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A trial was conceived to evaluate the effects of the dietary inclusion of defatted BSF larvae meal on
growth performance, breast meat quality traits, cecal microbiota composition and metabolomics
profile of turkeys. A total of 1512 female turkeys (B.U.T. 6) were divided into two groups (9 replicate
pens) fed either a basal diet (CON group) or CON diet with 5% BSF meal from 65 days to slaughtering
(105 days; INS group). The administration of BSF meal improved final body weight (10.17 vs. 10.06 kg/
bird, respectively for INS and CON; P =0.04) as well as daily weight gain and feed conversion ratio

in the rearing cycle (96.22 vs. 95.23 g/bird/day and 2.127 vs. 2.141, respectively; P=0.03). Breast

meat quality traits and cecal microbiota were only slightly affected by the treatment. The cecal
concentration of tyramine was significantly lower in INS turkeys, which showed higher levels of
glucose and malonate (P=0.03). The use of BSF meal tended (0.05 <P <0.10) to increase the cecal
content of isoleucine, betaine and butyrate, and to reduce the amount of 3-phenylpropionate. Overall,
the dietary inclusion of 5% BSF meal from 65 to 105 days improved the growth performances of female
turkeys mainly through the modulation of the gut metabolomics profile.

Keywords Poultry, Nutrition, Insect meal, Productivity, Meat quality, Gastrointestinal tract

Abbreviations

AME Apparent metabolizable energy
BSF Black soldier fly

BW Body weight

CON Experimental group fed a corn-wheat-soybean diet in all feeding phases
DFI Daily feed intake
DWG Daily weight gain

FCR Feed conversion ratio

FI Feed intake

GSD Global spectra deconvolution

INS Experimental group fed the CON diet up to 64 days and then CON diet with 5% defatted BSF larvae

meal in partial substitution for SBM until slaughter (105 days).
LOQ Limit of quantification
PAPs Processed animal proteins
PQN Probabilistic quotient normalization
SBM Soybean meal
SCFAs  Short-chain fatty acids
SID Standardized ileal digestibility
TSP 3-(Trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt
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Whilst world population is increasing and protein demand expanding, enormous food losses still occur in
the food supply chain with approximately 30% of the food produced for human consumption that is lost or
wasted from harvesting to the consumer plate!2. The reduction of food losses has thus become a main target
of environmental and food security policies aimed at promoting a more sustainable and efficient use of
natural resources®. Within this context, the adoption of circular economy approaches in which wastes can be
reintroduced into the production process to close nutrient and energy cycles has gained popularity in recent
years for optimizing resources utilization while minimizing environmental impacts®®.

Insects farming represents a quintessential example of circularity as some insect species are able to recover
and transform nutrients from low-value side streams of the food industry generating high-quality products
that could return into the food or feed chains®’. Indeed, while the direct human consumption of insects
could face some limitations especially in countries where insects are still an unusual food®?, the utilization
of insect-derived products has been largely proposed in livestock, thus promoting an indirect entomophagy.
In particular, the use of insects in poultry feeding seems to be well accepted by consumers’~!, likely because
insects represent part of the “natural” diet of wild birds'? or farmed poultry with access to outdoor areas'?. In
the poultry sector, protein meals obtained from farmed insect species can be considered as a valid alternative
to traditional protein feedstuffs, in particular soybean meal (SBM) whose trade and utilization patterns have
generated global environmental concerns and socio-economic issues especially in importing countries such as
Europe and China!*!®. In Europe, the use of processed animal proteins (PAPs) deriving from farmed insects has
been subjected for years to the so-called “feed ban” (i.e., Regulation 999/2001)'¢ and only recently authorized
in poultry feeding (Regulation 1372/2021)'7. Among the 8 insects species allowed by the EU legislation, the
black soldier fly (BSF; Hermetia illucens L.) has been widely studied as a promising source of insect PAPs mostly
because of its valuable nutritional profile and its capacity of growing with high feed efficiency and short rearing
cycles on a different range of organic substrates'3-2°. As a result, the available literature on the use of BSF meal
as alternative protein source in meat-type chicken diets has rapidly expanded in the past ten years'®-2°. Taken
together, the results show that BSF larvae meal can effectively replace part of the conventional protein sources
in broiler diets, with dosages up to 10%?! or 15%?* that should not compromise growth performances provided
that insect-based diets present similar metabolizable energy content and amino acid supply than conventional
diets?%.

Despite the abundance of information on broiler chickens, only a couple of studies focused on the use of BSF
meals in the feeding of modern turkey hybrids, which however present a remarkably high protein and amino
acid intake to satisfy their elevated nutritional requirements. Full-fat BSF larvae meal has been tested in 28-day-
old turkeys either as feed additive (0.3% inclusion dosage) to enhance anti-inflammatory, immunological and
antioxidant traits®* or as a dietary source of proteins and fats?%. In the latter study, the authors concluded that
full-fat BSF meal inclusion up to 15% can improve feed conversion efficiency as well as the immunological
status of the small intestine and cecal fermentation processes®*. To the best of our knowledge, only Lalev et
al.?® investigated the use of BSF meals (both defatted and whole larvae meal) as protein source in growing-
finishing turkeys. Despite some limitations in the experimental design, especially as concern the number of
animals used for the evaluation of growth performances (i.e., 15 birds/dietary treatment), the results indicate
that the inclusion of 10% BSF meals from 56 to 130 days can be well tolerated by turkeys without detriments of
productive performance, meat quality traits and physiological parameters, yet highlighting the need for more
robust and comprehensive evaluations of this nutritional strategy in turkeys. In addition, as also recommended
by Biasato et al.%%, the application of multi-omics approaches can be a valuable tool to shed light on the effects of
BSF meal-based diets on the gut health conditions of commercial poultry species such as turkeys, in which this
information is particularly scant. To expand the knowledge on these topics, this trial was conducted to evaluate
the effects of the dietary inclusion of defatted BSF larvae meal on the growth performance, breast meat quality
traits, cecal microbiota composition and metabolomics profile of female turkeys.

Results

Growth performance

The growth performance results are summarized in Table 1. As expected, turkeys reached a similar body
weight (BW) at 64 days of age (4.796 vs. 4.804 kg/bird, respectively for CON and INS; P=0.78) as a result of
the administration of the same basal diet and a balanced experimental design. The dietary inclusion of BSF
larvae meal had no relevant effects on performance traits from 65 to 78 days of age. Conversely, it tended to
improve daily weight gain (DWG) and feed conversion ratio (FCR) from 79 to 93 days (141.3 vs. 144.7 g/bird/
day and 2.501 vs. 2.434, respectively for CON and INS; P=0.09 and P=0.07), resulting in higher BW at the
end of the phase (8.756 vs. 8.821 kg/bird, respectively; P=0.04). In the finisher phase (94—105 days), INS
turkeys consumed more feed per day than the CON counterpart (343.7 vs. 353.7 g/bird/day, respectively for
CON and INS; P=0.04), which contributed to achieving a higher final BW (10.06 vs. 10.17 kg/bird, respectively
for CON and INS; P=0.04). Analyzing the performance in the overall trial period (0-105 days), the inclusion
of BSF larvae meal significantly increased DWG and reduced FCR (95.23 vs. 96.22 g/bird/day and 2.141 vs.
2.127, respectively for CON and INS; P=0.03). Mortality was remarkably low in both experimental groups,
highlighting no significant variation in each feeding phase and in the overall trial period. Eviscerated carcass as
well as breast and thigh yields (expressed as % of eviscerated carcass weight) were 75.4 vs. 74.5%, 33.7 vs. 33.7%
and 31.6 vs. 31.5%, respectively for CON and INS.

Breast meat quality
The results concerning meat quality analysis are reported in Table 2. No significant effect of the administration
of the INS diet was observed on the proximate composition of breast meat, including moisture, crude protein,
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Group

(n=9)
Trait CON |INS | SEM | P-value
Poult weight (g/bird) 57.44 | 57.12 | 0.60 |0.28
BW at 64 days (kg/bird) 4.796 | 4.804 | 0.06 |0.78
Grower III (65-78 days)
BW (kg/bird) 6.645 | 6.661 | 0.08 | 0.67
DWG (g/bird/d)® 133.5 | 134.9 | 4.43 |0.52
DFI (g/bird/d)® 298.5 |296.8 | 3.95 | 0.40
FI (kg/bird)’ 4.179 | 4.155 | 0.06 | 0.40
Cumulative FI (kg/bird)® | 11.98 | 11.99 | 0.11 | 0.82
FCR® 2.236 | 2.202 | 0.06 |0.28
Cumulative FCR® 1.814 | 1.807 | 0.02 | 0.41
Mortality (%) 0.00 | 0.00 | 0.00
Grower IV (79-93 days)
BW (kg/bird) 8.756 | 8.821 | 0.06 | 0.04
DWG (g/bird/d)® 141.3 | 144.7 | 3.67 | 0.09
DFI (g/bird/d)* 353.3 | 352.0 | 6.85 | 0.69
FI (kg/bird)® 5.300 | 5.280 | 0.10 | 0.69
Cumulative FI (kg/bird)® | 17.28 | 17.27 | 0.18 |0.93
FCR® 2.501 | 2.434 | 0.07 |0.07
Cumulative FCR® 1.980 | 1.961 | 0.01 | 0.02
Mortality (%) 0.00 | 0.00 | 0.00
Finisher (94-105 d)
BW (kg/bird) 10.06 | 10.17 | 0.10 | 0.04
DWG (g/bird/d)® 108.7 | 112.7 | 5.57 | 0.16
DFI (g/bird/d)9 343.7 | 353.7 | 8.62 | 0.04
FI (kg/bird)® 4.125 | 4.244 [ 0.10 |0.04
FCR® 3.172 | 3.146 | 0.12 | 0.66
Mortality (%) 0.00 | 0.40 [0.04 |0.08
Entire trial (0-105 d)
BW (kg/bird) 10.06 | 10.17 | 0.10 | 0.04
DWG (g/bird/d)® 95.23 196.22 | 0.83 | 0.03
DFI (g/bird/d)® 203.9 |204.7 | 1.93 |0.39
FI (kg/bird)’ 21.40 |21.52 | 0.23 |0.32
FCR® 2.141 | 2.127 | 0.01 |0.03
Mortality (%) 0.00 | 0.79 | 0.06 |0.10

Table 1. Growth performance of CON and INS groups. *Corrected for mortality. SEM, standard error of the
mean.

ash and total fat content. As for the technological properties, breasts from CON and INS groups achieved a
similar ultimate pH value. In turn, meat water holding capacity did not differ between groups as indicated by
the comparable drip and cooking losses. Regarding the color profile, lightness (L*) and redness (a*) values did
not present significant variations, while yellowness (b*) showed a lower value in the INS group (2.83 vs. 1.95,
respectively for CON and INS; P=0.03). Shear force was not affected by the dietary treatment.

Cecal microbiota composition

No significant difference in terms of relative abundance was observed between CON and INS groups at both
phylum and genus level (Table 3). Moreover, alpha and beta diversity did not change as a result of the dietary
treatment. Firmicutes and Bacteroidetes were the most abundant phyla in all analyzed samples. At the genus
level, the relative abundance Faecalibacterium and Megamonas tended to be reduced in INS group (12.2 vs.
8.08% and 0.47 vs. 0.17%, respectively for CON and INS; P=0.07).

Cecal metabolomics profile

A total of 71 metabolites were identified through the proton nuclear magnetic resonance (‘H-NMR) spectometry
analysis of the cecal content samples. The 7 metabolites whose concentration was either significantly different
(P<0.05) or tended to be different (0.05<P<0.10) between CON and INS groups are listed in Table 4. The
concentrations of the remaining 64 metabolites are reported in Supplementary Table S1 online. Compared to
CON, the concentration of tyramine was significantly lower in the ceca of INS turkeys (8.27 x 10™* vs. 5.48 x 10~
mmol/L, respectively for CON and INS; P=0.03), which on the opposite showed higher levels of glucose and
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Group

(n=12)
Trait CON | INS | SEM | P-value
Moisture (%) 73.8 [73.6 |0.25 |0.49
Crude protein (%) |253 |24.9 |0.21 |0.27
Total fat (%) 1.24 | 1.26 | 0.07 | 0.81
Ash (%) 147 | 1.45 | 0.13 | 0.91
Ultimate pH (pHu) | 5.66 | 5.66 | 0.01 |0.74
Lightness—L* 50.6 [49.6 | 0.27 |0.07
Redness—a* 3.89 13.88 | 0.15 | 0.99
Yellowness—b* 2.83 | 1.95 | 0.22 | 0.03
Drip loss (%) 0.89 [0.85 | 0.02 |0.23
Cooking loss (%) 179 [19.0 |0.34 |0.11
Shear force (kg) 2.36 |2.28 | 0.08 [0.61

Table 2. Breast meat quality traits in CON and INS groups. SEM, standard error of the mean.

Group

(n=15)
Relative abundance (%)% | CON | INS | P-value
Phylum
Firmicutes 70.9 169.4 |0.71
Bacteroidetes 232 | 245 |0.70
Proteobacteria 2,99 |3.17 | 0.87
Tenericutes 1.52 | 1.79 | 0.44
Actinobacteria 0.83 | 0.74 | 0.72
Cyanobacteria 0.60 | 0.41 | 0.32
Genus
Faecalibacterium 122 | 8.08 | 0.07
Bacteroides 9.33 | 7.83 | 0.62
Oscillospira 3.39 | 3.25 | 0.83
Parabacteroides 2.15 | 291 | 0.57
Ruminococcus 4.66 | 4.37 | 0.61
Blautia 1.90 | 1.98 | 0.87
Lactobacillus 1.65 | 1.55 | 0.85
AFI12 1.22 | 1.38 | 0.60
Helicobacter 0.78 | 0.72 | 0.89
Desulfovibrio 0.65 | 0.78 | 0.68
Odoribacter 0.61 | 0.75 | 0.58
Sutterella 0.57 | 0.58 | 0.98
Bifidobacterium 0.59 | 0.51 | 0.73
Streptococcus 0.48 | 0.51 | 0.95
Dorea 0.35 | 0.47 | 0.25
Clostridium 0.37 | 0.33 | 0.75
Coprobacillus 0.38 | 0.32 | 0.45
Megamonas 0.47 10.17 | 0.07
Phascolarctobacterium 0.30 | 0.25 | 0.63
Bilophila 0.28 | 0.18 | 0.35
Coprococcus 0.13 | 0.14 | 0.93
Butyricimonas 0.13 | 0.10 | 0.71
Collinsella 0.11 | 0.03 | 0.11

Table 3. Mean relative abundance (%) of bacteria, at phylum and genus level, in the ceca of CON and INS
turkeys at slaughter age (105 days).
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CON (n=15) INS (n=15)
Metabolite (mmol/L)S | Mean SE Mean SE P-value | Variation®
Tyramine 8.27x107* | 8.96x107° | 5.48x107* | 7.44x107° | 0.03 !
Glucose 1.02x1073 | 1.13x10™* | 1.53x 1073 | 2.07x107* | 0.03 1
Malonate 7.41x107 | 7.53x107° | 1.01x107® | 9.07x107° | 0.03 1
Isoleucine 421x10* | 3.38x107° | 5.24x10™ | 3.96x 1075 | 0.06 1
Betaine 2.74x107* | 2.02x107 | 3.41x107* | 2.94x107° | 0.07 T
3-Phenylpropionate 1.08x1073 | 7.92x107° | 8.88x107* | 7.61x 107 | 0.10 l
Butyrate 7.89x107 | 5.82x107 | 1.03x 1072 | 1.42x 10 | 0.10 1

Table 4. Concentration (mmol/L) of cecal metabolites showing the most relevant variations between CON
and INS turkeys at slaughter age (105 days). SOnly metabolites whose concentration was either significantly
different (P <0.05) or tended to be different (0.05 <P <0.10) between CON and INS groups are listed. 71, CON
mean/INS mean<1; |, CON mean/INS mean > 1. SE, standard error.

malonate (1.02x 1073 vs. 1.53x 1072 and 7.41 x 10~ vs. 1.01 x 10~ mmol/L, respectively; P=0.03). Furthermore,
the administration of the BSF larvae meal tended to increase the content of isoleucine (P=0.06), betaine
(P=0.07) and butyrate (P=0.10), and to reduce the amount of 3-phenylpropionate (P=0.10).

Discussion

The scientific knowledge about the use of BSF meal in turkey nutrition is very limited. On the one hand, most of
the studies conducted so far focused on the potential role of BSF meal as feed additive (i.e., dietary dosage < 1%)
to enhance gut health conditions because of the nutraceutical properties of this product. On the other hand,
when BSF meal has been considered as a dietary protein source, only few studies taken into account the grower-
finisher phase which is, however, particularly important from a sustainability standpoint as the largest part
of feed consumption occurs in the last stages of the rearing cycle. The results of this trial indicate that the
dietary administration of 5% BSF meal from 65 days to slaughter (105 days of age) improved the productive
performance of female turkeys, which showed higher final BW as well as greater DWG and lower FCR compared
to those fed a conventional corn-wheat-soybean diet. To our knowledge, only one study®® investigated the use
of defatted BSF meal in growing-finishing turkeys. Despite the aforementioned limitations in the experimental
design (i.e., number of replications and animals used in the study), the Authors concluded that 10% defatted BSF
meal inclusion can have beneficial effects on the growth performance of the birds. Other studies, such as that
of Jankowski et al.?4, indicated that full-fat BSF larvae meal inclusion up to 15% can improve feed conversion
efficiency in young turkeys (28 days of age). Overall, our results provide updated and robust information
regarding the use of BSF meal as protein source in growing-finishing turkeys. In this context, the adoption of
more comprehensive experimental designs (e.g., dose-response studies) can help to identify optimal BSF meal
dosages in turkey diets.

As for the meat quality, the dietary inclusion of 5% BSF meal did not substantially affect the proximate
composition and technological traits of turkey breast meat. Our results corroborate those of Lalev et al.”’, who
found a similar protein and fat content in breast muscles from female turkeys fed diets with 10% BSF meal.
Moreover, the Authors revealed that the treatment did not influence the color profile of breast meat while
reduced water holding capacity and cooking loss. In our study, the only slight but still statistically significant
difference was related to the color profile, with breasts from INS group showing lower yellowness compared
to the CON counterpart. This variation could be potentially ascribed to the slight reduction in the amount of
corn—a rich source of carotenoids—in the INS diet, which was necessary to allow the inclusion of BSF meal
while maintaining the same energy content of the CON diet. However, such difference in meat yellowness has
minimal practical implications being not detectable to the naked-eye and thus not able to influence consumers’
perception. Overall, the results obtained in this study support the conclusion of Dalle Zotte?®, who pointed out
that the dietary use of BSF meal has either no or limited influence on the physicochemical traits of poultry meat,
with the only exception being the fatty acid profile which generally presents greater concentrations of saturated
fatty acids.

In addition, the administration of 5% BSF meal exerted minimal effects on the cecal microbiota composition,
as demonstrated by the similar values of alpha and beta diversity at both phylum and genus level between CON
and INS groups. Overall, the cecal microbiota of both groups was characterized by a predominance of Firmicutes
and Bacteroidetes, as generally observed in this section of the gastrointestinal tract of turkeys*. Both these
phyla, representing more than 90% of the cecal microbiota in both tested groups, include genera involved in the
fermentation of dietary polysaccharides producing short-chain fatty acids (SCFAs), such as butyrate, which are
beneficial for energy metabolism and gut health. At the genus level, the relative abundance of only two genera,
Faecalibacterium and Megamonas, tended to be reduced in the INS group. Some species belonging to the genus
Faecalibacterium, particularly Faecalibacterium prausnitzii, are typically associated with a healthy microbiota
in both humans and animals because of their capacity of producing SCFAs and improving intestinal mucosa
conditions®. The genus Megamonas was previously detected in the ceca of growing turkeys and its presence
was positively correlated with the abundance of Campylobacter spp.”®. Moreover, an increased abundance
of Megamonas has been associated with some metabolic diseases in humans®'. In other studies, Megamonas
hypermegale has been identified as a significant component of the cecal microbiota in wild turkeys and as a
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producer of propionic and acetic acids inhibiting Salmonella colonization in the gut®2. Biasato et al.?® highlighted
that insect meals administration can influence the gut health conditions of farmed poultry, pigs and fish because
of the presence of some nutraceutical components such as chitin, antimicrobial peptides, and lauric acid.
These insect-derived compounds are thought to increase microbiota alpha diversity, promoting the growth of
bacterial strains able to produce SCFAs while reducing pathogens abundance?. However, the dietary inclusion
of BSF meal has led to inconsistent results as concern alpha-diversity in poultry species, with studies showing
contrasting outcomes in response to this dietary strategy®>=%. On the other hand, beta-diversity changes have
been frequently observed in monogastric animals fed insects-based diets, even though with some specie-specific
differences and not always consistently even within the same species®. Biasato et al.?® hypothesized that the
genetic selection carried out in the last decades on meat- and egg-type chickens might have reduced the capacity
of modern genotypes to utilize insects as part of their feeding regimens especially when provided at high dosages
(e.g.,>10-15%). Accordingly, it can be speculated that the low dosage of BSF meal tested in this study can be
well tolerated by growing female turkeys, resulting in improved productive performance with only minimal
changes in the cecal microbiota composition. To as concerns other insect products, some studies applying a
fluorescence in situ hybridization technique revealed that the use of BSF fat as alternative to soybean oil in turkey
nutrition can exert some beneficial effects on Enterobacteriaceae spp. and Bacteroides-Prevotella cluster counts,
while other parameters were substantially unaffected by the dietary treatment*®¥’. Overall, further studies are
needed to better understand the potential modulating effect of BSF meal on the turkey microbiota. In future
studies, shotgun metagenomic can be used instead of amplicon sequencing as the latter is able to detect only part
of the gut microbiota community revealed by shotgun sequencing®.

The "H-NMR analysis showed interesting changes in the cecal metabolomics profile of female turkeys in
response to the dietary administration of BSF meal. For instance, tyramine is a biogenic amine deriving from the
decarboxylation of tyrosine by means of bacterial breakdown in the gut*. In humans, high fecal concentrations
of tyramine have been detected in patients with inflammatory bowel disease®® and other in-vitro studies
confirmed the role of tyramine in stimulating intestinal inflammatory processes, particularly by disrupting tight
junction proteins and promoting prostanoid release*!*2. Pretorius and Smith*?, using a zebrafish larval model,
found that tyramine can negatively affect gut health by triggering and exacerbating intestinal inflammation.
A decrease in the cecal levels of biogenic amines, including tyramine, has been associated with improved gut
health conditions and growth performances in yellow-feathered broilers fed diets supplemented with citrus
extract®. In our study, the reduction of tyramine concentration in the cecal content of INS birds might be
considered as a potential indicator of enhanced gut health conditions that, in turn, can have contributed to
the performance improvements observed in the turkeys fed the insect-based diet. In addition, considering that
tyrosine content tended to be higher in the INS group (3.88x 10~ vs. 4.93 x 10~* mmol/L, respectively for CON
and INS; P=0.11; see Supplementary Table S1 online), it can be hypothesized that the microbial population of
INS birds might have a lower capacity of fermenting tyrosine compared to the CON counterpart, even though
no remarkable differences emerged from the microbiota analysis. Indeed, some metabolites are the end-product
of the metabolism of a variety of microbial species that, although showing relatively small differences in their
abundance when considered singularly, can contribute to the overall variations observed at the metabolomics
level.

The cecal content of INS group was also characterized by higher levels of glucose, a well-known sugar
involved in energy metabolism. Rzeznitzeck et al.** found that the amount of glucose decreases steadily along
the intestinal tract of turkeys, with the lowest concentration detected in the ceca. Differences in cecal glucose
levels can be attributed to variations in the absorption rate of this sugar in the previous intestinal segments
and/or to changes in the fermentation processes occurring in the ceca. BSF meal contains chitin, a polymer of
(1>4)-p-linked N-acetyl-p-glucosamine, which represents the main component of the insect exoskeleton*®.
From a metabolic perspective, chitin is generally considered as an indigestible compound for poultry species
even if Tabata et al.*”*8 documented acid chitinase activity in the chicken gastrointestinal tract. Much attention
has been reserved to the role of chitin as substrate for bacterial fermentations in the hindgut, where it can act
as a prebiotic and modulator of the microbiome?®. During chitin degradation, chitosan or even cellulose-like
molecules can be produced as a result of deacetylation and deamination processes, potentially generating glucose
as end product of these reactions*’. Previously, Jankowski et al.? revealed a higher activity of microbial enzymes
involved in chitin degradation in BSF-fed turkeys, which could be consistent with the hypothesis of an increased
metabolism of insect chitin in the ceca of INS birds. Therefore, the higher amount of free glucose detected in the
ceca of INS turkeys could originate from the bacteria fermentation processes carried out on chitin, which could
have determined a greater production of such sugar as final product of bacteria metabolic pathways.

Finally, betaine and butyrate concentrations tended to be higher in the cecal content of INS birds. Betaine,
the trimethyl derivative of the amino acid glycine, has emerged as a valuable molecule able to exert gut health
benefits in both humans and farmed animals, playing positive effects not only on intestinal structure and
functionality but also on nutrient digestibility and microbiota composition®*!. In chickens, the beneficial
effects of betaine have been demonstrated in both physiological and challenging conditions such as coccidiosis
infection or heat stress exposure®™. In terms of systemic metabolism, betaine can improve the availability
of methionine and choline and can interact with several metabolic factors regulating body growth as well as
protein and lipid metabolism, thereby enhancing productive performance®. On the other hand, butyrate is
a well-known SCFA deriving from bacterial fermentations that can exert a multitude of beneficial effects on
gut conditions and, in turn, on animal performance and health®. Besides its trophic role on enterocytes, the
presence of butyrate in the intestinal tract of poultry has been associated with improved epithelial barrier
structure and functionality, increased production of mucin and antimicrobial peptides as well as reduced
pathogens colonization and inflammation®>*. In turkeys, the increase of cecal concentration of butyrate as
a result of the dietary supplementation of different forms of this SCFA was associated with enhanced growth
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performance, greater protein digestibility, better gut health conditions, and reduced fecal pathogens content™. In
line with our results, Jankowski et al.>* observed higher butyrate concentrations in the ceca of 28-day-old turkeys
fed on diets with 5, 10 and 15% full-fat BSF meal. As stated before, the Authors also reported an increased
activity of microbial enzymes involved in chitin degradation, such as p-glucosidase and -glucuronidase, in BSF-
fed turkeys. Similar findings concerning cecal butyrate production have also been observed in laying hens and
broiler chickens receiving diets with defatted BSF and Tenebrio molitor larvae meal as feed protein source®>,
According to these results, it can be hypothesized that the chitin contained in BSF meal could have stimulated
the metabolic activity of the cecal microbiota resulting in a greater production of butyrate, which, in turn, can
have contributed in improving gut health conditions and growth performances in INS turkeys. Taken together,
the cecal metabolomics profile seems to indicate that BSF meal administration could have determined positive
effects in terms of gut health conditions, which can reasonably be considered the main factor behind the growth
performance improvements observed in INS turkeys.

Overall, the results of this study show that the inclusion of 5% BSF meal as partial replacement for soybean
meal from 65 to 105 days (grower-finisher phases) improved the growth performances of female turkeys in
the overall rearing cycle while having negligible effects on breast meat quality traits. Even though microbiota
analysis revealed limited variations, the cecal metabolomics profile suggests that the performance improvements
observed in INS turkeys might be related to changes in the concentration of available gut metabolites (i.e.
tyramine, glucose, butyrate and betaine) playing important roles in animal metabolism and health.

Methods

Ethic statement

This research was authorized by the Ethical Committee of the University of Bologna (ID: 1145/2020) and all
activities were in compliance with the European Legislation and guidelines on the protection of animals kept
for farming and scientific purposes as well as on the protection of animals at slaughtering®®-¢!. All methods are
reported in accordance with the ARRIVE guidelines.

Animals, housing, and management conditions

A total of 1512 one-day-old female turkey poults (genotype: B.U.T. 6), obtained from the same breeder flock and
hatching batch, were used in the trial. All turkeys were vaccinated at the hatchery following routine practices
and transferred under the same conditions to an environmentally controlled poultry facility equipped with 18
identical floor pens (18 m?/each). Each pen presented two pan feeders and a bell-type drinker. A labelled bin
was provided for each pen and the feed contained in it was manually transferred to the feeder on a daily basis.
The concrete floor of the pens was covered with bedding material, specifically wood shavings. Management
and husbandry conditions were representative of current commercial practices in Europe and temperature and
lighting programs were defined according to the recommendations of the breeding company.

Dietary treatments

Each pen was assigned, according to a randomized block design, to one of the following experimental groups (9
replicate pens of 84 turkeys each): CON group, receiving a corn-wheat-soybean basal diet in all feeding phases,
and INS group, which was fed the CON diet up to 64 days and then CON diet with 5% defatted BSF larvae meal
in partial substitution for SBM until slaughter (105 days). The analyzed chemical composition and the amino
acid profile of the BSF larvae meal (Mutatec, Cavaillon, France) are summarized in Table 5. All experimental
diets (Table 6) were formulated to meet current nutritional recommendations following a 6-phase feeding
program: starter, 0-22 days; grower I, 23-50 days; grower II, 51-64 days; grower III, 65-78 days; grower IV,
79-93 days; and finisher, 94-105 days. In each feeding phase, CON and INS diets were isoenergetic and with a
similar amino acid profile, which was optimized on a digestible basis. The dietary content of SBM was reduced
in INS diets to allow the inclusion of BSF meal, resulting in an 11% decrease of soybean use compared to CON
in each feeding phase. Feed and water were offered for ad-libitum consumption. As for the feed physical form,
starter diet was crumbled while pellet was used afterwards (grower I: diameter 2.5 mm; grower II—slaughter:
diameter 3.5 mm). The coccidiostat monensin was included into the feed up to the end of the of grower III phase
(i.e., 78 days) as usually done in commercial conditions.

Growth performance and slaughtering measurement

On a replicate basis, turkeys were weighed and counted at housing (0 day), at each feeding phase switch (22, 50,
64, 78 and 93 days), and at processing (105 days) to compute average body weight (BW) and daily weight gain
(DWG). Feed residuals at the end of each feeding phase were weighed pen-wise to calculate feed intake (FI) and
daily feed intake (DFI). Feed conversion ratio (FCR) was determined according to these parameters and results
reported for each feeding phase and for the overall trial period. Dead or culled turkeys were daily recorded
and their BW was considered to adjust performance parameters. At 105 days, all turkeys were processed into a
commercial abattoir according to standard procedures and in accordance with the EU legislation. A controlled
atmosphere stunning systems (multi-stage, carbon dioxide atmosphere process) was used in the slaughterhouse
according to the Reg. EU 1099/2009L. Slaughtering yields, including eviscerated carcass, boneless and skinless
breast, thighs, were obtained after air-chilling (in-line air tunnel system) on all processed birds on a group basis.

Breast meat quality evaluation

At 24 h post-mortem, 12 breast muscles (Pectoralis major) without visible macroscopic defects were selected from
each experimental group to assess the main meat quality traits. Proximate composition analysis was conducted
according to the procedures described by the Association of Official Analytical Chemists®2. Briefly, moisture and
ash were calculated after drying (105 °C for 18 h) and incinerating (550 °C for 8 h) meat samples, respectively.
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Composition %

Dry matter 97.0
Crude protein 58.5
Crude fiber 12.0

Ash 10.0

Total fat 6.00

Total Calcium 1.90

Total Phosphorous 0.96
Sodium 0.12
Chlorine 0.38
Potassium 1.62

Total Lysine (SID) 3.04 (2.34)
Total Methionine (SID) 0.82 (0.64)
Total Cysteine (SID) 0.49 (0.38)
Total Methionine + Cysteine (SID) 1.31(1.02)
Total Threonine (SID) 2.03 (1.48)
Total Arginine (SID) 2.64 (2.23)
Total Isoleucine (SID) 2.21(1.75)
Total Leucine (SID) 3.57(2.84)
Total Valine (SID) 3.16 (2.53)
Total Histidine (SID) 1.54 (1.19)
Total Serine (SID) 2.30(1.82)
Total Glycine (SID) 2.92 (2.06)
Total Proline (SID) 3.41(2.87)
Total Glutamine (SID) 6.15 (4.66)
Apparent metabolizable energy (kcal/kg)® | 2,626

Table 5. Analyzed chemical composition and amino acid profile of the black soldier fly larvae meal.
SEstimated value. Standardized ileal digestibility (SID) values for each amino acid are reported within brackets.

Crude protein and total fat content was determined through the Kjeldahl copper catalyst method®? and the
chloroform-methanol extraction defined by Folch et al.®%, respectively. Meat ultimate pH (pHu) was measured
48 h post-mortem by means of a portable pH-meter equipped with a stainless-steel blade tip for meat penetration
and temperature compensation (HI98163, Hanna Instruments Inc., USA). A reflectance colorimeter (illuminant
source C; Minolta Chroma Meter CR-400, Minolta Italia S.p.A., Milan, Italy) was utilized to determine the color
profile (L*—lightness, a*—redness, b*—yellowness; CIE, 1978) of breast meat samples. Such evaluation was done
in triplicate on the cross-section of each fillet. Drip and cooking losses were measured to evaluate meat water
holding capacity. Drip loss (%) was calculated as the weight lost from a parallelepiped meat cut (8 x4x2 cmy;
weight about 80 g) obtained from the same cranial portion of each breast muscle after storage at 4+ 1 °C for 48 h
in plastic boxes over sieved plastic racks. The cooking loss assessment was conducted using the same samples,
which were vacuum packed and cooked in water bath (set at 75 °C) until reaching an inner core temperature of
72 °C. After being chilled at room temperature, samples were gently blotted and weighed to calculate cooking
loss (expressed as % of the initial weight). Shear force (kg) was measured on subsamples (4x 1 x 1 cm) obtained
from the cooked meat samples by means of a TA.HDi Heavy Duty texture analyzer (Stable Micro Systems Ltd.,
Godalming, Surrey, UK) equipped with a 5 kg load cell and a Warner Bratzler shear probe.

Cecal microbiota and metabolome evaluation

At slaughtering, the cecal content was obtained from 15 birds/group selected according to the average body
weight of each experimental group and clearly identified with plastic leg bands. Samples were collected into
15 ml sterile falcons and immediately snap-frozen in liquid nitrogen. The falcons were kept at -80 °C until
microbiota and metabolomics analyses.

For the microbiota, approximately 2 ml of cecal content were used for DNA extraction through a bead-
beating procedure followed by the use4 of the QIAmp® DNA Stool Mini Kit (Qiagen, Milan, Italy). Total DNA
was fragmented and tagged with sequencing indexes and adapters following the 16S Metagenomic Sequencing
Library Preparation protocol (Illumina, San Diego, CA, USA), set to amplify the V3 and V4 hypervariable regions
of the 16S rRNA gene in order to obtain a single amplicon of approximately 460 bp. Amplicon sequencing was
performed with MiSeq System (Illumina) in paired-end mode (2 x 251 bp) with MiSeq Reagent kit v2 500 cycles
(Illumina), characterized by a maximum output of 8.5 Gb. Raw sequences were analyzed using the QIIME2
bioinformatics pipeline. First, the sequences were imported as paired-end reads and processed with the dada2
algorithm with the aim to denoise and to merge forward and reverse sequences per each pair. The taxonomic
classification of cleaned data was performed by applying the VSEARCH-based classifier and adopting the
Greengenes 13_8 97% OUT dataset as reference.
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Starter | Grower I | Grower Grower III | Grower IV | Finisher
(0-22d) | (23-50d) | II (51-64d) | (65-78 d) (79-93 d) (94-105 d)

Ingredient (g/100 g) CON CON CON CON | INS | CON |INS | CON | INS
Corn 34.8 33.2 359 32.0 |31.5 |357 |351 |347 |339
Wheat 15.0 15.0 20.0 250 [250 |250 |250 |275 |275
Soybean meal 27.3 34.4 31.8 285 247 |214 |17.7 | 146 |11.0
Full-fat soybean 3.00 6.90 5.00 6.00 |6.00 |10.0 |10.0 |16.0 |16.0
Hydrolyzed soybean 10.0 0.00 0.00 0.00 | 0.00 |0.00 |0.00 [0.00 |0.00
Corn gluten meal 3.00 3.00 0.00 0.00 |0.00 |0.00 |0.00 |{0.00 |0.00
Black soldier fly larvae meal 0.00 0.00 0.00 0.00 |5.00 [0.00 |5.00 |0.00 |5.00
Animal fat 1.06 2.00 0.50 448 412 |450 |4.16 420 |3.90
Soybean oil 0.00 0.00 2.20 0.00 |0.00 |0.00 |0.00 |0.00 |0.00
Dicalcium phosphate 1.99 1.68 1.14 0.70 ]0.59 |0.37 |025 |0.12 |0.00
Calcium carbonate 0.92 0.92 0.8 094 1082 |094 |082 |094 |0.84
Sodium chloride 0.34 0.35 0.30 030 |0.29 | 020 |0.17 |0.19 |0.16
Sodium bicarbonate 0.00 0.00 0.00 0.00 |0.00 |0.14 |0.18 |0.16 |0.20
Choline chloride 0.10 0.10 0.10 0.10 |0.10 |0.07 |0.08 |0.06 |0.07
L-Lysine (50%) 0.70 0.71 0.61 055 [049 |047 |041 |042 |0.35
DL-Methionine (99%) 0.30 0.31 0.30 027 1026 |024 |023 |024 |0.23
L-Threonine (98.5%) 0.22 0.22 0.21 0.16 |0.14 |0.13 |0.10 |0.11 |0.08
Amino acid mix (Arg, Val,Ile) | 0.25 0.25 0.20 0.15 [0.15 |0.10 |0.10 |0.10 |0.10
Vitamin-mineral premix® 0.50 0.50 0.45 040 |0.40 |0.35 |0.35 {030 |0.30
NSP-degrading enzyme 0.05 0.05 0.05 0.05 |0.05 |0.05 |0.05 |0.05 |0.05
Phytase 0.10 0.10 0.10 0.10 {0.10 |{0.10 |0.10 |0.10 |0.10
Emulsifier 0.05 0.05 0.05 0.05 ]0.05 |0.05 |0.05 |0.05 |0.05
Butyrate 0.10 0.10 0.10 0.10 |0.10 | 0.00 |0.00 |0.00 |0.00
Muramidase 0.09 0.09 0.09 0.09 [0.09 |0.09 |0.09 |0.09 |0.09
Pelletting adjuvant 0.05 0.05 0.05 0.05 ]0.05 |0.05 |0.05 |0.05 |0.05
Monensin 0.04 0.04 0.04 0.03 |0.03 |0.00 |0.00 |0.00 |0.00
Chemical composition

Dry matter (%)" 89.3 89.2 88.3 88.1 883 |882 |881 |880 |88.1
Crude protein (%)* 258 24.6 22.0 21.8 |21.6 | 195 |189 |188 |17.9
Total lipid (%)* 3.74 5.20 547 6.68 |6.75 |7.73 |8.04 |9.32 |9.56
Crude fiber (%)" 3.07 3.16 3.14 321 [336 |316 |3.09 |314 |332
Ash (%)" 6.67 6.43 5.94 547 522 |545 |511 [499 |4.09
Total Lysine (%) 1.65 1.58 1.46 133 | 136 |124 |122 |116 |1.12
Total Arginine (%)* 1.74 1.67 1.56 1.43 147 | 1.29 1.30 | 1.23 1.22
Total Threonine (%)" 1.13 1.10 0.99 093 1094 |088 |084 |082 |0.78
Total Met. + Cys. (%)" 1.05 1.01 0.96 086 |0.87 |0.80 |0.83 |0.80 |0.78
Calcium (%)* 1.10 1.03 0.84 0.77 10.77 |0.67 |0.67 |0.60 |0.60
Phosphorus (%)* 0.77 0.70 0.58 049 1050 | 042 |044 |036 |0.38
Metabolizable energy (kcal/kg) | 2850 2920 3000 3050 | 3050 | 3150 | 3150 | 3225 | 3225

Table 6. Ingredients and chemical composition of the experimental diets in each feeding phase. $The
premix provides the following per kg of feed: vitamin A (retinyl acetate), 12,500 IU; vitamin D3, 5000 IU
(i.e., cholecalciferol, 3500 IU +25-OH D3, 1500 IU); vitamin E (DL-a-tocopheryl acetate), 125 mg; vitamin
K (menadione sodium bisulfite), 6.75 mg; riboflavin, 9.0 mg; pantothenic acid, 22.0 mg; niacin, 75 mg;
pyridoxine, 5 mg; folic acid, 3.0 mg; biotin, 0.35 mg; thiamine, 4.0 mg; vitamin B12, 50 pg; Mn, 100 mg; Zn,
102 mg; Fe, 30 mg; Cu, 15 mg; I, 2.0 mg; Se, 0.35 mg. TAnalyzed value.

As for samples preparation for the metabolome analysis, a D,O solution containing 10 mmol/L of TSP
(3-(trimethylsilyl)-propionic-2,2,3,3-d, acid sodium salt) and 2 mmol/L of NaN, was produced. The two solutes
were employed, respectively, as a "H-NMR chemical shift reference and as a blocking agent for microorganisms.
Each plasma sample was centrifuged at 18,630 x g and 4 °C for 900 s, to obtain 0.65 mL of supernatant, which was
then mixed with 0.1 mL of the D,O solution and centrifuged again as described above. 'H-NMR spectra were
recorded with an AVANCE™ III spectrometer (Bruker, Milan, Italy) operated by the software Topspin (v.3.5).
The spectra were registered at 298 K and at a frequency of 600.13 MHz. Water residual signal was reduced
by presaturation, while broad resonances due to large molecules were minimized with a CPMG-filter (total
filter of 330 ms, made by 400 echoes with a 7 of 400 ps and a 180° pulse of 24 ps). The total number of scans
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and relaxation delay for each spectrum were set to 256 and 5 s, respectively. The number of data points was
32,000, while the spectral window was 7184 Hz. The subsequent phase-adjustment was performed in Topspin
v3.5. Spectra were then exported to ASCII format and imported into the R software environment with the
script convbin2asc and scripts developed in house, respectively. The Human Metabolome Database® and
Chenomx software libraries (Chenomx Inc., Edmonton, AB, Canada, v10) were used for signals’ assignment, by
comparing multiplicity, shape and position through the routine implemented in Chenomx. The quantification of
molecules was done by relying on TSP as internal standard and potentially different water contents from sample
to samples were considered by PQN (probabilistic quotient normalization)®>. Molecules concentration was
obtained from the area of one of their signals, measured by GSD (global spectra deconvolution) implemented in
MestReNova software (v14.2.0-26256; Mestrelab research S.L., Santiago De Compostela, Spain) with 5 as limit
of quantification (LOQ). To do so, a 0.3 line broadening and a baseline adjustment were performed, the latter by
Whittaker Smoother procedure.

Statistical analysis

The dietary treatment was considered as the experimental factor for all the parameters (dependent variables)
considered in this study. Data were screened using the Shapiro-Wilk test, which confirmed a normal distribution
for all investigated parameters. Growth performance data were evaluated through a one-way blocked ANOVA
with the replicate pen as experimental unit. No statistical insights were conducted on carcass and cut-up yields
data as these parameters were recorded on a group basis without replicates. As no blocking factor was defined
for the other traits, meat quality and metabolomics data were analyzed with a two-tailed Student’s t-test with
the breast and cecal content samples considered as experimental unit, respectively. For the cecal microbiota, the
comparative analysis between taxa abundances was done by applying a two-tailed Student’s t-test, while alpha
and beta diversity were calculated in QIIME2. A P-value threshold of 0.05 was defined to declare differences as
statistically significant. When the P-value was from 0.05 to 0.10, differences between groups were considered as
tendencies.

Data availability

The datasets generated and/or analysed during the current study are available in the NCBI-SRA repository un-
der the bioproject PRINA1237329 (https://dataview.ncbi.nlm.nih.gov/object/PRINA1237329?reviewer=f4gj7g7
48mest5ni09jric3poc).
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