the Haem Carrier Protein 1 (HCP1) or Divalent
Metal Transporter-1 (DMT1) pathways. Instead, ferritin appears to be absorbed, at least
in part, as an intact protein complex through enterocytes in the duodenum and upper
small intestine. Saturable binding patterns observed in intestinal cell models fed
with plant ferritin support a receptor-mediated process. In rats, ferritin-based iron,
was shown not only to be absorbed through digestion, but was also incorporated in
the body iron pool at a slower rate, strengthening the hypothesis of a distinct iron
absorption pathway (Theil et al., 2012). While the specific receptor for non-mammalian
ferritin remains unknown, studies on plant ferritin indicate that endocytosis involves
clathrin-coated vesicle formation coordinated by the adaptor protein AP2, suggesting
that a similar pathway could also operate for entoferritin (Kalgaonkar & Lonnerdal,
2008). A potential candidate in this context is the scavenger receptor class A member
5 (SCARAS5), which has been shown to interact with the light-chain subunit of
mammalian ferritin and is expressed in intestinal epithelium (Mendes-Jorge etal.,2014).
It could therefore represent a part of the missing link in ferritin absorption from non-
mammalian sources. Entoferritins tend to be glycosylated on their light-chain units,
a modification that might interfere with receptor recognition or binding efficiency
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(Pham & Winzerling, 2010). If ferritins do not survive the digestive tract intact, the
released iron may still enter via DMT1, but evidence from in vitro and in vivo models
suggests that a substantial fraction of ferritin can endure gastrointestinal conditions
long enough to be taken up as a macromolecular complex (Perfecto et al.,2018). Notably,
no studies have been dedicated to validating dietary ferritin-based iron absorption
patterns in economically relevant livestock, and further research is required.

Ferritin-bound iron is also considerably less affected by antinutritional factors than
other non-heme iron sources. Because the iron remains mineralized within the
protein shell until degradation inside enterocytes, it is protected from inhibitors
such as phytates, polyphenols, and chitin (Lénnerdal, 2007). This point is particularly
relevant for insect-based foods, which naturally contain a high amount of chitin.
When compared to published work on iron bioaccessibility of mushroom-based
burgers, which are similarly high in chitin, the bioaccessible fraction of the BSF larvae
presented in Chapter 5 is considerably higher than that reported for mushroom
systems, both in the untreated larvae (=50%) and after thermal processing (=35%),
compared with the mushroom-based samples (=0-25%). Conversely, the mushroom-
based burger study reported that both the polyphenoliiron and phytate:iron ratios
were too low to substantially influence mineral bioaccessibility, indicating that
inhibitory effects from these compounds are minimal in that system (Luz et al,, 2024).
In BSF larvae, polyphenols are present at a much lower levels (Camperio et al.,2025; Luz
etal., 2024), providing easier comparison as neither matrix is meaningfully influenced
by polyphenols or phytates. However, it should be noted that in vitro bioaccessibility
outcomes can vary substantially across different methodologies, and comparisons
between studies should be interpreted with caution (Faubel et al, 2023). In addition
to this chitin-rich models comparison, chitin isolated from mealworms has been
shown to exert minimal effects on iron solubility during digestion (Mwangi et al., 2022),
which further supports the role of an entoferritin-based system in stabilizing iron and
protecting it from antinutritional factors under gastrointestinal conditions.

The significant increase in digestible iron in biofortified larvae shown in chapter 5, can
be attributed to the entoferritin-based system, which facilitates iron solubility even at
high levels of stored iron. However, iron biofortification in BSF larvae also introduces
structural alterations that may influence entoferritin behavior. As the iron-to-ferritin
ratio increases, ferritin can become less soluble and more prone to aggregation,
which may lower the fraction of bioaccessible iron (Irimia-Dominguez et al., 2020). In
Chapters 3 and 5, iron levels increased by approximately 150-350% in the biofortified
larvae, whereas in Chapter 4, entoferritin abundance increased by about 70% under
similar iron fortification conditions. Notably, because the mineral content and protein
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abundance were obtained using different rearing batches and distinct methodologies,
the iron-to-entoferritin ratio should be interpreted with caution. Nevertheless,
the magnitude of the observed differences indicates an increase in this ratio. This
relationship suggests that, while ferritin synthesis responds to iron exposure, the
degree of protein upregulation may not fully match the extent of iron accumulation,
potentially leading to overloaded or aggregated ferritin structures. This trade-off is
evident in the reduced bioaccessibility fraction of fortified larvae reported in Chapter
5, indicating that increased iron accumulation may come at the expense of solubility.
However, when ferritins lose solubility due to iron overloading, processing or digestion,
this does not necessarily mean that its iron core is released. The mineralized core can
remain immobilized within the protein shell even when precipitated (Everett et al.,
2020; Muhoberacetal.,, 2010),assumed to lower potential for oxidative stress or mucosal
irritation compared to freely soluble iron salts, as the iron remains bound within the
protein complex rather than contributing to oxidative stress or mucosal irritation.
Evidence also supports the persistence of the mineral core structure in entoferritin
following partial protein dissociation. In non-reducing SDS-PAGE, where disulfide
bonds remain intact and only non-covalent interactions are disrupted, entoferritin
subunits are partially separated. The semi-intact protein complex remains visible
when stained for iron, indicating that the mineralized core is retained even after partial
breakdown of the protein shell (Rosas-Arellano et al, 2016). Additional supporting
evidence was obtained from preliminary, unpublished work shown in Figure 6.2,
in which entoferritin was purified from blanched lesser mealworms (Alphitobius
diaperinus) using potassium bromide (KBr) density gradient centrifugation following
the protocol of Gutiérrez et al. (2013). Aggregated and precipitated entoferritin appeared
structurally intact under transmission electron microscopy (TEM).



400.0nm

Figure 6.2. Transmission electron micrograph of purified entoferritin from blanched lesser mealworms
(Alphitobius diaperinus). Samples were prepared and stained based on the protocol provided by Nocera et
al. (2014). The red square marks an individual entoferritin complex within an aggregated cluster. Attached
aggregates in the clusters are also assumed to be entoferritins. Scale bar =100 nm.

Atpresent, little is known about the detailed biochemical characteristics of entoferritin,
and even less about those of BSF. Similarly, the effects of iron loading on ferritin
structure and solubility in insects remain uncharacterized. However, based on what is
known from mammalian and plant ferritins and the results provided in this thesis, it
is reasonable to assume that the fundamental relationships between iron saturation,
protein stability, and solubility are conserved. Understanding these relationships in
BSF larvae will require further study of entoferritin stability during both processing
and digestion, alongside the impact of iron loading under biofortification. Addressing
these aspects will be essential for evaluating the nutritional potential of BSF ferritin and
for translating these biochemical insights into practical applications for sustainable
iron fortification.

3. Substrate factors influencing black soldier fly larvae iron uptake

Beyond the structural and stability-related aspects of entoferritin that affect the
nutritional potential of BSF as an iron source, the mechanisms by which BSF larvae
acquire and absorb iron from their substrates must also be considered. Similar to
humans, non-heme iron absorption in insects occurs primarily via uptake of the

160



ferrous (Fe*) form. Most iron present in plant-based insect diets exists in the insoluble
ferric (Fe*") form, which must be reduced before absorption can occur. FIRE (Ferric Iron
Reductase) and FIRE-like enzymes have recently been identified as key catalysts of ferric
iron (Fe*) reduction in the Drosophila gut (Soltani et al., 2025), functioning analogously
to duodenal cytochrome B (DCYTB) in mammals, which performs a similar role during
dietary iron absorption. Malvolio (Mvl) transporter, the Drosophila homolog of DMT],
facilitates the transport of ferrous iron and other divalent metals from the gut lumen
into enterocytes, particularly in the acidic midgut region, and is localized mainly to the
plasma membrane of midgut cells. This represents the first step in intestinal dietary
iron absorption in insects. As with non-heme iron uptake via DMT1in humans, soluble
ferrous iron in the insect gut must remain in the reduced state to prevent chelation
or precipitation (Gorman, 2023). Consequently, substrate formulations intended
for BSF iron fortification should aim to minimize anti-nutritional factors known to
inhibit iron absorption in humans, such as phytates, tannins, and polyphenols (Piskin
et al., 2022), which may exert similar effects in insects. An example is that cooking
pinto beans increased iron bioavailability in a Gaco-2 cell model by reducing the
concentration of procyanidins, a class of tannins known to inhibit iron absorption
(Wiesinger et al.,, 2021). One variable that may differentiate the understanding of iron-
related anti-nutritional factors in mammals from that in BSF larvae is the role of the
peritrophic matrix (PM) in defense against iron overload, as described in Chapter 4.
The observation that iron binds to the PM under medium (12.5 mM) and high (125 mM)
dietary iron conditions, but not under control conditions, suggests that the PM has
both a threshold concentration at which iron binding begins and a finite capacity for
iron retention. These characteristics may determine the bioavailability of dietary iron
for absorption. Given that iron biofortification in insects is a novel concept and that the
extent of iron manipulation achieved in BSF larvae is unprecedented, future research
should investigate how substrate composition, processing, anti-nutritional factors
and the PM, influence iron uptake and bioavailability. Translating these biochemical
considerations into applied rearing strategies requires attention to the practical and
regulatory dimensions of BSF feed formulation.

4. Integrating substrate design and regulation for iron fortification
in BSF larvae

Inboth conventionallivestock and insect farming, feed formulationlargely concentrates
on conversion efficiency, biomass yield, and macronutrient composition (Oonincx,
van Broekhoven, et al., 2015; Rauw et al., 2025). Black soldier fly larvae production has
followed this same trajectory, with most efforts directed toward maximizing protein
output and waste conversion efficiency (Janssen et al., 2017; Scala et al., 2020). The
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findings of this thesis demonstrate that BSF can also be deliberately enriched with
minerals through substrate manipulation, pointing to the need for a broader outlook
that integrates performance with nutritional enrichment. As shown in chapter 3, BSF
larvae reared on unfortified chicken feed, already contains high levels of essential
minerals, particularly iron, and larval feed formulation provides a means to further
enhance this natural advantage. The experiments in this thesis focused on the larval
physiological response to high dietary iron. To minimize experimental variability, the
substrate composition was kept constant except for the iron salt concentration. While
this approach enabled mechanistic insights, it limits industrial applicability, as such
iron salts are already common as an iron supplementation for humans and as feed
additives for target livestock species (Friendship et al, 2021; Lorinczova et al., 2021).
Accordingly, future work should evaluate naturally iron rich substrates to determine
whether similar levels of enrichment can be achieved under realistic production
conditions.

Within the European context, as a “farmed animal” the use of BSF larvae for iron
fortification is currently constrained by substrate regulations under Article 3(6) of
Regulation (EC) No. 1069/2009, which permits rearing only on materials of vegetal
origin and selected animal-derived by-products, notably fish waste and non-ruminant
blood products (Meijer etal.,2025; EU,2019). As exemplified in Table 6.2, these exceptions
are particularly relevant to iron fortification, as several approved substrates already
contain appreciable iron levels. For instance, sugar beet pulp, abundant within the
European Union, contains approximately 625 mg Fe/kg dry matter, making it one of the
few plant-based side streams that combine high iron content with regulatory approval
(Feed tables, 2024). Other vegetal residues such as cocoa pod husk and coconut coir
waste also exhibit relatively high iron concentrations but scarcely available in Europe
(Barrios-Rodriguez et al., 2022; Patil et al., 2018).
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Table 6.2. Reported iron concentrations (mg/kg dry matter) in selected agricultural and animal-derived
waste streams and by products that could serve as substrates for black soldier fly larvae rearing.

A Iron Content Approved as insect feed
Category Material/Stream (mg/kg DM) in EU
Coconut coir waste 1,100 (Patil et al., 2018) Yes
Sugar beet pulp 600 (Feed tables, 2024) Yes

600 (Barrios-Rodriguez

Cocoa pod husk etal,2022) Yes
Fish scales (Chitala) LU (IZSSZgBm etal, Yes
Chicken litter 5,700 (Ehlert, 2017) No
Cow manure 1,500 (Men et al.,2020) No
Nonpmmntlood  yorsooGanan oy,

ol ) al., 2021)

Animal-derived side streams generally provide even higher iron concentrations. Fish
scales, for example, can exceed 13,000 mg Fe/kg. A study demonstrated that using fish
waste, including scales, as the sole substrate for BSF rearing is technically feasible but
negatively affectslarval survivaland yield (Begumetal.,2021). Nevertheless, thisapproach
resulted in a high degree of iron fortification in the larvae, reaching approximately
800 mg Fe/kg DM in the BSF larvae yield. When fish waste was combined with other
organic side streams, larval performance improved, and although the resulting iron
concentration was somewhat lower, it remained substantial, at around 600 mg Fe/kg
(Ogelloetal.,2025). While theseresultsindicate strong potential for mineral enrichment,
the mechanisms and optimal strategies for using fish waste and scales as substrates for
iron biofortification are still not well understood. Regardless, utilization of such high-
iron fish by-products is permitted under current EU regulations and remains largely
underexploited (Coppola et al., 2021; EU, 2019), despite their clear potential to contribute
to iron enrichment in BSF larvae.

Another approved high iron feed are bloodmeals (EU, 2019). While rich in high-quality
heme iron, bloodmeals are already extensively valorized in both animal and pet feed
industries. Introducing BSF larvae as an intermediate step for utilizing blood meal
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would be counterproductive, as it would convert readily bioavailable heme iron into
entoferritin-based non-heme iron, while losing part of the original heme fraction in
the process (Csurka et al., 2021).

Among currently non-permitted by-products, chicken litter stands out as a particularly
promising candidate for BSF rearing, containing approximately 5700 mg Fe/kg.
Managing chicken litter has become a major global concern, and BSF rearing has been
proposed as an effective strategy for its reduction and valorization (Kullan et al., 2025a).
Black soldier fly has been proposed as an agent for chicken litter management. However,
studies evaluatinglarval performance on chicken litter remain scarce and inconclusive.
Some evidence suggests that the growth and survival of larvae reared on chicken litter
are comparable to those reared on standard chicken feed (Broeckx et al., 2021), while
other studies report lower larval weight and pupation rates on this substrate (Schreven
et al., 2022). Yet, most research has focused on waste management applications, with
limited attention to larval growth performance and nutritional outcomes (Kullan et al.,
2025b). For instance, previous studies have optimized the use of chicken litter through
approaches such as fermentation and manipulation of substrate physical properties,
resulting in a reduction of more than 75% in litter volume and the conversion of this
major waste stream into two valuable products, insect biomass for feed and nutrient-
rich frass for fertilizer (Rehman et al., 2019). Further studies should investigate the
fundamental biological responses of BSF larvae reared on chicken litter, including
growth dynamics and nutrient composition. Notably, larvae generally perform better
on fresh manure than on dried, rehydrated material (Broeckx et al.,, 2021; Oonincx,
van Huis, et al., 2015; Schreven et al., 2022). This advantage restricts opportunities for
controlled manipulation of substrate composition in iron biofortification applications.

As mentioned above, chicken litter is not permitted as a feed ingredient for any livestock
in the EU, including insects. This restriction primarily stems from concerns about
pathogenic contamination (EU, 2009). To assess this risk, a recent study examined
the microbial load of BSF larvae reared on chicken litter. Strains of Escherichia coli
and Staphylococcus spp., both of which include species with pathogenic potential, were
detected in the larvae. However, the study also demonstrated that sun-drying and
oven-drying treatments substantially reduced their abundance (Prudence et al, 2025).
Beyond microbial safety, an increasing trend of heavy metal contamination has been
reported in poultry litter, with elevated concentrations of elements such as cadmium
and lead. These contaminants often originate from feed, water, or soil polluted through
industrial activities, including fossil fuel production, pesticide use, and chemical
manufacturing (Aljohani, 2023). As BSF larvae can bioaccumulate metals from their
substrate (Diener et al.,, 2015), the use of chicken litter requires monitoring to ensure
safety for feed or food applications.
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In the scope of iron biofortification, one study reported approximately 400 mg Fe/kg in
larvae reared directly on chicken manure, indicating that this substrate can naturally
promote elevated iron levels compared to conventional feeds (Ogello et al, 2025).
However, there is still a general lack of understanding regarding the mechanisms and
potential of chicken litter as a substrate for targeted iron fortification. Given its high
iron content and abundance, employing BSF for the bioconversion of chicken litter
could simultaneously enhance manure management and provide an iron-enriched
feed source for pigs and aquaculture.

5. Black soldier fly thermal processing from a dietary iron
perspective

Larval feed formulation highlights the potential of BSF larvae as a vehicle for iron
enrichment. However, the nutritional value of the final ingredient also depends on
post-harvest processing. Thermal treatments such as blanching, drying, or cooking are
essential for microbial safety and shelf stability of insects, yet they influence mineral
solubility and bioaccessibility (Borremans et al., 2020; Manditsera et al., 2019; Son et
al.,, 2023). Ferritins are generally considered thermally stable proteins. For example,
mammalian ferritins with similar heavy-to-light chain ratios typically exhibit melting
points above 100 °C (Srivastava et al, 2023). Moderate heating between 60 °C and 80
°C, as shown for seed ferritins in the same study, can enhance ferritin stability and
promote monodispersity. In contrast, exposure to higher temperatures (=90 °C) induces
structural rearrangements in seed ferritins, potentially reducing their solubility (Tang
etal.,, 2019). The thermal stability limits of entoferritin remain unknown, but evidence
from entoferritin purification procedures suggests that these complexes can withstand
temperatures up to approximately 75 °C, a condition often used during purification to
denature less stable proteins (Wajnberg et al., 2018).

In Chapter 5, in vitro digestion experiments revealed that boiling (= 100-105 °C)
markedly reduced iron solubility and bioaccessibility in BSF larvae, suggesting that
entoferritin complexes were destabilized and aggregated under these conditions.
The larvae were vacuum cooked for two minutes, with a temperature exceeding this
required by the European Food Safety Authority for approved edible insects such as
the yellow mealworm, which specifies a minimum of 90 °C for two minutes for safe
insect consumption (Turck et al, 2021). Although not specifically approved yet, it has
been shown that heating BSF larvae at 90 °C reduced main pathogen levels under the
detection level while maintaining similar protein digestibility as the control groups
(Campbell et al.,2020). To optimize BSF as a dietary iron source, future research should



therefore determine how minimal thermal processing requirements affect iron
digestibility, with particular attention to entoferritin stability.

Moreover, ferritin stability has been shown to decrease when the protein is heavily
iron-loaded, as observed in mammalian systems (Irimia-Dominguez et al., 2020). This
aligns with the results of Chapter 5, where blanching reduced iron bioaccessibility by
approximately 30% in control larvae and by about 45% in iron-fortified larvae (125 mM
treatment). Hence, evaluating how moderate processing temperatures, around 90 °C,
affect the digestibility of iron-biofortified BSF larvae will be essential for balancing
microbial safety with nutritional retention.

From a feed application viewpoint, the thermal treatments effect of dietary iron can
be avoided. Under EU regulation, it is possible to feed live BSF larvae as both feed and
pet food (Meijeret al., 2025; EU, 2019). Although in vivo confirmation is needed, live iron
biofortified larvae can be fed to pigs and treated as iron enriched ingredient. However,
while live BSF larvae can be used directly in feed, their application in food or shelf-
stable products will necessarily involve thermal processing, making the effects of heat
on entoferritin stability and mineral bioavailability unavoidable.

6. Prospects for iron-fortified black soldier fly larvae as a human food
source

The use of BSF larvae as food for humans is currently neither permitted by regulation
nor common in practice (European commission, 2025). One of the few documented
examples of BSF consumption occurs in the Sabah region of Malaysia, where people
traditionally consume raw BSF larvae (Chung et al, 2002). Nonetheless, the same
attributes that make BSF larvae an appealing and sustainable feed ingredient, such as
high nutrient density, efficient bioconversion, and feedstock flexibility, also make it a
promising candidate for future food applications (Ogello et al., 2025; Weko et al., 2023).
In terms of consumer perception, willingness-to-try surveys in North America indicate
that BSF-based foods are regarded with a level of acceptability comparable to more
established edible insects such as mealworms and crickets (Higa et al., 2021). Likewise,
in Belgium, replacing 25% of the butter in waffle formulations with BSF larvae fat did
not negatively affect consumer acceptance (Delicato etal.,, 2020). These findings suggest
that, although regulatory approval is still lacking, social and sensory barriers to BSF as
food may be less restrictive than previously assumed. In addition to social acceptance,
the nutritional relevance of BSF larvae, particularly in the context of dietary iron,
provides another perspective on their potential as food.
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In Zimbabwe, Mopane worms, traditionally consumed as food, have been incorporated
into porridges to evaluate their potential as an iron source, illustrating the feasibility
of using insect-derived ingredients to alleviate micronutrient deficiencies (Ledbetter et
al., 2024). Compared to the Mopane worm, which typically contain 40-80 mg/kg iron
on a dry matter basis, iron-fortified BSF contained 300-1000 mg/kg (First et al., 2024;
Nemadodzi et al., 2023). Iron biofortification of BSF through larval feed formulation
therefore offers a practical route to create food ingredients with several-fold higher iron
levels than those used in existing food fortification trials. Further research is required
to evaluate the performance of BSF in fortified foods such as porridges, particularly
in light of the discrepancies observed in iron bioavailability between mealworms and
crickets in controlled studies. These studies showed that mealworm iron was absorbed
at levels comparable to ferrous sulfate, whereas cricket iron was significantly less
bioavailable, underscoring the need to evaluate the bioavailability of BSF-derived iron
before its use in food fortification can be established (Hilaj et al., 2022; Mwangi et al.,
2022). While live BSF larvae may serve directly as a fortified feed ingredient, human
consumption will require processing for safety and acceptability (Rumpold & Schliiter,
2013). Building on the results of Chapter 5 and the thermal considerations discussed in
subchapter 6.5, the key challenge is to identify milder processing methods to maximize
iron bioavailability while maintaining microbial safety.

At the same time, processing effects extend beyond iron. As shown in Chapter 5,
blanching at boiling temperatures markedly increased calcium bioaccessibility, likely
due to the breakdown of lime glands during heating. Considering that iron biofortified
BSF larvae also contain approximately 30 g Ca/kg DM, meaning that a 30 g portion of
fresh larvae provides more calcium than a glass of milk containing 240 mg Ca (First
et al, 2024; Guéguen & Pointillart, 2000). This increase in calcium solubility during
processing could substantially enhance their nutritional value. This highlights the
need to optimize thermal treatments to ensure microbial safety while preserving
entoferritin-bound iron and supporting the release of other nutritionally relevant
minerals. Moreover, the incorporation of BSF into diverse food matrices should be
assessed within this framework, as interactions with antinutritional factors can further
influence mineral bioavailability (Samtiya et al., 2020). Understanding how processing
and matrix composition influence mineral bioavailability will be key to translating
BSF larvae into reliable, biofortified food ingredients.

7. Rethinking the European edible insect industry

Approximately five years ago, the edible insect industry in the Global North was
heralded as a future-proof, high-tech, and heavily funded sector, primarily envisioned
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as a new source of sustainable human food. It was portrayed as a field poised for rapid
industrialization, with visions of fully automated facilities managing everything
from egg production to final consumer products under one roof. Large companies
attracted hundreds of millions in venture capital, and optimistic forecasts predicted
scalable manufacturing, “lights-off” fully automated factories, reducing costs while
simultaneously achieving global sustainability goals and revolutionizing protein
production (IPIFF, 2019).

However, over the past few years, the edible insect industry has faced severe structural
and financial challenges. Rising substrate and labor costs, technological limitations,
restricted legislative approval for human consumption, and limited public acceptance
have collectively prevented farmed insects from becoming a mainstream food source.
After a peak in 2021, it seems that the number of investments deals in the sector is
gradually declining (Figure 6.3; Sagar Shah, 2024). It should be noted that the decline
in investment observed since 2021 is not unique to the insect sector but is also evident
across other alternative protein markets, including plant-based, fermentation-derived,
and cultivated proteins (Anay Mridul, 2025). Major European companies such as Ynsect
and Enorm have experienced significant setbacks, including funding shortages, high
operational costs, and difficulties in reliably scaling biological production, leading
to major layoffs and restructurings (Elaine Watson, 2025; Jane Byrne, 2025). As an
example, the international Platform of Insects for Food and Feed (IPIFF) presented a
report in 2019, which estimated that the European edible insect sector will produce 3-5
million tons of insect material annually. As it stands for 2024, the estimation is that
by 2030, the European insect industry will produce between 221-500K tons of insect
material annually (IPIFF, 2019; Sagar Shah, 2024). Reports indicate that high labor and
electricity costs in Europe, substrate limitation and declining investor confidence have
led to downsizing, suspended projects, and the offshoring of production to lower-cost
regions (Rossi et al., 2025; Ryba, 2024; Sagar Shah, 2024). While these constraints have
slowed progress in Europe, the global insect industry follows a different trajectory,
driven mainly by the Asia-Pacific region, which currently accounts for about 40% of
market activity and is projected to expand further (Sepehr Achard, 2025).
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Figure 6.3. Annual investments into insect farming by number of announced deals. Published by Sagar
Shah (2024).

Given these developments, there is currently no indication that insects as human
food will have a substantial impact on the European food system in the foreseeable
future. Furthermore, the addition of an extraction step to recover a specific molecule
such as entoferritin would only be applicable under a standardized and automated
large-scale production, which minimize rearing variability (Sun et al.,, 2025; Voutilainen
et al., 2021). In contrast, the use of BSF larvae presents more immediate opportunities
in addressing pressing challenges such as waste management and the environmental
footprint of animal feed. For this potential to be realized, two key developments are
necessary,a reduction in substrate costs through the broader use of BSF larvae for waste
valorization, and advances in automation technology to reduce labor dependency and
operational costs.

8. Global realignment of the farmed insect sector

An instructive example of a developing BSF industry can be found in China. Although
increasing, labor costs there are considerably lower than in the EU, reducing the
economic pressure to automate production (Liuyi et al, 2023). Moreover, the climate,
tropical and subtropical with high humidity, also provides a natural advantage, lowering
energy requirements and creating ideal conditions for BSF rearing. The most critical
regulatory distinction lies in substrate legislation. In China, BSF larvae are widely used



for waste management, including catering waste, and subsequently as animal feed, an
approach that remains largely prohibited in the EU (Liu et al.,, 2023; EU, 2009). A broader
economic shift is also reshaping BSF applications in China, following trade tensions
that led China to reduce soy imports from the United States (Klebanov, 2025), the local
government is prioritizing catering waste as pig feed. Notably, edible insects are also
mentioned as a focus feed for pigs (Cao & Thukral, 2025). As this practice expands,
the need for BSF larvae as catering waste recyclers has diminished, leading to a shift
toward rearing BSF on chicken manure. This shift is visible with specific research on
the subject, related patents and example for industrial scale and small-scale plants in
China and neighboring countries (Cai et al., 2024; Ezra Cheung, 2024; Newsmarket, 2023;
Zhao Heshan, 2016). This industrial shift will lead to the rearing of BSF larvae under
high iron conditions, and the iron biofortification should be taken into consideration.
Thus, the findings of this thesis should provide insights into substrate management
strategies aimed at maximizing the micronutrient content of BSF larvae under such
evolving production systems.

A smaller scale but equally relevant perspective can be found in sub-Saharan Africa.
As in China, lower labor costs and favorable climatic conditions provide a natural
advantage for BSF rearing. Most initiatives in this region focus on small-scale, circular
agricultural systems. These typically involve using BSF larvae to process animal
manure, particularly from poultry, thereby accelerating and improving fertilizer
quality while generating larvae for use as animal feed (Mukonoweshuro & Callender,
2023; Shumo et al., 2019; Zirp, 2022). Similarly, the shift toward utilizing BSF for manure
management and lesser legislative constrains can benefit from a deeper understanding
of iron biofortification mechanisms. Given the dual challenges of protein insufficiency
and iron deficiency prevalent in many developing regions, iron-biofortified BSF larvae
produced on readily available substrates could serve not only as animal feed but also as
a promising, sustainable food ingredient for human consumption.

Taken together, these developments point to a global realignment of the farmed
insect sector, from its early vision of supplying human food toward a more practical
focus on waste valorization. Regions such as China and sub-Saharan Africa are
already demonstrating how BSF rearing can integrate into local waste management
systems, converting organic residues into insect biomass suitable for animal feed
and potentially edible applications, along with nutrient-rich frass for fertilizer. These
implementations also represent environments where BSF are increasingly reared
on high-iron waste streams, particularly chicken manure, making the insights from
this thesis on iron biofortification particularly relevant to their emerging production
systems. In contrast, Europe’s restrictive substrate regulations and high production
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costs continue to limit progress, preventing the industry from realizing its potential
as a circular waste-management solution. Advancing BSF production in Europe will
ultimately depend on broadening substrate regulations and identifying opportunities
for automation to lower labor costs, both of which are necessary for scaling the system
under current economic and legislative conditions. In addition, the European Union’s
stringent novel food authorization process would pose a significant barrier to the future
introduction of BSF-based foods. Obtaining approval typically requires several years of
evaluation, often around five, and the resulting authorization can impose restrictions
on producers, processing methods, and end-use specifications (EU, 2015). Given the high
costs, regulatory and market uncertainties, and lengthy approval timelines, pursuing
a novel food application for BSF would currently be a challenging and economically
risky endeavor. Dedicated efforts, and dramatic shifts in the EU novel food approval
systems are needed if it is to address human macro- and micronutrient needs.

9. Conclusions and future perspective

Edible insects have been proposed as promising alternative iron source due to their
high iron content and sustainable advantages (Mwangi et al,, 2018). Among them, BSF
larvae contain significant levels of iron under physiological conditions and represent
the most economically feasible edible insect for large-scale and small-scale production
alike (Ogello et al., 2025; Seyedalmoosavi et al,, 2023). In this thesis, the potential for
iron biofortification in BSF larvae through substrate manipulation was explored. The
larvae were shown to more than triple their iron content via an entoferritin-based
mechanism, without compromising survival, growth, or development time. Moreover,
larvae reared on iron-enriched substrates provided significantly higher levels of
digestible iron in vitro bioaccessibility assays. Because most of the accumulated iron
was stored in entoferritin form, BSF-derived iron is expected to be both bioavailable
and safer for consumption than commonly used inorganic iron salts (Karregat et al.,
2025).

This thesis established a mechanistic understanding of iron storage and demonstrated
the feasibility of increasing larval iron content. Building on that, future research should
assess how efficiently this iron is absorbed in vivo to determine its true nutritional
potential. Both iron bioavailability and possible gut irritation should be evaluated in
relevant models, particularly humans and pigs.

Furthermore, future studies should assess how effectively BSF larvae can absorb
iron from less soluble sources and from substrates containing varying levels of anti-
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nutritional factors. Fish waste and chicken litter as two promising substrates for waste
valorization into iron-rich feed and food ingredients. Substrate processing methods
and substrate combinations should be assessed from a biofortification perspective
to maximize iron enrichment. Although the European Union currently prohibits the
use of chicken litter as a substrate, fish waste offers an immediate, high-iron, and
underutilized alternative that could be explored within existing regulations (EFSA,
2024). Given the processing losses observed in this thesis, the use of live BSF larvae may
help retain iron bioavailability. Current EU regulations already permit the inclusion of
live BSF larvae in livestock feed, and live iron-biofortified larvae should therefore be
considered a practical option for delivering bioavailable iron without the post-harvest
losses presented in this thesis.

Further characterization of entoferritin is essential to understand its structural
stability, iron-loading capacity, and behavior during processing and digestion. Such
insights will provide the basis for optimizing both iron biofortification and post-
harvest handling strategies. While current findings indicate that thermal treatments
can reduce iron bioaccessibility, particularly in iron-biofortified larvae, future research
should focus on refining processing methods that maintain microbial safety while
preserving entoferritin integrity and maximizing iron bioavailability. In addition,
the bioavailability of iron from both fortified and unfortified BSF larvae should be
evaluated in diverse food matrices to identify optimal integration strategies for feed
and human food applications.

Finally, in regions where iron deficiency anemia is highly prevalent and access to
heme-based iron sources such as meat is limited, there is an urgent need to identify
new, locally sustainable alternatives. Sub-Saharan Africa, where above 60% of children
suffer from iron deficiency anemia, exemplifies this challenge (Tesema et al.,, 2021).
In such contexts, iron-fortified BSF larvae reared on high-iron substrates could be
integrated into human diets as a multifunctional food ingredient, providing not only
high-quality protein and fat but also a valuable source of bioavailable iron. While such
settings represent an immediate opportunity, BSF’s development as a human food
ingredient should also progress in other regions, given its potential to recycle organic
waste into foods that provide both high-quality protein and dietary iron.
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Scientific
Summary



Background and aim:

Iron deficiency remains one of the most prevalent micronutrient deficiencies
worldwide, while sustainable and bioavailable iron sources are still limited. Edible
insects, particularly Hermetia illucens (black soldier fly; BSF), have emerged as
promising alternatives due to their high mineral content and efficient feed conversion.
However, the mechanisms regulating iron uptake, storage, and utilization under
elevated dietary iron conditions remain poorly understood. This thesis investigates
how BSF larvae respond to increasing dietary iron levels, examining effects on larval
physiology, nutritional composition, iron storage, and mineral bioaccessibility,
providing insight into the potential of BSF as a sustainable iron source for animal feed
and human food.

Methods:

A multidisciplinary framework was applied, combining literature research, controlled
rearing experiments, omics analyses, histological localization, and digestion studies.
Chapter 2 reviewed entoferritin, the primary iron-binding protein in insects,
describing its structure, function, and nutritional relevance. Chapter 3 examined the
effects of increasing dietary iron, supplied as ferric ammonium citrate, on growth,
survival, and mineral composition of BSF and yellow mealworm larvae. Chapter
4 combined transcriptomic and proteomic analyses to characterize the molecular
response of BSF to elevated dietary iron, with parallel dissections to localize iron
accumulation across larval tissues. Chapter 5 applied an in vitro digestion model
coupled with iron nanoparticle characterization to evaluate mineral bioaccessibility
across biofortification levels and thermal processing conditions.

Results:

Chapter 2 reviewed entoferritin as the primary insect iron-binding protein,
highlighting its high mineralization capacity, pH stability, and structural similarity
to vertebrate ferritin, properties supporting its relevance as a bioavailable dietary iron
source. In Chapter 3, increasing dietary iron produced a dose-dependent rise in BSF
larval iron content, reaching nearly a threefold increase at the highest treatment level,
without affecting larval growth, survival, or macronutrient composition. Calcium
concentration increased by approximately 20% at the highest iron level. In contrast,
yellow mealworm showed limited iron accumulation and reduced survival at far



lower iron concentrations, indicating substantially lower tolerance. Chapter 4 revealed
pronounced transcriptomic and proteomic shiftsunder elevated dietary iron, including
approximately 70% increases in both entoferritin subunit abundances, driven by post-
transcriptional regulatory mechanisms. Histological imaging localized iron clusters
to the midgut across all biofortification levels, consistent with entoferritin-based
sequestration. Additional pathway changes were observed in metal transport, oxidative
stress response, and exoskeletal formation. Chapter 5 demonstrated significantly
higher digestible iron in biofortified larvae compared to controls. Iron nanoparticle
characteristics remained consistent across treatments, indicating a conserved storage
mechanism. Thermal processing reduced iron bioaccessibility while increasing
calcium solubilization, demonstrating mineral-specific effects of blanching.

Conclusions:

This thesis demonstrates that BSF efficiently regulates and accumulates dietary iron
without impairing growth or survival. Elevated dietary iron triggered coordinated
molecular responses, including increased entoferritin abundance and activation of
oxidative stress and metal transport pathways, accompanied by localized midgut iron
storage. Digestion studies confirmed higher digestible iron in biofortified larvae, while
thermal processing reduced iron bioaccessibility but enhanced calcium availability.
These findings provide fundamental mechanistic knowledge supporting iron-
biofortified BSF as a sustainable ingredient for animal feed and, in the future, human
food.
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