UNIVERSITA POLITECNICA DELLE MARCHE
Repository ISTITUZIONALE

Fatty acids profile of black soldier fly (Hermetia illucens): Influence of feeding substrate based on coffee-
waste silverskin enriched with microalgae

This is the peer reviewd version of the followng article:

Original

Fatty acids profile of black soldier fly (Hermetia illucens): Influence of feeding substrate based on coffee-
waste silverskin enriched with microalgae / Truzzi, C.; Giorgini, E.; Annibaldi, A.; Antonucci, M.; llluminati,
S.; Scarponi, G.; Riolo, P.; Isidoro, N.; Conti, C.; Zarantoniello, M.; Cipriani, R.; Olivotto, I.. - In: ANIMAL
FEED SCIENCE AND TECHNOLOGY. - ISSN 0377-8401. - STAMPA. - 259:(2020).
[10.1016/j.anifeedsci.2019.114309]

Availability:
This version is available at: 11566/272305 since: 2024-12-05T14:18:547

Publisher:

Published
DOI:10.1016/j.anifeedsci.2019.114309

Terms of use:

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing policy. The use of
copyrighted works requires the consent of the rights’ holder (author or publisher). Works made available under a Creative Commons
license or a Publisher's custom-made license can be used according to the terms and conditions contained therein. See editor’s
website for further information and terms and conditions.

This item was downloaded from IRIS Universita Politecnica delle Marche (https://iris.univpm.it). When citing, please refer to the
published version.

(Article begins on next page)

22 December 2024



10

11

12

13

14

15

16

17

18

Fatty acids profile of black soldier fly (Hermetia illucens): influence of
feeding substrate based on coffee-waste silverskin enriched with

microalgae

Cristina Truzzi®, Elisabetta Giorgini®*, Anna Annibaldi?, Matteo Antonucci?, Silvia llluminati?,
Giuseppe Scarponi?, Paola Riolo®, Nunzio Isidorao®, Carla Conti¢, Matteo Zarantoniello?, Renato

Cipriani¢, lke Olivotto?.

& Dipartimento di Scienze della Vita e dell’ Ambiente, Universita Politecnica delle Marche, Ancona, Italy.

b Dipartimento di Scienze Agrarie, Alimentari e Ambientali (D3A), Universita Politecnica delle Marche, Ancona, Italy.

¢ Dipartimento di Scienze e Ingegneria della Materia, dell’ Ambiente ed Urbanistica, Universita Politecnica delle Marche,
Ancona, Italy.

d Societa Agricola Alghltaly srl, Sommacampagna (VR) - Italy

Author e-mail address: c.truzzi@univpm.it; e.giorgini@univpm.it; a.annibaldi@univpm.it;

matteo.antonucci.89@outlook.com; s.illuminati@univpm.it; g.scarponi@univpm.it;

p.rioclo@univpm.it; n.isidoro@univpm.it; c.conti@univpm.it; matteo.zarantoniello@gmail.com;

renato.cipriani@algainenergy.com ; i.olivotto@univpm.it.

Corresponding author

Cristina Truzzi, +39 071 2204981. c.truzzi@univpm.it ORCID: 000-0002-7429-9880

Elisabetta Giorgini, +39 0712204407 .; e.giorgini@univpm.it ORCID 000-0003-0503-5870


mailto:truzzi@univpm.it
mailto:e.giorgini@univpm.it
mailto:a.annibaldi@univpm.it
mailto:matteo.antonucci.89@outlook.com
mailto:s.illuminati@univpm.it
mailto:g.scarponi@univpm.it
mailto:p.riolo@univpm.it
mailto:n.isidoro@univpm.it
mailto:c.conti@univpm.it
mailto:matteo.zarantoniello@gmail.com
mailto:renato.cipriani@algainenergy.com
mailto:i.olivotto@univpm.it
mailto:c.truzzi@univpm.it

19

20

21

22

23

24

25

Highlights

Hermetia illucens (HI) enriched with PUFA through the revalorization of organic waste
Reuse of coffe silverskin (CS) enriched with Schizochytrium sp or Isochrysis sp.

Hermetia illucens prepupae: first study of fatty acid composition coupling GC-MS and FTIR.
Ability of HI prepupae to accumulate significative amounts of polyunsaturated fatty acids

HI prepupae reared on CS enriched with Schizochytrium sp are beneficial to health

CS substrate enriched with a 10% of Schizochytrium sp is the most covenient one
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ABSTRACT

The aim of this work was to find alternative low-cost and environmentally friendly rearing
substrates for the growth of Hermetia illucens (HI) (Diptera, Stratiomydae), used as feed. At this
purpose, insect feeding substrates based on the re-use of coffee silverskin, the main waste product of
the coffee-roasting industry, enriched with various percentages of microalgae (i.e., Schizochytrium
sp. or Isochrysis sp.), were tested. The fatty acid profile, as well as the relative amount of lipids,
proteins and carbohydrates (these latter calculated as ratio to the total biomass of the sample) of
ingredients, insect feeding substrates and HI prepupae, were determined for the first-time coupling
Gas Chromatography-Mass Spectrometry and Fourier Transform Infrared Spectroscopy. A
multivariate statistical analysis (Principal Component Analysis) was performed to better read into
results. In general, the inclusion of microalgae caused in both feeding substrates and in HI prepupae
an increase in the relative amount of lipids and proteins, improving their nutritional value. Higher
amounts of unsaturated fatty acids, particularly of omega-3, and good nutritional indices were
detected in HI prepupae reared on substrates enriched with 10%, 20% or 25% of Schizochytrium sp.
with respect to HI prepupae fed with coffee silverskin enriched with Isochrysis sp., suggesting them
as new nutraceutical ingredients for future functional feed and food. In addition, the substrate
enriched with a 10% inclusion level of Schizochytrium sp. has to be considered the most convenient
one since a greater inclusion of microalgae did not promote additional benefits in terms of nutritional

value of HI prepupae.

KEYWORD: Hermetia illucens, coffee silverskin, microalgae, FA profile, relative macromolecular

composition, Principal Component Analysis

Abbreviations. CARBO, carbohydrates; CS, coffee silverskin; DHA, docosahexaenoic fatty acid;

DM, dry matter; EPA, eicosapentaenoic fatty acid; FA, fatty acid; FAMEs, fatty acid methyl esters;
3
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FTIR, Fourier Transform InfraRed; GC-MS, gas-chromatography-mass spectrometry; HI, Hermetia
illucens; I, Isochrysis sp.; IR, InfraRed; LIP, lipids; MUFAS, monounsaturated fatty acids; NIST,
National Institute of Standard & Technology; PCA, Principal Component Analysis; PUFAs,

polyunsaturated fatty acids; PRT, proteins; S, Schizochytrium sp.; UNSAT, unsaturated fatty acids.
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1. Introduction

Due to the rapid increase in world population, the production of enough feed for farmed-animals and
food for humans represents a serious challenge for the future. Moreover, the increase in food-demand
along with not-sustainable food production practices will generate a rise in waste and by-product
production (Van Huis, 2013). Therefore, the revalorization of by-products for feed and food
production is strongly supported by several research proposals and studies (Diener et al., 2011; Li et
al., 2011; Salomone et al., 2017). Insects may represent a valuable alternative ingredient for feed and
food production in a new interesting approach of sustainable circular economy, since they show high
reproductive rate and nutritional value and can grow on organic by-products (Henry et al., 2015;
Gasco et al., 2016; Barragan-Fonseca et al., 2017; Liu et al., 2017; Vargas et al., 2018). Recently, the
EFSA Scientific Committee (2015) proposed a list of insect species with the greatest potential as food
and feed ingredients in the EU, including Hermetia illucens (HI, Diptera, Stratiomydae). Due to its
rapid development (Hall and Gerhardt, 2002), reduced environmental footprint (Sheppard et al.,
1994), and preference for organic waste as growth substrate (Van Huis et al., 2013; Nguyen et al.,
2015; Meneguz et al., 2018), HI is one of the most promising insect species to respond to the joint
problems of the future lack of conventional feed and food ingredients and the excessive production
of agro-food waste (Cutrignelli et al., 2018; Zarantoniello et al., 2019). In general, HI shows high
lipid content (up to 500 g/kg) (Makkar et al., 2014; Barragan-Fonseca et al., 2017), but its fatty acid
(FA) composition is not always optimal for animal and human nutrition and health (Nordgy et al.,
2001; Gbémez-Candela et al., 2011), because characterized by low amounts of monounsaturated
(MUFA) and polyunsaturated (PUFA) fatty acids and high amounts of saturated ones (SFA) (St-
Hilaire et al., 2007; Ushakova et al., 2016; Barragan-Fonseca et al., 2017; Caligiani et al., 2018;
Zarantoniello et al., 2018; Cardinaletti et al., 2019). HI nutritional composition are deeply influenced

by the rearing substrates (Tomberlin et al., 2002; Nguyen et al., 2013), and it has been demonstrated
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that rearing HI larvae on a substrate based on organic waste containing desirable omega-3 fatty acids
could be a suitable way to enrich the final insect biomass (St-Hilaire et al., 2007; Barroso et al., 2017).

Coffee silverskin (a coffee roasting by-product, CS) is an industrial waste rich in bioactive
compounds and characterized by antioxidant and potential prebiotic activities (Narita and Inouye,
2014; Costa et al., 2018; Iriondo-DeHond et al., 2019), suggesting it as ingredient for functional food.
Large amounts of CS are produced worldwide every year (Galanakis, 2017), representing a discharge,
and thus a cost, for coffee companies. In the concept of circular economy, a general effort to valorize
this waste is of great interest.

Marine microalgae are characterized by the presence of essential amino-acids and high contents
of omega-3 and -6 PUFAs (da Silva Vaz et al., 2016). Schizochytrium sp. are heterotrophic marine
traustochytrids of which 35 g/100g of their total fatty acids consists out of DHA (Zhu et al., 2007;
Barclay et al., 2010), while Isochrysis sp. are microalgae of the genus haptophytes characterized by
a high content of PUFAs such as DHA, stearidonic acid and alpha-linolenic acid (Aussant et al.,
2018).

The aim of this work was to find environmentally friendly rearing substrates for the growth of
PUFA-enriched Hermetia illucens, to be used as a perspective feed ingredient. At this purpose, CS
was chosen as main growth substrate for HI, while Schizochytrium sp. and Isochrysis sp. (at various
inclusion percentages) were added as PUFA source. The fatty acid profile, as well as the relative
amount of lipids, proteins and carbohydrates (calculated as ratio to the total biomass of the sample)
of ingredients, insect feeding substrates and HI prepupae, were determined for the first-time coupling
Gas Chromatography-Mass Spectrometry and Fourier Transform Infrared Spectroscopy. This latter
is a label free analytical technique, successfully applied in recent years to characterize the
macromolecular features of biological samples at vibrational level (Giorgini et al., 2018;

Zarantoniello et al., 2019).

2 Materials and methods
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2.1. Rearing and harvesting

2.1.1. Insect feeding substrate preparation

Nine different insect feeding substrates (from here below indicated as “substrates”) were tested
during the experiment. The basal substrate consisted of by-products obtained from roasting coffee (a
mixture of Arabica and Robusta varieties) process (coffee silverskin, CS) [provided by Saccaria Caffé
S.R.L., Marina di Montemarciano (AN), Italy]. CS (moisture 440 g/kg) was collected in plastic bags,
frozen at -20°C, and ground in an Ariete 1769 food processor (De’ Longhi Appliances Srl, Italy) to a
particle size of 2+0.4 mm before the feeding substrate preparation. Schizochytrium sp. and Isochrysis
sp. were freeze-dried provided by Alghltaly Societa Agricola S.R.L. (Sommacampagna (VR), Italy)
and stored at 4°C. Feeding substrates were formulated as follow (Table 1): substrate E, 100% coffe
silverskin (CS); substrates As, Bs, Cs and Ds: CS added with 5%, 10%, 20% and 25% of
Schyzochytrium sp., respectively; substrates Ai, Bi, Ci and Di: CS added with 5%, 10%, 20% and
25% lIsochrysis sp., respectively. All substrates were added with water to reach an optimal moisture
(as suggested by literature) close to 700 g/kg (Table 1) (Makkar et al., 2014). Both separate
ingredients (CS and microalgae) and feeding substrates (a mixture of CS and microalgae) samples

were stored at -80°C for further analyses.

2.1.2. Rearing of Hermetia illucens larvae

HI rearing was carried out at the D3A experimental facility (Polytechnic University of Marche)
starting from 6 days old larvae purchased from Smart Bugs s.s. [Ponzano Veneto (TV), Italy]. Larvae
were divided in the following groups (five replicates, each containing 150 larvae) (Van Broekhoven
etal., 2015): HI E, prepupae reared on substrate E (100% CS); HI As, HI Bs, HI Cs, HI Ds: prepupae
reared on substrate CS enriched with 5%, 10%, 20% and 25% of Schyzochytrium sp, respectively; HI
A, HI Bi, HI Ci, HI Di: prepupae reared on substrate CS enriched with 5%, 10%, 20% and 25% of

Isochrysis sp., respectively. Each group contained 750 larvae (6 days old, hand counted). Larvae were
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reared at a density of 0.3 ind./cm? (Barragan-Fonseca et al., 2018), in a climatic chamber at a 27+1°C
temperature, 650+50 g/kg relative humidity (Spranghers et al., 2017), in continuous darkness.

Each larva was provided with a feeding rate of 100 mg/day (Diener et al., 2009) within plastic boxes
(28 x 19 x 14 cm). Boxes were screened with fine-mesh cotton gauze and covered with a lid provided
with a single ventilation hole (Spranghers et al., 2017). Substrates were completely replaced once a
week (larvae were gently transferred into another box containing the new feed). Larvae were visually
inspected every day and when prepupae were identified by the change in tegument colour from white
to black (May, 1961), they were manually collected using forceps and brushes and sampled and stored
at -80°C for further analyses.

Experiments were performed in compliance with the Italian laws and institutional guidelines. No

specific authorization is requested to conduct experiments on invertebrates such as insects.
2.2. Analytical methods

2.2.1. Lipid extraction and fatty acids analysis

Moisture of samples was determined in an oven at 105°C for 24h (index no. 934.01) (Association
of Official Analytical Chemists, 2002). To determine the total lipid content and the overall FA profile
of the single ingredients, substrates, and HI prepupae, samples were thawed, and homogenized.
Aliquots of 200 mg of each replicate were added with 100 pl of Internal Standard (methyl ester of
nonadecanoic acid, 99.6%, Dr. Ehrenstorfer GmbH, Germany), and extracted overnight with the
method of Folch et al. (1957). HI prepupae larvae were washed to eliminate substrate particles, and
finely ground before lipid extraction. Lipid extracts were evaporated under laminar flow inert gas
(N2) until constant weight. After drying, the mass of extracted lipids was determined gravimetrically
(as g/kg DM). GC-MS analysis was carried out on three aliquots per replicate (three GC-MS runs for
aliquot).

The extracted lipids were resuspended in n-epthane to transesterify fatty acids. Fatty acid methyl

esters (FAMESs) were prepared using sodium methylate, according to Canonico et al. (2016). FAMEs

8
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were determined on an Agilent-6890 GC equipped with a split-splitless injector and coupled to an
Agilent-5973N quadrupole Mass Selective Detector. A CPS ANALITICA CC-wax-MS (30 m x 0.25
mm ID, 0.25 pm film thickness) glass capillary column coated with polyethylene glycol was used.
Instrumental conditions were as reported in Truzzi et al. (2017, 2018): sample injections of 1 uL were
made in a split mode ratio 1:5 using a glass cup liner (Agilent Liner, splitless, double taper 5583-
4705). The inlet temperature was set at 250°C. Helium carrier gas (99.9999%, Air Liquide, Italy) (8.0
psi) was used at a flow rate of 1 mL/min. The oven temperature started at 100°C for 1 min, and it was
subsequently increased to 150°C at the rate of 25°C mint, to 200°C at the rate of 5°C min! and to
230°C at the rate of 1°C min, for a total run time of 43 min. The ion source and the quadrupole
temperatures were set at 230°C and 280°C, respectively. The electron energy was 70 eV. A mass
range from 50 to 400 m/z was scanned at a rate of 3.15 scan/s. Data collection, identification, and
quantification of FAs were as reported in Truzzi et al. (2017). Retention times and mass spectra of
37-component FAME Mix standard (> 99%, Supelco, Bellefonte, PA, USA) were used to confirm
the NIST (National Institute of Standard & Technology) identification of FAs in the sample. For each
aliquot, at least three runs were performed on the GC-MS. The method performances were as those
obtained for the determination of FAMEs in insects and experimental diets of the experiment
performed in Vargas et al. (2018): the linearity was checked up to 320 mg mL™, and the limit of
detection and limit of quantification, calculated as reported by Truzzi et al. (2014), ranged from 4 mg
mL*to 22 mg mL* and from 13 mg mL™ to 66 mg mL™, respectively. Moreover, the method showed
a good accuracy and precision. For ingredients, substrates, and prepupae, the intraday and interday
precision were, for major FAs with an amount greater than 1g/100 g FAs, <3% and <8%, respectively,
indicating a good repeatability of the analyses. For FAs with an amount minor than 1 g/100 g FAs,

intraday and interday precision ranged from 6% to 15%, and from 7% to 20%, respectively.

2.2.2. Fourier Transform InfraRed spectroscopy analysis
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FTIR (Fourier Transform InfraRed) spectroscopy was exploited to define the relative amount of
lipids, proteins and carbohydrates of all ingredients, substrates and HI prepupae groups. For each
experimental group, one 5 mg aliquot for each replicate (five) were analyzed (5 spectra for each aliquot).

InfraRed (IR) measurements were performed by using a Spectrum GX1 Spectrometer (Perkin Elmer,
Waltham, Massachusetts, USA) equipped with a Attenuated Total Reflectance accessory for
measurements in reflectance. IR spectra were acquired in the medium IR region from 4000 to 800 cm”
! (spectral resolution 4 cm™). Each spectrum was the result of 64 scans. Before each sample acquisition,
a background spectrum was collected. Raw IR spectra were converted in absorbance, two-points
baseline linear fitted in the 4000-800 cm™* spectral range and vector normalized in the same interval
(OPUS-IR™ 7.1, 2016).

On pre-processed IR spectra, specific bands with biological meaning were detected and analyzed in
terms of position and integrated areas (Integration routine, OPUS 7.1 software). In particular, the
following bands were investigated: ~3013 cm™ (spectral range of integration 3035-2996 cm™, named
unsaturated FA, UNSAT); ~2925 and ~2855 cm* (spectral range of integration 2996-2804 cm™, named
lipids, LIP); ~1744 cm® (spectral range of integration 1786-1709 cm™, named fatty acids, FA); ~1647
and ~1542 cm (spectral range of integration 1709-1480 cm™, named proteins, PRT), and ~1144 cm™*
(spectral range of integration 1187-1123 cm™, named carbohydrates, CARBO). The above defined
integrated areas were used to calculate the following band area ratios: LIP/TBM (relative amount of
total lipids with respect to total sample biomass), UNSAT/TBM (unsaturated groups in lipid alkyl
chains with respect to total sample biomass), FA/TBM (relative amount of fatty acids with respect to
total sample biomass), PRT/TBM (relative amount of total proteins with respect to total sample
biomass), and CARBO/TBM (relative amount of total carbohydrates with respect to total sample
biomass). TBM, defined as total sample biomass, was the sum of the integrated areas at 3035-2996 cm"

1.2996-2804 cm™ and 1807-811 cm™.

2.3. Health benefits: fatty acid index calculation

10
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From the fatty acid profile (as g of each fatty acid/100 g of total fatty acids), three nutritional
indices were calculated. These indices provide different importance to each fatty acid depending on
the different contribution of this to the promotion or prevention of cardiovascular disorders:
atherogenicity (Al) and thrombogenicity (TI) indices (Ulbricht and Southgate, 1991), and the

Hypocholesterolemic to Hypercholesterolemic fatty acid ratio (HH) (Santos-Silva et al., 2002):

Al = [12:0 + (14:0x4) + 16:0] / (SMUFAs + XPUFA-n6 + SPUFA-n3)
TI =X (14:0 +16:0 +18:0) /[( 0.5xEMUFAs + 0.5%x5(n6)+3x2(n3) + (n3/n6)]

where: MUFAs are monounsaturated Fatty Acids, PUFAs are polyunsaturated Fatty Acids,

distinguished in PUFA-n6 (sum of omega-6 PUFAS) and PUFA-n3 (sum of omega-3 PUFAS).
HH = (18:1n9 + 18:2n6 + 20:4n6 + 18:3n3 +20:5n3 + 22:5n3 + 22:6n3)/(14:0 + 16:0)

Also, other nutritional indices such as n-3/n-6, PUFAS/SFAs, were calculated from the fatty acid

profile.

2.4, Statistical analysis

IR band area ratios (presented as mean+S.D), lipid content and fatty acid data were analyzed by
one-way-ANOVA test, followed by the Multiple Range Test (Daniel and Cross, 2013), after testing
the homogeneity of variance with Levene’s test. Significant differences were evaluated at the 95%
confidence level. When the ANOVA test gave a P-value equal to 0.0000, in the text it was indicated
as P<0.001. Principal Component Analysis (PCA) was carried out on standardized data; significant
components were obtained through the Wold cross-validation procedure (Wold, 1978). ANOVA test,
Multiple range test and PCA were performed using STATGRAPHICS Centurion 18 software
(Manugistics Inc., 2018).

3. Results

The fatty acids (FA) profile as well as the relative amount of lipids, proteins and carbohydrates of
single ingredients (CS and microalgae Schizochytrium sp. and Isocrysis sp.), substrates (E, As, Bs,
Cs, Ds, Al, Bi, Ci, Di), and HI prepupae fed on the different substrates were analyzed by GC-MS and

FTIR techniques.
11
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3.1. Single ingredients

3.1.1. Fatty acid profile
The total lipid content extracted from CS with the Folch’s method (96 + 6 g/kg DM) was consistent

with the few data available (Borrelli et al., 2004; Esquivel and Jiménez, 2012; Pourfarzad et al., 2013;
Toschi et al., 2014). The content of total lipids in Schizochytriums sp (78+1 g/kg DM) and Isochrysis
sp (705 g/kg DM) was lower than literature data (Zhu et al., 2007; Ren et al., 2009; Shah et al.,
2014; Vidyashankar et al., 2015). The content of fatty acids (calculated as in Truzzi et al., 2017) was
1.5 g/kg in rehydrated coffee, 63 g/kg in Schizochytrium sp. and 1.2 g/kg in Isochrysis sp.

The FA profiles of CS and microalgae Schizochytrium sp. and Isochrysis sp. are reported in Table
2. In CS, the most represented FA was linoleic acid (18:2n6, ~26 g/100 g FAs), followed by palmitic
(16:0, ~22 g/100 g FAs), stearic (18:0, ~15 g/100 g FAs), arachic (20:0, ~11 g/100 g FAs) and bebenic
(22:0, ~9 ¢/100 g FAs) acids. In general, CS was mainly composed of SFA (~62 g/100 g FAs),
followed by PUFA (~29 ¢/100g FAs) and MUFA (-9 ¢/100g FAs). The FA profile of
Schizochytrium sp. was dominated by 22:6n3, (docosahexaenoic acid DHA, ~79 g/100 g FAs), and
16:0 (~13 g/100 g FAs). This microalga was then rich in PUFA (~82 g/100 g FAs), whereas SFA and
MUFA represented only ~16 g/100 g FAs and ~1 g/100 g FAs, respectively. Moreover, the very high
content of 22:6n3 resulted in a high n-3/n-6 ratio (~47). The FA composition of Isochrysis sp. was
characterized by a high content of 22:6n3 (~32 g/100 g FAs), myristic acid (14:0, ~17 g/100 g FAS),
a-linoleic acid (18:3n3, ~13 g/100 g FAs), and oleic acid (18:1n9, ~11 g/100 g FAs). PUFA was the
main class (~55 g/100 g FAs), followed by SFA (~27 g/100 g FAs) and MUFA (~18 g/100 g FAS).

n-3/n-6 ratio (~5) was about 9-fold lower than that of Schizochytrium sp.

3.1.2. Relative macromolecular composition
The absorbance IR spectra of lyophilized samples of coffee silverskin (CS) and microalgae
Schizochytrium sp. (S) and Isocrysis sp. (1) were reported in Fig. 1. In all the spectra, the bands related

to lipids (2925 and ~2855 cm™, asymmetric and symmetric stretching vibrations of CH2 groups in

12
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lipid alkyl chains, vasym CHz and vsym CH2) (Kiefer et al., 2010), proteins (~1647 cm™, mainly v C=0,
Amide | band of proteins) (Mayers et al., 2013), carbohydrates and polysaccharides (~1032 cm™,
stretching vibration of C-O moieties in carbohydrates, v C-O) (Mayers et al., 2013) were detected. In
Schizochytrium sp., additional bands associated to unsaturated lipids (3013 cm™, stretching vibration
of =CH groups in lipid alkyl chains, v =C-H) (Kiefer et al., 2010), fatty acids (1744 cm™, stretching
vibration of carbonyl moiety in fatty acids, v C=0) (Mayers et al., 2013), proteins (1542 cm™, v C-N
and 6 N-H, Amide 11 band of proteins) (Mayers et al., 2013), and carbohydrates and polysaccharides
(1144 cm?, stretching vibration of C-O-C bonds in carbohydrates and polysaccharides, v C-O-C)
(Duygu et al., 2012), were also found. In Isochrysis sp., only the bands at 3013 cm™ and 1542 cm*

were detected, the former showing a lower absorbance value with respect to Schizochytrium sp.

3.2. Insect feeding substrates

3.2.1. Fatty acid profile
The extraction of total lipids from substrates with Folch method (Folch, 1957) showed that the

inclusion of microalgae in the substrates caused a statistically significant increase of total lipids with
respect to the CS substrate E (Fig. 2), positively related to microalgae inclusion levels in the substrate.
In particular, the inclusion of Schizochytrium sp. (at all tested percentages) and of Isochrysis sp.
(exclusively at 20% (Ci) and 25% (Di)) (Fig. 2b), caused a statistically significant increase of lipid
content in the substrate compared to CS substrate E (P>0.001, P=0.002, respectively).

Table 3 shows the FA composition of substrates. The FA profile of substrates enriched with
Schizochytrium sp. was dominated by docosahexaenoic acid (DHA) 22:6n3, which increased with the
increase of the microalga inclusion, from ~61 to ~71 g/100 g FAs (Ds). The second most represented
fatty acid was 16:0 (from ~16 in As to ~13 g/100 g FAs in Cs), followed by 18:0 (from 4.5 in As to
2.7 g/100 g FAs in Ds), 18:2n6 (from 6.1 in As to 2.5 g/100 g FAs in Ds), 20:0 (from 3.0in Asto 1.7
9/100 g FAs in Ds), and 22:0 (from 2.0 in As to 1.3 g/100 g FAs in Ds). The FA profile of substrates

enriched with Isochrysis sp. was dominated by 16:0, that decreased with the increase of the microalga
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inclusion, from ~23 (Ai) to ~19 g/100 g FAs (Di). Other well represented fatty acids were 18:0 (from
~16in Ai to ~7 g/100 g FAs in Di), and 18:2n6 (from ~16 in Ai to ~14 g/100 g FAs in Di), followed
by 18:3n3 (from ~9 in Ai to ~17 g/100 g FAs in Di), 20:0 (from ~10 in Ai to ~6 g/100 g FAs in Di)
and 22:0 (from ~10 in Ai to ~6 g/100 g FAs in Di). DHA varied from 1.5 in Ai to 5.7 g/100 g FAs in
Di, whereas the content of 20:5n3 were below the detection limit.

Fig. 3 compares the amounts of FA classes of substrates containing different microalgae. In
general, an increasing inclusion of Schizochytrium sp. in substrates determined a statistically
significant decrease of SFA (P<0.001), MUFA (P<0.001), n-6 (P<0.001), n-9 (P<0.001) amounts,
and a statistically significant increase of PUFA (P<0.001) and n-3 (P<0.001) amounts, and of n-3/n-
6 ratio (P<0.001). An increasing inclusion of Isochrysis sp. in substrates determined in general a
statistically significant decrease of SFA (P<0.001) and n-6 (P=0.005) amounts, and a statistically
significant increase of MUFA (P<0.001), PUFA (P<0.001), n-3 (P<0.001), n-9 (P<0.001) amounts,
and of n-3/n-6 ratio (P=0.008). Substrates enriched with Schizochytrium sp. showed statistically
significant lower amounts of SFA (P<0.001), MUFA (P<0.001), n-6 (P<0.001) and n-9 (P<0.001),
and statistically significant higher amounts of PUFA (P<0.001) and n-3 (P<0.001) compared to those
enriched with Isochrysis sp. Consequently, substrates containing Schizochytrium sp. showed a n-3/n-

6 ratio significantly higher than substrates enriched with Isochrysis sp. (P<0.001).

3.2.2. Relative macromolecular composition

The absorbance IR spectra of tested feeding substrates were reported in Fig. 4. For a better
comparison, IR spectra of microalgae Schizochytrium sp. (S) and Isochrysis sp. (1) were also shown.
It is interesting to notice that, in all substrates enriched with increasing amounts of Schizochytrium
sp. (As, Bs, Cs and Ds), a corresponding and well evident increase of the absorbance of the peaks
already detected in the microalga was detected: ~2925 cm™ and ~2855 cm™ (asymmetric and
symmetric stretching vibrations of CH> groups in lipid alkyl chains, vasym CH2 and vsym CH2); ~3013

cm™ and ~1744 cm™ (respectively stretching vibration of =CH groups in lipid alkyl chains, v =C-H,
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and stretching vibration of carbonyl moiety in fatty acids, v C=0); ~1647 cm™*and ~1542 cm™ (Amide
I and 11 bands of proteins), and ~1144 cm™ (stretching vibration of C-O-C bonds in carbohydrates and
polysaccharides, v C-O-C) (Fig. 2a). Conversely, except a tiny increase of the band at ~1647 cm™ and
~1542 cm™ (Amide 1 and 11 bands of proteins), no meaningful differences were observed by comparing
the spectral profiles of the CS substrate (E) with those of substrates enriched with increasing
percentages of Isochrysis sp. (Ai, Bi, C, and Di) (Fig. 2b).

The statistical analysis of specific band area ratios (Fig. 5a), confirmed that the inclusion of
Schizochytrium sp. caused in all substrates (As, Bs, Cs and Ds), a statistically significant increase of
the relative amount of total lipids (LIP/TBM, P<0.001), unsaturated lipid alkyl chains (UNSAT/TBM,
P<0.001), fatty acids (FA/TBM, P<0.001) and carbohydrates (CARBO/TBM, P<0.001) with respect
to E. Conversely, a statistically significant increase of relative amounts of proteins (PRT/TBM) was
detected only in Bs, Cs and Ds substrates (P=0.035), while no significant differences were observed
between E and As (P=0.494). In substrates enriched with Isochrysis sp., due to the absence of
meaningful bands attributable to this microalga, only the band area ratios LIP/TBM and PRT/TBM
were analyzed (Fig. 5b). With respect to E, a statistically significant increase of the relative amount
of total lipids (LIP/TBM) was observed only in Ci e Di substrates (P=0.025), while no changes were
detected in Ai and Bi (P=0.852); conversely, the relative amount of proteins (PRT/TBM) significantly

increased in all the substrates enriched with Isochrysis sp. (P<0.001).

3.3 Hermetia illucens prepupae
The dry matter (DM) content of fresh prepupae reared on the different experimental substrates was

320+20 g/kg, and no statistically significant differences between groups were evidenced.

3.3.1. Fatty acid profile
The analysis of total lipids extracted through Folch method evidenced that, in general, an increase
of total lipid content in the substrate corresponded to an increase in total lipid content of prepupae

(Fig. 2). In fact, the lipid content of HI prepupae reared on substrates enriched with Schizochytrium
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sp. showed a statistically significant linear correlation (r=0.905, P=0.035) with lipid content of
substrates. Moreover, HI prepupae showed a statistically higher lipid content (from ~140 in HI As to
~210g/kg DM in HI Ds) than that of prepupae reared on substrate E (~8 g/kg DM), and significant
differences between groups were also evidenced (P<0.001), a part between HI Cs and HI Ds. About
HI prepupae reared on substrates enriched with Isochrysis sp., a statistically higher lipid content (from
~120 in HI Aito ~140g/kg DM in HI Di) was observed with respect to HI prepupae reared on substrate
E (P=0.015). In this case, no statistically significant correlation between lipid content of prepupae
and of substrates was evidenced.

Table 4 and Fig. 6 show FA composition and the amount of FA classes of HI prepupae reared on
tested substrates, respectively. The FA profile of prepupae reared on CS substrate E was characterized
by high quantities of saturated fatty acids (i.e. 74+2 g/100 g FAs, Fig. 6), such as 12:0, 16:0, 18:0,
20:0, and 22:0, followed by 18:1n9, 18:2n6 and 16:1n7. This profile reflected the FA composition
typical for CS, with a higher prevalence of SFA (Table 2).

The inclusion of Schizochytrium sp. in substrates induced, in prepupae, a statistically significant
increase in the amount of 22:6n3 (DHA) and 20:5n3 (EPA), and a statistically significant general
decrease in saturated fatty acids with respect to prepupae HI E. It should be noted that lauric acid
(12:0) increased in prepupae HI Cs and HI Ds if compared with prepupae Hi E. Moreover, HI
prepupae Bs, HI Cs, and HI Ds showed a similar FA composition, especially in relation to unsaturated
FAs, and they showed amounts of 22:6n3 and 20:5n3 statistically higher than prepupae HI As. The
inclusion of Schizochytrium sp. allowed to obtain a DHA/EPA ratio of 1.3-1.6. This behavior
modified the guantities of FA classes (Fig. 6a): HI Bs, HI Cs, HI Ds showed a significantly lower
SFA amount (P<0.001), and significantly higher amounts of PUFA (P<0.001), n-3 (P<0.001), n-6
(P<0.001), n-9 (P<0.001), and n-3/n-6 ratio (P<0.001), than prepupae HI As and HI E. No significant
differences were evidenced in FA classes of prepupae reared on substrates including 10%, 20% and

25% of microalgae. The inclusion of Isochrysis sp. in substrates caused the following changes in FA
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profile of HI prepupae with respect to HI E (Table 4): (i) a statistically significant marked increase (2
fold-higher) of lauric acid (12:0); ii) a statistically significant increase of 14:0, 18:0, and 18:1n9; (iii)
a statistically significant decrease of 20:0 and 22:0; (iv) a statistically significant increase of EPA and
DHA only for prepupae HI Ci and HI Di. Concerning FA classes (Fig. 6b), prepupae HI Ci and Di
showed a statistically lower amount of SFA (P<0.001), and a statistically higher quantities of MUFA
(P=0.0005), PUFA (P<0.001), n-3 (P<0.001), n-9 (P<0.001), than prepupae HI Ai and Bi and those
reared on CS substrate (HI E). The n-3/n-6 ratio significantly increased with the increasing inclusion
percentage of Isochrysis sp. in the substrate (P<0.001).

HI Bs, HI Cs and HI Ds prepupae showed a statistically lower amount of SFA (~45 g/100 g FAS)
with respect to HI prepupae reared on substrates enriched with Isochrysis sp. (more than 60 g/100 g
FAs) (P<0.001), and significantly higher quantities of PUFA (~37 g/100 g FAs (P<0.001)), and n-3
(~28 g/100 g FAs) (P<0.001), than prepupae reared on substrates enriched with Isochrysis sp. (PUFA
< 20 g/100 g FAs, n-3 < 10 g/100 g FAs). Consequently, the n-3/n-6 ratio is significantly higher in
prepupae reared on Schizochytrium sp. than in those reared on Isochrysis sp (P<0.001). Moreover,
comparing prepupae reared on substrates enriched with the same inclusion level of Schizochytrium
sp. or Isochrysis sp., the amounts of EPA and DHA were significantly higher (about 10-folds) in
prepupae reared on Schizochytrium sp. with respect to prepupae reared on Isochrisis sp. (P<0.001 for

both EPA and DHA).

3.3.2. Relative macromolecular composition

For the first time, HI prepupae were analyzed by FTIR spectroscopy. In all IR spectra (Fig. 7), the
bands attributable to lipids (~2922 cm™ and ~2850 cm™), proteins (~1648 cm™ and ~1540 cm™),
carbohydrates and polysaccharides (~1040 cm™) were detected. In addition, the absorbance IR spectra
of HI reared on substrates enriched with Schizochytrium sp., showed both the increase of the bands
at ~1575 cm (stretching vibration of carboxylate groups, v COO") (Aryee et al., 2009) and ~1540

cm™ (Amide 11 band of proteins), and the occurrence of additional bands at ~3013 cm™ (attributable
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to unsaturated fatty acids) and ~1742 cm™ (associated to fatty acids) (Fig. 7a). Less marked
differences were observed by comparing the IR spectra of HI prepupae reared on substrates enriched
with Isochrysis sp. with CS substrate E. In this latter case, only the increase of the bands at ~1575
cm ™t and ~1540 cm™ was observed (Fig. 7b). In addition, in all HI prepupae fed on substrates enriched
with microalgae, no significant differences were observed in the spectral range 1200-900 cm™, related
to carbohydrates vibrational modes.

Specific band area ratios were analyzed (Fig. 8) suggesting that HI reared on substrates enriched
with increasing amounts of Schizochytrium sp. (HI As, HI Bs, HI Cs and HI Ds) showed a
corresponding statistically significant increase of total lipids (LIP/TBM, P<0.001) (as pinpointed by
lipid extraction with Folch method), fatty acids (FA/TBM, P<0.001), and unsaturated lipid alkyl
chains (UNSAT/TBM, P<0.001). Moreover, a statistically significant increase of proteins
(PRT/TBM) was also observed in HI Bs, HI Cs and HI Ds (P<0.001), while no changes were detected
in HI As (P=0.527) (Fig. 8a). Considering prepupae reared on substrates enriched with Isochysis sp.,
a statistically significant increase of total lipids (LIP/TBM) was detected only in insects reared on
substrates enriched with higher inclusions of microalga (HI Ci and HI Di) (P<0.001), confirming in
general the results obtained with Folch method. Statistically significant higher amounts of proteins
(PRT/TBM, P<0.001) were observed in all insect groups with respect to HI E (Fig. 8b). Due to the
absence of the band at 1144 cm™ in all the analyzed insect samples (reared on substrates enriched

with microalgae), it was not possible to evaluate the band area ratio CARBO/TBM.

3.4.  Principal Component Analysis

To better understand the relationships between type and percentage of microalgae included in the
substrates and relative amount of lipids and proteins and FAs composition of prepupae, a multivariate
analysis (Principal Component Analysis, PCA) on HI prepupae data was performed to reduce the
dimensionality of the data set to few components that summarize the information contained in the

overall data set. The amount of total lipids in g/kg DM (TL), FAs greater than 1 g/100 g FAs, and band
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area ratios LIP/TBM and PRT/TBM, were included in the data matrix (band area ratio UNSAT/TBM
and FA/TBM were not included because of lacking data for prepupae reared on substrates enriched
with Isochrysis sp.). By applying PCA to the data set (9 observations, 18 variables), it was possible to
extract three significant, cross-validated principal components (PC), that accounted for ~92% of the
variability in the original data (Table 5). On examining the loading matrix (Table 5) and the graphical
distribution of analyzed groups on the reported biplot (showing loadings and scores plots
simultaneously) of PC1 vs PC2 (Fig. 9), specimens were divided based on their FAs composition,
lipid content and protein relative amount. PC1, that explained ~47% of the variance, was associated
to the prevalence of saturated or polyunsaturated fatty acids: prepupae HI E, and HI As, HI Ai and
HI Bi (positive scores) were characterized by higher content of SFA such as 16:0, 18:0, 20:0, and
22:0 (positive loadings on PC1), than other groups, whereas prepupae reared on substrates enriched
with 10%, 20% and 25% of Schizochytrium sp. (HI Bs, HI Cs, and HI Ds, respectively), were
characterized by a higher amount of lipids (LIP/TBM and TL negative loadings on PC1), and by a
FA composition with higher content of PUFA, in particular omega-3 (20:5n3, 22:6n3), and omega-6
(20:4n6, 18:3n6) (negative loadings on PC1), than other groups. PC2 (~34% of explained variance)
was dominated by the type of microalga added to the substrate: HI prepupae reared on substrates
enriched with Isochrysis sp. showed positive scores, whereas HI prepupae reared on substrates
enriched with Schizochytrium sp. showed negative scores on PC2. Prepupae reared on Isochrysis sp.,
showed higher protein relative amount, and higher content of precursors of n-3 and n-6 FAs (18:3n3
and 18:2n6, respectively), and of short-chain fatty acids (12:0 and 14:0) than prepupae reared on
Schizochytrium sp. (negative scores), which showed instead higher amounts of n-3 and n-6 FAs, and
of SFA from 16 to 22 carbons (medium- and long-chain fatty acids). PC3 (Table 5) was mainly
dominated by the contrast between 18:0 and its metabolite 18:1n9; HI Ci and HI Di (positive scores

on PC3) showed higher content of 18:1n9, 18:2n6 and 18:3n3, than HI Ai and HI Bi prepupae
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(negative scores on PC3). In any case, the variance explained by PC3 was only ~10%, then it did not

provide further information about FA composition differences between studied groups.

3.5. Health benefits indices

Table 6 shows Atherogenic (Al), thrombogenic (TI), and Hypo/Hyper-cholesterolemic (HH)
indices of HI prepupae. Low values of Al (< 0.51) and TI (< 0.30) are beneficial to health (Ulbricht
and Southgate, 1991). Al values of all groups of H. illucens are higher than the suggested value, but
HI reared on substrates enriched with Schizochytrium sp. showed statistically lower values than
prepupae reared on substrates enriched with Isochrysis sp. (P<0.05). HI reared on substrates including
from 10% to 25% of Schizochytrium sp. showed a T1 value < 0.30, whereas the TI value of prepupae
reared on substrate enriched with Isochrysis sp. was far above this limit. Finally, the HH index (high
values correspond to hypocholesterolemic effects (Santos-Silva et al., 2002) was significantly higher,
from ~2.6 to ~3.3, in HI prepupae reared on substrate enriched with 10%, 20% or 25% of
Schizochytrium sp. than other groups. The recommended PUFAS/SFAs ratio is > 0.45, i.e. the
minimum recommended value to avoid the potential to raise blood cholesterol level (Department of
Health and Social Security (DHSS), 1984). Only prepupae of HI reared on substrates including 10%,

20% and 25% of Schizochytrium sp. showed a PUFA/SFA ratio > 0.45.

4. Discussion

In agreement with the concept of circular economy, in the present study, rearing substrates for HI
larvae were based on the re-use of the organic by-product coffee silverskin while Schizochytrium sp.
and Isochrysis sp. were tested as PUFA-rich ingredients in order to improve the nutritional quality of
the final produced insect biomass. Microalgae can be considered environmental-friendly ingredients
for the improvement of insect feeding substrates (Vidyashankar et al., 2015). The fatty acid profile
and the relative macromolecular composition of ingredients, substrates and prepupae were

investigated by conventional GC-MS and innovative FTIR techniques.
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The analysis of coffee silverskin confirmed lower amounts of proteins and lipids with respect to
microalgae (Vargas et al., 2018); FAs were mainly represented by SFA, and, to a lesser extent, by
PUFA and MUFA (data consistent with those reported by Costa et al (2018)). Conversely, the infrared
analysis of the microalgae Schizochytrium sp. suggested higher relative amounts of proteins,
carbohydrates, and unsaturated lipids with respect to those detected in coffee silverskin. In addition,
the FA profile of this microalga was rich in PUFA, mainly in docosahexaenoic acid DHA, and 16:0,
as already reported in literature, even if with different relative quantities (Zhu et al., 2007; Wang and
Wang, 2012). Higher relative amounts of proteins and lipids were also detected in Isochrysis sp. with
respect to those detected in coffee silverskin, and its FA profile was rich in PUFA. The n-3/n-6 ratio
(~5) of Isocrysis sp. was about 9-fold lower than that of Schizochytrium sp. (~47), suggesting that
this latter microalga contains a major amount of PUFA with respect to both Isochrysis sp. and CS.
These results, in agreement with data reported by Poisson and Ergan (2001), but quite different from
those found by Aussant et al. (2018) for Isochrysis galbana, and by Vidyashankar et al. (2015) for
Isochrysis sp., suggested a different FA composition of the two microalgae. Moreover, it is known
that the FA composition of microalgae is influenced by both the nutritional composition of culture
media and the growing environmental conditions as well as by the specific species and strains
(Robertson et al., 2013).

The study of the FA composition of substrates showed that CS substrate E was poor in unsaturated
FA, and particularly in the omega-3 DHA and EPA. Schizochytrium sp. inclusion lead to a statistically
significant increase of lipids and unsaturated fatty acids (such as n-3 and n-6), and to a detriment of
saturated ones. A similar trend was also pinpointed for substrates enriched with Isochrysis sp., even
if the content of unsaturated fatty acids was lower than substrates enriched with Schizochytrium sp.
The infrared analysis of the substrates pinpointed that the microalgae inclusion determined an
increase in the relative amount of proteins and lipids with respect to the CS substrate E, thus
improving the nutritional value of the substrate at all levels. In coffee silverskin enriched with

increasing percentages of Schizochytrium sp., a well evident increase of the bands related to proteins,
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carbohydrates, lipids and, mainly, to unsaturated fatty acids was observed. Conversely, substrates
enriched with increasing percentages of Isochrysis sp. showed only a higher relative amount of
proteins, and, to a lesser extent, of lipids, this latter statistically significant only in substrates enriched
with 20% and 25% of microalga.

The dry matter (DM) content of fresh prepupae reared on the different experimental substrates was
320+20 g/kg, in accordance with data obtained in HI prepupae reared on various organic substrates
(Barragan-Fonseca et al., 2017; Caligiani et al., 2018), and no statistically significant differences
between groups were evidenced. The inclusion of microalgae in the substrate influenced the lipid
content of HI prepupae; this result agreed with previous studies that demonstrated a strong influence
of the lipid composition of the diet on lipid content in insects (Tomberlin et al., 2002; Nguyen et al.,
2013; Barroso et al. 2017; Spranghers et al., 2017). The lipid content of HI prepupae reared on CS-
based substrates enriched with microalgae Schizochytrium sp. or Isochrysis sp. was in general
consistent with the lipid content (from 70 to 390 g/kg DM) found in HI larvae reared on animal waste,
such as chicken manure, swine manure, or liver (Barragan-Fonseca et al., 2017), but the nutritional
quality of prepupae analyzed in this study was higher. In fact, whereas HI prepupae reared on CS
substrate E showed a FA profile consistent with that of HI larvae reared on animal waste (Barragan-
Fonseca et al., 2017), HI prepupae reared on CS enriched with microalgae showed a FA profile with
a high content of omega-3 fatty acids, such as DHA and EPA, which are in general absent in the FA
profile of HI larvae reared on animal or vegetables waste (St-Hilaire et al., 2007; Ushakova et al.,
2016; Barragan-Fonseca et al., 2017; Caligiani et al., 2018).

HI prepupae reared on feeding substrates containing microalgae showed high percentages of lauric
acid 12:0. This fatty acid is synthetized by HI larvae when there are sufficient amounts of
carbohydrates in their substrates (Spranghers et al., 2017). Fatty acids from the substrate are also
being transformed into 12:0 by the larvae. Lauric acid has been shown to demonstrate an intestinal
anti-inflammatory role in fish, promoting gut’s welfare by mitigating inflammatory conditions such

as inflammation caused by insect-chitin (Alestrom et al., 2006; Dahm and Geisler, 2006; De-Santis
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and Jerry, 2007; Zarantoniello et al., 2019). The levels of 12:0 in the larvae reared on Isochrysis sp.
enriched substrates are in compliance with literature, but their fat content is still low (120-130 g/kg
DM). The fact that HI E larvae do not contain much 12:0 means that CS solely is not a good growth
substrate. This is also reflected in the very low-fat content of these larvae (only 10%). Schyzochytrium
sp. looks to be a very good enrichment substrate given that not only the percentage of n-3 in the larvae
was increased, but also the total lipid content and thus 12:0.

Moreover, prepupae reared on substrates enriched with Schizochytrium sp. showed a higher
relative content of proteins, lipids and unsaturated fatty acids, with respect to the total biomass, than
insect reared on CS substrate E. In the case of HI reared on substrates enriched with Isocrhysis sp.,
the inclusion of this microalga caused a consistent increment of the relative amount of proteins
compared to HI reared on CS substrate E, while only a tiny increase of lipids was observed.

PCA analysis highlighted that the type of microalga included in the substrate strongly influenced
the FA composition and hence the nutritional composition of HI prepupae. In particular, prepupae
reared on Schizochytrium sp. enriched substrates, showed a better FA profile, with significantly lower
amounts of saturated fatty acids and significantly higher quantities of unsaturated ones and of n-3/n-
6 ratio than prepupae reared on Isocrhysis sp. enriched substrates. Moreover, from PCA analysis no
relevant differences were observed in the overall nutritional quality of prepupae reared on substrates
enriched with 10%, 20% or 25% of Schizochytrium sp. (HI Bs, HI Cs, and HI Ds, respectively).
Noteworthy, the inclusion of Schizochytrium sp. over 10% did not bring a significant improvement
in the FA profile in terms of saturated and unsaturated fatty acids, particularly omega-3.

Health benefits indices recorded for HI prepupae were in general consistent with those of different
species of microalgae (Aussant et al., 2018) and demonstrated that a regular inclusion of HI prepupae
as feed/food ingredient reared on substrate enriched with 10%, 20% or 25% of Schizochytrium sp.
could be beneficial to health and produce hypocholesterolemic effects (Santos-Silva et al., 2002). On
the light of the overall results and considering that the heterotrophic production of this microalga is

much cheaper than the autotrophic Isochrisis sp. production (Ren et al., 2009; Perez-Garcia et al.,
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2011; Vidyashankar et al., 2015), Schizochytrium sp. seems to be the best microalga to be added to

the CS substrate.

5. Conclusions

This work demonstrated an easy and efficient way to produce high nutritional quality Hermetia
illucens prepupae through the revalorization of organic industrial waste (coffee silverskin), and its
polyunsaturated fatty acids-enrichement with environmentally friendly microalgae, promoting the
circular economy concept.

Schyzochytrium sp. looks to be a very good source of polyunsaturated fatty acids, given that not
only the percentage of n-3 in the larvae was increased, but also the total lipid content. Moreover, the
inclusion of Schizochytrium sp. supported a Hermetia illucens prepupae production characterized by
higher nutritional values than those reared on Isochrysis sp. diets. No differences in the fatty acid
profile and nutritional indices were evidenced among Hermetia illucens prepupae reared on substrates
enriched with 10%, 20% or 25% of Schizochytrium sp. Therefore, the substrate enriched with a 10%
inclusion level of Schizochytrium sp. should be considered the most convenient one since a greater
inclusion of microalgae did not promote additional benefits in terms of nutritional value of Hermetia
illucens prepupae. Finally, another advantage related to the use of Schyzichytrium sp. is that the
heterotrophic production of this microalga is much cheaper than the autotrophic Isochrisis sp.
production.

Thanks to fat quality, these Hermetia illucens prepupae enriched with polyunsaturated fatty acids
deserve a special attention both as feed ingredient in the present, as well as food ingredient in the

future.

Funding
The research was supported by Fondazione Cariverona, Ricerca Scientifica 2017, project
NUTRIFISH, code n. 2017.0571, to Ike Olivotto and by Polytechnic University of Marche, Ricerca

Scientifica di Ateneo, to Cristina Truzzi.

24



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

Notes

The authors declare no competing financial interest.

References

Alestrom, P., Holter, J.L., Nourizadeh-Lillabadi, R., 2006. Zebrafish in functional genomics and
aquatic biomedicine. Trends Biotechnol. 24, 15-21.
https://doi.org/10.1016/j.tibtech.2005.11.004

Aryee, AN.A., van de Voort, F.R., Simpson, B.K., 2009. FTIR determination of free fatty acids in
fish oils intended for biodiesel production. Process Biochem. 44, 401-405.
https://doi.org/https://doi.org/10.1016/j.prochio.2008.12.004

Association of Official Analytical Chemists, 2002. Official methods of analysis of AOAC
International, 16th edition. Volume 1. AOAC International, Washington DC, USA.

Aussant, J., Guihéneuf, F., Stengel, D.B., 2018. Impact of temperature on fatty acid composition
and nutritional value in eight species of microalgae. Appl. Microbiol. Biotechnol. 102, 5279—
5297. https://doi.org/10.1007/s00253-018-9001-x

Barclay, W., Weaver, C., Metz, J., Hansen, J., 2010. 4 - Development of a docosahexaenoic acid
production technology using schizochytrium: historical perspective and update, in: Cohen, Z.,
Ratledge, C. (Eds.), Single cell oils (second edition). AOCS Press, Champaign, USA, pp. 75—
96. https://doi.org/10.1016/B978-1-893997-73-8.50008-6

Barragan-Fonseca, K.B., Dicke, M., Loon, J.J.A., 2018. Influence of larval density and dietary
nutrient concentration on performance, body protein, and fat contents of black soldier fly
larvae (Hermetia illucens). Entomol. Exp. Appl. 166, 761-770.
https://doi.org/10.1111/eea.12716

Barragan-Fonseca, K.B., Dicke, M., Loon, J.J.A. van, 2017. Nutritional value of the black soldier
fly (Hermetia illucens L.) and its suitability as animal feed - a review. J. Insects as Food Feed

3, 105-120. https://doi.org/10.3920/J1IFF2016.0055

25



580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

Barroso, F.G., Sanchez-Muros, M.-J., Segura, M., Morote, E., Torres, A., Ramos, R., Guil, J.-L.,
2017. Insects as food: Enrichment of larvae of Hermetia illucens with omega 3 fatty acids by
means of dietary modifications. J. Food Compos. Anal. 62, 8-13.
https://doi.org/10.1016/j.jfca.2017.04.008

Borrelli, R.C., Esposito, F., Napolitano, A., Ritieni, A., Fogliano, V., 2004. Characterization of a
new potential functional ingredient: coffee silverskin. J. Agric. Food Chem. 52, 1338-1343.
https://doi.org/10.1021/jf034974x

Caligiani, A., Marseglia, A., Leni, G., Baldassarre, S., Maistrello, L., Dossena, A., Sforza, S., 2018.
Composition of black soldier fly prepupae and systematic approaches for extraction and
fractionation of proteins, lipids and chitin. Food Res. Int. 105, 812—820.
https://doi.org/https://doi.org/10.1016/j.foodres.2017.12.012

Canonico, L., Ashoor, S., Taccari, M., Comitini, F., Antonucci, M., Truzzi, C., Scarponi, G., Ciani,
M., 2016. Conversion of raw glycerol to microbial lipids by new Metschnikowia and Yarrowia
lipolytica strains. Ann. Microbiol. 66, 1409-1418. https://doi.org/10.1007/s13213-016-1228-0

Cardinaletti, G., Randazzo, B., Messina, M., Zarantoniello, M., Giorgini, E., Zimbelli, A., Bruni, L.,
Parisi, G., Olivotto, I., Tulli, F., 2019. Effects of graded dietary inclusion level of full-fat
Hermetia illucens prepupae meal in practical diets for rainbow trout (Oncorhynchus mykiss).
Animals 9, 1-21. https://doi.org/10.3390/ani9050251

Costa, A.S.G., Alves, R.C., Vinha, A.F., Costa, E., Costa, C.S.G., Nunes, M.A., Almeida, A.A.,
Santos-Silva, A., Oliveira, M.B.P.P., 2018. Nutritional, chemical and antioxidant/pro-oxidant
profiles of silverskin, a coffee roasting by-product. Food Chem. 267, 28-35.
https://doi.org/https://doi.org/10.1016/j.foodchem.2017.03.106

Cutrignelli, M.1., Messina, M., Tulli, F., Randazzo, B., Olivotto, 1., Gasco, L., Loponte, R., Bovera,
F., 2018. Evaluation of an insect meal of the black soldier fly (Hermetia illucens) as soybean
substitute: intestinal morphometry, enzymatic and microbial activity in laying hens. Res. Vet.

Sci. 117, 209-215. https://doi.org/https://doi.org/10.1016/j.rvsc.2017.12.020
26



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

Da Silva Vaz, B., Moreira, J.B., de Morais, M.G., Costa, J.A.V., 2016. Microalgae as a hew source
of bioactive compounds in food supplements. Curr. Opin. Food Sci. 7, 73-77.
https://doi.org/10.1016/j.cofs.2015.12.006

Dahm, R., Geisler, R., 2006. Learning from small fry: The zebrafish as a genetic model organism
for aquaculture fish species. Mar. Biotechnol. 8, 329-345. https://doi.org/10.1007/s10126-006-
5139-0

Daniel, W.W., Cross, C.L., 2013. Biostatistics: a foundation for analysis in the health sciences, 10th
ed. John Wiley & Sons Inc, Hoboken, New Jersey, USA.

De-Santis, C., Jerry, D.R., 2007. Candidate growth genes in finfish - where should we be looking?
Aquaculture. 272, 22-38. https://doi.org/10.1016/j.aquaculture.2007.08.036

Department of Health and Social Security (DHSS), 1984. Diet and cardio-vascular disease.
Committee on medical aspects of food policy. Reports Heal. Soc. Subj. 28, 1-32.

Diener, S., Zurbriigg, C., Roa-Gutiérrez, F., Hong Dang, N., Morel, A., Koottatep, T., Tockner, K.,
2011. Black soldier fly larvae for organic waste treatment - prospects and constraints, in:
Conference: WasteSafe 2011, 2nd International Conference on Solid Waste Management in
Developing Countries. Khulna Bangladesh, pp. 52 (1-8).

Diener, S., Zurbrigg, C., Tockner, K., 2009. Conversion of organic material by black soldier fly
larvae: establishing optimal feeding rates. Waste Manag. Res. 27, 603-610.
https://doi.org/10.1177/0734242X09103838

Duygu, D.Y., Udoh, A.U., Ozer, T.B., Akbulut, A., Erkaya, I.A., Yildiz, K., Guler, D., 2012.
Fourier transform infrared (FTIR) spectroscopy for identification of Chlorella vulgaris
Beijerinck 1890 and Scenedesmus obliquus (Turpin) Kitzing 1833. African J. Biotechnol. 11,
3817-3824. https://doi.org/ 10.5897/AJB11.1863

EFSA Scientific Committee, 2015. Risk profile related to production and consumption of insects as

food and feed. EFSA J. 13, 4257. https://doi.org/10.2903/j.efsa.2015.4257

Esquivel, P., Jiménez, V.M., 2012. Functional properties of coffee and coffee by-products. Food
27


https://doi.org/10.2903/j.efsa.2015.4257

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

Res. Int. 46, 488-495. https://doi.org/10.1016/j.foodres.2011.05.028

Folch, J., Lees, M., Sloane Stanley, G.H., 1957. A simple method for the isolation and purification
of total lipides from animal tissues. J. Biol. Chem. 226, 497-509.

Galanakis, C.M., 2017. Handbook of coffee processing by-products: sustainable applications. 1st
ed. Academic Press, London, UK.

Gasco, L., Henry, M., Piccolo, G., Marono, S., Gai, F., Renna, M., Lussiana, C., Antonopoulou, E.,
Mola, P., Chatzifotis, S., 2016. Tenebrio molitor meal in diets for European sea bass
(Dicentrarchus labrax L.) juveniles: growth performance, whole body composition and in vivo
apparent digestibility. Anim. Feed Sci. Technol. 220, 34-45.
https://doi.org/10.1016/j.anifeedsci.2016.07.003

Giorgini, E., Randazzo, B., Gioacchini, G., Cardinaletti, G., Vaccari, L., Tibaldi, E., Olivotto, I.,
2018. New insights on the macromolecular building of rainbow trout (O. mykiss) intestine:
FTIR imaging and histological correlative study. Aquaculture 497, 1-9.
https://doi.org/https://doi.org/10.1016/j.aquaculture.2018.07.032

Gobmez-Candela, C., Bermejo Lopez, L.M., Loria-Kohen, V., 2011. Importance of a balanced
omega 6/omega 3 ratio for the maintenance of health. Nutritional recomendations. Nutr. Hosp.
26, 323-329. https://doi.org/10.3305/nh.2011.26.2.5117

Hall, R.D., Gerhardt, R.R., 2002. Flies (Diptera), in: Medical and Veterinary Entomology. Mullen,
G., Durden, L., Eds. Academic Press, San Diego, California, USA, pp. 127-161.

Henry, M., Gasco, L., Piccolo, G., Fountoulaki, E., 2015. Review on the use of insects in the diet of
farmed fish: past and future. Anim. Feed Sci. Technol. 203, 1-22.
https://doi.org/https://doi.org/10.1016/j.anifeedsci.2015.03.001

Iriondo-DeHond, A., Garcia, N.A., Fernandez-Gomez, B., Guisantes-Batan, E., Escobar, F.V.,
Blanch, G.P., Andres, M.1.S., Sanchez-Fortun, S., del Castillo, M.D., 2019. Validation of
coffee by-products as novel food ingredients. Innov. Food Sci. Emerg. Technol. 51, 194-204.

https://doi.org/https://doi.org/10.1016/}.ifset.2018.06.010
28



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

Kiefer, J., Noack, K., Bartelmess, J., Walter, C., Dornenburg, H., Leipertz, A., 2010. Vibrational
structure of the polyunsaturated fatty acids eicosapentaenoic acid and arachidonic acid studied
by infrared spectroscopy. J. Mol. Struct. 965, 121-124.
https://doi.org/https://doi.org/10.1016/j.molstruc.2009.11.052

Li, Q., Zheng, L., Qiu, N., Cai, H., Tomberlin, J.K., Yu, Z., 2011. Bioconversion of dairy manure
by black soldier fly (Diptera: Stratiomyidae) for biodiesel and sugar production. Waste Manag.
31, 1316-1320. https://doi.org/https://doi.org/10.1016/j.wasman.2011.01.005

Liu, X., Chen, X., Wang, H., Yang, Q., ur Rehman, K., Li, W., Cai, M., Li, Q., Mazza, L., Zhang,
J., Yu, Z., Zheng, L., 2017. Dynamic changes of nutrient composition throughout the entire life
cycle of black soldier fly. PLoS One 12, 0182601, 21 pgs.
https://doi.org/10.1371/journal.pone.0182601

Makkar, H.P.S., Tran, G., Heuzé, V., Ankers, P., 2014. State-of-the-art on use of insects as animal
feed. Anim. Feed Sci. Technol. 197, 1-33.
https://doi.org/https://doi.org/10.1016/j.anifeedsci.2014.07.008

May, B.M., 1961. The occurrence in New Zealand and the life-history of the soldier fly Hermetia
illucens (L.)(Diptera: Stratiomyidae). New Zeal. J. Sci. Wellingt. 4, 55-65.

Mayers, J.J., Flynn, K.J., Shields, R.J., 2013. Rapid determination of bulk microalgal biochemical
composition by fourier-transform infrared spectroscopy. Bioresour. Technol. 148, 215-220.
https://doi.org/https://doi.org/10.1016/j.biortech.2013.08.133

Meneguz, M., Schiavone, A., Gai, F., Dama, A., Lussiana, C., Renna, M., Gasco, L., 2018. Effect of
rearing substrate on growth performance, waste reduction efficiency and chemical composition
of black soldier fly (Hermetia illucens) larvae. J. Sci. Food Agric. 98, 5776-5784.
https://doi.org/10.1002/jsfa.9127

Narita, Y., Inouye, K., 2014. Review on utilization and composition of coffee silverskin. Food Res.
Int. 61, 16-22. https://doi.org/https://doi.org/10.1016/j.foodres.2014.01.023

Nguyen, T.T.X., Tomberlin, J.K., Vanlaerhoven, S., 2015. Ability of black soldier fly (Diptera:
29



684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Stratiomyidae) larvae to recycle food waste. Environ. Entomol. 44, 406—410.
https://doi.org/10.1093/ee/nvv002

Nguyen, T.T.X., Tomberlin, J.K., Vanlaerhoven, S., 2013. Influence of resources on Hermetia
illucens (Diptera: Stratiomyidae) larval development. J. Med. Entomol. 50, 898—906.
https://doi.org/10.1603/ME12260

Nordgy, A., Marchioli, R., Arnesen, H., Videbak, J., 2001. n—3 polyunsaturated fatty acids and
cardiovascular diseases: to whom, how much, preparations. Lipids 36, S127-S129.

https://doi.org/10.1007/s11745-001-0695-7

OPUS-IR™ software , 2016 Bruker Optik GmBH, Ettlingen, Germany, version 7.1.

Perez-Garcia, O., Escalante, F.M.E., de-Bashan, L.E., Bashan, Y., 2011. Heterotrophic cultures of
microalgae: Metabolism and potential products. Water Res. 45, 11-36.
https://doi.org/https://doi.org/10.1016/j.watres.2010.08.037

Poisson, L., Ergan, F., 2001. Docosahexaenoic acid ethyl esters from Isochrysis galbana. J.
Biotechnol. 91, 75-81. https://doi.org/https://doi.org/10.1016/S0168-1656(01)00295-4

Pourfarzad, A., Mahdavian-Mehr, H., Sedaghat, N., 2013. Coffee silverskin as a source of dietary
fiber in bread-making: optimization of chemical treatment using response surface
methodology. LWT - Food Sci. Technol. 50, 599-606.
https://doi.org/https://doi.org/10.1016/j.lwt.2012.08.001

Ren, L.-J., Huang, H., Xiao, A.-H., Lian, M., Jin, L.-J., Ji, X.-J., 2009. Enhanced docosahexaenoic
acid production by reinforcing acetyl-CoA and NADPH supply in Schizochytrium sp. HX-308.
Bioprocess Biosyst. Eng. 32, 837-843. https://doi.org/10.1007/s00449-009-0310-4

Robertson, R., Guihéneuf, F., Schmid, M., Stengel, D., Fitzgerald, G., Ross, P., Stanton, C., 2013.
Algae-derived polyunsaturated fatty acids: implications for human health., in: Catala Ed.
Polyunsaturated fatty acids soucres, antioxidant properties and health benefits. Nova Sciences
Publishers, Inc., Hauppauge, New York, USA, pp. 45-99.

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S., Savastano, D., 2017.
30


https://doi.org/10.1007/s11745-001-0695-7

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

Environmental impact of food waste bioconversion by insects: application of life cycle
assessment to process using Hermetia illucens. J. Clean. Prod. 140, 890—905.
https://doi.org/https://doi.org/10.1016/j.jclepro.2016.06.154

Santos-Silva, J., Bessa, R.J.B., Santos-Silva, F., 2002. Effect of genotype, feeding system and
slaughter weight on the quality of light lambs: Il. Fatty acid composition of meat. Livest. Prod.
Sci. 77, 187-194. https://doi.org/10.1016/S0301-6226(02)00059-3

Shah, S.M.U., Ahmad, A., Othman, M.F., Abdullah, M.A.B., 2014. Enhancement of lipid content in
Isochrysis Galbana and Pavlova Lutheri using palm oil mill effluent as an alternative medium.
Chem. Eng. Trans. 37, 733-738. https://doi.org/10.3303/CET1437123

Sheppard, D.C., Newton, G.L., Thompson, S.A., Savage, S., 1994. A value added manure
management system using the black soldier fly. Bioresour. Technol. 50, 275-279.
https://doi.org/10.1016/0960-8524(94)90102-3

STATGRAPHICS Centurion 18 software, 2018 Manugistics Inc, Rockville, Maryland, USA.

Spranghers, T., Ottoboni, M., Klootwijk, C., Ovyn, A., Deboosere, S., De Meulenaer, B., Michiels,
J., Eeckhout, M., De Clercq, P., De Smet, S., 2017. Nutritional composition of black soldier fly
(Hermetia illucens) prepupae reared on different organic waste substrates. J. Sci. Food Agric.
97, 2594-2600. https://doi.org/10.1002/jsfa.8081

St-Hilaire, S., Cranfill, K., McGuire, M.A., Mosley, E.E., Tomberlin, J.K., Newton, L., Sealey, W.,
Sheppard, C., Irving, S., 2007. Fish offal recycling by the black soldier fly produces a
foodstuff high in omega-3 fatty acids. J. World Aquac. Soc. 38, 309-313.
https://doi.org/10.1111/j.1749-7345.2007.00101.x

Tomberlin, J.K., Sheppard, D.C., Joyce, J.A., 2002. Selected life-history traits of black soldier flies
(Diptera: Stratiomyidae) reared on three artificial diets. Ann. Entomol. Soc. Am. 95, 379-386.
https://doi.org/10.1603/0013-8746(2002)095[0379:SLHTOB]2.0.CO;2

Toschi, T.G., Cardenia, V., Bonaga, G., Mandrioli, M., Rodriguez-Estrada, M.T., 2014. Coffee

silverskin: characterization, possible uses, and safety aspects. J. Agric. Food Chem. 62, 10836—
31



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

10844. https://doi.org/10.1021/jf503200z

Truzzi, C., lluminati, S., Annibaldi, A., Antonucci, M., Scarponi, G., 2017. Quantification of fatty

acids in the muscle of Antarctic fish Trematomus bernacchii by gas chromatography-mass
spectrometry: optimization of the analytical methodology. Chemosphere 173, 116-123.
https://doi.org/10.1016/j.chemosphere.2016.12.140

Truzzi, C., llluminati, S., Annibaldi, A., Finale, C., Rossetti, M., Scarponi, G., 2014.

Physicochemical properties of honey from Marche, Central Italy: classification of unifloral and

multifloral honeys by multivariate analysis. Nat. Prod. Commun. 9, 1595-1602.

https://doi.org/10.1177/1934578X1400901117

Truzzi, C., llluminati, S., Antonucci, M., Scarponi, G., Annibaldi, A., 2018. Heat shock influences

the fatty acid composition of the muscle of the Antarctic fish Trematomus bernacchii. Mar.
Environ. Res. 139, 122-128. https://doi.org/10.1016/J.MARENVRES.2018.03.017

Ulbricht, T.L. V, Southgate, D.A.T., 1991. Coronary heart disease: seven dietary factors. Lancet
338, 985-992. https://doi.org/10.1016/0140-6736(91)91846-M

Ushakova, N.A., Brodskii, E.S., Kovalenko, A.A., Bastrakov, A.l., Kozlova, A.A., Pavlov, D.S.,
2016. Characteristics of lipid fractions of larvae of the black soldier fly Hermetia illucens.
Dokl. Biochem. Biophys. 468, 209-212. https://doi.org/10.1134/S1607672916030145

Van Broekhoven, S., Oonincx, D.G.A.B., van Huis, A., van Loon, J.J.A., 2015. Growth
performance and feed conversion efficiency of three edible mealworm species (Coleoptera:
Tenebrionidae) on diets composed of organic by-products. J. Insect Physiol. 73, 1-10.
https://doi.org/https://doi.org/10.1016/j.jinsphys.2014.12.005

Van Huis, A., 2013. Potential of insects as food and feed in assuring food security. Annu. Rev.
Entomol. 58, 563-583. https://doi.org/10.1146/annurev-ento-120811-153704

Van Huis, A., Van ltterbeeck, J., Klunder, H., Mertens, E., Halloran, A., Muir, G., Vantomme, P.,
2013. Edible insects: future prospects fo food and feed security. FAO, Food and Agriculture

Organization of the United Nations, Rome, Italy.

32



762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

Vargas, A., Randazzo, B., Riolo, P., Truzzi, C., Gioacchini, G., Giorgini, E., Loreto, N., Ruschion
S., Zarantoniello, M., Antonucci, M., Polverini, S., Cardinaletti, G., Sabbatini, S., Tulli, F.,
Olivotto, 1., 2018. Rearing zebrafish on black soldier fly (Hermetia illucens): biometric,
histological, spectroscopic, biochemical, and molecular implications. Zebrafish 15, 404—419.
https://doi.org/10.1089/zeb.2017.1559

Vidyashankar, S., Sireesha, E., Chauhan, V.S., Sarada, R., 2015. Evaluation of microalgae as
vegetarian source of dietary polyunsaturated fatty acids under autotrophic growth conditions.
Food Sci. Technol. 52, 7070-7080. https://doi.org/10.1007/s13197-015-1781-8

Wang, G., Wang, T., 2012. Characterization of lipid components in two microalgae for biofuel
application. J. Am. Oil Chem. Soc. 89, 135-143. https://doi.org/10.1007/s11746-011-1879-8

Wold, S., 1978. Cross-validatory estimation of the number of components in factor and principal
components models. Technometrics 20, 397—405.
https://doi.org/10.1080/00401706.1978.10489693

Zarantoniello, M., Bruni, L., Randazzo, B., Vargas, A., Gioacchini, G., Truzzi, C., Annibaldi, A.,
Riolo, P., Parisi, G., Cardinaletti, G., Tulli, F., Olivotto, 1., 2018. Partial dietary inclusion of
Hermetia illucens (black soldier fly) full-fat prepupae in zebrafish feed: biometric,
histological, biochemical, and molecular implications. Zebrafish 15, 519-532.
https://doi.org/10.1089/zeb.2018.1596

Zarantoniello, M., Randazzo, B., Truzzi, C., Giorgini, E., Marcellucci, C., Vargas-Abundez, J.A.,
Zimbelli, A., Annibaldi, A., Parisi, G., Tulli, F., Riolo, P., Olivotto, 1., 2019. A six-months
study on black soldier fly (Hermetia illucens) based diets in zebrafish. Sci. Rep. 9, 8598 (1-
12). https://doi.org/10.1038/s41598-019-45172-5

Zhu, L., Zhang, X., Ji, L., Song, X., Kuang, C., 2007. Changes of lipid content and fatty acid

J.

composition of Schizochytrium limacinum in response to different temperatures and salinities.

Process Biochem. 42, 210-214. https://doi.org/10.1016/j.procbio.2006.08.002

33



787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig 5

InfraRed (IR) absorbance spectra of coffee silverskin (CS), Isocrysis sp. (I) and
Schizochytrium sp. (S) in the 4000-800 cm™ spectral range. Spectra are shifted along y-axis
for better reading.

Total lipid content (g/kg DM, dry matter) of coffee silverskin substrate (E) and substrates and
Hermetia illucens (HI) prepupae reared on corresponding substrates enriched with: (a) 5%
(As), 10% (Bs), 20% (Cs) and 25% (Ds) of Schizochytrium sp.; (b) 5% (Ai), 10% (Bi), 20%
(Ci) and 25% (Di) of Isochrysis sp. White bar, substrate; grey bar, Insect. Values are presented
as mean £ SD (mean represents 5 replicates). Different letters indicate statistically significant
differences among experimental groups compared within the same matrix (P<0.05).
Comparison of fatty acid (FA) classes (g/100 g FAs) between substrates enriched with 5%
(A), 10% (B), 20% (C), 25% (D) of Schyzochytrium sp. or Isochrysis sp. SFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; n-3, omega-
3 polyunsaturated fatty acids; n-6, omega-6 polyunsaturated fatty acids, n-9, omega-9
polyunsaturated fatty acids; n-3/n-6, omega-3/omega-6 ratio. Different letters indicate
statistically significant differences among rearing substrates containing the same microalga
(P<0.05). Values are presented as mean = SD (mean represents 5 replicates). The coffee
silverskin substrate (E) was not reported in the figure, because the FA profile is the same of
the ingredient silverskin, with the only difference between them being the content of water.
InfraRed (IR) absorbance spectra of coffee silverskin substrate (E) and of substrates enriched
with: (a) 5% (As), 10% (Bs), 20% (Cs) and 25% (Ds) of Schizochytrium sp.; (b) 5% (Ai), 10%
(Bi), 20% (Ci) and 25% (Di) of Isochrysis sp. For a better comparison, the spectra of
Schizochytrium sp. (S) and Isochrysis sp. (I) are also reported. Spectra are showed in
absorbance mode in the 4000-800 cm™ spectral range and shifted along y-axis.

Statistical analysis of band area ratios of substrates enriched with Schizochytrium sp. (a) and

Isochrysis sp. (b): LIP/TBM (lipids/total sample biomass, representative of total lipids),
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Fig. 6

Fig. 7

Fig. 8

UNSAT/TBM (unsaturated lipids/total sample biomass, representative of unsaturated lipid
alkyl chains), FA/TBM (fatty acids/total sample biomass, representative of total fatty acids),
PRT/TBM (proteins/total sample biomass, representative of total proteins), and
CARBO/TBM (carbohydrates/total sample biomass, representative of total carbohydrates).
Coffe silverskin substrate (E); substrates enriched with 5% (As), 10% (Bs), 20% (Cs) and
25% (Ds) of Schizochytrium sp. (S); substrates enriched with 5% (Ai), 10% (Bi), 20% (Ci)
and 25% (Di) of Isochrysis sp. (1); microalgae Schizochytrium sp. (S) and Isochrysis sp. (I).
Values are presented as mean+SD (mean represents 5 replicates). Different letters denote
significant differences among experimental groups (P<0.05).

Fatty acid (FA) classes (9/100 g FAs) of Hermetia illucens (HI) prepupae reared on coffe
silverskin substrate (HI E) and on substrates enriched with: (a) 5% (HI As), 10% (HI Bs), 20%
(HI Cs) and 25% (HI Ds) of Schizochytrium sp.; (b) 5% (HI Ai), 10% (HI Bi), 20% (HI Ci)
and 25% (HI Di) of Isochrysis sp.. SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; n-3, omega-3 polyunsaturated fatty acids; n-6,
omega-6 polyunsaturated fatty acids, n-9, omega-9 polyunsaturated fatty acids; n-3/n-6,
omega-3/omega-6 ratio. Values are presented as mean = SD (mean represents 5 replicates).
InfraRed (IR) absorbance spectra of Hermetia illucens (HI) prepupae reared on coffe
silverskin substrate (HI E), and on substrates enriched with: (a) 5% (HI As), 10% (HI Bs),
20% (HI Cs) and 25% (HI Ds) of Schizochytrium sp.; (b) 5% (HI Ai), 10% (HI Bi), 20% (HI
Ci) and 25% (HI Di) of Isochrysis sp. Spectra are showed in absorbance mode in the 4000-
800 cm'! spectral range and shifted along y-axis.

Statistical analysis of band area ratios of HI prepupae reared on CS substrate (HI E) and on
substrates enriched with: (a) 5% (HI As), 10% (HI Bs), 20% (HI Cs) and 25% (HI Ds) of
Schizochytrium sp.; (b) 5% (HI Ai), 10% (HI Bi), 20% (HI Ci) and 25% (HI Di) of Isochrysis
sp. LIP/TBM (lipids/total sample biomass, representative of total lipids), FA/TBM (fatty

acids/total sample biomass, representative of total fatty acids), UNSAT/TBM (unsaturated
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Fig. 9

lipids/total sample biomass, representative of unsaturated lipid alkyl chains) and PRT/TBM
(proteins/total sample biomass, representative of total proteins). Values are presented as
meanzSD (mean represents 5 replicates). Different letters denote significant differences
among experimental groups (P<0.05).

Principal Component Analysis: 2D Biplot of PC1 (first Principal Component) versus PC2
(second Principal Component). HI E: prepupae reared on substrate E (100% coffee silverskin,
CS); HI As, HI Bs, HI Cs, HI Ds: prepupae reared on substrate CS enriched with 5%, 10%,
20%, and 25% of Schizochytrium sp., respectively; HI Ai, HI Bi, HI Ci, HI Di: HI prepupae
reared on substrates CS enriched with 5%, 10%, 20%, and 25% of Isochrysis sp., respectively.
TL: total lipids, g/kg DM (dry matter); LIP/TBM: amount of lipids relative to total sample

biomass; PRT/TBM: amount of proteins relative to total sample biomass.
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Table 1 Percentage of ingredients in tested feeding substrates, and relative water content.

Moisture,

Substrate CS (%) Schizochytrium sp. (%)  Isochrysis sp. (%) a/kg

(n=3)
As 95 5 - 695+3
Bs 90 10 - 693+1
Cs 80 20 - 692+2
Ds 75 25 - 6934
E 100 0 0 68615
Ai 95 - 5 688+3
Bi 90 - 10 700+3
Ci 80 - 20 68312
Di 75 - 25 69416

Substrates As, Bs, Cs and Ds: coffe silverskin (CS) enriched with 5%, 10%, 20% and 25% of Schyzochytrium

sp., respectively; substrate E: 100% CS; substrates Ai, Bi, Ci and Di: CS enriched with 5%, 10%, 20% and 25%

Isochrysis sp., respectively.
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Table 2 Fatty acid (FA) profile (as g/100 g FAs) of the ingredients coffee silverskin (CS),

Schizochytrium sp. and Isochrysis sp.

) CS . . 856
Fatty acids (Saccaria) Schizochytrium sp.  Isochrysis sp.
10:0 nd 0.05+0.004 nd 857
12:0 0.20+0.06  0.13+0.01 0.06+0.01
14:0 2.4+0.1 0.9+0.01 16.7+0.3 858
15:0 0.61+0.04  0.12+0.01 0.31+0.02
16:0 221406  12.9+0.7 9.2+¢0.4 839
16:1n9 0.42+0.02  0.59+0.01 4.6+0.2
16:2n7 0.09+0.04 nd 2.0+0.1 860
17:0 0.38+0.03  0.12+0.01 nd 861
18:0 155+0.1  1.9+0.3 1.0+0.1
18:1n9 7.2405 0.2+0.01 11.5+0.2 gg2
18:1n7 0.85+0.03  0.61+0.01 1.3+0.1
18:2n6 26.240.9  0.4+0.1 7.5+0.1 863
18:3n6 nd 0.21+0.01 1.240.1
18:3n3 2.9+0.1 0.5+0.1 12.8+0.3 864
20:0 11.4+1.1  0.3x0.1 nd
20:1n9 0.54+0.02  nd nd 865
20:4n6 nd 1.1+0.1 nd
20:5n3 nd 1.240.1 nd 866
22:0 8.7+0.5 nd nd 867
23:0 0.38+0.03 nd nd
24:0 0.17+0.09  nd nd 868
22:6n3 nd 78.8+0.5 31.7+0.7
Total SFAs 61.8+1.1  16.3+0.7 27.3+0.5 869
Total MUFAs  9.0+0.3 1.4+0.1 17.5+0.2
Total PUFAs  29.2+0.4  82.2+0.9 55.2+0.8 870
n-3 2.9+0.3 80.5+0.9 44.6+0.8
n-6 262403  1.740.0 g.7+01 871
n-9 8.14+03  0.8+0.0 16.1+0.2 gg
n-3/n-6 0.11+0.01  46.8+1.4 5.1+0.1

SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids, PUFAS, polyunsaturated fatty acids, n-3, omega-3
polyunsaturated fatty acids, n-6 omega-6 polyunsaturated fatty acids, n-9 omega-9 polyunsaturated fatty acids, n-3/n-6,
omega-3/omega-6 ratio. Data represent mean + standard deviation (n. aliquots per sample = 3, replicates for each aliquot

= 3).

nd, not detected
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Table 3 Fatty acid (FA) profile (as g/100 g FAs) of control substrate (E), and substrates enriched with Schyzochytrium sp. or Isochrysis sp.

FA E As (5%) Bs (10%) Cs (20%) Ds (25%) P-value Ai (5%) Bi (10%) Ci(20%) Di(25%) P-value
10:0 nd 0.03+£0.002 0.04+0.007 0.04+0.001 0.04+0.001 nd nd nd nd

12:0 0.15+0.01 0.15+0.06  0.16+0.03  0.13+0.01  0.12+0.002 0.11+0.01  0.13+0.01 0.10+0.01 0.11+0.01

14:0 2.5+0.2 1.240.12 1.1+0.12 1.0+£0.012 1.0+£0.012 0.054 2.6+0.18 3.3+0.1° 4.4+0.1° 4.440.2° 0.001
15:0 0.63+0.05 0.23+0.01  0.21+0.03  0.19+0.01  0.18+0.01 0.61+0.01 0.57+0.01 0.60+0.01 0.56+0.01

16:0 22.7+0.4 16.4+1.4° 15.4+1.13b  13.1+0.6° 14.3+0.92 <0.001 22.5+0.3¢ 21.5+0.1°¢ 21.3+0.3° 19.3+0.4% 0.0023
16:1n9 0.43+0.04 0.47+£0.02 0.53+0.06  0.55+0.01  0.55+0.01 2.4+0.32 2.7+0.32 3.840.1>  5.1+0.1°  0.0005
16:2n7 0.11+0.01 0.02+0.01  0.03+0.01  0.03+0.01  0.03+0.01 2.3+0.1° 1.740.12 2.9+0.1° 5.0+0.1¢ <0.001
17:0 0.38+0.02 0.17£0.01 0.16+0.01  0.15+0.01  0.14+0.01 0.38£0.01  0.36+0.01 0.36x0.01 0.33+0.01

18:0 16.91£0.5 4.5+0.49 3.5+0.1°¢ 3.2+0.3b 2.7+0.18 <0.001 15.8+0.14 14.140.1°¢ 9.4+0.1°  6.6+0.1>  <0.001
18:1n9 6.3+0.4 1.7+0.2 1.1+0.1 0.9+0.1 0.7+0.05 5.8+0.12 6.0+0.12 7.3+0.2°  7.5+0.1°  0.0005
18:1n7 0.831£0.02 0.56+0.01 0.58+0.04 0.60+0.01 0.57+£0.004 1.4+0.1 1.3+0.01 1.6£0.01 1.9+0.03

18:2n6 24.0+1.4 6.1+0.3¢ 4.2+0.3¢ 2.8+0.2° 2.5+0.2% <0.001 15.8+0.1° 15.4+40.2° 15.7+#0.1°> 13.8+#0.1* 0.0002
18:3n6 nd 0.14+0.01  0.174#0.02  0.17+0.01  0.17+0.01 0.15+0.01  0.18+0.01 0.24+0.01 0.30+0.02

18:3n3 2.7+0.1 1.0£0.1 0.9+0.1 0.8+0.1 0.7+0.02 8.7+0.1° 7.3+0.12 11.5+0.1¢ 16.8+0.1¢ <0.001
20:0 11.9+0.6 3.0+0.2¢ 2.1+0.1° 1.940.1° 1.740.1° <0.001 9.9+0.2¢ 10.340.2¢ 7.8+0.3° 59+0.2°  <0.001
20:1n9 0.48+0.02 0.13+0.01  0.10#0.01  0.07+0.01  0.06+0.01 0.35£0.04  0.35+0.01 0.37+0.06 0.29+0.01

20:4n6 nd 0.9£0.1 0.9£0.1 1.0£0.1 1.0+£0.02 nd nd nd nd

20:5n3 nd 0.8+0.1 0.9+0.1 1.0£0.1 1.0+0.03 nd nd nd nd

22:0 9.4+1.2 2.0+0.3° 1.340.22 1.240.1° 1.3+0.078 <0.001 9.6+0.2° 10.6+0.2¢  7.3+x0.2°  6.2#0.1>  <0.001
23:0 0.35+0.04 0.09+0.01 0.06£0.01  0.05+0.01  0.05+0.01 0.29+0.02  0.38+0.03 0.24+0.04 0.22+0.01

24:0 0.21+0.04 nd nd nd nd nd nd nd nd

22:6n3 nd 60.6+1.92  66.4+1.5° 71.1+0.4¢ 71.3+1.4¢ <0.001 1.5+0.12 3.9+0.3% 5.1+0.1°¢ 5.7+0.1¢  <0.001

Substrate E: 100% coffe silverskin (CS); substrates As, Bs, Cs and Ds: CS enriched with 5%, 10%, 20% and 25% of Schyzochytrium sp., respectively; substrates Ai, Bi, Ci and

Di: CS enriched with 5%, 10%, 20% and 25% Isochrysis sp., respectively.

Data represent mean + standard deviation (replicates for each group = 5; n. aliquots per replicate = 3).

Means within rows of rearing substrates containing the same microalga bearing different letters are significantly different (P<0.05). FAs <1g/100 g FAs were excluded from any
statistical analyses because their concentrations were close to the limit of detection.
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Table 4 Fatty acid (FA) profile (as g/100 g FAs) of Hermetia illucens (HI) prepupae reared on tested feeding substrates.

AME g on  ow e (N dme Qo s P
10:0 0.25+0.04 0.38£0.08  0.52+0.14  0.85+0.02  0.55+0.03 0.87£0.01  1.03£0.01  0.94+0.02  0.85+0.02

12:0 14.1+£1.5° 9.440.4b 8.0£0.22 19.5+0.3¢ 19.9+1.94 28.3+0.3¢ 32.5+1.5f 30.2+1.4 28.2+0.6° <0.001
14:0 3.2+0.7b¢ 2.7+0.1° 2.0+0.28 5.9+0.9¢ 4.0+0.4¢ 5.7+0.1¢ 6.7+0.1° 6.8+0.2° 6.9+0.2° <0.001
15:0 0.46+0.02 0.32+0.02  0.22+0.05 0.16£0.02  0.12+0.01 0.24+0.01  0.27#0.01  0.25#0.01  0.20+0.01

16:0 18.1+2.0° 16.6+0.6%  15.9+1.2¢ 12.1+0.6° 10.8+1.02 14.4+0.5° 14.3£0.6° 12.7+0.5° 12.0+0.6° <0.001
16:1n7 4.7+0.5P¢ 4.1+0.435 5.240.1° 4.3+0.5%0 5.0+0.3¢ 3.8£0.12 4.6+0.1° 3.9+0.22 3.6+0.22 0.0051
16:2n7 nd nd nd nd nd nd nd nd nd

17:0 0.51+0.01 0.42+0.06  0.35+0.09  0.21+0.02  0.16%0.02 0.27+0.01  0.20£0.01  0.20£0.01  0.24+0.02

18:0 10.8+0.7¢ 17.1+0.5f 12.6+0.5° 4.7+0.6° 5.8+0.6° 21.4+0.99 12.9£0.7¢ 11.0+0.64 9.0+0.6° <0.001
18:1n9 9.0+0.9 ¢ 8.2+0.3° 11.3+0.3¢ 11.740.8%  12.9+0.75f 7.4+0.22 10.2+0.7¢ 12.440.7¢ 13.9+0.8f <0.001
18:1n7 2.5+0.3f 1.5+0.14¢ 1.4+0.1¢ 0.9+0.2b 0.5+0.12 1.6+0.1° 1.240.1° 1.240.1° 1.1+0.15¢ <0.001
18:2n6 6.2+0.6°4 4.6+0.2° 4.9+0.6° 3.7£0.28 3.9+£0.42 4.0£0.32 4.8+0.3" 5.9+0.4¢ 6.8+0.5¢ <0.001
18:3n6 0.4+0.1 0.9+0.1 1.6+0.2 1.61£0.4 1.9+0.6 0.1+0.1 0.1+0.1 0.2+0.1 0.2+0.1

18:3n3 1.0+0.2° 0.9£0.12 1.1+0.22 1.0+0.1° 1.1+0.2° 1.2+0.3? 2.3+0.3° 3.8+£0.4¢ 5.3+0.4¢ <0.001
20:0 11.0+0.3¢ 6.9+0.7¢ 2.7+0.7° 1.240.1° 1.3+0.22 4.2+0.5¢ 2.9+0.4° 2.6+0.5° 2.4+0.4° <0.001
20:1n9 0.02+0.01 0.15£0.05  0.12+0.05 0.01+0.01  0.05%0.04 0.04+0.01  0.06+0.01  0.04+0.01  0.07+0.01

20:4n6 0.1+0.3? 2.2+0.4¢ 3.2+0.4¢ 3.6+0.3¢ 3.9+0.7¢ 0.4+0.3%b 0.7+0.2° 1.440.1° 2.0+0.1¢ <0.001
20:5n3 0.8+0.22 6.5+0.3¢ 10.6+0.2f 10.6+0.2f 11.74£0.1° 0.6£0.12 1.240.1° 2.2+0.1° 3.0+0.1¢ <0.001
22:0 16.0+0.4° 8.9+0.7¢ 2.8+0.3b 1.3+0.22 1.1+0.3% 5.0+0.4¢ 3.3+0.3° 3.0+0.2° 2.8+0.3° <0.001
23:0 nd nd nd nd nd nd nd nd nd

24:0 nd nd nd nd nd nd nd nd nd

22:6n3 0.7+0.22 8.3+0.6° 15.6+0.8%¢  16.7+0.3¢ 15.2+0.24 0.5+0.12 0.6+0.12 1.240.2° 1.440.2° <0.001

HI E: prepupae reared on substrate E (100% coffe silverskin, CS); HI As, HI Bs, HI Cs, HI Ds: prepupae reared on substrate CS enriched with 5%, 10%, 20% and 25% of

Schyzochytrium sp, respectively; HI Ai, HI Bi, HI Ci, HI Di: prepupae reared on substrate CS enriched with 5%, 10%, 20% and 25% of Isochrysis sp., respectively.

Data represent mean + standard deviation (replicates for each group = 5; n. aliquots per replicate = 3).
Means within rows bearing different letters are significantly different (P<0.05). FAs <1g/100 g FAs were excluded from any statistical analyses because their concentrations were

close to the limit of detection.
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Table 5 Principal Component Analysis. Eigenvalues, explained and cumulative variance, loadings

of the variables for the first three Principal components.

Principal Component

1 2 3
Variance explained

Eigenvalues 8.508 6.209 1.812

% of variance 47.26 34.50 10.07

Cumulative % 47 26 81.76 91.83
Factor loadings
12:0 0.061 0.364 0.175
14:0 0.019 0.373 0113
16:0 0.236 -0.271 0.064
16:1n7 -0.114 -0.264 0.100
18:0 0.230 -0.054 -0.422
18:1n9 -0.216 0.206 0.419
18:1n7 0.291 -0.174 0.145
18:2n6 0.167 0.133 0.585
18:3n6 -0.292 -0.207 0.034
18:3n3 0.036 0.347 0.312
20:0 0.258 -0.220 0.184
20:4n6 -0.330 -0.062 0.075
20:5n3 -0.311 -0.160 0.025
22:0 0.252 -0.215 0.217
22:6n3 -0.298 -0.189 -0.022
TL -0.328 -0.064 -0.082
LIP/TBM -0.299 0.161 0.126
PRT/TBM 0.077 0.372 -0.128

TL: total lipids, g/kg DM (dry matter); LIP/TBM: amount of lipids relative to total sample biomass; PRT/TBM: amount
of proteins relative to total sample biomass.
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Table 6  Atherogenic index (Al), thrombogenic index (T1), Hypo/Hyper-cholesterolemic index (HH), and PUFA/SFA ratio of HI prepupae reared

on coffee silverskin (E) and on coffee silverskin enriched with different percentages of Shizochytrium sp. or Isochrysis sp.

Nutritional

HI As

HI Bs

HI Cs

HI Ds

HI Ai

HI Bi

HI Ci

HI Di

indices HIE (5%) (10%) (20%) (25%) (5%) (10%) (20%) (25%) P-value
HI 1.830.080  0.99+0.05° 0.58+0.06° 1.02+0.08° 0.84+0.05" 3.34£0.079 2.8620.06" 2.18+0.07° 1.81+0.03' <0.001
TI 168£0.23"  0.61+0.04° 0.31£0.02° 0.22+0.01° 0.200.02° 0.20£0.02° 1.42+0.02¢ 0.87+0.01 0.630.01° <0.001
HH 0.85:0.06°  1.58+0.00°¢ 2.62+0.270 2.63x0.229 3.30+0.23¢ 0.70£0.02° 0.940.02* 1.38+0.09" 1.724#0.06° <0.001
PUFA/SFA 0.12£0.02¢  0.37+0.02¢ 0.82+0.07¢ 0.81+0.03 0.8620.04¢ 0.08£0.01° 0.13+0.01* 0.27+0.01" 0.30£0.01° <0.001

HI E: prepupae reared on substrate E (100% coffe silverskin, CS); HI As, HI Bs, HI Cs, HI Ds: prepupae reared on substrate CS enriched with 5%, 10%, 20% and 25% of
Schyzochytrium sp, respectively; HI Ai, HI Bi, HI Ci, HI Di: prepupae reared on substrate CS enriched with 5%, 10%, 20% and 25% of Isochrysis sp., respectively.

PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.
Data represent mean + standard deviation.
Means within rows bearing different letters are significantly different (P<0.05)
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