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15 Simple Summary: One of the most critical issues threatening the sustainability and further
16 growth of intensive carnivorous aquaculture is its dependence on fishmeal and fish oil. Alterna-
17 tive ingredients are therefore necessary to promote sustainable aquaculture production without
18 compromising fish growth and health. Use of insects as alternative protein source for aquacul-
19 ture feed production is an excellent example of circular economy. Among insects, Hermetia illu-
20 cens is one of the most promising sustainable protein and lipid sources. This study aimed to
21 evaluate the effects of partially defatted HIM dietary inclusion on growth performance, stress
22 indicators and gut histological traits of Sparus aurata. The feeding trial was carried out on 312
23 fish fed with a basal diet, containing only fish meal as protein source of animal origin, and three
24 diets (HIM25, HIM35, and HIM50), containing 25%, 35% and 50% defatted Hermetia illucens meal
25 as a partial replacement for fishmeal. The trial lasted 131 days. Results show that the insect meal
26 inclusion did not affect growth performance and blood parameters and the health of the poste-
27 rior gut tract while, the inclusion level at the 50% caused morphometric and histopathological

28  changes in the anterior gut tract. Among the diets, the HIM35 was the most tolerated formula-
29  tion by fish.

30  Abstract: The effect of defatted Hermetia illucens meal (HIM) dietary inclusion on growth perfor-

31 mance, stress indicators and gut histological traits of Sparus aurata was studied. For 131 days,

32 312 fish were fed with one basal diet, containing fish meal as animal protein source, and three

33 diets containing 25%, 35% and 50% HIM as a partial replacement for fishmeal. On all fish (26
fish per tank, 3 replicate tanks per diet, 78 fish per diet) the growth performance were calculated.
At the end of the trial, on a subsample of 72 specimens (6 fish per tank, 3 replicate tanks per diet,
18 fish per diet), stress parameters were determined on blood samples and gut histological tract
investigated. Insect meal inclusion did not affect (p > 0.05) growth performance, blood parame-
ters, length and width of villi and goblet cell count of the posterior gut tract while, those of the
anterior gut tract while increased (p < 0.05). The histological examination of the intestinal sec-
tions showed in fish fed the HIM25 and HIM50 diets, more frequent and evident morphological
changes; instead, there were no substantial differences between HIMO and HIM35 groups. In
conclusion, the HIM35 was the most tolerated formulation by fish.
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46 1. Introduction
47 One of the most critical issues threatening the sustainability and further growth
48 of intensive carnivorous aquaculture is its dependence on fishmeal (FM) and fish oil
49 (FO) [1]. Alternative ingredients are therefore necessary to promote sustainable aqua-
50 culture production without compromising fish growth and health and the nutritional
51 quality of fillets. Many studies have focused on alternative protein sources, such as
52 vegetable proteins (PP: oilseed flours, cereal proteins and grain legumes); however,
53 carnivorous fish are not very efficient in digesting carbohydrates; moreover, PP con-
54 tains several anti-nutritional factors that reduce fish growth and morphological char-
55 acteristics of the digestive system [2] decreasing the availability of nutrients [3]. Other
56 alternative protein sources include processed animal proteins (PAPs) derived from an-
57 imal by-products (poultry meal, blood meal and hydrolysed poultry feathers) which
58 provide essential amino acids [4], although this availability depends on the heat treat-
59 ment adopted during feed manufacturing [5]. Among PAPs, insect meal is considered
60 the optimal substitute for FM in fish diet [6-9]. The use of insects as alternative protein
61 source for aquaculture feed production is an excellent example of circular economy
62 and, recently, promising results have been obtained in numerous commercial fish spe-
63 cies. Insect meals show several advantages over conventional PAPs. Insects grow and
64 reproduce quickly and easily bio-converting food waste or low value organic sub-
65 strates into high-quality nutrients [10]; they have a low ecological footprint [11] and
66 high feed conversion efficiency [12]. Furthermore, the inclusion of insect meal in fish
67 diet can modulate the gut microbiome [13-15] and stimulate the immune system [16]
68 with positive repercussions on animal health [17].
69 The regulatory network on the use of insect-derived proteins in animal feeds is
70 Country-specific [18]. So far, in EU, a list of PAPs from eight insects has been approved
71 for aquaculture, poultry and pig feed [19].
72 Among these, Tenebrio molitor [20,21], Musca domestica [22,23] and Hermetia illucens
73 [24-27] are the species that have received the most attention thanks to the possibility of
74 mass breeding, the control of the life cycle and the chemical composition.
75 Hermetia illucens (HI) is one of the most promising sustainable protein and lipid
76 sources [24-31]. The chemical composition of HI can vary considerably in relation to
77 the breeding substrate and processing technology [32,33]. Based on dry matter (DM),
78 the defatted HI meal contains 47.2% to 51.8% crude protein and 11.8% to 14.8% oil
79 [34,35], while the full-fat HI meal contains 36% crude protein and 18% oil, on average
80 [36]. The amino acid profile is comparable to that of fishmeal [9,37,38], while the fatty
81 acid composition shows a deficiency of long-chain fatty acids (LCFA) of the n3 series
82 such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). However, stud-
83 ies report that the presence of fish offal and algae in the feeding media of the larvae
84 can enrich the lipid profile in n3-LCFA [33,39]. Oteri et al. [26] report a similar content
85 of alpha-linolenic acid, EPA and DHA among four diets for Sparus aurata containing
86 increasing levels of HI flour replacing FM, confirming the hypothesis on the influence
87 of the feeding substrate on the fatty acid composition of larvae [40]. A controversial
88 issue with HI meal as an ingredient in the fish diet is the presence of chitin. Studies
89 have shown that chitin may play a role in modulating gut microbiome [14] and innate
90 immune response [41], although there are few studies on the effect of chitin on intesti-
91 nal morphology, which is considered the main indicator of intestinal health [4,42,43].
92 With the aim of further characterizing the feasibility of Hermetia illucens as an un-
93 conventional protein source in aquafeed, closely related to the economic aspects of aq-
94 uaculture farms, this study aimed to evaluate the effects of partially defatted HIM di-
95 etary inclusion on growth performance, stress indicators and gut histological traits of
96 Sparus aurata.
97

98 2. Materials and Methods
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99 2.1. Ethics

100 All procedures on fish were carried out in accordance with Italian legislation [44]
101 implementing European Directive 2010/63/EU [45] on the protection of animals used
102 for scientific purposes. The trial was carried out at the experimental aquaculture facil-
103 ity of IRBIM, CNR (Institute for Biological Resources and Marine Biotechnologies, Na-
104 tional Research Council, Messina, Italy). The experimental protocol was authorized by
105 the Italian Ministry of Health (Ministerial Authorization number 491/2019-PR released
106 on 9t July 2019).
107 2.2. Experimental diets
108 Four experimental diets were formulated to meet the nutritional requirements of
109 Sparus aurata, as reported by NRC [46]. The diets were isoenergetic (about 22 MJ/kg,
110 gross energy), isonitrogenous (about 43 g/100g, as fed) and isolipidic (about 19 g/100g,
111 as fed). A basal diet (HIMO), where fish meal (FM) was the exclusive protein source
112 (250 g/kg) of animal origin, was formulated. For the others three diets (HIM25, HIM35,
113 and HIM50), the defatted Hermetia illucens meal was added at 25%, 35% and 50% (as
114 fed basis) to the basal diet, replacing FM partially, to create three formulas character-
115 ised by different amount of FM (188, 163, 125 g/kg) and HIM (79, 110, and 157 g/kg). In
116 order to keep the diet isoenergetic, the quantities of the other ingredients utilized in
117 the formulation were modified. In particular, the rapeseed oil was reduced from 100
118 g/kg (HIMO) to 98 g/kg in all the diet containing HIM, and wheat meal from 175 g/kg
119 (HIMO) to 152 g/kg (HIM25), 142 g/kg (HIM35), and 129 g/kg (HIM50).
120 Diets were manufactured at SPAROS Lda (Olhao, Portugal) by extrusion in a pel-
121 let size of 4 mm; all dietary ingredients were weighed, mixed, and grounded, and the
122 feeds were extruded in a single screw extruder. After extrusion, the kibbles were dried
123 and coated with oils using a vacuum coating technology. All the diets were stored in a
124 cold room until they were used. The ingredients and the proximate composition of the
125 diets (HIMO, HIM25, HIM35, and HIM50) are reported in Table 1. For the chemical
126 composition, feed samples were analyzed in duplicate for dry matter (DM), crude pro-
127 tein (CP), ether extract (EE), crude fiber (CF) and ash contents according to AOAC [47]
128 procedures (ID number: 2001.12, 978.04, 920.39, 978.10 and 930.05, respectively). The
129 nitrogen-free extract (NFE, g/100g, as fed) was calculated as:

NFE (g/100g, as fed) = 100 — (crude protein + ether extract + crude fiber + ash).

130 The Gross energy (GE, MJ/kg) content was determined using an adiabatic calori-
131 metric bomb. As regards the composition of fatty acids, amino acids, minerals, the mi-
132 crobiological and sensory characteristics of the four diets, the analytical methods and
133 the results obtained were reported in a previous research [26].
134
135 Table 1. Diet ingredients and proximate composition of the experimental diets.
HIMO HIM25 HIM35 HIM50
Ingredients, % as fed
Fish meal 25.00 18.75 16.25 12.50
Hermetia illucens meal 0 7.90 11.00 15.70
Soy protein concentrate 5.00 5.00 5.00 5.00
Wheat gluten 5.00 5.00 5.00 5.00
Corn gluten 5.00 5.00 5.00 5.00
Soybean meal 48 15.00 15.00 15.00 15.00
Rapeseed meal 5.00 5.00 5.00 5.00
Wheat meal 17.45 15.17 14.21 12.88

Whole peas 4.00 4.00 4.00 4.00
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Fish oil 5.00 5.00 5.00 5.00
Rapeseed oil 10.00 9.80 9.80 9.80
Vitamin and mineral premix 1.00 1.00 1.00 1.00
Vitamin C35 0.03 0.03 0.03 0.03
Vitamin E50 0.02 0.02 0.02 0.02
Antjoxidant 0.30 0.30 0.30 0.30
Sodium propionate 0.10 0.10 0.10 0.10
MCP, monocalcium phosphate 1.50 2.20 2.50 2.80
L-Lysine 0.30 0.35 0.37 0.40
L-Tryptophan - 0.03 0.04 0.05
DL-Methionine 0.10 0.15 0.18 0.22
L-Taurine 0.20 0.20 0.20 0.20
Chemical composition, % as fed

Dry matter 92.33 92.78 92.90 92.64
Crude protein 42.7 42.7 42.7 42.7
Ether extract 18.6 18.6 18.6 18.7
Crude fiber 2.3 2.2 22 21
Ash 9.3 9.3 9.4 9.3
NFE* 19.43 19.98 20.00 19.84
Gross Energy, MJ/kg feed* 22.0 21.9 21.9 21.9

HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement
level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; *Nitrogen-free extract,
NFE (%) = 100 - (%Crude Protein + %Ether extract + %Crude fiber + %Ash). ‘Determined by
calorimetric bomb.

2.3. Fish and feeding trial

The feeding trial was carried out at the IRBIM-CNR facility (Messina, Italy) on
Sparus aurata specimens. On 3 February 2020, 312 fish purchased by the Ittica Caldoli
Company (Lesina, Foggia, Italy) were transported to the facility and transferred to a
large tank (4.5 m3) for about 1 month to acclimatize to the breeding conditions. During
this period, fish were fed with a commercial diet (46% protein, 16% fat; 20.7% NFE,
2.3% crude fiber; Aller Blue Omega 3 mm; Aller Aqua Company, Christiansfeld, Den-
mark). After the acclimation period, fish were individually weighed (average initial
weight: 143.65 + 25.94 g), after a 24-h fasting period and a light sedation (tricaine me-
thanesulfonate solution, MS222, Sigma-Aldrich, Italy; 25 mg/L) to reduce the stress,
and randomly divided into twelve indoor fiberglass tanks of 1.4 m3 (26 fish per tank)
in an open circuit system equipped with a sand mechanical filter (filtering capacity: 4
micron; filtering speed: 30m3/h/m? filtered water flow: 12.7m2/h) and UV lamp
(15m3/h; 40 mJ/cm?). During the experimental period, water flow was maintained con-
stant (12L/min — 12 complete tanks renewals a day). Daily, water parameters, pH, Oz
and temperature, were measured using a professional multi parametric probe (YSI Pro-
fessional Plus Multi-Parameters Water Quality Meter probe — Xylem Inc., Yellow
Springs, OH, USA). After stocking, fish were fed with the commercial diet and adapted
to the experimental conditions and diets (HIM0, HIM25, HIM35, and HIM50) for one
week. Each diet was assigned in triplicate to the experimental groups (tanks) according
to a completely random design (26 fish/tank, 3 replicate tanks per diet, 78 fish per diet).
During the feeding trial, fish were kept under natural photoperiodic conditions.

Six days in a week in two daily meals (9:00 am and 4:00 pm), for 131 days, fish
were fed by hand to visual satiety with the experimental diets (HIM0, HIM25, HIM35,
HIM50), initially at 0.8%, increasing up to 1.5% of wet biomass according to water tem-
perature. At the end of each meal, the uneaten feed by the bottom of each tank was

do0i:10.20944/preprints202212.0414.v1
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166 recovered, dried overnight at 105 °C and weighed to estimate the feed intake. Through-
167 out the growth trial period, the biomass tanks were weighed in bulk every 20 days, in
168 order to update the daily feeding rate.
169 Daily, the tanks were inspected for mortality.
170 At the end of the trial, after a 24-h fasting period, all fish were sacrificed through
171 an overdose of anesthetic (tricaine methanesulfonate solution, MS222, Sigma-Aldrich,
172 Italy; 0.3 g/L) and individual biometry measurements (total length and body weight)
173 were recorded, liver and viscera sampled and blood samples withdrawn, as described
174 in the following sections.
175 2.4. Growth performance
176 On all fish (26 fish per tank, 3 replicate tanks per diet, 78 fish per diet), the indi-
177 vidual final body weight was recorded to calculate the following indices for each fish
178 per each diet:
179
180 WG (Weight gain, g) = Final body weight (g) — Initial body weight (g)
181

log(final body weight, g) —log(initial body weight,
182 SGR (Specific growth rate, %) = & Y ght,¢) g{ Y ght 8) x 100
number of feeding days
183
) total feed consumed per tank biomass (g DM)
184 FCR (Feed conversion rate) = , -
weight gain (g)
185
. . L weight gain (g)
186 PER (Protein efficiency ratio) = total protein fed (g DM)
187
o (feed intake / mean weight)
188 DIR (Daily intake rate, %) = [ %X 100
days
189 2.5. Fulton’s condition factor and somatic indices
190 On all fish (26 fish per tank, 3 replicate tanks per diet, 78 fish per diet), the indi-
191 vidual total length was recorded to calculate the the Fulton’s condition factor (K) for
192 each fish per each diet:
193
bod ight
194 = [ - ody weight (g) x 100
(fish total length)3® (cm)
195
196 From a subsample of 72 specimens (6 fish per tank, 3 replicate tanks per diet, 18
197 fish per diet), liver and viscera were separated and weighed was measured. Therefore,
198 the the hepato-somatic (HSI) and viscero-somatic (VSI) indices were calculated as fol-
199 low:
200
liver weight (g)]
%) =

201 HSI (%) [body weight (g) x 100
202

VS (%) = [viscera weight (g) % 100
203 (%) = body weight (g)
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204 2.6. Stress parameters
205 On a subsample of 72 specimens (6 fish per tank, 3 replicate tanks per diet, 18 fish
206 per diet), blood samples (approximately 2 mL) were withdrawn from caudal veins to
207 assay stress indicators. Blood samples were collected in specific serum separator tubes
208 to obtain the sera or in VACUETTE tubes with heparin to separate plasma. For sera,
209 blood samples were allowed to clot for two hours at 4 °C and then centrifuged for 15
210 minutes at 1000 x g. For plasma, blood samples were centrifuged at 2500 x g for 15
211 minutes. Serum and plasma samples were divided in aliquots and stored at -80 °C until
212 the analyses.
213 The serum adrenocorticotropic hormone (ACTH) and cortisol levels were deter-
214 mined by a microplate reader (iMark™ — Bio_Rad) using Enzyme Immunoassay kits
215 supplied by CUSABIO® (CSB-E15926Fh and CSB-E08487f, respectively). The serum
216 glucose and lactate levels were determined by spectrophotometric analysis (Agilent
217 Cary 60 UV-Vis) using commercial kits from SPINREACT (Glucose-LQ. GOD-POD lig-
218 uid; Lactate. LO-POD. Enzymatic colorimetric). The plasma total protein concentration
219 was determined using a PIERCETM BCA Protein Assay kit (Thermo Fisher Scientific,
220 Cat No: 23225).
221 2.7. Gut Histological analyses
222 On a subsample of 72 specimens (6 fish per tank, 3 replicate tanks per diet, 18 fish
223 per diet), the intestinal tract was excised, washed with a 0.9% saline solution to remove
224 the content and quickly divided into two parts: anterior gut tract (Al) and posterior gut
225 tract (PI). From each segment, a 5 mm long piece was quickly cut and fixed in Bouin
226 solution (Sigma-Aldrich, Italy) for 24 hours and, afterward, washed and preserved in
227 70% ethanol until processing. Then, all the samples were dehydrated through a graded
228 series of ethanol, clarified with xylene and embedded in paraffin wax blocks, sectioned
229 at 5pum thickness using a rotatory microtome and stained with Haematoxylin & Eosin
230 (H&E) and Periodic Acid Schiff for the identification of goblet cells.
231 Double-Blinded histological examination to evaluate some possible pathological
232 changes in the groups, was performed using a light microscopy (Leica DMR). Morpho-
233 metric parameters were determined by means an images analyser (Leica Las V4.9).
234 A semi-quantitative analysis of the histopathological findings was performed us-
235 ing a scoring system modified [48-50] on a scale from 0-1 to 5 (score 0-1 indicates an
236 intestine health status normal or compatible with the rearing condition, and score 5 the
237 most severe enteritis signs). In this scoring system, the following morphological pa-
238 rameters of enteritis were quantified independently:
239 1. Epithelium detachment from the lamina propria (ED);
240 2. Microvilli condition (mVC);
241 3. Loss of enterocytes nuclei position (NP);
242 4. Loss of normal supranuclear vacuolation (SNV).
243 The morphometric assessment of the gut segments was made on a total of 6 villi
244 per sample, chosen in accordance with the literature [51,52]. Villi length (V1) was also
245 taken by measuring the length of the villi from the submucosa to the apex [51]. At last,
246 the goblet cells (Gc) were quantified per villus, averaged for six villi, randomly selected
247 in each section per fish and per dietary treatment [51].
248 2.8. Statistical analysis
249 All the data were analyzed with the ANCOVA procedure of the XLSTAT statisti-
250 cal package [53]. For all the parameters, diet (HIM0, HIM25, HIM35, and HIM50) was
251 used as a fixed effect. For the growth performances (SGR, FCR, PER, DIR), the initial
252 body weight (IBW) was used as covariate. For the other data, the final body weight
253 (FBW) was used as covariate. In this way, the possible effects of diet and body weight

254 (IBW and FBW) have been separated. The results were expressed as means and pooled
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255 standard error of the mean (SEM). Comparison between means was performed by
256 Tukey’s test, and differences were significant for p < 0.05.
257 3. Results
258 3.1. Growth performance
259 Experimental diets were well accepted by the fish. No mortality was observed
260 during the experimental period.
261 Table 2 shows the effect of the diets on growth performance of gilthead seabream.
262 No significant differences (p > 0.05) between the dietary groups for any of the consid-
263 ered growth performance values were observed.
264 Table 2. Growth performance of gilthead seabream fed the experimental diets.
GROUP p-value
SEM
HIMO0 HIM25 HIM35 HIM50 D IBW
Number of fish 78 78 78 78
IBW, g 144 144 144 144 2.883
FBW, g 387 386 396 394 0.473 0.762  5.516
FCR 1.42 1.43 1.41 1.42 0.979 0.866  0.030
SGR, %/d 076  0.76 0.76 0.74 0.774 0.758  0.014
PER 1.82 1.80 1.77 1.76 0.746 0.829  0.041
DIR, % 18.30 18.43 17.77  17.56 0.137 0.261  0.269
K 1.908a 1.867ab 1.828b 1.852ab  0.008 <0.0001 0.016
265 HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement
266 level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; D = Diet; IBW = Initial
267 Body Weight; FBW = Final Body Weight; FCR = Feed Conversion Ratio; SGR = Specific Growth
268 Rate; PER = Protein Efficiency Ratio; DIR = Daily Intake Rate; K = Fulton’s Condition Factor; SEM
269 = Standard Error of the Mean. Mean values with different letters within the same row are signif-
270 icantly different for p < 0.05.
271 3.2. Somatic indices and Fulton’s condition factor
272 The results of the Fulton’s condition factor (K) are reported in Table 2 and those
273 of the somatic indices (VSI and HSI) in Table 3.
274 The somatic indices and condition factor were significantly affected by the dietary
275 treatments. Specifically, the Fulton’s condition factor (K) showed a significantly (p <
276 0.01) lower value in fish fed HIM35 diet than that in fish fed the basal diet (HIMO)
277 while, no significant (p > 0.05) differences were observed for the fish fed HIM25 and
278 HIM 50 diets compared to fish fed HIMO and HIM35 diets. The HSI showed a
279 significantly (p < 0.05) lower value in fish fed HIM35 diet than that in fish fed the
280 HIM?25 diet while, no significant (p > 0.05) differences were observed for the fish fed
281 the basal diet (HIMO) and the diet with the highest inclusion of HIM (HIM50)
282 compared to fish fed HIM25 and HIM35 diets. The VSI showed the significantly (p <
283 0.001) lowest value in the fish fed the HIM25 diet.
284 Table 3. Somatic indices of gilthead seabream fed the experimental diets.

GROUP p-value SEM
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HIM0 HIM25 HIM35 HIM50 D FBW
Number of fish 18 18 18 18
Body weight 394 407 406 410 0.114 5.163
VSl 0.251a 0.212c 0.234b 0.239ab <0.0001 0.544  0.004
HSI 0.065ab 0.104a 0.062b 0.090ab 0.018  <0.0001 0.011
285 HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement
286 level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; D = Diet; FBW = Final
287 Body Weight; HSI = Hepato-somatic Index; VSI = Viscero-somatic Index; SEM = Standard Error
288 of the Mean. Mean values with different letters within the same row are significantly different
289 for p<0.05.
290 1.3. Stress parameters
291 The results concerning stress parameters are reported in Table 4. No differences
292 were highlighted for all the stress parameters between fish fed the experimental diets.
293
294 Table 4. Stress parameters of gilthead seabream fed the experimental diets.
GROUP p-value
SEM
HIMO0 HIM25 HIM35 HIM50 D FBW
Number of fish 18 18 18 18
Cortisol ng/ml 21.693 19.972 19.166 18.492  0.541 0.261 1.623
Glucose mg/dl 63.371 66.715 63.277 65317  0.799 0.754 2.829
Lactate mg/dl 19.010 20.555 19.082 18.782  0.867 0.323 1.631

Total Proteins mg/ml 33.495 33.197 30.134 31.118 0.448 0.936 1.693

ACTH pg/ml 141.272 145.767 147.839 146.571 0.991 0.997 14.942
295 HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement
296 level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; D = Diet; FBW = Final
297 Body Weight; ACTH = adrenocorticotropic hormone; SEM = Standard Error of the Mean. Mean
298 values with different letters within the same row are significantly different for p <0.05.
299 1.4. Gut histological investigations
300 The histological examination of the intestinal sections of all the experimental
301 groups showed alterations with different levels of severity (Figure 1).
302 The main alterations observed consisted of morphological changes in the mucosa
303 and submucosa layer structure, thickening of the lamina propria due to edema, detach-
304 ment of the epithelium, misalignment of the enterocyte nuclei, alteration of the supra-
305 nuclear vacuoles of the enterocytes and modification of the brush border.
306 In addition, leukocyte infiltrate, increased rodlet cells and flattened or atrophic

307 villi in the posterior gut tract were observed describing a typical condition of enteritis.
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308 In fish fed the HIM25 and HIM50 diets, more frequent and evident morphological
309 changes were observed (Figure 1b and 1d). Instead, there were no substantial differ-
310 ences between HIMO and HIM35 groups, where most fish showed few and moderate
311 structural changes (Figure 1a and 1c).
312
313
314 Figure 1. Transverse section of anterior intestine of S. aurata. (a) HIMO group; (b) HIM25 group:
315 subepithelial edema that determines the detachment of the epithelium from the lamina propria
316 (ED) and loss of cellular material (*) in the intestinal lumen, nuclei are strongly not aligned and
317 supranuclear vacuolations (SNV) are altered; (c¢) HIM35 group: few and moderate gut morphol-
318 ogy alterations, nuclei are largely aligned, SNV are moderate altered, few edema and no epithe-
319 lium detachment. (d) HIM50 group: widening of lamina propria and impressive subepithelial
320 edema (arrow head), strong alteration of nuclei position and SNV. (H&E).
321 1.4.1. Gut morphometric investigations
322 Table 5 reports the effect of the dietary treatments on the morphometric parame-
323 ters: villi length and villi width (six villi per sample) and goblet cells (per villus,
324 averaged for six villi) of the anterior and posterior gut tracts. The villi length (V1)
325 of the anterior gut tract showed a significantly (p < 0.05) higher value in fish fed
326 the HIM35 diet than that in fish fed the HIM25 diet. In the same gut segment, the
327 villi width (Vw) showed significantly (p < 0.001) higher values in fish of the HIM35
328 and HIM50 groups than those of the HIM25 group; the goblet cells (Gc) showed
329 significantly (p <0.001) higher values in the fish of the HIM25 and HIM35 groups
330 than those of the HIMO and HIM50 groups. The villi width of the posterior gut
331 tract showed a significantly (p < 0.05) higher value in the fish fed the HIM50 diet
332 than those fed the basal diet (HIMO group). No significant differences were re-
333 ported for the villi length (p = 0.613) and goblet cells (p = 0.554) of the posterior gut
334 tract.
335 Table 5. Intestinal morphometric parameters of gilthead seabream fed experimental diets.

GROUP p-value
SEM
HIMO HIM25 HIM35 HIM50 D FBW
Number of fish 18 18 18 18

VI Anterior gut (um)  1593.798 ab 1430.240b 1638.236 a 1487.868 ab 0.024 0.110 53.511


https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

10 of 18
VI Posterior gut, (um)  1106.586  1107.966 1086.043  1174.447 0.613 0.022 49.475
Vw Anterior gut, (um) 306.016 ab 287.608b 341.124a 352.785a 0.002 0.939 13.237
Vw Posterior gut (um) 153.452b 159.187 ab 165.904 ab 177.309 a 0.033 0.513 5.945
Gc Anterior gut (nr.) 139.722b  173.763a 171.066a 134.569b  <0.0001 0.321 6.906
Gc Posterior gut (nr.) 128.119 135.355 124.173 119.603 0.554 0.053 7.98
336 HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement
337 level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; D = Diet; FBW = Final
338 Body Weight; VI = Villi length; Wv = Villi width; Gc = Goblet cells; SEM = Standard Error of the
339 Mean. Mean value with different letters within the same row are significantly different for p <
340 0.05.
341 1.4.2. Gut semi-quantitative analysis
342 Table 6 shows the results of the semi-quantitative scoring system of the gut mor-
343 phological changes on a scale from 0-1 to 5. The morphological changes concerned:
344 Epithelium detachment (ED); Microvilli condition (mVC); nuclei position (NP); supra-
345 nuclear vacuolation (SNV).
346 No significant differences were reported for ED as well as for mVC of the anterior
347 (p > 0.05) and posterior (p = 0.144; p = 0.122, respectively) gut tracts in relation to the
348 dietary treatments. As regards NP and SNV, those of the posterior gut tract showed no
349 significant differences between the dietary treatments (p > 0.05) while, in the anterior
350 gut tract, NP and SNV showed significantly (p < 0.05) higher values in fish fed the
351 highest inclusion of HIM (HIM50 group) than those in fish fed the basal diet (HIMO)
352 and the diet with a 35% of HIM inclusion.
353 Table 6. Semi-quantitative scoring analysis (score 0-5) of morphological changes of the intestine
354 of gilthead seabream fed the experimental diets.
GROUP p-value
SEM
HIMO HIM25 HIM35 HIM50 D FBW
Number of fish 18 18 18 18
ED Anterior gut  3.495 3.041 3.216 3.582 0.459 0.059 0.267
ED Posterior gut  2.323 3.098 3.050 3.363 0.144 0.164 0.325
mVC Anterior gut 1.737 2.051 1.665 2.213 0.444 0.571 0.272
mVC Posterior gut 1.521 2.510 2.060  2.020 0.122 0.219 0.285
NP Anterior gut  2.963b 3.772ab 3.220b 4.433a  0.002 0.491 0.278
NP Posterior gut  3.086 3.047 2996  2.927 0.987 0.334 0.323
SNV Anterior gut 2.670b 3.260ab 2.659b 3.966a  0.004 0.036 0.282
SNV Posterior gut 2.408 3.050 2.886  3.433 0.199 0.557 0.335
355 HIMO = control; HIM25 = 25% replacement level of FM with HIM; HIM35 = 35% replacement

356 level of FM with HIM; HIM50 = 50% replacement level of FM with HIM; D = Diet; FBW = Final
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357 Body Weight; SEM = Standard Error of the Mean. ED = Epithelium Detachment; mVC = micro-
358 villi condition; NP = Nuclei Position; SNV = Supranuclear Vacuoles; ant = anterior gut; post =
359 posterior gut. Mean value with different letters within the same row are significantly different
360 for p<0.05.
361
362 4. Discussion
363 The dietary treatments containing 79 g/kg (HIM25), 110 g/kg (HIM35) and 157
364 g/kg (HIMS50) of insect meal did not affect the gilthead seabream growth parameters
365 (FCR, SGR, PER, DIR). These findings are in accordance with several previous studies
366 which tested some inclusion levels (< 50%) of HIM in seabream [54] and rainbow trout
367 [1], Atlantic salmon [42,55], European sea bass [56]. Nevertheless, results of defatted
368 HIM inclusion in seabream diet are still scarce and contradictory. In this study, no sig-
369 nificant differences were observed between the groups for the final body weight; on
370 the contrary, Karapanagiotidis et al. [54] observed a significant decrease of the final
371 body weight in Sparus aurata fed diets containing HIM at 10%, 20% and 30% as replace-
372 ment of fish meal. These contradictory results may be related to several factors such as
373 HIM dietary inclusion level, use of full-fat or defatted insect meal, presence of chitin,
374 feeding regime to which fish were subjected (restricted vs. apparent satiation), manu-
375 facturing of the feeds (pelleting vs. extrusion), and fish species investigated as well as
376 stage of development (juvenile vs. adult) [1,30], in a recent review on the use of HI
377 larvae as a protein source for fish feeding, reported a possible substitution of up to
378 100% FM by HIM in diets for Jian carp and Nile tilapia and up to 75% FM by HIM in
379 diets for African catfish, without negative effects on the growth performances. Further-
380 more, Nairuti ef al. [30] observed that replacement levels of HIM, ranging from 10% to
381 50%, did not negatively affect growth parameters in most fish species, highlighting
382 how, in some cases, the replacement can be positive.
383 In Nile tilapia, the replacement of FM with HIM did not compromise growth per-
384 formance and feed utilization efficiency indices, but also determined some positive ef-
385 fects on innate immunity, and on parameters such as skin, mucus lysozyme and pe-
386 roxidase activities [57].
387 The Fulton’s condition factor (K) is used to compare the condition, fatness, or well-
388 being of fish. K values less than 1 imply that fish are not in good state of well-being
389 within their habitat while, values greater than 1 imply that fish are in good physiolog-
390 ical state of well-being [58].
391 The K values reported in this study, independently from the treatment, were
392 greater than 1, reflecting a good state of well-being, and were significantly affected by
393 the diet, reflecting a change in fish fat deposition. The significant differences observed
394 for VSl in fish fed diets containing HIM at 25 and 35% of inclusion compared to the
395 FM-based diet are due to the mesenteric fat, which is the main storage site while, they
396 are not related to liver weight [59]. In fact, HSI showed similar values between fish fed
397 diets containing HIM compared to those fed the basal diet (HIMO), confirming the ab-
398 sence of problems related to the ingestion of HI compared to FM. One explanation
399 could be related to the fatty acid composition of insect meal which could alter hepatic
400 lipid accumulation [60]. Studies performed on zebrafish [61-64] reported that the n6/n3
401 ratio seems to be the key factor in determining hepatic lipid deposition, providing in-
402 formation on the effects and suitability of HIM-based diets [1,65,66]. In this trial, the
403 fatty acid composition as well as the n6/n3 polyunsaturated fatty acid ratios (n6/n3
404 PUFA, HIMO: 1.16; HIM25: 1.14; HIM35: 1.14; HIM50: 1.12) of all diets showed similar
405 results [26].
406 Some hematological parameters may be useful tools to evaluate the health and/or

407 stress condition of the fish [67-69]. Because stress has been reported to elevate plasma
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408 cortisol [70-73] and glucose levels [74-76], many researchers consider as a “rule of
409 thumb” that fish undergoing stressful situations exhibit a plasmatic increase of cortisol
410 and glucose [77]. Furthermore, a correlation between diet and blood indicators such as
411 cortisol, glycemia, lactate, proteins and ACTH is known [78,79]. In this study, the effect
412 of HIM dietary inclusion on seabream health condition was evaluated measuring pri-
413 mary and secondary stress response parameters (ACTH, cortisol, glucose, lactate and
414 total proteins). The results showed that none of the blood parameters differed signifi-
415 cantly in relation to the dietary treatments confirming that HIM did not affect the
416 health condition of the seabream as also confirmed by the Fulton’s condition factor
417 greater than 1 in all experimental fish. These findings are consistent with the observa-
418 tions of Zhou et al. [80] in Jian carp fed diets containing different levels of HIM (35, 70,
419 105, and 140 g/kg) as replacement of FM and with those of Yildirim-Aksoy et al. [81] in
420 hybrid tilapia (O. niloticus x O. mozambique) specimens fed a diet containing HIM diet
421 (30% FM replacement) for 12 weeks.
422 Histopathological analysis of the intestine is considered one the main approaches
423 to evaluate fish health and nutritional status [82]. Since insect meal is known to include
424 different molecules such as chitin and short-medium fatty acids, which may have an
425 important role in gut welfare regulation [14,83,84], the analysis of histopathological
426 indices has recently been applied to several studies in order to provide information on
427 possible inflammation and/or alterations in the nutrient transport in fish [85].
428 Among these indices, the intestinal morphology is considered one of the main in-
429 dicators of fish health since its morphological structure rapidly and often reversibly
430 changes in response to dietary inputs [86]. Literature reports that the use of insect meal
431 as ingredient in fish diet could affect intestinal morphology by modifying its structure
432 by means of changes in mucosa thickness [43], in villi morphometry and goblet cells
433 numbers [87] and, also, by increasing inflammatory cells [88].
434 The length of intestinal villi is one of the main parameters studied in the feeding
435 trials with alternative protein sources even if, the results obtained often appear contra-
436 dictory. Some Authors reported a decrease in the length of villi [1,60,86,89,90,91] while,
437 others have highlighted how the length of the villi increase or does not change in the
438 anterior or posterior gut tracts, following the inclusion of HIM into the diet [43,86,92].
439 In this trial, the villous length of the anterior tract of the intestine was greater in fish of
440 the HIM35 group than in those of the HIM25 group, and, however, in all the groups it
441 was comparable to that of fish fed the basal diet (HIMO0). Since proteins are mainly
442 digested in the anterior gut tract and to a lesser extent in the hind tract [1], this could
443 explain as the dietary treatments containing proteins from insect meal did not affect
444 the gilthead seabream growth parameters.
445 Another criterion usually used to establish the state of health of the intestinal mu-
446 cosa is the evaluation of the thickness of the villi and, also in this case, the literature
447 reports conflicting results.
448 In this study, the replacing of FM with 50% of Hermetia illucens meal (HIM50) in
449 the posterior gut tract of gilthead seabream determined a significant increase of villi
450 width. This could be partly due to the presence of subepithelial edema, which is one of
451 the signs of inflammation that we have found especially in the HIM50 group. Con-
452 versely, Melenchon et al. [89] in rainbow trout fed with a diet containing a 50% of Her-
453 metia illucens meal as replacement of FM and Fronte et al. [93] in zebrafish fed diets
454 including increasing levels of full-fat Hermetia illucens meal (with respect to FM) did
455 not observe any changes. Recently, Li et al. [85] reported that a partial (40%) up a total
456 substitution of partially defatted Hermetia illucens meal did not cause negative effects
457 on gut morphology in Atlantic salmon, indicating a high tolerance of salmonids to high
458 dietary HIM inclusion levels.
459 In the present study, the goblet cells were studied along the intestinal tract since
460 they are very important for fish nutrition and health. The mucus secreted by the goblet

461 cells is involved in the epithelial protection as well as in the lubrication for the passage
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462 of nutrients; it supports waste exclusion [94] by lubricating undigested material for
463 progression into the rectum and it plays an active role in the intestinal immune re-
464 sponse of fish [95]. In this trial, an increasing amount of goblet cells were observed in
465 the anterior gut tract of fish fed the diets containing a 25% and 35% of HIM inclusion
466 while, in the posterior gut tract, similar values of goblet cell abundance between the
467 diets were observed. In this regard, contradictory results are reported in the literature.
468 Cardinaletti et al. [1] observed an increasing amount of mucin goblet cells in the gut
469 tract of rainbow trout fed HIM inclusion. Similar results were obtained by Randazzo
470 et al. [96,97] in rainbow trout fed diets in which 30 or 60% of vegetable proteins were
471 replaced with defatted HIM. On the contrary, Elia ef al. [2] did not observe significant
472 differences in mucous cells in rainbow trout, independently of partially defatted HIM
473 dietary inclusion (25 or 50%). Recently, studies on the administration of HIM-based
474 diets in zebrafish were carried out. A general increase in the number of mucous cells
475 was observed when zebrafish were fed exclusively on full-fat HIM [61] while, no
476 changes in zebrafish fed diets containing an inclusion of HIM in partial substitution of
477 FM [63,64,98].
478 With the aim of ascertaining any inflammatory states, a semi-quantitative evalu-
479 ation of the anterior and posterior gut tracts based on epithelial detachment, microvil-
480 liosal condition, position of the nuclei and supranuclear vacuolization was performed.
481 Along the intestinal tract, no significant differences in the parameters of mucosa
482 epithelium detachment (ED) and microvilli conditions (MVc) were observed. As re-
483 gards the nuclei position and supranuclear vacuoles, significant changes in the anterior
484 gut tract were observed. In particular, the highest value (score 4) of both nuclei position
485 and supranuclear vacuoles was found in fish fed the highest level of HIM (HIM50)
486 indicating severe signs of enteritis and an inflammatory condition in the anterior gut
487 tract of the fish belonging to the HIM50 group. This result could be due to the high
488 chitin content of the HIM50 diet and to the low number of goblet cells in the anterior
489 gut tract of the HIM50 group, which induced a less intestinal tract lubrification for the
490 passage of dietary ingredients [94]. Similar intestinal pathological changes induced by
491 high levels of Hermetia illucens meal into the diet were observed in Siberian sturgeon
492 [43], Mirror carp [99] and Jian carp [100].
493 5. Conclusions
494 The present study showed that moderate to high dietary Hermetia illucens meal
495 levels did no affect the health of the posterior gut tract in gilthead seabream. At the
496 same time, the results showed that the effect of Hermetia illucens meal at 50% inclusion
497 level, caused morphometric and histopathological alterations in the anterior gut tract.
498 The HIM35 showed the best histological conditions, with fewer signs of inflammation
499 and better intestinal parameters. Thus, among the diets containing increasing levels of
500 Hermetia illucens meal, the HIM35 was the most tolerated formulation by fish.
501 Further investigations on digestibility and gut microbiota composition are carry-
502 ing out to better understand the suitability of Hermetia illucens as a dietary ingredient
503 in farmed fish and its economic feasibility compared to currently used fishmeal.
504
505 Author Contributions: For research articles with several authors, a short paragraph specifying
506 their individual contributions must be provided. The following statements should be used “Con-
507 ceptualization, B.C. and G.M.; methodology, B.C. and G.M.; software, A.R.D.R.; formal analysis,
508 L.P., L.C. and M.O,; investigation, ARD.R,, B.C. and G.M,; resources, G.M.; data curation,
509 ARDR, L.C. and M.O.; writing—original draft preparation, L.C., L.P. and M.O.; writing—re-
510 view and editing, M.O., B.C. and G.M.; project administration, B.C. and G.M.; funding acquisi-
511 tion, B.C. All authors have read and agreed to the published version of the manuscript.

512


https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

14 of 18
513 Funding; This research was funded by PON-MISE 1&C 2014-2020 FESR, ASSE I—Innovazione e
514 Azione, Azione 1.1.3. D.M. 05/03/2018, project codex N. F/200078/01-03/X45 CUP
515 B41B20000280005, Title of the project “BIO=C=0", Scientific Responsible: Biagina Chiofalo.
516 Data Availability Statement: Not applicable.
517 Acknowledgments: The authors gratefully acknowledge Davide Salvati, Francesco Soraci,
518 Nunziatina Porcino and Gaspare Barbera for their technical support.
519 Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
520 design of the study; in the collection, analyses, or interpretation of data; in the writing of the
521 manuscript; or in the decision to publish the results.

522 References
523 1.  Cardinaletti, G.; Randazzo, B.; Messina, M.; Zarantoniello, M.; Giorgini, E.; Zimbelli, A.; Tulli, F. Effects of graded dietary

524 inclusion level of full-fat Hermetia illucens prepupae meal in practical diets for rainbow trout (Oncorhynchus mykiss). Animals
525 2019, 9, 251. https://doi.org/10.3390/ani9050251.

526 2.  Elia, A.C; Capucchio, M.T.; Caldaroni, B.; Magara, G.; Dorr, A.J.M.; Biasato, L; Biasibetti, E.; Righetti, M.; Pastorino, P.;
527 Prearo, M. Influence of Hermetia illucens meal dietary inclusion on the histological traits, gut mucin composition and the
528 oxidative stress biomarkers in rainbow trout (Oncorhynchus mykiss). Aquaculture 2018, 496, 50-57. https://doi.org/10.1016/j.aq-
529 uaculture.2018.07.009.

530 3. Oliva-Teles, A.; Enes, P.; Peres, H. Replacing fishmeal and fish oil in industrial aquafeeds for carnivorous fish. In Feed and
531 feeding practices in aquaculture; Woodhead Publishing: Cambridge, UK, 2015; pp. 432. https://doi.org/10.1016/b978-0-08-
532 100506-4.00008-8.

533 4. Renna, M.; Schiavone, A.; Gai, F.; Dabbou, S.; Lussiana, C.; Malfatto, V.; Prearo, M.; Capucchio, M.T.; Biasato, I.; Biasibetti,
534 E.; De Marco, M.; Brugiapaglia, A.; Zoccarato, I.; Gasco, L. Evaluation of the suitability of a partially defatted black soldier
535 fly (Hermetia illucens L.) larvae meal as ingredient for rainbow trout (Oncorhynchus mykiss Walbaum) diets. J. Anim. Sci.
536 Biotechnol. 2017, 8, 57. https://doi.org/10.1186/s40104-017-0191-3.

537 5. Bureau, D. Rendered products in fish aquaculture feeds. In Essential Rendering: All About The Animal By-Products Industry;
538 Meeker, D.L., Ed.; National Renderers Association: Alexandria, VA, 2006; pp. 302.

539 6. Arru, B,; Furesi, R.; Gasco, L.; Madau, F.A.; Pulina, P. The introduction of insect meal into fish diet: The first economic
540 analysis on European sea bass farming. Sustainability 2019, 11, 1697. https://doi.org/10.3390/sul11061697.

541 7.  Freccia, A.; Tubin, ].S.B.; Rombenso, A.N.; Emerenciano, M.G.C. Insects in aquaculture nutrition: an emerging eco-friendly
542 approach or commercial reality? In Emerging Technologies, Environment and Research for Sustainable Aquaculture; IntechOpen:
543 London, UK, 2020; pp. 1-14.

544 8.  Gasco, L,; Acuti, G; Bani, P.; Dalle Zotte, A.; Danieli, P.P.; De Angelis, A_; Fortina, R.; Marino, R.; Parisi, G.; Piccolo, G. Insect
545 and fish by-products as sustainable alternatives to conventional animal proteins in animal nutrition. Ital. ]. Anim. Sci. 2020,
546 19, 360-372. https://doi.org/10.1080/1828051X.2020.1743209.

547 9. Nogales-Mérida, S.; Gobbi, P.; Jézefiak, D.; Mazurkiewicz, J.; Dudek, K.; Rawski, M.; Kieroniczyk, B.; Jozefiak, A. Insect meals
548 in fish nutrition. Rev. Aquac. 2019, 11, 1080-1103. https://doi.org/10.1111/raq.12281.

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

551 11. Van Huis, A.; Oonincx, D.G. The environmental sustainability of insects as food and feed. A review. Agron. Sustain. Dev.
552 2017, 37, 1-14. https://doi.org/10.1007/s13593-017-0452-8.

553 12. Makkar, H.P,; Tran, G.; Heuzé, V.; Ankers, P. State-of-the-art on use of insects as animal feed. Anim. Feed Sci. Technol. 2014,
554 197, 1-33. https://doi.org/10.1016/j.anifeedsci.2014.07.008.

555 13. Antonopoulou, E.; Nikouli, E.; Piccolo, G.; Gasco, L.; Gai, F.; Chatzifotis, S.; Mente, E.; Kormas, K.A. Reshaping gut bacterial
556 communities after dietary Tenebrio molitor larvae meal supplementation in three fish species. Aquaculture 2019, 503, 628-635.
557 https://doi.org/10.1016/j.aquaculture.2018.12.013.

558 14. Bruni, L.; Pastorelli, R.; Viti, C.; Gasco, L.; Parisi, G. Characterisation of the intestinal microbial communities of rainbow
559 trout (Oncorhynchus mykiss) fed with Hermetia illucens (black soldier fly) partially defatted larva meal as partial dietary pro-
560 tein source. Aquaculture 2018, 487, 56-63. https://doi.org/10.1016/j.aquaculture.2018.01.006.

561 15. Terova, G.; Rimoldi, S.; Ascione, C.; Gini, E.; Ceccotti, C.; Gasco, L. Rainbow trout (Oncorhynchus mykiss) gut microbiota is
562 modulated by insect meal from Hermetia illucens prepupae in the diet. Rev. Fish Biol. Fish. 2019, 29, 465-486.
563 https://doi.org/10.1007/s11160-019-09558-y.

564 16. Henry, M.A; Gasco, L.; Chatzifotis, S.; Piccolo, G. Does dietary insect meal affect the fish immune system? The case of
565 mealworm, Tenebrio molitor on European sea bass, Dicentrarchus labrax. Dev. Comp. Immunol. 2018, 81, 204-209.
566 https://doi.org/10.1016/j.dci.2017.12.002.

567 17. Gasco, L.; Finke, M.; van Huis, A. Can diets containing insects promote animal health? ]. Insects Food Feed. 2018, 4, 1-4.
568 https://doi.org/10.3920/iff2018.x001.


https://doi.org/10.1016/b978-0-08-100506-4.00008-8
https://doi.org/10.1016/b978-0-08-100506-4.00008-8
https://doi.org/10.1186/s40104-017-0191-3
https://doi.org/10.1111/raq.12281
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1016/j.aquaculture.2018.12.013
https://doi.org/10.1016/j.aquaculture.2018.01.006
https://doi.org/10.1007/s11160-019-09558-y
https://doi.org/10.1016/j.dci.2017.12.002
https://doi.org/10.3920/jiff2018.x001
https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

15 0f 18

569 18. Sogari, G.; Amato, M.; Biasato, I.; Chiesa, S.; Gasco, L. The Potential Role of Insects as Feed: A Multi-Perspective Review. An-

570 imals 2019, 9, 119. https://doi.org/10.3390/ani9040119.

571 19. European Commission. Commission Regulation (EU) 2021/1925 of 5 November 2021 amending certain Annexes to Regula-
572 tion (EU) No 142/2011 as regards the requirements for placing on the market of certain insect products and the adaptation
573 of a containment method (Text with EEA relevance). C/2021/7824. Off. ]J. Eur. Union. 2021, 393, 4-8. https://eur-lex.eu-
574 ropa.eu/legal-content/EN/TXT/?uri=uriserv%3AQ0]J.L_.2021.393.01.0004.01. ENG&toc=0] %3AL%3A2021%3A393%3AFULL.
575 20. laconisi, V.; Marono, S.; Parisi, G.; Gasco, L.; Genovese, L.; Maricchiolo, G.; Bovera, F.; Piccolo, G. Dietary inclusion of Te-
576 nebrio molitor larvae meal: Effects on growth performance and final quality treats of blackspot sea bream (Pagellus bo-
577 garaveo). Aquaculture 2017, 476, 49-58. https://doi.org/10.1016/j.aquaculture.2017.04.007.

578  21. Secci, G.; Moniello, G.; Gasco, L.; Bovera, F.; Parisi, G. Barbary partridge meat quality as affected by Hermetia illucens and
579 Tenebrio molitor larva meals in feeds. Food Res. Int. 2018, 112, 291-298. https://doi.org/10.1016/j.foodres.2018.06.045.

580 22. Allegretti, G.; Talamini, E.; Schmidt, V.; Bogorni, P.C.; Ortega, E. Insect as feed: An emergy assessment of insect meal as a
581 sustainable protein source for the Brazilian poultry industry. . Clean. Prod. 2018, 171, 403-412. https://doi.org/10.1016/j.jcle-
582 pro.2017.09.244.

583 23. Hussein, M; Pillai, V.V.; Goddard, ].M.; Park, H.G.; Kothapalli, K.S.; Ross, D.A.; Ketterings, Q.M.; Brenna, J.T.; Milstein,
584 M.B.; Marquis, H. Sustainable production of housefly (Musca domestica) larvae as a protein-rich feed ingredient by utilizing
585 cattle manure. PloS One 2017, 12, e0171708. https://doi.org/10.1371/journal.pone.0171708.

586 24. Schiavone, A.; De Marco, M.; Martinez, S.; Dabbou, S.; Renna, M.; Madrid, J.; Hernandez, F.; Rotolo, L.; Costa, P.; Gai, F.;
587 Gasco, L. Nutritional value of a partially defatted and a highly defatted black soldier fly larvae (Hermetia illucens L.) meal
588 for broiler chickens: apparent nutrient digestibility, apparent metabolizable energy and apparent ileal amino acid digesti-
589 bility. J. Anim. Sci. Biotechnol. 2017, 8, 51. http://doi.org/10.1186/s40104-017-0181-5.

590 25. Schiavone, A.; Dabbou, S.; De Marco, M.; Cullere, M.; Biasato, 1; Biasibetti, E.; Capucchio, M.T.; Bergagna, S.; Dezzutto, D.;
591 Meneguz, M.; Gaij, F.; Dalle Zotte, A.; Gasco, L. Black soldier fly larva fat inclusion in finisher broiler chicken diet as an
592 alternative fat source. Animal 2018, 12, 2032-2039. http://doi.org/10.1017/s1751731117003743.

593 26. Oteri, M.; Di Rosa, A.R.; Lo Presti, V.; Giarratana, F.; Toscano, G.; Chiofalo, B. Black Soldier Fly Larvae Meal as Alternative
594 to Fish Meal for Aquaculture Feed. Sustainability 2021, 13, 5447. http://doi.org/10.3390/su13105447.

595 27. Oteri, M.; Chiofalo, B.; Maricchiolo, G.; Toscano, G.; Nalbone, L.; Lo Presti, V.; Di Rosa, A.R. Black Soldier Fly Larvae Meal
596 in the Diet of Gilthead Sea Bream: Effect on Chemical and Microbiological Quality of Filets. Front. Nutr. 2022, 9, 896552.
597 https://doi.org/10.3389/fnut.2022.896552.

598 28. Alfiko, Y.; Xie, D.; Astuti, R.T.; Wong, ].; Wang, L. Insects as a feed ingredient for fish culture: Status and trends. Aquac. Fish.
599 2022, 7, 166-178. https://doi.org/10.1016/j.aaf.2021.10.004.

600 29. Jucker, C,; Lupi, D.; Moore, C.D.; Leonardi, M.G.; Savoldelli, S. Nutrient recapture from insect farm waste: bioconversion
601 with Hermetia illucens (L.) (Diptera: Stratiomyidae). Sustainability 2020, 12, 362. https://doi.org/10.3390/su12010362.

602  30. Nairuti, RN.; Musyoka, S.N.; Yegon, M.].; Opiyo, M.A. Utilization of Black Soldier Fly (Hermetia illucens Linnaeus) Larvae as
603 a Protein Source for Fish Feed-a Review. Aquac. St. 2022, 22, 697. http://doi.org/10.4194/AQUAST697.

604 31. Smetana, S.; Schmitt, E.; Mathys, A. Sustainable use of Hermetia illucens insect biomass for feed and food: Attributional and
605 consequential life cycle assessment. Resour. Conserv. Recycl. 2019, 144, 285-296. http://doi.org/10.1016/j.resconrec.2019.01.042.
606  32. Danieli, P.P.; Lussiana, C.; Gasco, L.; Amici, A.; Ronchi, B. The effects of diet formulation on the yield, proximate composi-
607 tion, and fatty acid profile of the black soldier fly (Hermetia illucens L.) prepupae intended for animal feed. Animals 2019, 9,
608 178. https://doi.org/10.3390/ani9040178.

609 33. Liland, N.S; Biancarosa, L; Araujo, P.; Biemans, D.; Bruckner, C.G.; Waagbg, R.; Torstensen, B.E.; Lock, E.-]. Modulation of
610 nutrient composition of black soldier fly (Hermetia illucens) larvae by feeding seaweed-enriched media. PloS One. 2017, 12,
611 e0183188. https://doi.org/10.1371/journal.pone.0183188.

612 34. Kroeckel, S; Harjes, A.-G,; Roth, I; Katz, H.; Wuertz, S.; Susenbeth, A.; Schulz, C. When a turbot catches a fly: Evaluation of
613 a pre-pupae meal of the Black Soldier Fly (Hermetia illucens) as fish meal substitute —Growth performance and chitin degra-
614 dation in juvenile turbot (Psetta maxima). Aquaculture 2012, 364, 345-352. https://doi.org/10.1016/j.aquaculture.2012.08.041.
615 35. Cullere, M,; Tasoniero, G.; Giaccone, V.; Miotti-Scapin, R.; Claeys, E.; De Smet, S.; Dalle Zotte, A. Black soldier fly as dietary
616 protein source for broiler quails: apparent digestibility, excreta microbial load, feed choice, performance, carcass and meat
617 traits. Animal 2016, 10, 1923-1930. https://doi.org/10.1017/S51751731116001270.

618 36. Barroso, F.G.; de Haro, C.; Sanchez-Muros, M.].; Venegas, E.; Martinez-Sanchez, A.; Pérez Bafion, C. The potential of various
619 insect species for use as food for fish. Aquaculture 2014, 422, 193-201. https://doi.org/10.1016/j.aquaculture.2013.12.024.

620 37. Oonincx, D.; Finke, M.D. Nutritional value of insects and ways to manipulate their composition. J. Insects Food Feed 2021, 7,
621 639-659. https://doi.org/10.3920/iff2020.0050.

622 38. Pulido, L.; Secci, G.; Maricchiolo, G.; Gasco, L.; Gai, F.; Serra, A.; Conte, G.; Parisi, G. Effect of dietary black soldier fly larvae
623 meal on fatty acid composition of lipids and sn-2 position of triglycerides of marketable size gilthead sea bream fillets.
624 Aquaculture 2022, 546, 737351. https://doi.org/10.1016/j.aquaculture.2021.737351.

625 39. St-Hilaire, S.; Sheppard, C.; Tomberlin, ] K,; Irving, S.; Newton, L.; McGuire, M.A.; Mosley, E.E.; Hardy, RW.; Sealey, W.
626 Fly Prepupae as a Feedstuff for Rainbow Trout, Oncorhynchus muykiss. ]. World Aquac. Soc. 2007, 38, 59-67.

627 https://doi.org/10.1111/j.1749-7345.2006.00073.x.


https://doi.org/10.3390/ani9040119
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2021.393.01.0004.01.ENG&toc=OJ%3AL%3A2021%3A393%3AFULL
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2021.393.01.0004.01.ENG&toc=OJ%3AL%3A2021%3A393%3AFULL
https://doi.org/10.1016/j.aquaculture.2017.04.007
https://doi.org/10.1016/j.foodres.2018.06.045
https://doi.org/10.1016/j.jclepro.2017.09.244
https://doi.org/10.1016/j.jclepro.2017.09.244
http://doi.org/10.1186/s40104-017-0181-5
http://doi.org/10.1017/s1751731117003743
https://doi.org/10.3389/fnut.2022.896552
https://doi.org/10.1016/j.aaf.2021.10.004
http://doi.org/10.4194/AQUAST697
http://doi.org/10.1016/j.resconrec.2019.01.042
https://doi.org/10.1371/journal.pone.0183188
https://doi.org/10.1016/j.aquaculture.2012.08.041
https://doi.org/10.1017/S1751731116001270
https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1016/j.aquaculture.2021.737351
https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

16 of 18

628 40. Ewald, N., Vidakovic, A., Langeland, M., Kiessling, A., Sampels, S. and Lalander, C. Fatty acid composition of black soldier

629 fly larvae (Hermetiaillucens) - possibilities and limitations for modification through diet. Waste Manag. 2020, 102, 40-47.
630 https://doi.org/10.1016/j.wasman.2019.10.014.

631 41. Esteban, M.A; Cuesta, A.; Ortuno, J.; Meseguer, ]. Immunomodulatory effects of dietary intake of chitin on gilthead sea-
632 bream  (Sparus aurata L.) innate immune system. Fish  Shellfish  Immunol. 2001, 11, 303-315.
633 https://doi.org/10.1006/fsim.2000.0315.

634 42. Lock, E,; Arsiwalla, T.; Waagbg, R. Insect larvae meal as an alternative source of nutrients in the diet of Atlantic salmon
635 (Salmo salar) postsmolt. Aquac. Nutr. 2016, 22, 1202-1213. https://doi.org/10.1111/anu.12343.

636  43. Jozefiak, A.; Nogales-Mérida, S.; Rawski, M.; Kieroniczyk, B.; Mazurkiewicz, J. Effects of insect diets on the gastrointestinal
637 tract health and growth performance of Siberian sturgeon (Acipenser baerii Brandt, 1869). BMC Vet. Res. 2019, 15, 1-11.
638 https://doi.org/10.1186/s12917-019-2070-y.

639 44. Legislative Decree 26/2014. GU General Serie n. 61, 14 March 2014.
640 45. European Directive. European Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010

641 on the protection of animals used for scientific purposes. Off. J. Eur. 2010, 276, 33-79.
642 46. National Research Council (NCR). Nutrient Requirements of Fish and Shrimp. The National Academies Press: Washington,
643 D.C,, 2011, pp. 376.

644 47. AOAC. Official Methods of Analysis, 20" ed.; Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2015.
645 48. Garcia-Ortega, A.; Kissinger, K.R.; Trushenski, J.T. Evaluation of fish meal and fish oil replacement by soybean protein and

646 algal meal from Schizochytrium limacinum in diets for giant grouper Epinephelus lanceolatus. Aquaculture 2016, 452, 1-8.
647 https://doi.org/10.1016/j.aquaculture.2015.10.020.

648 49. Penn, M.H.; Bendiksen, E.A.; Campbell, P.; Krogdahl, A. High level of dietary pea protein concentrate induces enteropathy
649 in Atlantic salmon (Salmo salar L.). Aquaculture 2011, 310, 267-273. https://doi.org/10.1016/j.aquaculture.2010.10.040.

650 50. Uran, P.A.; Gongalves, A.A.; Taverne-Thiele, J.].; Schrama, J.W.; Verreth, ].A.].; Rombout, ].H.-W.M. Soybean meal induces
651 intestinal inflammation in common carp (Cyprinus carpio L.). Fish Shellfish Immunol. 2008, 25, 751-760.
652 https://doi.org/10.1016/j.fsi.2008.02.013.

653 51. Baeza-Arifio, R.; Martinez-Llorens, S.; Nogales-Mérida, S.; Jover-Cerda, M.; Tomas-Vidal, A. Study of liver and gut altera-
654 tions in sea bream, Sparus aurata L., fed a mixture of vegetable protein concentrates. Aquac. Res. 2016, 47, 460-471.
655 https://doi.org/10.1111/are.12507.

656  52. Monge-Ortiz, R.; Martinez-Llorens, S.; Marquez, L.; Moyano, F.J.; Jover-Cerda, M.; Tomas-Vidal, A. Potential use of high
657 levels of vegetal proteins in diets for market-sized gilthead sea bream (Sparus aurata). Arch. Anim. Nutr. 2016, 70, 155-172.
658 https://doi.org/10.1080/1745039x.2016.1141743.

659 53. Addinsoft (2022). XLSTAT statistical and data analysis solution. New York, USA. https://www .xlIstat.com.
660 54. Karapanagiotidis, I.; Daskalopoulou, E.; Vogiatzis, L; Christos, R.; Eleni, M.; Christos, A. Substitution of Fishmeal by Fly

661 Hermetia illucens Prepupae Meal in the Diet of Gilthead Seabream (Sparus aurata). In Proceedings of the HydroMedit, Volos,
662 Greece, 13-15 November 2014.

663 55. Belghit, I; Liland, N.S.; Waagbg, R.; Biancarosa, I.; Pelusio, N.; Li, Y.; Krogdahl, A.; Lock, E.-J. Potential of insect-based diets
664 for Atlantic salmon (Salmo salar). Aquaculture 2018, 491, 72-81. https://doi.org/10.1016/j.aquaculture.2018.03.016.

665 56. Magalhaes, R.; Sanchez-Lépez, A.; Leal, R.S.; Martinez-Llorens, S.; Oliva-Teles, A.; Peres, H. Black soldier fly (Hermetia illu-
666 cens) pre-pupae meal as a fish meal replacement in diets for European seabass (Dicentrarchus labrax). Aquaculture 2017, 476,
667 79-85. https://doi.org/10.1016/j.aquaculture.2017.04.021.

668 57. Tippayadara, N.; Dawood, M.A.; Krutmuang, P.; Hoseinifar, S.H.; Doan, H.V.; Paolucci, M. Replacement of fish meal by
669 Black soldier fly (Hermetia illucens) larvae meal: effects on growth, haematology, and skin mucus immunity of Nile Tilapia,
670 Oreochromis niloticus. Animals 2021, 11, 193. https://doi.org/10.3390/ani11010193.

671  58. Muddasir, J.; Imtiaz, A. Length weight relationship and condition factor of snow trout, Schizothorax plagiostomus (Heckel,
672 1838) from Lidder River, Kashmir. Int. |. Fish. Aquat. 2016, 4, 131-136.

673 59. Palmegiano, G.B.; Dapra, F.; Forneris, G.; Gai, F.; Gasco, L.; Guo, K.; Peiretti, P.G.; Sicuro, B.; Zoccarato, I. Rice protein con-
674 centrate meal as a potential ingredient in practical diets for rainbow trout (Oncorhiynchus mykiss). Aquaculture 2006, 258, 357-
675 367. https://doi.org/10.1016/j.aquaculture.2006.04.011.

676  60. Vargas-Abundez, AJ.; Randazzo, B.; Foddai, M.; Sanchini, L.; Truzzi, C.; Giorgini, E.; Gasco, L.; Olivotto, I. Insect meal based
677 diets for clownfish: Biometric, histological, spectroscopic, biochemical and molecular implications. Aquaculture 2019, 498, 1-
678 11. https://doi.org/10.1016/j.aquaculture.2018.08.018.

679 61. Vargas, A.; Randazzo, B.; Riolo, P.; Truzzi, C.; Gioacchini, G.; Giorgini, E.; Loreto, N.; Ruschioni, S.; Zarantoniello, M.; An-
680 tonucci, M.; Polverini, S.; Cardinaletti, G.; Sabbatini, S.; Tulli, F.; Olivotto, I. Rearing zebrafish on black soldier fly (Hermetia
681 illucens): biometric, histological, spectroscopic, biochemical, and molecular implications. Zebrafish 2018, 15, 404-419.
682 https://doi.org/10.1089/zeb.2017.1559.

683  62. Zarantoniello, M.; Bruni, L.; Randazzo, B.; Vargas, A.; Gioacchini, G.; Truzzi, C.; Annibaldi, A.; Riolo, P.; Parisi, G.; Cardi-
684 naletti, G,; Tulli, F.; Olivotto, I. Partial dietary inclusion of Hermetia illucens (black soldier fly) full-fat prepupae in zebrafish
685 feed: biometric, histological, biochemical, and molecular implications. Zebrafish 2018, 15, 519-532.

686 https://doi.org/10.1089/zeb.2018.1596.


https://doi.org/10.1016/j.wasman.2019.10.014
https://doi.org/10.1006/fsim.2000.0315
https://doi.org/10.1111/anu.12343
https://doi.org/10.1016/j.aquaculture.2015.10.020
https://doi.org/10.1016/j.aquaculture.2010.10.040
https://doi.org/10.1016/j.fsi.2008.02.013
https://doi.org/10.1111/are.12507
https://www.xlstat.com/
https://doi.org/10.1016/j.aquaculture.2018.03.016
https://doi.org/10.1016/j.aquaculture.2017.04.021
https://doi.org/10.1016/j.aquaculture.2006.04.011
https://doi.org/10.1089/zeb.2017.1559
https://doi.org/10.1089/zeb.2018.1596
https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

17 of 18

687  63. Zarantoniello, M.; Randazzo, B.; Truzzi, C.; Giorgini, E.; Marcellucci, C.; Vargas-Abundez, J.A.; Zimbelli, A.; Annibaldi, A.;

688 Parisi, G.; Tulli, F.; Riolo, P.; Olivotto, I. A six-months study on black soldier fly (Hermetia illucens) based diets in zebrafish.
689 Sci. Rep. 2019, 9, 8598. https://doi.org/10.1038/s41598-019-45172-5.

690 64. Zarantoniello, M.; Zimbelli, A.; Randazzo, B.; Compagni, M.D.; Truzzi, C.; Antonucci, M.; Riolo, P.; Loreto, N.; Osimani, A.;
691 Milanovi¢, V.; Giorgini, E.; Cardinaletti, G.; Tulli, F.; Cipriani, R.; Gioacchini, G.; Olivotto, I. Black soldier fly (Hermetia illu-
692 cens) reared on roasted coffee by-product and Schizochytrium sp. as a sustainable terrestrial ingredient for aquafeeds pro-
693 duction. Aquaculture 2020, 518, 734659. https://doi.org/10.1016/j.aquaculture.2019.734659.

694 65. Bruni, L.; Belghit, I.; Lock, E.-J.; Secci, G.; Taiti, C.; Parisi, G. Total replacement of dietary fish meal with black soldier fly
695 (Hermetia illucens) larvae does not impair physical, chemical or volatile composition of farmed Atlantic salmon (Salmo salar
696 L.). J. Sci. Food Agric. 2020, 100, 1038-1047. https://doi.org/10.1002/jsfa.10108.

697 66. Li, S;Ji, H,; Zhang, B.; Tian, ].; Zhou, J.; Yu, H. Influence of black soldier fly (Hermetia illucens) larvae oil on growth perfor-
698 mance, body composition, tissue fatty acid composition and lipid deposition in juvenile Jian carp (Cyprinus carpio var. Jian).
699 Aquaculture 2016, 465, 43-52. https://doi.org/10.1016/j. aquaculture.2016.08.020.

700 67. Sadler, J.; Wells, RM.G.; Pankhurst, P.M.; Pankhurst, N.W. Blood oxygen transport, rheology and hematological responses
701 to confinement stress in diploid and triploid Atlantic salmon, Salmo salar. Aquaculture 2000, 184, 349-361.
702 https://doi.org/10.1016/50044-8486(99)00321-X.

703  68. Campbell, T.W. Blood biochemistry in lower vertebrates. In Proceedings of the 55" Annual Meeting of the American College
704 of Veterinary Pathologists (ACVP) & 39" Annual Meeting of the American Society of Clinical Pathology (ASVCP), ACVP
705 and ASVCP, 2004.

706  69. Wagner, T.; Congleton, J.L. Blood chemistry correlates of nutritional condition, tissue damage, and stress in migrating juve-
707 nile chinook salmon (Oncorhynchus tshawytscha). Can. J. Fish. Aquat. 2004, 61, 1066-1074. https://doi.org/10.1139/f04-050.

708 70. Pottinger, T.G.; Mosuwe, E. The corticosteroidogenic response of brown and rainbow trout alevins and fry to environmental
709 stress during a critical period. Gen. Comp. Endocrinol. 1994, 95, 350-362. https://doi.org/10.1006/gcen.1994.1133.

710 71. Wendelaar-Bonga, S.E. The stress response in fish. Physiol. Rev. 1997, 77, 591-625.
711 https://doi.org/10.1152/physrev.1997.77.3.591.

712 72. Pottinger, T.G.; Rand-Weaver, M.; Sumpter, ].P. Overwinter fasting and re-feeding in rainbow trout: plasma growth hor-
713 mone and cortisol levels in relation to energy mobilization. Comp. Biochem. Physiol. B 2003, 136, 403-417.
714 https://doi.org/10.1016/s1096-4959(03)00212-4.

715  73. Haukenes, A.H.; Barton, B.A.; Bolligs, H. Cortisol responses of pallid sturgeon and yellow perch folowing challenge with
716 lipopolysaccharide. J. Fish Biol. 2008, 72, 780-784. https://doi.org/10.1111/j.1095-8649.2007.01730.x.

717 74. Silbergeld, E.K. Blood glucose: A sensitive indicator of environmental stress in fish. Bull. Environ. Contam. Toxicol. 1974, 11,
718 20-25. https://doi.org/10.1007/BF01685023.

719 75. Wedemeyer, G.A.; Yasutake, W.T. Clinical methods for the assessment of the effects of environmental stress on fish health.
720 Technical Paper no 89. In United States Geological Survey; U.S. Fish and Wildlife Service; 1977.

721 76. David, M.; Shivakumar, R.; Mushigeri, S.B.; Kuri, R.C. Blood glucose and glycogen levels as indicators of stress in the fresh-
722 water fish, Labeo rohita under fenvalerate intoxication. J. Ecotoxicol. Environ. Monit. 2005, 15, 1-5.

723 77. Martinez-Porchas, M.; Martinez-Cérdova, L.R.; Ramos-Enriquez, R. Cortisol and Glucose: Reliable indicators of fish stress?
724 Pan-Am. . Aquat. Sci. 2009, 4, 158-178.

725 78. Roche, H.; Bogé, G. Fish blood parameters as a potential tool for identification of stress caused by environmental factors and
726 chemical intoxication. Mar. Environ. Res. 1996, 41, 27-43. https://doi.org/10.1016/0141-1136(95)00015-1.

727 79. Soivio, A.; Oikari, A. Haematological effects of stress on a teleost, Esox lucius L. ]. Fish Biol. 1976, 8, 397-411.
728 https://doi.org/10.1111/j.1095-8649.1976.tb03968.x.

729  80. Zhou, J.S; Liu, S.S.; Ji, H.; Yu, H.B. Effect of replacing dietary fish meal with black soldier fly larvae meal on growth and
730 fatty acid composition of Jian carp (Cyprinus carpio var. Jian). Aquac. Nutr. 2018, 24, 424-433.
731 https://doi.org/10.1111/anu.12574.

732 81. Yildirim-Aksoy, M.; Eljack, R.; Schrimsher, C.; Beck, B.H. Use of dietary frass from black soldier fly larvae, Hermetia illucens,
733 in hybrid tilapia (Nile x Mozambique, Oreocromis niloticus x O. mozambique) diets improves growth and resistance to bacterial
734 diseases. Aquac. Rep. 2020, 17, 100373. https://doi.org/10.1016/j.aqrep.2020.100373.

735 82. Raskovic, B.; Stankovic, M.; Markovic, Z.; Poleksic, V. Histological methods in the assessment of different feed effects on
736 liver and intestine of fish. . Agric. Sci. 2011, 56, 87-100. https://doi.org/10.2298/jas1101087r.

737 83. Gasco, L.; Gai, F.; Maricchiolo, G.; Genovese, L.; Ragonese, S.; Bottari, T.; Caruso, G. Fishmeal alternative protein sources for
738 aquaculture feeds. In Feeds for the Aquaculture Sector. Springer International Publishing, Switzerland, 2018, pp. 1-28.

739 84. Rimoldi, S.; Gini, E.; Iannini, F.; Gasco, L.; Terova, G. The effects of dietary insect meal from Hermetia illucens prepupae on
740 autochthonous  gut microbiota of rainbow trout (Oncorhynchus  mykiss). Animals 2019, 9, 143.
741 https://doi.org/10.3390/ani9040143.

742 85. Li, Y.; Kortner, T.M.; Chikwati, E.M.; Belghit, I.; Lock, E.-J.; Krogdahl, A. Total replacement of fish meal with black soldier
743 fly (Hermetia illucens) larvae meal does not compromise the gut health of Atlantic salmon (Salmo salar). Aquaculture 2020, 520,

744 734967. https://doi.org/10.1016/j.aquaculture.2020.734967.


https://doi.org/10.1038/s41598-019-45172-5
https://doi.org/10.1016/j.aquaculture.2019.734659
https://doi.org/10.1139/f04-050
https://doi.org/10.1006/gcen.1994.1133
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1016/s1096-4959(03)00212-4
https://doi.org/10.1111/j.1095-8649.2007.01730.x
https://doi.org/10.1016/0141-1136(95)00015-1
https://doi.org/10.1111/j.1095-8649.1976.tb03968.x
https://doi.org/10.1111/anu.12574
https://doi.org/10.2298/jas1101087r
https://doi.org/10.3390/ani9040143
https://doi.org/10.1016/j.aquaculture.2020.734967
https://doi.org/10.20944/preprints202212.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2022 d0i:10.20944/preprints202212.0414.v1

18 of 18

745 86. Zarantoniello, M.; Randazzo, B.; Secci, G.; Notarstefano, V.; Giorgini, E.; Lock, E.J.; Parisi, G.; Olivotto, I. Application of

746 laboratory methods for understanding fish responses to Black Soldier Fly (Hermetia illucens) based diets. J. Insects Food Feed
747 2021, 8, 1173-1195. https://doi.org/10.3920/JIFF2020.0135.

748  87. Santigosa, E.; Sanchez, J.; Médale, F.; Kaushik, S.; Pérez-Sanchez, J.; Gallardo, M.A. Modifications of digestive enzymes in
749 trout (Oncorhynchus mykiss) and sea bream (Sparus aurata) in response to dietary fish meal replacement by plant protein
750 sources. Aquaculture 2008, 282, 68-74. https://doi.org/10.1016/j.aquaculture.2008.06.007.

751  88. Wagner, C.E.; McIntyre, P.B.; Buels, K.S.; Gilbert, D.M.; Michel, E. Diet predicts intestine length in Lake Tanganyika’s cichlid
752 fishes. Funct. Ecol. 2009, 23, 1122-1131. https://doi.org/10.1111/j.1365-2435.2009.01589.x.

753  89. Melenchdn, F.; de Mercado, E.; Pula, H.]J.; Cardenete, G.; Barroso, F.G.; Fabrikov, D.; Tomas-Almenar, C. Fishmeal Dietary
754 Replacement Up to 50%: A Comparative Study of Two Insect Meals for Rainbow Trout (Oncorhynchus mykiss). Animals 2022,
755 12, 179. https://doi.org/10.3390/ani12020179.

756 90. Dumas, A.; Raggi, T.; Barkhouse, J.; Lewis, E.; Weltzien, E. The oil fraction and partially defatted meal of black soldier fly
757 larvae (Hermetia illucens) affect differently growth performance, feed efficiency, nutrient deposition, blood glucose and lipid
758 digestibility of rainbow trout (Oncorhynchus mykiss). Aquaculture 2018, 492, 24-34. https://doi.org/10.1016/j.aquacul-
759 ture.2018.03.038.

760 91. Lu, R; Chen, Y,; Yu, W, Lin, M,; Yang, G.; Qin, C,; Meng, X,; Zhang, Y.; Ji, H.; Nie, G. Defatted black soldier fly (Hermetia
761 illucens) larvae meal can replace soybean meal in juvenile grass carp (Ctenopharyngodon idellus) diets. Aquac. Rep. 2020, 18,
762 100520. https://doi.org/10.1016/j.aqrep.2020.100520.

763 92. Hender, A.; Siddik, M.A.; Howieson, J.; Fotedar, R. Black Soldier Fly, Hermetia illucens as an Alternative to Fishmeal Protein
764 and Fish Oil: Impact on Growth, Immune Response, Mucosal Barrier Status, and Flesh Quality of Juvenile Barramundi, Lates
765 calcarifer (Bloch, 1790). Biology 2021, 10, 505. https://doi.org/10.3390/biology10060505.

766 93. Fronte, B, Licitra, R., Bibbiani, C., Casini, L., De Zoysa, M., Miragliotta, V.; Sagona, S.; Coppola, F.; Brogi, L.; Abramo, F.
767 Fishmeal replacement with hermetia illucens meal in aquafeeds: Effects on zebrafish growth performances, intestinal mor-
768 phometry, and enzymology. Fishes 2021, 6, 28. https://doi.org/10.3390/fishes6030028.

769 94. Machado, M.RF,; Souza, H.O.; de Souza, V.L,; de Azevedo, A.; Goitein, R.; Nobre, A.D. Morphological and anatomical
770 characteriza- tion of the digestive tract of Centropomus parallelus and C. un- decimalis. Acta Sci. Biol. Sci. 2013, 35, 467-474.
771 https://doi.org/10.4025/actascibiolsci.v35i4.14352.

772 95. RossiJr, W.; Allen, KM.; Habte-Tsion, H.M.; Meesala, K.M. Supplementation of glycine, prebiotic, and nucleotides in soy-
773 bean meal-based diets for largemouth bass (Micropterus salmoides): Effects on production performance, whole-body nutrient
774 composition and retention, and intestinal histopathology. Aquaculture 2021, 532, 736031. https://doi.org/10.1016/j.aquacul-
775 ture.2020.736031.

776 96. Randazzo, B.; Zarantoniello, M.; Tibaldi, E.; Cardinaletti, G.; Giorgini, E.; Lunelli, F.; Olivotto, I. A multidisciplinary ap-
777 proach to investigate biological effects on intestine phisiology and appetite stimulus in rainbow trout Onchorhincus mykiss
778 fed diets with graded levels of insect meal and poultry by-product meal. In Aquaculture America 2020. World Aquaculture
779 Society: Honolulu, HI, USA, 2020. Available at: https://www.was.org/Meeting/ code/AA2020.

780 97. Randazzo, B.; Zarantoniello, M.; Gioacchini, G.; Cardinaletti, G.; Belloni, A.; Giorgini, E.; Olivotto, I. Physiological response
781 of rainbow trout (Oncorhynchus mykiss) to graded levels of Hermetia illucens or poultry by-product meals as single or
782 combined substitute ingredients to dietary plant proteins. Aquaculture 2021, 538, 736550. https://doi.org/10.1016/j.aquacul-
783 ture.2021.736550.

784  98. Zarantoniello, M.; Randazzo, B.; Gioacchini, G.; Truzzi, C.; Giorgini, E.; Riolo, P.; Gioia, G.; Bertolucci, C.; Osimani, A.;
785 Cardinaletti, G.; Lucon-Xiccato, T.; Milanovié, V.; Annibaldi, A.; Tulli, F.; Notarstefano, V.; Ruschioni, S.; Clementi, F.;
786 Olivotto, I. Zebrafish (Danio rerio) physiological and behavioural responses to insect-based diets: a multidisciplinary
787 approach. Sci. Rep. 2020, 10, 10648. https://doi.org/10.1038/s41598-020-67740-w.

788  99. Xu, X;]Ji, H; Yu, H.; Zhou, J. Influence of dietary black soldier fly (Hermetia illucens Linnaeus) pulp on growth performance,
789 antioxidant capacity and intestinal health of juvenile mirror carp (Cyprinus carpio var. specularis). Aquac. Nutr. 2020, 26, 432-
790 443. https://doi.org/10.1111/anu.13005.

791  100. Li, S, Ji, H.; Zhang, B.; Zhou, J.; Yu, H. Defatted black soldier fly (Hermetia illucens) larvae meal in diets for juvenile Jian carp
792 (Cyprinus carpio var. Jian): Growth performance, antioxidant enzyme activities, digestive enzyme activities, intestine and
793 hepatopancreas histological structure. Aquaculture 2017, 477, 62-70. https://doi.org/10.1016/j.aquaculture.2017.04.015.

794


https://doi.org/10.1016/j.aquaculture.2008.06.007
https://doi.org/10.1111/j.1365-2435.2009.01589.x
https://doi.org/10.3390/ani12020179
https://doi.org/10.1016/j.aquaculture.2018.03.038
https://doi.org/10.1016/j.aquaculture.2018.03.038
https://doi.org/10.1016/j.aqrep.2020.100520
https://doi.org/10.3390/biology10060505
https://doi.org/10.3390/fishes6030028
https://doi.org/10.4025/actascibiolsci.v35i4.14352
https://doi.org/10.1016/j.aquaculture.2020.736031
https://doi.org/10.1016/j.aquaculture.2020.736031
https://doi.org/10.1016/j.aquaculture.2021.736550
https://doi.org/10.1016/j.aquaculture.2021.736550
https://doi.org/10.1038/s41598-020-67740-w
https://doi.org/10.1111/anu.13005
https://doi.org/10.1016/j.aquaculture.2017.04.015
https://doi.org/10.20944/preprints202212.0414.v1

