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1. Summary and conclusions

Phosphorus (P) is essential in broiler diets. However, P utilization in animal farming or
agriculture practices is not efficient. Although not currently legally permitted, mineral
recycling could, in principle, reintegrate P from sewage sludge into animal diets to better close
the nutrient cycle. Supplementing black soldier fly larvae (BSFL; Hermetia illucens) with
recycled minerals could be a solution to recover essential minerals while reducing heavy metal
contaminations from recyclates. We hypothesized that feeding broilers with recycled mineral-
enriched BSFL beneficially affects P intake with no adverse effects on growth performance and
heavy metal intake.

First experiment: The first experiment was conducted to determine the optimum level of
whole BSFL to be given to broilers. Our results show that chickens can consume whole
defrosted black soldier fly larvae (BSFL; Hermetia illucens) up to 30% of their voluntary Fl in a
few minutes. Larvae eating time and eating rates of broilers suggest a strong preference for
BSFL over regular grain-based feed. Defrosted whole BSFL can be included in broiler rations
up to 20% without adverse effects on growth performance and nutrient conversion efficiency,
metabolism, slaughter weight and carcass traits, as well as fatty acid (FA) profile in plasma,
muscle and fat tissues. However, 30% whole BSFL were associated with lower protein
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utilization efficiency and caused alterations in the FA compositions of plasma, breast and
abdominal fat resulting in an increased saturated FA (SFA) content at the expense of
monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA).

Second experiment: This study was performed to evaluate the accumulation potential of
recycled minerals derived from two types of sewage sludge recyclates (Biochar (BCH) and
Single Super Phosphate (SSP)) in BSFL. Our results suggested that the concentrations of the
minerals found in the larvae confirm that the micronutrient profile of BSFL depends on the
mineral concentrations in the feeding substrate. Both BCH and SSP supplements increased
calcium (Ca) content in BSFL, whereas only SSP increased P content. Inclusion of SSP was
associated with lower heavy metal content in larvae which reflects the lower concentrations
of heavy metals in SSP due to the heavy metal reduction technology used and suggest an
advantage of SSP over BCH recyclate. The SSP recyclate caused lower accumulation of heavy
metals compared to BCH in BSFL. Recycled mineral-enriched larvae exceed the current EU
regulations for manganese (Mn) and cadmium (Cd) content. Because of toxicity of excessive
Mn and Cd in feed or food, thresholds for its incorporation level in animal diets or certain
foodstuffs might be necessary in future depending on the BSFL processing technology or
feeding source.

Third experiment: The third trial was conducted to evaluate performance and mineral
metabolism in broilers fed recycled mineral-enriched BSFL. We concluded that 15% of mineral
enriched whole BSFL can be included in broiler rations without adverse effects on growth
performance, nutrient intakes, nutrient conversion efficiency, blood metabolites and
immunoglobulins. Although birds in three different BSFL supply groups had a higher serum Ca
than birds with no access to BSFL, feeding broilers with BSFL reared on feeding substrate with
Biochar-supplement reduced serum P. These differences in serum Ca and P did not affect the
bone characteristics and tibia mineral status of the birds.

2. Introduction and objectives of the PhD project

Until 2050 the human world population is projected to increase by nearly 2.5 billion
(Walker, 2016, van Dijk et al., 2021). To prevent global hunger, FAO suggested that world food
production needs to increases by 70% (FAO, 2009). To increase the food availability, there
would be a higher demand for increased and more efficient use of fertilisers. With rapid
population growth and urbanization, waste generation is expected to increase, making the
adaptation of bio-waste recovery and recycling technologies critical to improving global
sustainability. In all animal species, P is critical in cellular metabolism, as a component of the
energy reservoir of the cell, in cellular regulatory mechanisms, and in bone development and
mineralization (Bolan et al., 2010). However, P is one of the most limiting nutrient in
agriculture and farmed animal production in terms of both price and amount of rock P (Roy et
al., 2006, Magnone et al., 2022). The main source of rock P is in Morocco, the US, China, South
Africa and Jordan, which is non-renewable and becoming more expensive (Cieslik and
Konieczka, 2017). In addition to the problem of limited P resources, the intensive use of P
results in a variety of environmental impacts. Phosphorus use in agriculture activities, livestock
production, and urbanization can lead to P accumulation in soil particles, which further could
enter water systems through subsurface flows (Ruark et al., 2014). This causes P
environmental pollution and eutrophication of water bodies (Amann et al., 2018), which in
turn might directly or indirectly impact human societies (Bol et al., 2018). Phosphorus
recycling from sewage sludge could be an alternative P source for agriculture practices and
animal feeding. However, there is the problem of P bioavailability and contamination of the
sludge and possibly the P products by heavy metals (Herzel et al., 2016). Using BSFL raised on
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organic waste, side streams and food industry by-products as animal feed could offer a
sustainable way to recycle untapped nutrient resources (Schiavone et al., 2017). Nevertheless,
current EU feed and food laws prohibit the use of waste products in animal feeds. It has been
shown that BSFL accumulates most minerals present in the feeding substrate into its body
(Shumo et al., 2019). However, the degree of accumulation seems to be dependent on the
feeding substrate.

The hypotheses of the PhD project were: 1) BSFL can be used in broiler diets with no
adverse effects on P homeostasis, animal performance, bone quality and metabolism. 2) Using
recycled P-rich substrates in BSFL feeding substrate causes P accumulation in their bodies. 3)
Supplementation of broiler diets with BSFL mineral-enriched with recycled P beneficially
affects P intake with no adverse effects on heavy metal intake. The objectives of the
experiment included: 1) to explore the supplementation of sewage sludge recyclates to
feeding substrates on performance and mineral accumulation in BSFL; 2) to investigate the
use of BSFL raised on organic materials containing sewage sludge recyclate with high P
concentration in broiler diets on performance, heavy metal accumulation, metabolism, and
bone status of broilers at different ages;.

3. Material and methods
3.1. Experiment-1: What is the optimum level of whole BSFL to be given to broilers?

A total of 252 1-day (d)-old broiler birds (Ross-308) was used to determine the optimum
level of BSFL in broiler diets. The birds were allocated to 4 groups and fed age-specific
commercial broiler diets (starter, d0-d14; grower, d15-28; and finisher d29-42). Broilers in the
control group (CON) received the age-specific basal diet, and had no access to BSFL. Birds in
the remaining 18 pens received whole frozen and defrosted BSFL in addition to the basal diet
at increasing levels, i.e. 10%, 20% or 30% of the feed intake (FI) of CON birds (hereafter
referred to as groups L10 (n = 63), L20 (n =63), and L30 (n = 63), respectively). Pen based feed
intake was determined daily. During the experiment, temperature and humidity were
monitored daily at room level to meet relevant recommendations (Aviagen, 2018). The birds
were slaughtered at an age of 4 and 6 weeks and samples of blood, tissues and bones were
collected. In the FBN-slaughterhouse carcass characteristics including wings, legs, breast, and
abdominal fat weight, pH values and color parameters (L* (brightness), a* (red-green) and b*
(yellow-blue)) of the breast muscle samples were assessed. Chroma and hue were calculated
as chroma = (a*2+b*2)1/2 and hue = arctan (b*/a*) (Kongsup et al., 2022). Water holding
capacity was determined according to Grosse et al. (1975). In addition, plasma and breast
meat FA profiles were determined using capillary gas chromatography. Furthermore, FA
profiles in broiler feeds (starter, grower and finisher) and BSFL were determined.

3.2. Experiment-2: What is the level of accumulation of recycled minerals in BSFL?

This experiment was conducted to produce BSFL with increased P content, which
subsequently was used in broiler feed (Experiment-3). For this, recycled P from different
sewage sludge recyclates were used. Based on the standard fly/insect diet ‘Gainesville’, we
generated a P-reduced BSFL feeding substrate in order to investigate the effects of a P
enrichment via sewage sludge recyclates. This was achieved by reducing the wheat bran
content and the inclusion of sugar beet pulp (modified Gainesville fly diet (FD)). For the test
substrates the content of wheat bran and corn meal content was further reduced to include
4% of the supplement Biochar (BCH; recyclate from pyrolysis of sewage sludge) or Single-
Super Phosphate (SSP; recyclate of sewage sludge using a different production method with
enriched phosphate compared to BCH but reduced heavy metal content). Therefore, 3
different diets were fed to BSFL with 12 repetitions included in two runs from which 3
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repetitions per run were sampled. Dietary groups were: 1- BSFL raised on modified P-reduced
Gainesville fly diet (FD), 2- BSFL raised on modified Gainesville fly diet + SSP (FD+SSP; 4%), 3-
BSFL raised on modified Gainesville fly diet + BCH (FD+BCH; 4%). The larvae were harvested,
weighed, and individually frozen in liquid nitrogen for supplementing broilers in Experiment-
3. The larvae and frass were analysed for nutrient and mineral composition. An analysis of
heavy metal were performed. The bioaccumulation factor (BAF) of minerals and heavy metals
was calculated according to Eq. 1 (Walker, 1990): mineral concentration [g/kg dry matter
(DM)] in larvae at harvest / mineral concentration in the feeding substrates [g/kg DM]. The
BAF values > 1 suggest accumulation, while BAF < 1 suggest depletion of minerals from larval
body.

3.3. Experiment-3: How does supplementation with mineral-enriched BSFL affect performance
and mineral metabolism in broilers?

This experiment performed over 42 days evaluated the effects of feeding larvae reared on
diets containing sewage sludge recyclate materials (SSP or BCH) using a total of 80 (n=6 pens;
2-4 birds/pen) broiler birds (Ross-308). The 1-d-old birds were allocated to 4 groups that were
fed age-specific commercial broiler diets. Broilers in the control group (CON) received the age-
specific basal diet, and had no access to BSFL. Birds in the remaining 18 pens received 15% of
the feed intake (FI) of CON birds as defrosted whole BSFL (that were produced in Experiment
2) in addition to the basal diet, namely larvae grown on FD (L-FD), on FD+BCH (L-BCH) or on
FD+SSP (L-SSP). All of the chickens were slaughtered at the end of the experiment on d 42.
Pen-based feed intake and body weight were recorded at daily and weekly intervals,
respectively. Feed conversion ratio (FCR) was calculated on a weekly basis per pen. Mortality
was recorded daily. During the experiment, temperature and humidity at room level were
monitored daily to meet relevant recommendations (Aviagen, 2018). Feed samples (grain-
based and BSFL) were taken during the experiment for nutrient analysis. Nutrient analysed in
the diets include DM, ash, crude fat, crude fibre, crude protein, carbohydrates, NDF, ADF, Ca,
total P, magnesium (Mg), potassium (K), sodium (Na). Heavy metals concentration in feeds
was also measured. On d 42 blood samples were taken from slaughtered birds for blood serum
and plasma. The serum samples were used to determine the serum biochemical parameters.
After slaughter, the tibiotarsus (tibia) were removed, singly packed in polyethylene bags and
stored at -20°C. The tibias were combusted and Ca and P were determined.

4. Results
4.1. Experiment-1: What is the optimum level of whole BSFL to be given to broilers?

Our results show that all broilers were able to consume whole BSFL within a short time.
The calculated larvae eating rate (LER; representing the speed of intake), was higher in L10
group than those in L20 and L30 (P < 0.05), which suggest a high competition among the birds
to consume a limited amount of BSFL. The ratio of LER to feed intake rate (FER) was higher
than the 50-fold change difference (FCD) which indicated a high preference (at least 50-fold)
of broilers for eating BSFL over regular feed. Inclusion of up to 30% whole BSFL in broiler diets
did not compromise growth of the birds (P > 0.1), however, we found some trade-offs in
nutrient and energy intakes induced by inclusion of BSFL. The maximum inclusion rate of
whole BSFL (i.e. 30%) in broiler diets reduced DM and metabolizable energy intake (ME),
although total fat intake was higher in L30 than in CON (P < 0.05). In addition, L30 birds had a
higher FCR (based on fresh matter intake) compare to the other groups (P < 0.05). Moreover,
30% BSFL in broiler diets increased plasma uric acid (UA) and serum alkaline phosphatase
concentration (P < 0.05). Carcass traits including; slaughter weight, dressing percentage,
percentages of breast and wings, pH and color traits of breast meat as well as water holding
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capacity were not affected by the factor group (P > 0.1). Thus, dry matter and crude protein
contents of breast muscle were higher in L30 than in L10 and CON birds (P < 0.05), which
suggests that even high inclusion rates of whole BSFL in broiler diets do not compromise the
meat quality of broiler meat for human consumption. In contrast, the inclusion of 30% whole
BSFL in broiler diets increased SFA concentration in plasma, breast muscle and adipose tissue
of broilers (P < 0.05), while MUFA proportion in adipose tissue was reduced (P < 0.05). The
L30 group had a lower PUFA concentration in plasma and adipose tissue than CON (P < 0.05).
In addition, conjugated linoleic acid (isomer C18:2cis-9, trans-11) in plasma, muscle and
abdominal fat was higher in L30 birds followed by L20 and L10 compared with CON (P < 0.05).

4.2. Experiment-2: What is the level of accumulation of recycled minerals in BSFL?

All BSFL feeding substrates had similar nutrients and ME contents, but different mineral
and heavy metal contents, which was due to the different mineral and heavy metal contents
in the BCH and SSP recyclates. The SSP recyclate had a lower heavy metal content (Mn, iron
(Fe), zinc (Zn), cupper (Cu), arsenic (As), Cd, lead (Pb) and mercury (Hg)) than BCH, which
correspondingly caused differences in mineral and heavy metal contents in the feeding
substrates. The results show that larvae reared on the diets containing FD+SSP substrate had
a lower body mass (P < 0.1), and specific growth rate (P < 0.05) compared to FD. Larval crude
protein (P < 0.1) and crude fat (P < 0.05) were lower in FD+SSP compared to FD. The FD+SSP
larvae had a higher Ca and P content but the BAF for Ca was lowest. Both Ca and P
accumulated in larval body (BAF > 1). Concentration of Mn in larvae did not differ among the
groups (P < 0.05), but the Mn BAF was lower in FD+BCH larvae than in those fed on FD+SSP
and FD which was possibly linked to the highest Mn concentration found in FD+BCH feeding
substrate. The BAF results showed accumulation of Mn in all larval groups (BAF > 1). Arsenic
concentration in FD+SSP larvae was higher than in FD+BCH and FD larvae (P < 0.05). The As
BAF indicates that As was not accumulated in the larval body (BAF < 1) of any substrate group.
However, FD+SSP larvae showed a relatively higher As BAF compared to FD+BCH and FD larvae
(P < 0.05). Moreover, larvae of the FD+BCH group had a higher Cd concentration than those
in the FD group (P < 0.05). Cadmium had the highest BAF among all measured heavy metals
with a tendency for a higher BAF in FD+SSP compared to the FD larvae (P = 0.080). The Mn
and Cd contents of BSFL were above the EU authorized maximum concentration.

4.3. Experiment-3: How does supplementation with mineral-enriched BSFL affect
performance and mineral metabolism in broilers?

All the chickens in larvae intake groups (L-BCH, L-SSP) consumed mineral-enriched whole
BSFL in a short time. Feeding 15% of mineral-enriched whole BSFL in broiler rations had no
adverse effects on growth performance, nutrient intakes, nutrient conversion efficiency,
blood metabolites and immunoglobulins (P > 0.1). Also, plasma albumin, cholesterol, glucose,
NEFA, triglyceride, and UA were not affected by group (P >0.1). However, L-FD broilers tended
to have higher plasma triglyceride levels compare to L-SSP (P = 0.057). Birds of BSFL intake
groups had a higher serum Ca (P < 0.05). In addition, chickens in the L-BCH group had a lower
serum P than those in CON (P < 0.05). Tibia characteristics and tibia mineral status of the birds
were not affected by factor group (P > 0.05).

5. Discussion

5.1. Experiment-1: What is the optimum level of whole BSFL to be given to broilers?

We assumed that the higher LER could be due to increased larval feeding competition in
L10 birds as a result of fewer palatable nutrients such as fat and protein, which are known to
be perceived by chickens (Cheled-Shoval et al., 2017). We quantified a strong linear increase
in LER with time of more than 200-fold from the first day to the last day of experiment,
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indicating a steadily increasing eating rate in response to time, which was considered to be a
result of two interrelated factors, social learning and growth, i.e. increasing body weight
(Slagsvold and Wiebe, 2011, Tallentire et al., 2018). The high interest, that is, preference of
chickens for BSFL compared to regular grain-based feed opens the possibility of including
whole BSFL in daily rations for broilers. Insect larvae are rich in various nutrients and are one
of the natural feed sources of poultry, which are very motivating for consumption (Bokkers
and Koene, 2002), so birds may clearly prefer larvae over regular feed. Ipema et al. (2020b)
also observed a strong appetite value of live BSFL for broilers which was associated with a
higher activity and increased foraging behaviour. Our results showed that inclusion of up to
30% whole BSFLin broiler diets did not compromise the growth of the birds. Similarly, previous
studies showed that inclusion of BSFL meal had no adverse effect or increased growth of
broilers (Lee et al., 2018, Moula and Detilleux, 2019, Biasato et al., 2020). In addition, Moula
et al. (2018) reported that body weights of chickens fed standard feed supplemented with 8%
whole defrosted larvae were higher than those of control chickens.

In our study, L30 birds had a lower total DM intake, which resulted in a lower ME intake that
could not be compensated for by the higher fat intake via BSFL consumption. A principal
component analysis revealed that the higher fat intake in the L30 group was the main driving
force for reducing DM intake. According to Wang et al. (2017), high dietary fat in broilers might
alter the response of hypothalamic appetite-related peptides which is associated with
circulating insulin (Obrosova et al., 2007). We observed a linear increase of the CP:ME intake
ratio in response to feeding increasing levels of BSFL, which was accompanied by a higher
plasma UA concentration in L30 birds whereas protein utilization was less efficient in the same
birds. Moreover, the higher serum alkaline phosphatase concentration in L30 birds might be
explained with the higher fat intake which was possibly associated with adverse effects on
liver function (Jiang et al., 2013).

Carcass traits of broilers were not compromised by dietary inclusion of BSFL, which was in
line with the results of de Souza Vilela et al. (2021a) and de Souza Vilela et al. (2021b) that
using up to 20% full-fat BSFL in the diet did not influence key meat characteristics and broiler
performance. Despite higher fat intake, we could not find any difference between groups for
abdominal fat content in the carcass. Li et al. (2016) suggested that dietary fat with a high
proportion of medium chain fatty acids (MCFA) improves energy availability and reduces the
deposition of adipose tissue. Therefore, the lack of differences in abdominal fat content
among the groups could be explained by the high MCFA content of larvae.

The FA analysis of BSFL revealed a high SFA (71%) and low PUFA content (i.e. approximately
12%). We found a higher SFA level in plasma, breast muscle and adipose tissue and a reduced
PUFA level in plasma and adipose tissue of the broilers fed different levels of BSFL which could
be due to the carry-over effect from BSFL fat. Moreover, biochemical mechanisms may be
involved in the alteration of FA profile. In chickens, C18:3 n-3 and C18:2 n-6 are essential FA
and precursors for long chain PUFA synthesis (Cherian, 2015). The lower proportion of PUFA
in broiler plasma and adipose tissue might be due to lower dietary intake of C18:3 n-3 and
C18:2 n-6.

5.2. Experiment-2: What is the level of accumulation of recycled minerals in BSFL?

Exposing larvae of Drosophila melanogaster to heavy metals such as Cd has been shown to
induce oxidative stress (Yang et al., 2022), which can result in reduced lipid storage and down-
regulated expression of lipid metabolism genes (Akhmetova et al., 2021). Therefore, the lower
crude fat content in FD+SSP larvae might be associated to the higher accumulation of heavy
metals such as Fe, As, Cd and Pb in FD+SSP larvae than in those of FD and FD+BCH larvae.
Similarly, Schmitt et al. (2019) discussed that reduced fat content in BSFL might be related to
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a high larval accumulation of heavy metals such as Cd, Cu and Zn. Both recyclates (SSP and
BCH) are rich in minerals which may be reintegrated into the nutrient cycle. The SSP recyclate
contained higher Ca, P and Na levels, but was lower in Mg and K concentration than BCH. The
BAF is an estimate of the efficiency of larvae to take up and accumulate certain minerals from
the substrate in the body. The FD+SSP larvae had a lower Ca BAF than those of the FD+BCH
and FD groups, which suggests that Ca was less efficiently accumulated by larvae in the FD+SSP
group than in the other groups. But since Ca BAF values were greater than 1 in all groups this
indicates Ca enrichment relative to the Ca content in the substrate. The P concentration was
higher in FD+SSP larvae than that in FD+BCH and FD larvae, which was linked to a higher P
concentration in the FD+SSP substrate than in FD+BCH and FD. Phosphorus accumulated in all
groups (BAF > 1) however, the FD+BCH larvae had a lower P accumulation than those in the
FD group, suggesting a lower P accumulation efficiency from the BCH recyclate. Currently the
knowledge on the regulation of Ca and P homeostasis in BSFL is limited but the involvement
of the Malpighian tubules in homeostasis and storage of minerals in insects such as Drosophila
melanogaster is likely (Browne and O’Donnell, 2016, Rose et al., 2019).

Joseph et al. (2021) suggested that carbon-coated minerals on the surface of Biochar
effectively reduce the bioavailability of heavy metals in soil. Therefore, although the
concentration of certain minerals such as Mn was higher in BCH than in SSP recyclate, it is
possible that they are hardly available from the substrate, e.g., depending on the pH of the
environment. This could be the reason for the lower Mn BAF in FD+BCH larvae.

It is known that BSFL accumulate high amounts of Cd (Proc et al., 2020), which is highly
toxic and has serious health risks for animal and humans (Truzzi et al., 2019). The BSFL our
study also showed a high Cd content. In general, little information is available on mineral
transport mechanisms in BSFL. However, it has been suggested that high BAF for Cd in BSFL
could be attributed to the large number of Ca?* channels in their gut, which facilitate the Cd
transport by means of heat shock proteins, resulting in high Cd accumulation compared to
other heavy metals (Van der Fels-Klerx et al., 2016, Bessa et al., 2021). In summary, in the
present study, the Fe, Zn, Cu, As, Pb and Hg contents in BSFL did not exceed the current EFSA
recommendations for the maximum allowance limit for animal diets, however, it was
exceeded for Mn and Cd content of BSFL. This suggests that when adding BSFL reared on
substrates supplemented with sewage sludge recyclates to broiler feed rations, one must
observe an upper inclusion level.

5.3. Experiment-3: How does supplementation with mineral-enriched BSFL affect
performance and mineral metabolism in broilers?

Although there were differences in the nutrient, mineral and heavy metal content of the
larvae in the different groups, we did not observe differences in feed, nutrient, mineral and
heavy metal intakes in broilers. Lack of differences in feed, nutrient, mineral and heavy metal
intakes could be attributed to the amount of BSFL (15%) offered to the birds. The inclusion
level that we used in this experiment did not compromise feed intake in larval intake groups
and thus, did not cause negative effects on nutrient intakes. However, the lower fat content
in FD+SSP larvae might be associated to the lower plasma triglyceride concentration in L-SSP
birds compared to L-FD broilers.

Our results show that tibia characteristics and tibia mineral status of the birds were not
changed by the intake of 15% mineral-enriched larvae. In line with our results, Moula et al.
(2018) reported that tibia ash content of local poultry breed fed 8% of defrosted whole BSFL
was not affected. Also, Ipema et al. (2020a) found that tibia measurements (tibia length,
length fluctuating asymmetry, width fluctuating asymmetry and breaking strength) of broilers



fed rations in which 5 or 10% of the total dietary DM was replaced with live BSFL were not
affected.
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