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of the triglycerides, the most absorbed lipid component during animal digestion was evaluated. The diet-
ary effect was estimated on two different Hermetia illucens populations (Greek — UTH and Italian —
UNIPI). The diet affected all the lipid fractions examined. Regardless of diet, the fat was characterized
Feed mainly of lauric acid and other saturated FAs, which were found to be synthesized by the larvae, as it
Lipids was not present in any of the five substrates. In general, UTH larvae contained a higher level of lipids
Organic substrates (7.38 vs 2.48 g/100 g of larvae; P<0.001) and saturated FAs (49.71 vs 36.10 g/100 g of Total Lipids;
sn2-triglycerides P<0.001) and a lower percentage of monounsaturated FAs (14.74 vs 26.70 g/100 g of Total Lipids),
C18:3n-3 (0.67 vs 1.13 g/100 g of Total Lipids; P < 0.001), and C18:2¢9t11 (2.02 vs 2.80 g/100 g of Total
Lipids; P <0.001). Irrespective of the populations, BSFL reared on control and fruit substrates showed
higher level of lipids (8.06 and 5.61¢g/100 g of larvae, respectively), and saturated FA (38.99 and
71.19 g/100 g of Total Lipids, respectively), while the presence of meat increased the level of C20:4n-6,
C20:5n-3 and C22:5n-3 (0.70, 0.13 and 0.45 g/100 g of Total Lipids, respectively). The results confirmed
that BSFL accumulate phytosterols in their lipid fraction. The sterol profile was strongly influenced by the
substrate on which the larvae were reared, with higher levels of cholesterol in the larvae of the meat
group (38.55 mg/100 g of Total Lipids) and of stigmasterol and campesterol (9.04 and 15.23 mg/100 g
of Total Lipids, respectively) in those of the vegetable group. The sterol content between the two popu-
lations was significantly different, with a higher percentage in UTH larvae (113.28 vs 34.03 mg/100 g of
Total Lipids; P < 0.001). Finally, BSFLs showed a high plasticity of the lipid profile depending on both the
substrate and the metabolism linked to the different populations. This variability allows the nutritional
characteristics of the BSFL to be shaped by modifying the substrate, to adapt it to the technological and
feeding needs to which the larvae are destined.
Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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Implications fat of Hermetia illucens larvae raised on different types of substrates
is shaped. We found that the lipid profile changes considerably
Insects are an important food source for human and animal. based on the nature of the substrate, adaptable to the different
Their use can provide an interesting environmental sustainability applications for which the larvae can be used.
and circularity. In fact, different species of insects can develop on
substrates made up of waste. From the perspective of their nutri-
tional quality, the lipid profile of insects plays an important role; Introduction
therefore, in this work, we evaluated how the composition of the
Population growth and the limited availability of resources have
* Corresponding author. driven the search for new food sources for humans and animals.
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be around 1.3-1.4 billion tons per year, with an estimate for 2025
of around 2.6 billion tons (Sinha and Tripathi, 2021). According to
the Food and Agriculture Organization, recycling of food waste may
be the key points to realize sustainability and avoid wasting
resources, by the creation of a circular economy (FAO, 2021). Faced
with these needs, a possible approach is the use of insects as a
source of feed and food, thanks to their high feed conversion effi-
ciency and low level of greenhouse gas emissions (Van Huis, 2013).

One of the insects studied with this purpose is Hermetia illucens
(Diptera: Stratiomyidae), also known as black soldier fly (BSF)
(Bonelli et al., 2020; Meneguz et al., 2018). Indicatively, BSF larvae
(BSFL) can feed on several organic wastes producing larvae and
prepupae rich in fats and proteins (Arango Gutierrez et al., 2014;
Cappellozza et al., 2019; Meneguz et al., 2018; Shumo et al.,
2019; St-Hilaire et al., 2007; Surendra et al., 2020; Truzzi et al,,
2020; Zarantoniello et al., 2020). Due to the high nutritional value
of the larval stage, the EU has allowed partial feed substitution for
aquaculture and animal production (e.g. pigs and poultry)
(Barragan-fonseca et al., 2017; Allegretti et al., 2018; Campbell
et al., 2020; Onsongo et al., 2018). So, this could offer an environ-
mental alternative to traditional feeding materials such as soybean,
fishmeal, fish protein, and fish oil (Hender et al., 2021; Van der
Heide et al., 2021). Among the different components of the diet
of farmed animals, fats are fundamental (Cetingiil and Yardimci,
2008) and represent one of the main animal energy sources as they
have a high caloric value (Baido and Lara, 2005).

Recent works have shown that different rearing substrates can
influence the chemical composition of BSFL, particularly for what
concerns lipid content and FA profile (Pimentel et al., 2017). The
bioaccumulation capacity of BSFL, and the possibility of changing
their lipid profile through the rearing substrate, can open interesting
scenarios for a new valorization of waste substrates and to produce
insect meals and oils enriched with FA of specific nutritional charac-
teristics. In a recent work, Tognocchiet al. (2023) reported a detailed
description of the lipid profile of BSFL (triglyceride, phospholipid,
and sterol fatty acid profile), offering in-depth knowledge of the
nutritional properties of BSFL. However, while recent works propose
that it is possible to modify the FA composition of the BSFL, it is
unclear which FAs are synthesized de novo by the larvae, or at what
level of dietary FA composition influences the lipid profile.

New data need to be updated on different waste substrates for
BSFL and their use as an ingredient in animal feed. Many studies
have addressed the use of waste materials for larval rearing which
is not permitted by EU regulations (Diener et al., 2009; Nguyen
et al., 2013; Banks et al., 2014; Cickova et al., 2015; Oonincx et al.,
2015; Liland et al., 2017; Ewald et al., 2020). However, few concern
materials are permitted by law, namely agro-industrial vegetable
waste. Furthermore, some studies have reported differences regard-
ing insect populations of different geographical origins in terms of
performance and nutritional profile when feeding on the same diet
(Urs and Hopkins, 1973; Rumbos et al., 2021; Adamaki-Sotiraki
et al., 2022). Therefore, the aim of this study was to investigate
how diet properties influence the lipid profile of two populations
of BSFL reared on diets composed of organic waste permitted by
the EU, compared to a meat-based diet reported in the bibliography
as inappropriate and not permitted by EU legislation. Furthermore,
we want to investigate whether different BSFL populations use
and metabolize the lipid component differently.

Material and methods

Chemical and reagents

Analytical grade n-hexane, diethyl ether, chloroform, methanol,
pyridine, hexamethyldisilazane and trimethylchlorosilane were
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commercially obtained from Merck KGaA, Darmstadt, Germany.
The K,CO5; 1 M solution was freshly prepared by diluting K,CO5
with HPLC—grade water (Merck KGaA, Darmstadt, Germany). The
C9:0/C19:0 (1 mg/mL) solution was prepared by diluting 1 mg of
C9:0 and C19:0 (Merck KGaA, Darmstadt, Germany) with analytical
n-hexane. The dihydrocholesterol (1 mg/mL) solution was pre-
pared by diluting 1 mg of dihydrocholesterol (Merck KGaA, Darm-
stadt, Germany) with analytical grade chloroform.

Hermetia illucens larvae production

Two populations of Hermetia illucens were used for the experi-
ment: one reared at the Laboratory of Entomology of the Depart-
ment of Agriculture, Food and Environment (University of Pisa —
Italy) (UNIPI population) and the other one at the Laboratory of
Entomology and Agricultural Zoology (University of Thessaly —
Greece) (UTH population). The laboratory conditions (28 °C, 60%
RH, and photoperiod 16:8 =L:D) and rearing protocol were the
same for both populations. Briefly, after oviposition, the eggs were
retrieved using a wet brush with a fine tip from the support, which
was a groove of wooden measuring 20 x 3 x 1 cm. They were then
placed in plastic boxes measuring 29 x 18 x 9 cm, containing the
artificial diet made of water and chicken feed in a 40:60 ratio,
respectively. Gauze was used to cover each plastic box to maintain
humidity. As soon as the first pupae emerged, the box was placed
within a cage (47.5 x 47.5 x 93 cm, model BugDorm-4M4590DH)
for the emergence of the new adults. A plant branch was added
to the cage along with unlimited supplies of water and sugar to
enhance the amount of surface area available for the adults to lean
on and engage in their mating behavior, known as “lekking”.

Experimental design

Both Hermetia illucens populations (UNIPI and UTH) were fed
with five different diets: a) Control diet, based on poultry feed
and water at 40:60 w/w; b) Fruit diet, 75% of fruits (apple, orange
and banana at a 1:1:1 ratio w/w) and 25% of Control diet; c) Vege-
table diet, 75% of vegetables (celery, sweet pepper and potatoes at
a 1:1:1 ratio w/w) and 25% of Control diet; d) Meat diet, 75% of
poultry meat and 25% of Control diet; d) mixed diet, i.e., control,
fruit, vegetable and meat diet at 1:1:1:1 ratio w/w. Diets were
ground by a kitchen grinder, operating at 800 W for 4 min. The dif-
ferent kinds of diets were chemically analyzed following the proce-
dures specified in AOAC (2000): DM (method 934.01), CP (method
984.13), ether extract (method 920.39) as described by Tognocchi
et al. (2023) and the contents in moisture, proteins and lipids are
reported in Table 1. The complete composition of the substrates,
also considering the fatty acid profile, is reported in Supplementary
Table S1.

Extraction of total lipids

Total lipids (TLs) were extracted following the procedure
described by Tognocchi et al. (2023). Briefly, 15 g of sample (pool
of larvae) were extracted with 200 mL of chloroform:methanol
(1:1) solution and homogenized by Ultraturrax (IKA1-Werke
GmbH & Co. KG, Staufen, Germany). After incubation at 60 °C for
20 min, 100 mL of chloroform were added. A total of 100 mL of
K,CO3 1 M solution was added to the filtered samples followed
by an incubation at 4 °C for 12 h. After the extraction, the lipids
were stored at — 20 °C. Total lipids were separated into the singu-
lar fractions (triglycerides — TGs, phospholipids — PLs, Free Fatty
Acids - FFAs, and sterols - STs) by thin layer chromatography
using a Silica Gel 60F254 10 x 20 cm (Merck KGaA, Darmstadet,
Germany) with a mix of hexane and diethyl ether (70:30, v:v) as
mobile phase solution (Supplementary Figure S1). The spots corre-
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Table 1
Bromatological composition (g/100 g of substrate) of the five diets provided to Hermetia illucens larvae.
Moisture Protein Lipids
Item UNIPI UTH UNIPI UTH UNIPI UTH
Control 55.71 57.21 3.42 5.61 1.14 1.67
Meat 70.67 70.70 20.80 20.49 4.80 5.63
Fruit 66.46 63.18 1.29 1.22 1.59 1.14
Vegetable 73.31 72.50 3.49 3.12 1.38 1.23
Mix 70.77 70.63 17.90 13.14 4.81 4.51

Abbreviations: UTH = diet provided to Greek larval population; UNIPI = diet provided to Italian larval population.

sponding to each fraction were identified by comparing them with
a mix of commercial standards (Sigma-Aldrich: code 17 810 for
TGs, 690050C for PLs, MAK044 for FFAs, C4951 for FC and C9253
for EC). Each spot was scraped and recovered separately in a fresh
tube with 1 mL of diethyl ether.

sn-2 monoglycerides

Sixty mg of the TG fraction were digested mediated by lipase to
obtain sn-2 monoglycerides, as previously described by Tognocchi
et al. (2023). The percentage of FA esterified in sn-1 and sn-3 posi-
tions was consequently obtained by the following formula:

%FA1cX3 — %FAsn_
Y%FAsn_1.3(a—position) = W

where: %FArc =fatty acid composition of TG,
(B-position) = fatty acid composition of sn-2.

As known, a FA can be esterified in three different triglyceride
positions. However, only two conditions have nutritional signifi-
cance: o (FA in sn-1,3) and B (FA in sn-2) positions: B has a prefer-
ential nutritional status compared with o. Pacetti et al. (2005)
proposed that an individual FA is preferentially absorbed in the
intestine if more than 50% of that FA is esterified in the
B-position of TG. To estimate the supposed preferential TG position
index (PPTPi) of a FA, we applied the following formula, as previ-
ously described by Tognocchi et al. (2023):

PPTPi = {[FAsn — 2/(FAsn — 2 + FAsn — 1,3)] x 100} — 50

The range of PPTPi is 0 + 50; PPTPi = 0, fatty acid with no preferen-
tial esterification; PPTPi < 0, fatty acid with a preferential esterifica-
tion for sn-1,3 positions; PPTPi > 0, fatty acid with a preferential
esterification for the sn-2 position.

and %FAq,»

Fatty acid profile

Fatty acid methyl esters (FAMEs) were obtained by different
esterification methods, based on the molecular characteristics of
the lipid fraction (Christie, 1982; El-Hamdy and Christie, 1993):
TL and PL were derivatized by an acid-basic methylation; TG and
sn-2 monoglycerides were derivatized by a basic methylation;
FFAs were derivatized by a methylation with trimethylsilyldia-
zomethane. For each fraction, a mix of C9:0 and C19:0 (1 mg/mL)
solution was added as an internal standard. The FAME composition
was determined by gas-chromatography according to the proce-
dure described by Tognocchi et al. (2023). Briefly, the FAME com-
position was determined using a GC2010 Shimadzu gas
chromatograph (Shimadzu, Columbia, MD, USA) equipped with a
flame-ionization detector and a high polar fused-silica capillary
column (Chrompack CP141 Sil88 Varian, Middelburg, the Nether-
lands; 100 m, 0.25 mm i.d.; film thickness 0.20 mm). Hydrogen
was used as the carrier gas at a flow of 1 mL/min. Split/splitless
injector was used with a split ratio of 1:80. An aliquot of the sam-
ple was injected under the following GC conditions: the oven tem-
perature was programmed at 150°C and held for 1 min, then

increased to 175°C at a rate of 0.8 °C/min, held for 14 min,
increased to 188 °C at 2 °C/min, held for 18 min and then increased
to 230 °C at a rate of 20C/min, and held for 13 min. The injector and
detector temperatures were set at 270 and 300°C, respectively. The
identification of individual FAMEs was based on a standard mix-
ture of 52 Component FAME Mix (Nu-Chek Prep Inc., Elysian,
MN, USA) and 77 individual FAME standards (Larodan Fine Chem-
icals, Malmo, Sweden). The identification of C18:1 and C18:2 iso-
mers was based on commercial standard mixtures (Larodan Fine
Chemicals, Malmo, Sweden) and on chromatograms published by
Kramer et al. (2004). For each FA, response factors to FID and
inter- and intra-assay CV were calculated using a reference stan-
dard butter (CRM 164, Community Bureau of Reference, Brussels,
Belgium). Fatty acids were expressed as g/100 g of TL.

Free sterol profile

The sterol profile was determined after the silylation of purified
samples according to Tognocchi et al. (2023). A dihydrocholesterol
in chloroform solution (1 mg/mL; Steraloids, Newport, RI, USA)
was added (100 pL) as an internal standard. The silylation solution
was composed of a pyridine solution of hexamethyldisilazane and
trimethylchlorosilane (Serra et al., 2017). Trimethylsilyl deriva-
tives were identified and quantified using a gas-chromatograph
equipped with a flame ionization detector and a VF 1-ms apolar
capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness;
Varian, Palo Alto, CA, USA) by injection of 3 pL of sample. The injec-
tion and the detector were set at 325 °C; the initial oven tempera-
ture was 250 °C; then, with a rate of 1 °C/min, the temperature was
increased to 270 °C; a final temperature of 350 °C was reached by a
rate of 10 °C/min which was held for 5 min; the carrier gas flux was
1 mL/min (Boselli et al., 2005). The identification of sterols was
based on commercial standard mixtures (Merck, KGaA, Darmstadt,
Germany). Sterol content was expressed as mg/100 g of TL.

Statistical analysis

Data were analyzed by the following linear model, using the
JMP 17.1 software: yjj, = p + S; + P + S; x Pj + b, + &jj,, where yjj, = -
dependent variable (fatty acids and sterols), |L=general mean,
S; = fixed effect of i substrate (Control, Fruit, Vegetable, Meat,
Mixed); P; = fixed effect of the j*™ population (UNIPI, UTH); b, = ran-
dom effect of the z™ batch (35 levels), and &jj, = residual error.

To comprehend the role of each FA within the individual lipid
fractions (TG and PL) as a consequence of substrate composition
and BSFL population, a principal component analysis (PCA) was
used to analyze simultaneously all variables involved in the path-
way. The PCA is a multivariate dimension reduction application,
mainly aimed at synthesizing data contained in a set of n observed
variables (y1,..., yn) by checking a new set of p (P <n) variables
(X1,...,Xp), named principal components (PCs). The first PC (PC1)
explains the highest variability, while the remaining PCs (PC2,
PC3,... PCn, n = number of variables) report the residual variability
in the data. Each PC is independent and orthogonal to the others.
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Generally, the first few PCs are sufficient to describe most of the
total data variations (Jolliffe, 2002).

Results
Lipid fractions

The lipid content and the percentage of each relative fraction
are shown in Table 2. Regardingthe lipid content, the larvae
showed an average level of 4.93% (+ 2,84%), of which 77.39% (+
4,83%) was composed by the saponifiable component (28.67% TG,
1.48% PL, and 47.20% FFA). The lipid profile of BSFL was signifi-
cantly affected by the substrate composition (Supplementary
Table S2), while no effect was observed by the populations. Larvae
reared on Control and Fruit diet had the highest lipid content com-
pared to those grown on the other three groups (P=0.01). Also,
regarding the individual lipid fractions, a significant effect of the
type of substrate was detected, while there were no differences
between the two populations except for the sterol content. Larvae
reared on Vegetable substrate showed a lower level of FAs (both as
a percentage of TL and at TG level). In contrast, the percentage of
FA derived from PL was significantly lower in larvae reared on Con-
trol and Meat substrates. Finally, the larvae reared on Meat diet
showed a significant higher sterol content, unlike those reared on
the Fruit substrate, while the other groups showed intermediate
values (effect of the diet: 115.11 mg/100 of TL for Meat group;
80.78 mg/100g of TL for Mix group; 79.45mg/100g of TL;
56.64 mg/100 g of TL for Control group; 36.1 mg/100 g of TL for
Fruit group). Moreover, the UTH population showed a higher level
of sterol fraction than the UNIPI one.

Fatty acid profile of total lipids

The FA profile of BSFL reared on different substrates is shown in
Table 3. The larvae contained a high percentage of saturated fatty
acid (SFA) (up to 43%), followed by monounsaturated fatty acids
(MUFAs; up to 20%) and polyunsaturated fatty acids (PUFAs; up
to 13%) (Table 3). Of the SFA, lauric acid (C12:0) was the major
component (up to 26%). In addition, palmitic acid (C16:0), oleic
acid (C18:1¢9) and linoleic acid (C18:2n-6) showed percentage
higher than 10% (10, 14.34, and 10% respectively). Significant dif-
ferences were observed in the FA profile of the two populations.
The UTH population was characterized by a higher SFA content
(49.61 vs 36.11 g/100 g TL) and a lower level of MUFA (14.74 vs
26.71 g/100 g TL). Although the PUFAs were not different between
the two populations, it should be underlined that the fraction of
PUFA n-3 was significantly higher in the UNIPI population (2.99
vs 4.55 g/100 g TL). Saturated fatty acids were greater in the larvae
reared on Fruit and Mixed substrates, while the lower level was
detected for Meat and Vegetable groups (Table 3). The group
reared on the Control substrate showed different behavior depend-
ing on the population: UTH population showed a higher level of
SFA than UNIPIL. The results observed for SFA are due to lauric acid
(€12:0) and myristic acid (C14:0) which represent two of the most
abundant SFA. The other medium-chain SFA is C10:0 which was
significantly more abundant in larvae reared on Fruit, Vegetable
and Mix substrates (Supplementary Table S3). In contrast to the
previous FAs, palmitic acid (C16:0) and stearic acid (C18:0) were
significantly more abundant in the UNIPI population. Based on
the type of substrate, the group raised on Meat showed signifi-
cantly higher values. MUFAs were greater in the larvae reared on
Meat and Control substrates, while a lower level was detected
for the other groups (Table 3). The higher level of MUFA in Control
group was only observed in the UNIPI population, while in the UTH
population, the content was similar to Fruit, Vegetable and Mixed
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group. The results observed for MUFA are due to oleic acid
(C18:1¢9), C16:1c7, C16:1¢9, C18:1t11 and C18:1c11 which repre-
sent the most abundant MUFA. On the contrary, C14:1¢9 and
C18:1t9 showed a significantly higher value in Vegetable group.

About PUFA level, larvae reared on Meat substrate showed the
highest content, related principally to the very long chain FA
(>20C length): C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, and
C22:5n-3. It is interesting to note that these FAs are higher than
1 g/100 g of TL only in the group raised on meat, while in the other
groups, they were present in traces or were not even detected.
Rumenic acid (C18:2c9t11) was detected in significantly higher
quantities in the Vegetable group, while its content was the lowest
in the Fruit group. The other three groups showed intermediate
values.

Fatty acid profile of triglycerides fraction

The TG FA profile of BSFL reared on different substrates is
shown in Table 4. The TG fraction was characterized by a high per-
centage of SFA (up to 61%), followed by MUFA (>20%) and PUFA (up
to 15%) (Table 4). Of the SFA, lauric acid (C12:0) was the major
component (>38%). In addition, palmitic acid (C16:0), oleic acid
(C18:1¢9) and linoleic acid (C18:2n-6) showed percentage higher
than 10% (11, 14, and 10% respectively). Significant differences
were observed in the FA profile of the two populations. The UTH
population was characterized by a lower level of MUFA (19.48 vs
2096 g/100g FA) and a higher content of PUFA (21.65 vs
8.07 g/100 g FA). SFAs were greater in the larvae reared on mixed
substrates, while a lower level was detected for Control group
(Table 4). The group reared on the control substrate showed differ-
ent behavior depending on the population: in the UTH, the SFA
level was very high, while it is significantly reduced in the UNIPI
population. The results observed for SFA are due to C12:0 and
C18:0 which represent two of the most abundant SFA, C14:0 was
higher in larvae reared on Fruit substrate. In contrast to the previ-
ous FAs, C16:0 did not show significant differences. MUFAs were
greater in the larvae reared on Meat and Control substrates, while
the lower level was detected for the other groups (Table 4). The
higher level of MUFA in Control group was only observed in the
UNIPI population, while in the UTH population, the content was
similar to Fruit, and Mixed group. It is interesting to note that in
the UTH population, the larvae reared on the Vegetable substrate
showed the highest values. The results observed for MUFA are
due to C18:1¢9, C16:1c7, C16:1¢9, C18:1t11 and C18:1c11 which
represent the most abundant MUFA. On the contrary, C14:1c9
and C18:1t9 showed a significantly higher value in vegetable and
mixed group. Regarding the PUFA level, larvae reared on Meat sub-
strate showed the highest content, related principally to the very
long chain fatty acid (>20 C length): C20:2n-6, C20:3n-6, C20:4n-
6, C20:5n-3, and C22:5n-3. These FAs are only present in larvae
reared on meat, while in the other groups, they are present in
traces or were not even detected. Rumenic acid (C18:2c9t11) was
detected in significantly higher quantities in the Vegetable, Meat,
and Mixed substrates, while its content was the lowest in the
fruit-based substrate. The other three groups showed intermediate
values.

Fatty acid profile of phospholipid fraction

The PL FA profile of larvae reared on different substrates is
shown in Table 5. The PL fraction was characterized by a high per-
centage of SFA (up to 57%), followed by MUFA (> 18%) and PUFA
(> 13%) (Table 5). Lauric acid was the most representative SFA (>
25%). In addition, palmitic acid and oleic acid showed percentage
higher than 10% (17% and 12% respectively). Significant differences
were observed in the FA profile of the two populations. The UTH
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Table 2
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Effect of population and substrate on moisture and lipid (g/100 g of larvae), fatty acid content of individual lipid fractions (g/100 of Total Lipids), and sterols (g/100 g of Total

Lipids) content of Hermetia illucens larvae.

UNIPI UTH SEM  P-value'

Item Control Meat Fruit Vegetable Mix Control Meat Fruit Vegetable Mix S P SxP
Moisture ~ 7.10 3.21 532 7.41 6.26 8.23 4.32 6.64 8.93 7.49 035  0.002 <0.001  0.456
Lipids 3.18 1.57 3.02 2.26 238 9.76 6.69 8.19 5.44 6.81 070  0.010 <0.001 0286
TL 78.00 7842  80.12 7097 7959  81.89 7561 7752  67.89 8385 322  0.008 0.973 0.609
TG 28.86 29.01 2964 2626 2945  26.74 3510 2943 2049 31.68 226  0.008 0.973 0.135
PL 1.48"° 1.49% 1.528 1.358 1518 091 049¢ 236" 196" 1.70° 022  0.001 0.929 0.001
FFA 4758 47.83 4887 4329 4855  54.24 40.03 4573 4544 5047 330 0177 0.983 0.261
Sterols 0.03¢ 0.06° 0.03¢ 0.02¢ 0.04¢ 0.09° 0174 013"  0.06° 0.124 0.01 <0.001 <0.001 0.010

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population; TL = fatty acid content in Total Lipids fraction, TG = fatty acid content in Triglycerides fraction,
PL = fatty acid in Phospholipid fraction, FFA = fatty acid content in Free Fatty Acid fraction.

A€ Values within a row with different superscripts differ significantly at P < 0.01.
! . S=Substrate effect, P=Population effect.

Table 3
Effect of population and substrate on Total Lipid fatty acid profile (g/100 of Total Lipids) of Hermetia illucens larvae.
UNIPI UTH SEM  P-value'

Item Control Meat Fruit Vegetable Mix Control Meat Fruit Vegetable Mix S P SxP
SFA 22578 28.96°  44.82¢ 37.21° 46.97¢ 55.42°%  41.83¢ 52738 4073 57.32%  2.10 <0.001  <0.001  <0.001
C10:0 0.27° 0.15°  0.38¢ 0.38¢ 0.45¢ 0.728 0.58° 1.08% 1.16" 1.174 0.05 <0.001  <0.001  0.005
C12:0 8.64F 9.52F 2738  21.10° 2834 36.02°  2533° 3581% 27.80€ 40.49*  1.40 <0.001  <0.001  <0.001
C14:0 1.96° 2.36° 5.708 4.00¢ 5.26° 7.07% 4.55¢ 6.78" 4.62¢ 6.70* 0.36 <0.001  <0.001  <0.001
C15:0 0.14° 0.06° 0.06°  0.10¢ 0.03° 0344 0.06°  0.05° 0.07¢ 0.08¢ 0.01 <0.001  <0.001  <0.001
C16:0 9.788 13414 9.43° 9.558 1077 8.928 9.08° 7.28¢ 5.87¢ 7.25¢ 0.61 <0.001  <0.001 0.057
C17:0 0.54" 0.09% 0.09% 0.118 0.10® 0.11% 0.108 0.10% 0.128 0.08% 0.02 <0.001  <0.001  <0.001
C18:0 1.14F 3.10" 1.61¢ 1.78¢ 1.948 1.66¢ 2.018 1.48° 0.928 1.34° 0.18 <0.001 <0.001 <0.001
€20:0 0.114 0.08° 0.04¢ 0.06° 0.04¢ 0.05¢ 0.04¢ 0.05¢ 0.05¢ 0.08° 0.01 0.047 0.121 0.004
C21:0 0.024 0.024 <0.01®  0.034 0.03*  0.02% 0.01% 0.01% 0.01% 0.024 0.01 <0.001  <0.001  <0.001
MUFA 3897%  29.08% 19.85¢ 22.90° 22.72¢  13.70° 17.01¢  12.99° 12.71° 17.28¢  1.22 <0.001  <0.001  <0.001
C14:1¢9 0.09% 0.26°  0.49¢ 0.62° 0954  0.20° 0.16°  0.30¢ 0.24¢ 0.36¢ 0.06 <0.001 <0.001  <0.001
C16:1c7 1.86" 0.518 0.18°  0.19° 0.15°  0.15° 0.36¢ 0.14° 0.16° 0.20° 0.03 <0.001  <0.001  <0.001
C16:1c9 3.80 4.71 4.44 6.13 6.87 227 245 2.97 2.77 3.94 0.50 <0.001  <0.001 0.266
C17:1¢9 0.15° 0.04¢ 0.05¢ 0.15° 0.08° 0.524 0.05¢ 0.15° 0.16° 0.15° 0.02 <0.001 <0.001  <0.001
C18:1t9 0.02° 0.02° 0.01°  0.118 043  0.08° 0.09¢ 0.07¢ 0.15% 0.15% 0.02 <0.001  <0.001  <0.001
C18:1t11 0.788 1.45% 0.47° 0.66° 0.20¢ 0.10¢ 0.05¢ 0.10¢ 0.11¢ 0.13¢ 0.10 <0.001 <0.001  <0.001
C18:1¢9 29.77%  2026° 1330° 13.86° 1357 9.57° 13.30¢  9.01° 8.78° 1197 083 <0.001 <0.001  <0.001
C18:1c11 1.974 1.628 0.88° 1.13¢ 0.44° 0.38¢ 0.47° 0.25° 0.28F 0.35% 0.05 <0.001 <0.001  <0.001
C20:1c11 0.56 0.21 0.04 0.05 0.02 0.44 0.09 0.06 0.05 0.04 0.05 <0.001  0.238 0.492
PUFA 1435 19.33 14.65 14.89 9.15 12.34 16.22 10.64 13.29 11.83 1.33 <0.001  0.088 0.204
C18:2n-6 9.14 12.80 12.74 834 5.01 10.06 1222 831 10.13 7.94 130  0.002 0.877 0.077
C18:3n-3 2,774 1.288 1.028 0.89° 0.30¢ 0.61° 0.82° 0.62° 0.77® 0.54% 0.18 <0.001  <0.001  <0.001
C18:2c9t11  1.99¢ 2.96° 0.78° 5.26% 3.198 1.41¢ 2.47° 1.47¢ 2.068 2.70° 0.19 <0.001  <0.001  <0.001
C18:4n-3 0.06° 0.33% 0.02° 0.07 0244  0.05° 0.05° 0.05° 0.07° 0.09® 0.01 <0.001 <0.001  <0.001
C20:2n-6 0.04° 0.114 0.02¢ 0.01¢ 0.01¢ 0.01¢ 0.03% 0.01¢ 0.01¢ 0.01¢ 0.01 <0.001  <0.001  <0.001
C20:3n-6 0.01¢ 0.10% <0.01¢  <0.01¢ 0.02¢ <0.01¢  0.07° <0.01¢  <0.01¢ 0.03¢ 0.01 <0.001 <0.001  <0.001
C20:4n-6 0.01° 1.08% 0.00°  0.02° 0.16° 0.02° 0328 <001 <0.01° 0.17¢ 0.04 <0.001  <0.001  <0.001
C22:2 0.02° 0.02° 0.03% 0.054 0.02 0.02° 0.054  0.03° 0.044 0.05" 0.01 <0.001  <0.001  <0.001
C20:5n-3 <0.01®8 024" 0.01% 0.02° 0.03% 0.02° 0.02° <0.01®  <0.01® 0.04° 0.01 <0.001 <0.001  <0.001
C22:5n-3 0.01% 0.09% <0.01®  0.028 <0.01®  <0.01® <0.01®8  <0.01® <0.01® <0.01®  <0.01 <0.001 <0.001 <0.001
PUFAN-6 9.20 14.10 12.77 837 5.19 10.10 12.64 832 10.15 8.15 1.21 <0.001  0.951 0.066
PUFAN-3 3.36" 2.548 1.17¢ 1.20¢ 0.64°  0.77° 1.13¢€ 0.78° 1.08¢ 0.72° 0.17 <0.001  <0.001  <0.001

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population; SFAs = Saturated Fatty Acids, MUFAs = Monounsaturated Fatty Acids, PUFAs = Polyunsatu-

rated Fatty Acids.
AE values within a row with different superscripts differ significantly at P<0.01.
T . S =Substrate effect, P = Population effect.

population was characterized by a higher level of SFA (72.94 vs
4234 ¢/100g FA) and a lower content of MUFA (13.40 vs
23.45 g/100 g FA) and PUFA (11.57 vs 15.28 g/100 g FA) content.
SFA and PUFA were not affected by substrate composition, while
MUFA was significantly lower in mixed diet (Table 5). About SFA,
C12:0 was affected by substrate, with a higher value in Vegetable
and mixed group and lower level in larvae reared on meat and con-
trol substrate. On the contrary, C10:0 was more abundant in con-
trol and vegetable group. The higher level of MUFA in Control
group was only observed in the UNIPI population, while in the
UTH population, the content was similar to Fruit, and Mixed group.

It is interesting to note that in the UTH population, the larvae
reared on the vegetable, fruit and mixed substrate showed the
highest values. The results observed for MUFAs are due to
C18:1¢9, C16:1c7, C16:1c9, C18:1t11 and C18:1c11 which repre-
sent the most abundant MUFA. On the contrary, C14:1¢9 and
C18:1t9 showed a significantly higher value in Vegetable and
Mixed group. Regarding PUFA level, the UNIPI population showed
a higher level than the UTH population (15,28 vs 11,27 g/100 g of
fatty acids). Among PUFAn-6, larvae reared on Fruit substrate
showed significantly higher values, while no difference was
detected for PUFAn-3. The effect on PUFAn-6 is mainly due to
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Table 4
Effect of population and substrate on Triglycerides fatty acid profile (g/100 of Fatty Acids) of Hermetia illucens larvae.
UNIPI UTH SEM  P-value'

Item Control Meat Fruit Vegetable Mix Control Meat Fruit Vegetable Mix S P SxP
SFA 33.71°  61.36° 60.56°  74.00" 75.01%  68.26" 5733° 66.43%  49.59¢ 65.89° 3.61  0.001 0.819 <0.001
C10:0 0.32F 0.28" 0.48F 0.48F 0.49¢ 1.08° 1.09° 1.538 1.91% 1.678 005 <0.001 <0.001 <0.001
C12:0 14.77°  2836° 25.10°  44.72%® 48.77% 4980  40.35°  46.28" 3346 4770 437  0.011 <0.001  <0.001
C14:0 3.25° 5.81¢ 11.32%  8.54° 8.65° 8.75° 5.99¢ 9.158 5.29¢ 7.10¢ 042 <0.001 0.337 <0.001
C15:0 0.16 0.11 0.10 0.12 0.03 0.23 0.11 0.05 0.21 0.07 0.03  0.002 0.149 0.285
C16:0 13.64 22.98 15.12 17.25 13.95 6.52 7.81 7.69 6.49 7.69 1.92  0.088 <0.001 0.156
C17:0 0.15 0.23 0.27 0.12 0.16 0.38 0.16 0.23 0.09 0.12 007 0.134 0.752 0.204
C18:0 1.30° 3.398 8.00% 2.54¢ 2.80¢ 1.31° 1.72° 1.31° 2.00¢ 1.37° 090 0.014 0.001 0.008
€20:0 0.05 0.05 0.07 0.08 0.06 0.16 0.05 0.17 0.05 0.10 0.03  0.246 0.051 0.134
C21:0 0.03 0.12 0.10 0.14 0.11 0.03 0.05 0.03 0.09 0.08 0.02  0.003 0.001 0.305
MUFA 46.84"  2228°%  7.80F 15.65° 12.24°  13.99° 2070 18.18°  24.89° 19.65¢ 1.09 <0.001  0.059 <0.001
C14:1¢9 0.13° 0.44° 0.33¢ 0.714 0.704 0.23¢ 0.28¢ 053" 0.59° 0.54° 0.06 <0.001 0.396 0.008
C16:1c7 0.46* 0.384 0.25° 0.14¢ 0.21% 0.15¢ 0.27° 0.18¢ 0.18¢ 0.13¢ 0.04 <0.001 <0001 <0.001
C16:1c9 4.68" 415" 1.99¢ 4917 3.778 2.84¢ 3.728 4617 6.10* 5.294 0.51  0.003 0.070 0.002
C17:1¢9 0.13¢ 0.05¢ 0.04¢ 0.05¢ 0.04¢ 0.384 0.16¢ 0.22° 0.09¢ 0.12¢ 0.04 <0.001 <0.001 0.043
C18:1t9 0.04 0.12 0.07 0.09 0.16 0.11 0.12 0.16 0.11 0.17 0.02  0.003 0.003 0.166
C18:1t11 0.704 0.824 0.22¢ 0.518 0.09° 0.07° 0.06° 0.02° 0.18¢ 0.09° 0.07 <0.001 <0.001 <0.001
C18:1c9 36.14% 1520  4.50° 8.59° 7.07° 9.84° 15538 12.17¢  17.24° 12.96° 0.81 <0.001 0.154 <0.001
C18:1c11 2174 0.98° 0.38° 0.59¢ 0.17% 0.35° 0.53¢ 0.30° 0.42° 0.35° 0.04 <0.001 <0.001 <0.001
C20:1c11 0.40% 0.13% 0.01° 0.07¢ 0.03° 0.02° 0.04° <0.01°  <0.01° <0.01°® 001 <0.001 <0.001 <0.001
PUFA 14.82°  10.72°  3.80° 7.02F 3.98F 18.86¢ 24228 17.67¢ 29.80" 17.69° 069 <0.001 <0.001 <0.001
C18:2n-6 9.26¢ 7.07¢ 3.28° 4.18° 1.78° 12.82¢ 1721 11.67¢ 20924 9.76¢ 0.67 <0.001 <0.001 <0.001
C18:3n-3 2.76% 0.65¢ 0.20¢ 0.54¢ 0.36¢ 1.74° 1.708 1.558 2.387 1.28° 0.11 <0.001 <0.001 <0.001
C18:2c9t11  2.34¢ 2.26¢ 0.29° 2.10¢ 1.51¢ 3.808 5.10%  3.84% 6.50" 6.27" 035 <0.001 <0.001 <0.001
C18:4n-3 0.06¢ 0.22° 0.02¢ 0.03¢ 0.128 0.06¢ 0.18% 036" <0.01¢ 0.128 0.03  <0.001  0.007 <0.001
C20:2n-6 0.024 <0.01®  0.01* <0.01® 0.014 <0.018 <0.01®  <0.01® <0.01° <0.01® 001 0138 0.002 0.138
C20:3n-6 <0.01®  0.06" <0.018  <0.01® 0.01% <0.018 <0.01®8  <0.01® <0.01° <0.01® 001 0.087 0.007 0.087
C20:4n-6 <0.01®  0.02% <0.01®  <0.01® <001®  <0.01® <0.018  <0.01® <0.01® <0.01®%  0.00 0.045 0.063 0.045
C22:2 0.03 0.13 <0.01 0.01 0.02 0.43 0.04 0.25 <0.01 0.24 0.09 0.181 0.011 0.071
C20:5n-3 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01  0.640 0.112 0.640
C22:5n-3 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00  0.622 0.349 0.622
PUFAN-6 9.30¢ 7.31° 3.29F 4.24F 1.84F 12.82¢ 17218 11.67¢ 20.92% 9.76¢ 0.62 <0.001 <0.001 <0.001
PUFAn-3 3.18¢ 1.15° 0.22F 0.69° 0.63° 2.24¢ 1.90° 2.17¢ 2.38% 1.42° 039 <0.001 <0.001 <0.001

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population. SFAs =

rated Fatty Acids.
AF yalues within a row with different superscripts differ significantly at P< 0.01.
1 . S =Substrate effect, P = Population effect.

C18:2n-6 and C20:3n-6, while it is interesting to note the absence
of C20:4n-6 in the larvae of the Control group.

sn2-monoglyceride fatty acid profile

Table 6 summarizes the fatty acid profile of sn-2 position in
BSFL reared on different substrates. In both populations, the FAs
that showed maximum affinity for the sn-1,3 positions (PPTPi = -
50) were C10:0, C20:0, C20:1c11, C18:2¢9t11, C21:0, C18:4n-3,
C20:2n-6, C20:3n-6, C20:4n-6, C22:0, C20:5n-3 and C22:5n-3.
These data were detected in all larvae regardless of the substrate
on which they were reared. On the contrary, no FAs showed a max-
imum affinity for the sn-2 position (PPTPi=50). Other FAs
(C14:1¢9, C15:0, C16:1c7, C16:1¢9, C17:0, C17:1c9, C18:1t9,
C18:1t11 and C18:1c11) showed the highest affinity only in the
UTH population, while they showed different behavior in the UNIPI
population depending on the substrate. Myristoleic acid (C14:1c9)
showed a significant affinity for sn-1,3, although a reduction was
found in larvae reared on Control and Meat substrates. C15:0 binds
preferentially to sn-2 position, especially when the substrate con-
tains meat. On the contrary, the affinity of C16:1c7 and C16:1¢9 for
sn-2 position significantly increased when the larvae were reared
on Vegetable and Fruit substrate, respectively. Finally, in the UNIPI
population, vaccenic acid (C18:1t11) showed a significant affinity
for sn-2 position if fruits or vegetables were present in the sub-
strate. C12:0 and C14:0 did not show a specific affinity for one of
the three positions of the triglyceride, although in the UNIPI popu-
lation, a preferential esterification for the sn-1,3 positions was

Saturated Fatty Acids, MUFAs = Monounsaturated Fatty Acids, PUFAs = Polyunsatu-

detected. On the contrary, C16:0 and C18:0 esterify almost com-
pletely at the sn-2 position for the UTH population and sn-1,3 for
the UNIPI one. Oleic acid showed a higher affinity for sn-1,3 in
UTH population, while no differences were observed for the UNIPI
population. Otherwise, a-linolenic acid (C18:3n-3) showed a pref-
erential esterification in sn-2 position in UNIPI population larvae
reared on meat and fruit substrate, and in sn-1,3 position of UTH
population of fruit group.

Sterol profile

The sterol profile of BSF larvae reared on different substrates is
shown in Table 7. Larvae of Hermetia illucens were characterized by
B-sitosterol (38.10 mg/100 g of TL) followed in a decreased order
by cholesterol (12.85mg/100g of TL), campesterol
(12.36 mg/100 g of TL), stigmasterol (7.86 mg/100¢g of TL) and
brassicasterol (2.50 mg/100 g of TL). The total sterol content was
significantly higher in the UTH population (113.31 vs
34.03 mg/100 g of TL). In particular, the higher content was due
to phytosterols, while the cholesterol level was similar between
the larvae of the two populations. The sterol profile is significantly
influenced by the substrate on which the larvae were reared
(Table 7). The cholesterol content was significantly higher in the
larvae reared on the Meat substrate, while no differences were
detected between the other groups, except for the mix which
showed intermediate values (Supplementary Table S4). Larvae of
the Meat and Fruit group showed a higher p—sitosterol content,
although this effect was mainly detected in the UTH population.
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Table 5
Effect of population and substrate on Phospholipid fatty acid profile (g/100 of Fatty Acids) of Hermetia illucens larvae.
UNIPI UTH SEM  P-value'

Item Control Meat Fruit Vegetable Mix Control Meat Fruit Vegetable Mix S P SxP
SFA 30.11 4223 4350 4122 54.64  72.89 6499 7648  74.76 7558 469  0.093 <0.001  0.220
€10:0 0.23 <0.01 <0.01 0.35 <0.01 1.97 1.52 1.36 1.68 1.23 012  0.002 <0.001  0.305
C12:0 4.87 9.08 1.84 1.07 2.45 3.10 2.56 4,57 4.19 411 331 <0001 <0.001 0.123
C14:0 1.83 2.71 491 2.56 6.00 1.11 8.26 1.13 1.03 1.15 0.71  0.001 <0.001  0.100
C15:0 0.31° 0.22° 0.33? 0.37° 0.31° <0.01¢ <001 <0.01°  <0.01¢ <0.01° 006 0.039 <0.001  0.039
C16:0 15.61 21.81 12.73 17.42 17.41 21.02 19.33 14.01 15.92 1695 281 0234 0.817 0.721
C17:0 0.34 0.17 0.22 <0.01 <0.01 <0.01 0.20 0.01 <0.01 0.00 0.07  0.032 0.030 0.057
C18:0 487 6.71 472 7.89 5.48 7.42 9.33 3.46 445 4.54 1.51  0.199 0.930 0.301
€20:0 0.45 0.43 0.47 0.76 0.85 0.39 0.67 0.56 0.51 0.32 0.18  0.833 0.416 0.337
C21:0 0.73 0.91 1.38 0.95 0.42 <0.01 <0.01 0.02 <0.01 <0.01 022 0358 <0.001  0.392
MUFA 29.23% 19.35>  23.69° 31.39° 13.61° 1550  16.68" 11.76° 11.57¢ 11.50° 278  0.025 <0.001  0.030
C14:1¢9 0.05° 0.20¢ 0.54° 1.88% 0.38° 0.69° 0.37° 0.16¢ 0.25¢ 021 018  0.002 0.031 <0.001
C16:1c7 1.23¢ 0.36° 0.31° 0.36° <0.01°  2.02° 2.18% 2948 2914 2714 023 0440 <0.001  0.003
C16:1c9 2.95 3.45 6.26 7.84 4.54 1.09 0.65 0.16 0.45 0.48 143 0613 <0.001  0.379
C17:1¢9 0.16° 0.214 0.20% <0.01¢ <0.01¢  <0.01¢  0.07¢ 0.10° 0.30% 0.04¢ 0.06  0.192 0.743 0.007
C18:1t9 0.43° 0.02¢ <0.01¢  0.39° <0.01¢  <0.01¢  0.07¢ 0.14¢ 0.824 0.15°  0.09 <0.001 <0.001 <0.001
C18:1t11 1.04 1.32 1.13 0.88 0.33 0.31 0.21 0.06 0.09 0.14 025 0.363 <0.001  0.459
C18:1c9 21.95° 12.65° 14.42° 18.83° 7.78° 10.89° 12.94>  7.95° 6.51° 7.50¢ 191  0.006 <0.001  0.011
C18:1c11 1.44 1.13 0.84 1.21 0.59 0.52 0.19 0.26 0.25 0.27 026  0.331 <0.001  0.684
PUFA 16.27 1325 2145 16.39 9.02 9.46 15.32 1078  12.76 9.52 205  0.052 0.014 0.059
C18:2n-6 7.61° 7.34° 16.01°  8.42° 3.36¢ 6.65° 8.73" 7.24° 7.75° 4.66° 1.64  0.006 0.181 0.049
C18:3n-3 2.63% 0.99° 1.28° 0.84° 1.14° 0.88° 1.82° 1.36° 1.67° 1.48° 034 0677 0.788 0.011
C18:2c9t11  1.31 2.11 0.91 3.92 2.04 1.52 2.43 0.32 0.97 0.62 071 015 0.08 0.224
C18:4n-3 <0.01® 035" 0.26° <0.01° <0.01° <0.01°  0.15¢ 0.06¢ <0.01° 0.14° 005 <0.001 0.128 0.009
C20:2n-6 <0.01 <0.01 0.22 0.44 0.09 <0.01 <0.01 <0.01 0.20 0.00 0.09 0.010 0.071 0.547
C20:3n-6 0.25° 0.13% 0.32° <0.01¢ 0.26° <0.01¢  0.36° 0.33 0.634 0.22° 011 043 0.126 0.010
C20:4n-6 <0.01¢  0.36° 0.438 1.66% 0.188 <0.01¢  0.22° 0.09¢ 0.168 0.26° 0.14 <0.001 <0.001 <0.001
C22:2 0.38 <0.01 0.21 0.22 0.26 0.42 0.13 0.06 0.20 0.13 0.07  0.002 0.580 0.325
C20:5n-3 2.328 0.17° 0.45° <0.01¢ 0.35° <0.01¢  0.10%¢  0.03¢ 0.10%¢ 0.54° 024  0.002 0.006 <0.001
C22:5n-3 0.76 0.13 0.33 0.53 0.44 <0.01 0.46 0.32 0.39 0.34 0.18 092 0.27 0.100
PUFAN-6 7.86° 7.82¢ 16.99°  10.52° 3.89° 6.65° 9.31° 7.66° 8.74° 5.14° 1.69  0.004 0.109 0.042
PUFAN-3 5.71 1.64 2.32 1.37 1.93 0.88 253 1.77 2.16 2.50 081 0423 0.016 0.094

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population SFAs = Saturated Fatty Acids, MUFAs = Monounsaturated Fatty Acids, PUFAs = Polyunsaturated

Fatty Acids.

#¢ Values within a row with different superscripts differ significantly at P < 0.05.

AD yalues within a row with different superscripts differ significantly at P< 0.01.
1 . S =Substrate effect, P = Population effect.

Stigmasterol and campesterol were more abundant in the Fruit
group, although the differences were more evident in the UTH pop-
ulation. Finally, brassicasterol was more abundant in the larvae of
the Fruit group, while it was not detected in the larvae of the UNIPI

group.

Principal component analysis

Principal component analysis extracted 8 PCs which described
77.64% of the total variance (Supplementary Table S5). The first
two PCs described 37.2% (20.8 and 16.4% for PC1 and PC2, respec-
tively) of the total variation in the triglycerides and phospholipids
of the five dietary groups. Loadings of the corresponding two
eigenvectors are the weights of the linear combination of the initial
variables from which PCs are constructed. Based on these parame-
ters, the FAs were classified into three groups (Fig. 1a): group 1
included FAs with negative loadings for PC1 (C10:0, C12:0, C14:0
and C18:2c9t11); group 2 was composed of FAs with positive load-
ings for PC1 and PC2 (C16:0, C16:1c7, C18:1t9, C20:2n-6, C18:0,
C20:1c11, C20:2, C20:4n-6, C20:5n-3, C22:2, C22:5n-3); group 3
was composed of FAs with positive and negative loadings for PC1
and PC2, respectively (C15:0, C16:1c9, C18:1t11, C18:1c9,
C18:1c11, C18:2n-6, C18:3n-3, C20:3n-6).

The position of samples in the score plot was consistent with
the lipid fractions distribution and dietary substrates (Fig. 1b).
Moreover, we observed a different distribution of FAs between

the two populations. Fatty acids of group 1 were strongly related
to the triglycerides fraction, while groups 2 and 3 were related to
phospholipids. This result demonstrates that PC1 described the
FA distribution between the two lipid fractions (negative and pos-
itive loadings for triglycerides and phospholipids, respectively). On
the other hand, PC2 demonstrates that the larvae of the UNIPI pop-
ulation reared on vegetables, fruit and meat are distinguished from
the larvae reared on the control substrate. This clear distinction
was not detected in the UTH population, where the larvae all
showed the same positive loadings for PC2, regardless of the type
of substrate. (Fig. 1b).

Discussion

Diet is one of the central factors influencing the biochemical
and nutritional characteristics of insects. The effect of the diet is
closely related to the nutrient composition of insects’ feeding sub-
strates (Astuti et al., 2019; Gutiérrez et al., 2020). Although insects
can neo-synthesize many nutrients, several molecules are entirely
obtained from their diets (Le Gall and Behmer, 2014). In fact,
insects need enough protein, carbohydrates, lipids, vitamins, and
minerals in their diets to reach the maximum output of their most
important traits, such as growth, development, and reproduction
(Cohen, 2019). This approach is notably intriguing about the lipid
profile of insects, as it assumes a pivotal role in delineating the
nutritional quality of the larvae utilized as animal feed.
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Table 6
Effect of population and substrate on Putative preferential triglyceride position index (PPTPi) of fatty acids of Hermetia illucens larvae.
UNIPI UTH SEM  P-value'

Item Control Meat Fruit Vegetable Mix Control  Meat Fruit Vegetable Mix S P SxP
C10:0 -50.00 -50.00 —50.00 -50.00 —50.00 —50.00 —50.00 —50.00 —50.00 —50.00 ne ne ne ne
C12:0 —28.52 -41.88  15.77 —28.46 -30.14 -3797 -37.67 -8.24 -29.63 -3829 595 <0001 0.069 0.271
C14:0 -20.01 —-37.98 -26.35 —-19.96 —25.46 -5.82 -0.92 0.47 237 4.75 5.60 0.074 <0.001 0.074
C14:1¢9 6.924 -13.98* 35308 31978 -2551%  -50.00° -50.00° —50.00° —50.00¢ —50.00° 4.01 <0.001 <0.001 <0.001
C15:0 3.11¢ 29128 9.90¢ 6.47¢ 47.01"  -5000° -50.00° -50.00° -50.00° —50.00° 3.91 <0.001 <0.001 <0.001
C16:0 -25.93 —43.32 -1.28 -30.82 -23.32 23.60 23.03 16.92 2548 28.00 731 0.261 <0.001 0.059
C16:1c7 —22.08° —3.89¢ —22.31°  14.46° 31.197 —50.00° —50.00t —50.00° —50.00% —50.00t  6.70 0.003 <0.001 0.003
C16:1c9 —4.24 -3.92 19.24 -4.12 3.71 -50.00 -50.00 -50.00 -50.00 -50.00 448 0.098 <0.001 0.098
C17:0 8.85 17.00 -23.38 31.12 17.51 —50.00 —-50.00 —50.00 —50.00 —50.00 9.37 0.12 <0.001 0.12
C17:1¢9 5.13 32.55 -9.76 -5.45 21.54 -50.00 -50.00 -50.00 —50.00 —50.00 892 0.173 <0.001 0.173
C18:0 -25.30 —-27.91 —-28.91 —16.09 —-13.82 44.98 41.21 38.63 39.91 44.03 3.94 0.152 <0.001 0.319
C18:1t9 1.18 -14.29 -16.99 -3.05 -1.36 —50,00 —-50,00 —50,00 —50,00 —50,00 894 0.752 <0.001 0.752
C18:1t11 —20.69¢ -14.11¢ 7.738 1.858 24,054 —50.00° —50.00° —50.00° —50.00° —50.00° 4.80 0.002 <0.001 0.002
C18:1c9 -1.97°  4.41° 14.15% 8.65% -034>  —1441° -2244% _—709° 26779  -1431° 357 0014 <0.001 0.036
C18:1cl11 2.18 -3.79 -5.85 -9.81 26.47 —50.00 —50.00 —50.00 —50.00 —50.00 6.54 0.115 <0.001 0.115
C18:2n-6 -3.11 -3.99 14.79 -3.69 -1.31 -31.25 -36.81 —-14.24 —34.55 -31.55 5.89 0.022 <0.001 0.997
C20:0 -50.00 —50.00 -50.00 -50.00 -50.00 —50.00 -50.00 —50.00 —50.00 -50.00 ne ne ne ne
C18:3n-3 -50.00 —50.00 —50.00 —50.00 -50.00 —50.00 —50.00 —50.00 —50.00 -50.00 ne ne ne ne
C18:2c9t11  —2.18% 20.32% 20.174 —467° 30.134 —9.758 —2.948 -21.93¢ -2.158 —21.79° 5.19 <0.001 <0.001 0.005
C21:0 -50.00 —50.00 —50.00 -50.00 -50.00 —50.00 -50.00 -50.00 -50.00 -50.00 ne ne ne ne
C18:4n-3 -50.00 -50.00 —50.00 —50.00 -50.00 —50.00 —50.00 —50.00 -50.00 -50.00 ne ne ne ne
C20:2n-6 —50.00 —50.00 -50.00 —50.00 —50.00 —50.00 —-50.00 —50.00 —50.00 -50.00 ne ne ne ne
C20:3n-6 -50.00 -50.00 -50.00 -50.00 -50.00 —50.00 -50.00 -50.00 —50.00 —50.00 ne ne ne ne
C20:4n-6 -50.00 -50.00 —50.00 —50.00 -50.00 —50.00 —50.00 —50.00 -50.00 -50.00 ne ne ne ne
C22:2 —50.00 -50.00 —50.00 —50.00 -50.00 —50.00 —50.00 —50.00 —50.00 -50.00 ne ne ne ne
C20:5n-3 —50.00 —50.00 —50.00 -50.00 -50.00 —50.00 —50.00 —50.00 —50.00 —50.00 ne ne ne ne
C22:5n-3 —50.00 —50.00 -50.00 -50.00 -50.00 —50.00 -50.00 -50.00 -50.00 -50.00 ne ne ne ne

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population; PPTPi = Putative preferential triglyceride position index of fatty acids. PPTPi = {[FAsn-2/
(FAsn-2 + FAsn-1,3)] x 100} — 50; FAsn-2 = sn-2 fatty acid content; FAsn-1,3 = sn-1,3 fatty acid content. PPTPi = 0, fatty acid with no preferential esterification; PPTPi < 0, fatty
acid with a preferential esterification for sn 1,3 positions; PPTPi > 0, fatty acid with a preferential esterification for sn-2 position.

#¢ Values within a row with different superscripts differ significantly at P < 0.05.
AE Values within a row with different superscripts differ significantly at P <0.01.
1 : S =Substrate effect, P = Population effect; ne = not estimable.

Table 7
Effect of population and substrate on sterol profile (mg/100 g of Total Lipids) of Hermetia illucens larvae.
UNIPI UTH SEM  P-value'

Item Control  Meat Fruit Vegetable  Mix Control  Meat Fruit Vegetable  Mix S P SxP
Cholesterol 4.70 39.27 433 3.91 11.20 2.46 37.84 2.04 1.97 20.72 2.67 <0.001 0.859 0.205
Brassicasterol ~ <0.01F <0.01®  <0.01% <0.01F <0.01® 5918 3.03¢ 9.214 1.71° 5.158 0.69 <0.001 <0.001 <0.001
Campesterol 2.44° 3.05° 2.90° 0.29° 4.24° 16.40¢ 25.88%  2000® 31.58% 16.86° 1.58  0.004 <0.001  <0.001
Stigmasterol 4.98¢ 5.35¢ 4.69¢ 3.77¢ 7.268 8.438 11418 9948 14.314 8.468 0.73  0.059 <0.001  <0.001
B-sitosterol 13.88¢ 8.81P 16.07¢  7.47° 21.52¢  54.11B 95.61* 85314  12.02€ 66.18% 491 <0.001 <0.001 <0.001

Abbreviations: UTH = Greek larval population; UNIPI = Italian larval population.
AE values within a row with different superscripts differ significantly at P < 0.01.
1 : S =Substrate effect, P = Population effect.

Fatty acids

Our study revealed that SFA represented the most abundant
group of FAs for BSFL reared on the different substrates tested
(Table 3), of which the most abundant was C12:0, followed by
C18:1n9, and C16:0. These results are in line with previous reports
(Barroso et al., 2017; Liland et al., 2017; Meneguz et al., 2018;
Spranghers et al., 2017; Ewald et al., 2020; Tognocchi et al.,
2023). It is very interesting to detect the abundance of C12:0 in
the BSFL, which on the contrary is present in traces or undetectable
in other insect species (Finke, 2015; Makkar et al., 2014; Starcevic
et al., 2017). Our results supported (Table 3) the theory that C12:0
content varies depending not only on the population but also on
the type of substrate on which the larvae were reared (Finke,
2015; Makkar et al., 2014; Starcevic et al., 2017). Considering that
C12:0 was present at high levels (8-40%) in all larvae of the two
populations, but not in the substrates (0%; Table S1), this FA is
neo-synthesized by the larvae and is also species-specific

(Oonincx et al., 2015; Ewald et al., 2020; Tognocchi et al., 2023).
The abovementioned authors suggest that the larvae synthesize
C12:0 starting from the carbohydrates present in the substrate
(Oonincx et al., 2015; Ewald et al., 2020; Tognocchi et al., 2023).
Thus, BSFL reared on Fruit and Vegetable substrate contained the
highest content of C12:0 (28 g/100 g of total lipids). As observed
by Liu et al. (2017), BSFL in later stages of development contained
a higher level of C12:0. A few years later, Ewald et al. (2020) also
added that the level of C12:0 is positively correlated with the larval
weight, suggesting that heavier larvae accumulate higher quanti-
ties of this FA. This metabolic strategy is a means to store energy
for the larval stage, since the next stages (i.e., adult and pupae)
do not feed (Tomberlin et al., 2002). The larvae in this work were
all at their final larval stage, this indicates that the C12:0 level is
also influenced by the type of population, as well as by the sub-
strate. The larvae of the UTH population showed a greater content
of lauric acid, indicating a greater propensity for energy accumula-
tion. It is not easy to explain this difference between the two
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Fig. 1. Loading Plot (a) and Score Plot (b) of Principle Component Analysis of Fatty Acids of Hermetia illucens larvae. Blue = Triglycerides; Red = Phospholipids. B= Italian
larvae reared on control substrate, @ = Italian larvae reared on meat substrate, 4 = Italian larvae reared on vegetable substrate, A= Italian larvae reared on fruit substrate, ¥=

Italian larvae reared on mixed substrate., OJ = Italian larvae reared on control substrate,

» = Italian larvae reared on meat substrate, < = Italian larvae reared on vegetable

substrate, A= Italian larvae reared on fruit substrate, 7= Italian larvae reared on mixed substrate.

populations, given that C12:0 depends on the level of carbohy-
drates in the diet. However, it is possible to hypothesize that the
larvae of the UTH population express greater lipid neo-synthesis
activity. Molecular analyses of enzymatic activity are necessary
to support this hypothesis. The high level of C12:0 is an interesting
aspect of the use of BSFL as animal feed. Indicatively, high levels of
SFA allow for a greater shelf-life of the product, given the lower
susceptibility to oxidation (Ushakova et al., 2016).

Lauric acid is considered a favorable nutraceutical component
as it protects against microbial infection, improving gut health
for farmed animals (Matsue et al., 2019; Sogari et al., 2019). Indica-
tively, in the field of aquaculture, dietary lauric acid promotes
reduced feed intake with similar growth, as it is immediately oxi-
dized rather than stored in the liver (Romano et al., 2021). Further-
more, the anti-inflammatory action at the intestinal level of fish
fed with insect flour has been reported, thus attenuating the
inflammation caused by insect chitin (Truzzi et al., 2020). In mam-
mals, it is considered a promising candidate against obesity
(Saraswathi et al., 2020).

In addition, C10:0, C14:1c9, C18:1t9, C18:1t11, C18:1c11 and
C18:2c9t11 were also detected in larval fat, despite not being pre-
sent in the substrates, demonstrating their endogenous synthesis.
C10:0 showed similar behavior to that of C12:0, with higher values
in larvae reared on Fruit and Vegetable substrates. The hypothesis
that still needs to be demonstrated is that the larvae have a thioes-
terase (e.g. thioesterase II) capable of blocking biosynthesis before
the carbon chain reaches a length of 16 atoms, a typical phe-
nomenon of the mammary gland during the synthesis of milk
lipids (Tognocchi et al., 2023). Romano and Fischer (2021) found
a significantly higher content of short-chain FAs when the insects
were fed with a spent coffee diet. This might be justified by the
high level of cellulose in the substrate since cellulose is a base
for fermentation that can be converted into short-chain FAs by bac-
teria (Carlier et al., 2019).

The endogenous synthesis of C18:1t9, C18:1t11 and C18:1c11 is
very interesting. These FAs are intermediate products of the biohy-
drogenation process, by which bacterial strains convert linoleic and
o.—linolenic acid into stearic acid (Shingfield et al., 2012), or the iso-
merization of oleic acid (Zubkov et al., 2021). In a previous work,
Tognocchi et al. (2023) detected the presence of only C18:1t11 in
BSFL lipids. The larvae of Hermetia illucens are characterized by an
intense symbiosis activity with different strains of the intestine (Li

et al., 2015; Ao et al., 2021). Bacteria present in the BSFL gut can
hydrolyze starch, cellulose, proteins, and lipids, and can thereby
contribute to the biohydrogenation of PUFA (Tognocchi et al.,
2023). The UNIPI population was influenced more by the type of
substrate, regarding the C18:1 isomers. In particular, the larvae of
the Control and Meat group showed a significantly higher content
of C18:1t11 and C18:1c11, while those of the Vegetable group were
richer in C18:1t9. On the contrary, no significant differences were
observed for these FAs in the UTH population. These data underline
a possible different symbiotic behavior of the two populations with
the intestinal bacterial flora. However, Hoc et al. (2020) demon-
strated that the bacteria which can biohydrogenate PUFA are absent
in the BSFL gut. Therefore, a possible explanation could be a different
activity of the A12 or A9 isomerase enzymes in the conversion of
linoleic acid into conjugated isomers of linoleic acid (CLA) between
the two populations, as the most probable hypothesis suggested by
Hoc et al. (2020). Further investigations are needed to demonstrate
this complex mechanism.

A FA directly related to vaccenic acid (C18:1t11) is rumenic acid
(C18:2c9t11), one of the CLA. As already demonstrated by
Tognocchi et al. (2023), this FA is typical of BSFL lipids. As is
known, CLA are a group of FAs with conjugated double bonds
(Banni and Martin, 1998), naturally present in the lipid fraction
of meat and dairy products from ruminants. According to
Meynadier et al. (2018), BSFL have the A9-desaturase, an enzyme
responsible for desaturation of C18:1t11 to C18:2c9t11. It is inter-
esting to note that the content of C18:2¢9t11 is influenced by the
type of substrate, highlighting that the presence of vegetables
and meat favors greater synthesis. Considering the nutraceutical
role of this FA, the choice of substrate may contribute to the
improvement of the functional properties of BSFL for their use in
animal nutrition.

PUFA is a class of FAs strongly influenced by the type of sub-
strate (Lozica et al., 2022). Linoleic acid showed levels around 5-
13%, in line with Ewald et al. (2020). However, other works
revealed higher levels (>20%) in larvae reared on fish meal and
chicken feed, or wheat and brown algae (Barroso et al., 2017;
Liland et al., 2017).

Ewald et al. (2020) demonstrated that BSFL are not able to syn-
thesize very long chain PUFA (chain > 20C), so the higher level of
C20:5n-3, C22:5n-3 and C20:4n-6 in larvae of the Meat group is
exclusive related to the higher level of these FAs into the substrate
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(Table 1). According to Ewald et al. (2020), the level of C20:5n-3,
C22:5n-3 and C20:4n-6 increased in the larvae when they repre-
sented a higher percentage of the total dietary fat, while it
decreased as the larvae grew. Unlike C20:5n-3, C22:5n-3 and
C20:4n-6, the presence of C22:6n-3 was not detected in the larvae
of the Meat group, despite this FA being present in the substrate. It
is possible that there are mechanisms in BSFL that support the
incorporation of C20:5n-3, C22:5n-3 and C20:4n-6 over C22:6n-
3, as suggested by Barroso et al. (2017). Finally, in the lipid profile
of BSFLs, we detected the presence of C18:4n-3. The quantity of
this FA agrees with what was reported by Lozica et al. (2022). How-
ever, this fatty acid is unusual in BSFL, so further investigations are
needed to confirm its presence.

The FA profile of TG showed the same trend observed in the TL
profile, both with regard to the differences between populations
and those of the substrates. The only difference was the absence
of long—chain PUFA in the larvae reared on the Meat substrate.
As noted, only the larvae reared on the Meat diet accumulated
C20:5n-3, C22:5n-3 and C20:4n-6 as consequences of their pres-
ence in the substrate. The absence of these FAs in triglycerides
indicates that the larvae do not accumulate them in reserve lipids,
but in phospholipids. As is known, phospholipids are characterized
by the presence of long-chain fatty acids with a high level of unsat-
uration, to ensure optimal membrane fluidity and therefore better
interaction between cells (Ginsberg et al., 1981).

An important nutritional aspect of TG is the FAs esterified in the
sn-2 position. The FAs which are mainly absorbed in the duode-
num are those esterified in 2-monoglycerides (Serra et al., 2018;
Tognocchi et al., 2023). They are derived above all by lipolysis
due to the action of pancreatic lipase that hydrolyses the FAs ester-
ified in the o-position. Consequently, FAs esterified in the B-
position are more preferentially and efficiently adsorbed by intesti-
nal villi (Ramirez et al., 2001). The synthesis of TG is catalyzed by
three different enzymes: Glycerol-3-phosphate acyl-transferase
esterifies FAs into sn-1, lyso-phosphatidic acid acyl-transferase
into sn-2, whereas diacylglycerol acyl-transferase completes
triglyceride synthesis, promoting FA esterification in sn-3. Fatty
acids show a different affinity for these enzymes, resulting in a dif-
ferent FA composition of the TG positions (Yen et al., 2008). The
data in Table 4 suggest that long—chain FAs and rumenic acid
showed a complete affinity with a—position, regardless of the pop-
ulation and type of substrate. The FA profile of the PL highlights a
different strategy between the two populations. The UTH popula-
tion accumulated a higher SFA content than the UNIPI population
which tended to accumulate more MUFA. The type of substrate
did not significantly influence the FA profile of the PL. The lack of
effect of the substrate on the fatty acid profile of the phospholipids
could be a metabolic response to maintain the membrane fluidity
constant as suggested by Tognocchi et al. (2023). To the best of
our knowledge, no data are available to demonstrate this result,
therefore, further analysis is needed to understand the differences
in the enzymatic activity of the two populations, with regard to
lipid metabolism.

Free sterols

The sterol profile was consistent with previous studies (Boukid
etal., 2021; Tognocchi et al., 2023). Larvae of Hermetia illucens need
phytosterols to synthesize cholesterol, because they lack the ability
to synthesize sterols de novo due to the deficiency of enzymes for
cellular synthesis (Behmer and Nes, 2003). All insects require diet-
ary sterols from their diets to synthesize molting hormones and
build cell membranes, and the inadequacy or absence of sterols
in diets severely impedes the development of insects (Jing and
Behmer, 2020). Even for sterols, a different metabolic strategy
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was observed between the two populations, with a greater accu-
mulation in the larvae of the UTH population.

Principal component analysis

Thanks to the multivariate approach, it was possible to pre-
cisely define the metabolic strategies for FA storage between the
two populations, depending on the substrate on which they were
grown. The multivariate approach allows to consider the correla-
tions that exist between the variables, highlighting the close rela-
tionship that exists between some of them, to better define the
metabolic destination, they have. The PCA highlighted it was pos-
sible to assess which are the FAs that best characterize the two
lipid fractions (TG and PL). Using multivariate analysis, we exam-
ined the composition of both fractions in a single statistical analy-
sis. This highlighted aspects that simple univariate analysis is
unable to evaluate.

Eight PCs were extracted from the PCA; however, only the first
two (PC1 and PC2) explain the relationships between the FAs that
accumulate in triglycerides and those that characterize phospho-
lipids. The PCs themselves can highlight how these relationships
change, depending on the type of substrate on which the larvae
were raised. The variance explained by these two PCs is not very
high, probably because there are several factors influencing the
lipid metabolism of the larvae. However, PC1 and PC2 are the main
components that explain the greatest variability, therefore, they
were the only ones to be taken into consideration to explain the
distribution of FAs between triglycerides and phospholipids in
relation to the type of substrate used.

The PC1 highlights that the FAs characterizing the reserve lipids
(TGs) are the short—medium—chain SFAs (C10:0, C12:0, C14:0). As
already discussed previously, these FAs are synthesized by the lar-
vae as an energy source, and this would justify their accumulation
in TG. It is interesting to note that another FA characterizing
triglycerides is rumenic acid. The accumulation of rumenic acid
is an indication of the possibility to improve the nutraceutical
quality of larval fat and their nutritional role for animal feed. On
the other hand, PC1 demonstrates that phospholipids are charac-
terized by long-chain PUFAs (Koppenol et al., 2015). The difference
between the two fractions is related to their role: PLs are the main
components of the biological membrane, while TGs play a basic
role in producing energy (Jerénimo et al., 2009).

In contrast, PC2 highlights two different distribution strategies
of FAs in the PL fraction, between the two populations. As can be
seen from Fig. 1b, the larvae of the UTH population accumulate
more PUFA with more than 20 carbon atoms and a high level of
unsaturation, indicating an intense desaturation activity. In the
presence of this high level of unsaturation, membrane fluidity
was balanced by two SFA C16:0 and C18:0. On the contrary, the
UNIPI population was characterized by a fraction of phospholipids
richer in MUFA and the two FAs of dietary origin, linoleic and lino-
lenic acid. This aspect underlines a reduced elongation and unsat-
uration activity, which leads to the accumulation of less SFA in the
phospholipids. Fig. 1b highlights a different behavior of the popu-
lations also in response to the composition of the substrate. The
UTH population shows the same fatty acid distribution strategy
in all tested substrates, both in triglycerides and phospholipids.
On the contrary, the UNIPI population shows greater plasticity in
the lipid profile depending on the substrate on which the larvae
are reared.

Final considerations
The results of this work highlighted that the type of substrate

significantly influences the lipid profile of the larvae, both in the
Italian and Greek populations. Table 8 summarizes the average
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Table 8
Lipid profile of Hermetia illucens larvae reared on different substrates’.

Item Control Meat Fruit Vegetable Mix
SFA 39,00 35,40 48,78 38,97 52,15
C10:0 0,50 0,37 0,73 0,77 0,81
C12:0 22,33 17,43 31,60 24,45 34,42
C14:0 4,52 3,46 6,24 4,31 5,98
C15:0 0,24 0,06 0,06 0,09 0,06
C16:0 9,35 11,27 8,36 7,71 9,01
C17:0 0,33 0,10 0,10 0,12 0,09
C18:0 1,40 2,56 1,55 1,35 1,64
C20:0 0,08 0,06 0,05 0,06 0,06
C21:0 0,02 0,02 0,01 0,02 0,03
MUFA 26,34 23,05 16,42 17,81 20,00
C14:1c9 0,15 0,21 0,40 043 0,66
C16:1c7 1,01 0,44 0,16 0,18 0,18
C16:1¢9 3,03 3,58 3,70 4,45 5,40
C17:1c9 0,34 0,05 0,10 0,16 0,12
C18:1t9 0,05 0,06 0,04 0,13 0,29
C18:1t11 0,44 0,75 0,29 0,39 0,17
C18:1¢9 19,67 16,78 11,16 11,32 12,77
C18:1cl1 1,18 1,05 0,57 0,71 0,40
C20:1c11 0,50 0,15 0,05 0,05 0,03
PUFA 13,35 17,77 12,64 14,09 10,49
C18:2n-6 9,60 12,51 10,53 9,23 6,47
C18:3n-3 1,69 1,05 0,82 0,83 0,42
C18:2¢c9t11 1,70 2,72 1,13 3,66 2,95
C18:4n-3 0,06 0,19 0,04 0,07 0,17
C20:2n-6 0,03 0,07 0,02 0,01 0,01
C20:3n-6 0,01 0,09 0,00 0,00 0,03
C20:4n-6 0,02 0,70 0,00 0,01 0,17
C22:2 0,02 0,04 0,03 0,05 0,04
C20:5n-3 0,01 0,13 0,01 0,01 0,04
C22:5n-3 0,01 0,05 0,00 0,01 0,00
PUFAn-6 9,65 13,37 10,54 9,26 6,67
PUFAN-3 2,07 1,84 0,98 1,14 0,68
Sterols 56,66 115,12 77,25 38,52 80,79
Cholesterol 3,58 38,55 3,19 2,94 15,96
Brassicasterol 2,96 1,52 4,61 0,86 2,58
Campesterol 9,42 14,47 11,45 15,94 10,55
Stigmasterol 6,71 8,38 7,32 9,04 7,86
B-sitosterol 34,00 52,21 50,69 9,75 43,85

Abbreviations: SFAs = Saturated Fatty Acids; MUFAs = Monounsaturated Fatty Acids; PUFAs = Polyunsaturated Fatty Acids.
1 Units: g/100 g of Total Lipids for Fatty Acids and mg/100 g of Total Lipids for Sterols.

lipid profile between the two populations, highlighting the differ-
ences based on the type of diet to which the BSFL were subjected
(Mai et al., 2019). Fruit substrate is related to a higher level of fat
content in the BSFL because of the higher level of non-structural
carbohydrates of the fruit waste (sugars, starch, pectins), which
insects are able to convert into fats. The presence of fruit leads to
a higher content of lauric acid compared to a substrate with meat
(+38%), vegetables and control (+25%). The increase in lauric acid
makes fruit waste an excellent substrate for producing BSFL for
pigs and poultry. Lauric acid had the highest activity against
Clostridium perfrigens and a low impact on the beneficial Lacto-
bacilli bacteria. Considering the beneficial effects on intestinal
health and microbial growth inhibition, C12:0 could improve the
performance and welfare of pigs and poultry (Spranghers et al.,
2017). Considering that the use of antibiotics for non-medical
applications has been banned by the EU (Regulation 1831/2003/
EC), lauric acid could be used as an alternative to antibiotics
administered in food for the control of microbial infections
(Franco et al., 2021). Interestingly, larvae raised on a meat and fruit
substrate showed the highest levels of linoleic acid. The possibility
of increasing this FA makes BSFL a valid alternative to soybean
meal in poultry diets, without negatively affecting the performance
and quality of the final products, as demonstrated by Surendra
et al. (2020). Since EU regulation 767/2009 does not allow the
use of larvae reared on meat-based substrate for animal feed, it fol-
lows that even in this case, the fruit-based substrate is the best
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solution. On the other hand, the fruit-based substrate showed the
lowest level of rumenic acid, especially compared to the
vegetable-based and meat-based substrates. High levels of this
important CLA isomer are essential to increase the nutraceutical
value of larvae intended for animal feed. Therefore, if the goal is
to enrich the animal diet with CLA to obtain more functional prod-
ucts, vegetable—raised BSFL is the best solution. Finally, a consider-
ation must be made on the use of meat as a substrate for BSFL. The
nutritional profile obtained with this type of substrate is very
interesting, but the ban imposed by European legislation does
not allow its use. However, it remains a valid alternative, if its
use in animal nutrition is reconsidered, especially because the
meat substrate was the only one to significantly increase the level
of n-3 PUFA such as EPA and DPA.

Conclusion

In conclusion, the fat composition of the BSFL was found to be
affected by the diet and the population, demonstrating the possi-
bility to modify the lipid profile, adapting it to technological and
food needs. Our results confirmed the ability of BSFL to utilize food
waste, accumulating molecules with nutritional properties, such as
lauric acid, CLA and phytosterols, in the lipid fraction. The different
lipid accumulation strategy between the two populations leads to
the conclusion of a different use of the food matrix on which the
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larvae are raised. It is not easy to establish which population makes
the best use of the substrates on which they are grown. The differ-
ences observed are linked to a different lipid metabolism dictated
by a different genetic adaptation which may be due to various con-
ditions that are not easily explained. This leads to the conclusion
that the choice of the substrate to be used, within the range of sub-
strates allowed by EU regulations, depends on the productive des-
tiny of the larvae and how they will be used. Thus, the larvae may
be enriched in different FA on the basis of an excellent source of
nutrients for fish feeding and other species with an economic inter-
est, which can contribute substantially to obtaining high—quality
animal products for human consumption, successfully contributing
to human health.
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