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(Becuet - B; Moscato — M) as rearing substrates for black soldier fly larvae (BSFL), focusing on the related
effects on larval growth performance, proximate composition, and fatty acid profile. A total of six repli-
cates per treatment, and 1 000 BSFL per replica, were used. Larval development was assessed by larvae
weight, which was recorded eight times during the trial: the day after the beginning of the trial, and then
on days 5, 8, 13, 15, 20, 22, and 27 (day in which the 30% of BSFL reached the prepupal stage). Production
and waste reduction efficiency parameters, namely the growth rate, substrate reduction and substrate
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Lipids reduction index, were calculated. The two grape pomace varieties were analysed for their proximate
Waste reduction efficiency composition and fatty acid profile; the same analyses were conducted on BSFL (30 larvae per replica) that
Winery by-product were collected at the end of the trial (day 27). The growth rate of BSFL showed a higher value when the

larvae were reared on B substrate (4.4 and 3.2 mg/day for B and M, respectively; P < 0.01). The rearing
substrate did not significantly affect the proximate composition of BSFL. The percentage of total lipids
(TL) in M-fed BSFL was significantly higher than in B ones. Total saturated (P < 0.001) and monounsatu-
rated fatty acids (P < 0.05) were significantly higher in M-fed BSFL, while an opposite trend was observed
for total branched-chain (P < 0.001) and total polyunsaturated fatty acids (P < 0.001). Interestingly, some
conjugated linoleic acid (CLA) isomers [i.e., C18:2 c9t11(+t7c9+t8¢c10) and t9t11] were detected in low
amounts in both rearing substrates (total CLA equal to 0.085 and 0.16 g/100 g TL in B and M substrate,
respectively). Some CLA isomers (i.e., C18:2 c9t11, t7¢9, and t10c12) were also found in BSFL, reaching
a total CLA concentration equal to 2.95 and 0.052 g/100 g of TL in B-fed and M-fed BSFL, respectively.
This study demonstrates that winery by-products from different grape varieties can significantly affect
the development and lipid composition of BSFL. The CLA biosynthesis potential of BSFL opens newswor-
thy perspectives for a new valorisation of winery by-products to produce full-fat black soldier fly meal

and black soldier fly oil enriched in specific fatty acids of potential health-promoting interest.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications orised within black soldier fly—rearing media to obtain larvae
enriched in fatty acids of potential health-promoting interest.

The black soldier fly is attracting interest for its ability to con-
vert organic waste into high-value feeds. In this study, we assessed
the effect of using grape pomace from two varieties as rearing sub-
strate for the larvae. The grape pomace variety influenced the
growth and the chemical composition of the larvae. We detected
some conjugated linoleic acid isomers in the grape pomace, which
then accumulated in the larvae. Winery by-products could be val-

Introduction

In a world of finite resources, several studies have been carried
out in search of new food sources for humans and animals. Accord-
ing to the Food and Agriculture Organisation, in the creation of a
circular economy, recycling of food waste is one of the key points
to achieve sustainability and avoid wasting resources (FAO,
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not only for their nutritional value but also for their limited rearing
requirements, such as small growth land and waste-based rearing
substrates, as well as their rapid life cycle (Gasco et al., 2023). One
of the insects studied for this purpose is Hermetia illucens (Diptera:
Stratiomyidae), also known as black soldier fly. This insect is native
of the warm temperate zone of America, and it is today spread
almost worldwide (Kaya et al., 2021). The black soldier fly larvae
(BSFL) have been reported to consume and degrade organic mate-
rials such as fruit and vegetable waste and manure (Siddiqui et al.,
2024).

With a global surface area equal to 7.3 x 10° ha (OIV, 2023),
grape is a fruit cultivated all over the world both for direct human
consumption and to produce several food products such as juice,
jelly, vinegar and, of course, wine. Globally, in year 2022, the grape
production was set at about 8.0 x 107 tonnes (OIV, 2023). Just con-
sidering Italy, the 2021 grapes production reached 7.5 x 10° ton-
nes (ISTAT, 2024). The winemaking process generates a series of
by-products, of which grape pomace (GP) is the most abundant
one (lanni and Martino, 2020; Baroi et al., 2022). The GP represents
about 25% of the weight of processed grapes, thus amounting to
about 1.8 x 10° tonnes produced in Italy only. The GP is obtained
after mechanical press or fermentation, and includes the peels
(skin), seeds and some parts of the stems (Sirohi et al., 2020).
Due to the different relative percentages of its constituent parts,
which in turn depend on the variety and its degree of ripeness,
GP has a complex and variable chemical composition (Antonic
et al., 2020). The presence of antioxidants, vitamins, and unsatu-
rated fatty acids in GP makes it a feedstuff with a valuable nutri-
tional composition (Baroi et al., 2022).

Recent research has shown how different rearing substrates can
impact the chemical composition of BSFL, particularly for what
concerns their lipid content and fatty acid profile (Ewald et al.,
2020; Suryati et al., 2023). The bioaccumulation capacity of BSFL,
and the possibility of modifying their fatty acid profile through
the rearing substrate, can open interesting prospects for a new val-
orisation of GP and to produce insect meals and oils enriched with
fatty acids of specific nutritional characteristics. So far, only few
research investigated the potential of BSFL to bio-convert GP
(Meneguz et al., 2018; Gold et al., 2022; Ribeiro et al., 2022). There-
fore, this study aims to evaluate the effects of GP from two differ-
ent varieties as rearing substrate on the growth performance and
chemical composition of BSFL, with a particular focus on the
impact on their fatty acid profile.

Material and methods
Rearing substrates and black soldier fly larvae

The pomaces from two different grape varieties were used as
rearing substrate for BSFL: Becuet (B) (red grape) and Moscato
(M) (white grape) (MASAF, 2023). They were obtained during the
winemaking process from a private distillery located in North-
Western Italy (Distilleria Santa Teresa dei Fratelli Marolo S.r.L.,
Alba, Cuneo, Italy). Immediately after collection, the GP was trans-
ported to the labs of the Department of Agricultural, Forest and
Food Sciences of the University of Turin, where the GP samples
were dried at 60 °C until reaching a constant weight. After drying,
the GP samples were sieved with the aim of separating the skins
from the seeds. To be used as rearing substrates for BSFL, the dried
skins and seeds were individually ground with a laboratory cutting
mill to pass a 1 mm screen sieve (Pulverisette 15-Fritsch GmbH,
Idar-Oberstein, Germany). Given the material availability, two
dry-rearing substrates with 6 kg skins and 1.25 kg grape seeds
were prepared for each grape variety. To reach the correct rearing
substrate humidity (60%) for BSFL growth, water was then added.

Animal 18 (2024) 101240

Six-day—old BSFL were obtained from eggs produced at the
experimental facility of the Department of Agricultural, Forest
and Food Sciences. Twelve containers (23 x 30 x 9 cm?) were filled
with 1 220 g (40% of DM) of one of the two rearing substrates (six
replicates | rearing substrate) and placed into a climatic room
(temperature = 28 + 0.5 °C; relative humidity: 65 + 0.5%) to warm
up. Thereafter, 1 000 6-day—old larvae were poured on the top of
the rearing substrate in each container that was placed again in
the climatic room. The total number of larvae was estimated by
weighing twenty samples of 10 larvae (Kern & Sohn GmbH; Balin-
gen, Germany; readability = 0.001). During the trial, no further sub-
strate was provided to the larvae.

To follow the larvae growth, 10 larvae per replica were ran-
domly sampled, washed and gently dried before being individually
weighed at the following times: the day after the beginning of the
trial (T1), then at day 5 (T2), day 8 (T3), day 13 (T4), day 15 (T5),
day 20 (T6), day 22 (T7), and day 27 (T8); the latter corresponded
to the end of the trial. As the measure was not destructive, the lar-
vae were reintroduced into their replica (Bellezza Oddon et al.,
2022a). Sampling and weighing lasted until 30% of the larvae
reached the prepupa stage (day 27, T8), which was identified
thanks to the change in the colour of the exoskeleton from white
to black/brown as previously described (Tomberlin et al., 2002).
For the larval final weights, the average weight of the leftover
70% larvae after removing the 30% of prepupae was calculated. At
the end of the larval growth, 30 larvae [ replica (sampled as previ-
ously described) were separated from the frass and were weighed.
All the larvae were carefully washed and frozen. Subsequently, the
larvae were freeze-dried (Freeze Drying Equipments - Criofarma,
Turin, Italy) and stored at —80 °C prior to subsequent chemical
analysis.

Production and waste reduction efficiency parameters were cal-
culated (on a fresh matter basis) as follows:

- Growth rate (mg/day) = (larva average final BW (mg) — larva
average initial BW (mg))/days of trial;

- Substrate reduction (%) = [(rearing substrate (g) — residue (g)) /
rearing substrate (g)] x 100;

- Substrate reduction index = substrate reduction / days of trial.

Chemical composition of grape pomace and black soldier fly larvae

The dried GP (mixed proportion of skins and seeds used to pre-
pare the rearing substrates, as previously described) and BSFL were
ground using a knife mill (Grindomix GM200, Retsch GmbH, Haan,
Germany; final fineness < 0.05 mm). AOAC International (2000)
procedures were used to determine DM (method no. 930.15), ash
(method no. 942.05), CP (method no. 984.13) and ADF (method
no. 973.18) of both dried GP and BSFL. The CP content of BSFL
was calculated using the nitrogen—to—protein conversion factor
of 4.76 as suggested by Janssen et al. (2017), while for dried GP,
the CP content was calculated using the conventional
nitrogen—to—protein conversion factor of 6.25. In dried GP, the
ether extract (method no. 2003.05) content was determined
according to AOAC International (2003). Total lipids (TL) in dried
GP and BSFL were extracted with a chloroform/methanol solution
(2:1, v/v), according to Rodriguez-Estrada et al. (1997), with some
modifications. Briefly, 0.4 g of sample was added to 80 mL of a
chloroform/methanol solution (1:1, v/v), homogenised for 30 s
and placed in an oven for 20 min at 60 °C. After the addition of
400 mL of chloroform, reaching a final ratio of 2:1 (v/v) of chloro-
form/methanol (Folch et al., 1957), the mixture was homogenised
for 1 min and filtered to eliminate the solid residue. The filtered
fraction was added to 400 mL of potassium chloride 1 M and was
left overnight at 4 °C in a refrigerator. After phase separation, the
chloroform phase was dried with a rotavapor, and the lipid extract
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was weighed. The NDF content of dried GP was analysed according
to Mertens (2002); a-amylase (Merck, Darmstadt, Germany) and
sodium sulphite (Merck, Darmstadt, Germany) were added, and
the results were corrected for residual ash content. The ADL of
dried GP was determined according to method no. 973.18 of
AOAC International (2000). Non-structural carbohydrates were cal-
culated as: 100 — (CP + ether extract + ash + NDF).

The proximate composition of dried GP and BSFL was expressed
as g /100 g DM.

All analyses were performed in duplicate. Any sample replica-
tions with CV values greater than 5% were reanalysed.

Fatty acid composition and phenolic fractions of grape pomace

A sample of 250 mg of dried GP was weighed to analyse the
fatty acid composition using a combined direct transesterification
and solid-phase extraction as reported by Alves et al. (2008). Fatty
acid methyl esters were separated and identified using a GC-FID
(GC 2010 plus, Shimadzu, Kyoto, Japan) and a fused silica capillary
column (CP-Sil 88, Agilent J&W, Santa Clara, California, United
States of America; 100 m x 0.25 mm i.d.; film thickness
0.20 pm) with the same instrumental parameters detailed in
Renna et al. (2014). Peaks were identified by comparing retention
times to pure standards (Restek Corporation, Bellefonte, Pennsyl-
vania, United States of America) and by comparison with published
chromatograms (Alves et al., 2008). Quantification was assessed by
using heptadecanoic acid (C17:0) as internal standard. The results
were expressed as g /100 g of TL.

The contents of total extractable phenols and different polyphe-
nol fractions (total tannins, non-tannin phenols, condensed tan-
nins, and hydrolysable tannins) in GP were determined as
detailed in lussig et al. (2015).

All analyses were performed in duplicate. Any sample replica-
tions with CV values greater than 5% were reanalysed.

Fatty acid profile and conjugated linoleic acid isomers determination
of black soldier fly larvae

After TL extraction, the fatty acid methyl esters were prepared
by the acid-base-catalysed trans-methylation (Kramer et al,
1997) with some modifications. Briefly, 1 mL of C9:0 and C19:0
(1 mg/mL) internal standards was added to 15 mg of TL. After
the addition of 2 mL of sodium methoxide in methanol (0.5 M),
the solution was vortexed and left to react for about 10 min at
50 °C, after cooling to room temperature 3 mL of 10% HCI solution
in methanol was added and the solution was allowed to react for
another 15 min at 50 °C. Once cooled, 6% aqueous potassium car-
bonate was added in two portions of 2 mL to prevent excessive
effervescence, followed by the addition of 2 mL of hexane. The
solution was then vortexed, centrifuged, and the organic layer
transferred to another tube. The extraction step with hexane was
repeated twice. The final solution was dried over anhydrous
sodium sulphate and, after centrifugation, the solvent was col-
lected into another tube and evaporated under a stream of nitrogen
at room temperature. The residue was then dissolved in 1 mL of
hexane.

The fatty acid methyl esters were identified and quantified,
according to Mele et al. (2014), using a GC-FID (GC 2000 plus, Shi-
madzu, Columbia, Maryland, United States of America) and a high
polar fused silica capillary column (Chrompack CP-Sil 88 Varian,
Middelburg, The Netherlands; 100 m x 0.25 mm i.d.; film thick-
ness 0.20 pum). Individual fatty acid methyl esters were identified
by comparison to a standard mixture of 37 Component fatty acid
methyl esters Mix (Supelco, Bellefonte, Pennsylvania, United States
of America). The identification of C18:1 isomers was based on com-
mercial standard mixtures (Supelco, Bellefonte, Pennsylvania, Uni-
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ted States of America) and published isomeric profiles (Wolff and
Bayard, 1995). Conjugated linoleic acid (CLA) isomers of TL were
separated and quantified by three silver ion HPLC columns
(ChromSpher 5 Lipids, Varian, Middelburg, The Netherlands;
250 mm; 4.6 mm i.d.) according to Conte et al. (2019). Quantitative
measurements were performed through a calibration curve, using
high—purity individual c9t11 and t10c12 CLA isomers (Matreya
Inc., Pleasant Gap, Pennsylvania, United States of America). The
CLA mix standard (Sigma Chemical Co., St. Louis, Missouri, United
States of America) and published isomeric profiles (Kramer et al.,
2004) were used to help identify the CLA isomers in TL. Individual
fatty acids were expressed as g /100 g of TL.

Statistical analysis

The statistical analysis of data was performed using IBM SPSS
Statistics v. 27 for Windows. Outliers lying over 1.5 IQRs below
the first quartile (Q1) or above the third quartile (Q3) were first
detected and removed from the statistical analysis. Larval weights
were subjected to a two-way mixed ANOVA. The Shapiro-Wilk test
was used to verify whether the dependent variables were normally
distributed for each combination of the groups of within-subject
(test day, considered as a repeated measure) and between-
subject (rearing substrate) factors. Levene’s test was used to verify
the homogeneity of variances for each combination of the groups
of within- and between-subject factors. Mauchly’s test was used
to verify the assumption of sphericity; if such an assumption was
violated, the Greenhouse-Geisser or the Huynh-Feldt correction
(in cases of estimates of sphericity lower or higher than 0.75,
respectively) was applied to correct the df of the F-distribution.
The means for the main effects of test day, rearing substrate and
their interaction were compared using the Bonferroni confidence
interval adjustment. Differences in terms of larval weights for each
test day and larval final weights, as well as production and waste
reduction efficiency parameters (growth rate, substrate reduction
and substrate reduction index), proximate composition and fatty
acid profile of BSFL between rearing substrates were also assessed
using independent-sample Student’s t-tests. No statistical analysis
was conducted to compare the chemical composition of the rearing
substrates, as each of them was derived from a single commercial
batch. Significance was declared at P < 0.05.

Results

Proximate composition, phenolic fractions and fatty acid profile of
grape pomace

The proximate composition of dried GP from B and M varieties,
used as rearing substrate for BSFL, is reported in Table 1. The two
substrates contained similar contents of CP (on average

Table 1
Proximate composition (g/100 g DM, unless otherwise stated) of dried grape pomace
used as rearing substrate for black soldier fly larvae.

Grape pomace variety

Item B M
DM (g/100 g) 94.06 88.18
Ash 13.27 5.83
CP 11.75 10.11
Ether extract 6.33 5.91
NDF 49.48 37.96
ADF 34.48 34.18
ADL 22.77 19.99
Non-structural carbohydrates 19.17 40.19
Protein: non-structural carbohydrates 1:16 1:4.0
Protein + non-structural carbohydrates 30.92 50.30

Abbreviations: B = Becuet; M = Moscato.
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10.9 g/100 g DM), and ADF (about 34 g/100 g DM) and mainly dif-
fered in ash and non-structural carbohydrates contents, the varia-
tions of which were more than double between the substrates
(higher ash in B and higher non-structural carbohydrates in M).
The NDF content was about 1.3-fold higher in B than M substrate.

The TL content was comparable between the substrates (on
average 5.6 on a wet basis; Table 2). Regarding the GP fatty acid
profile (Table 2), the B variety showed about 1.1-fold higher
amount of total saturated (SFA), total monounsaturated (MUFA)
and total polyunsaturated (PUFA) fatty acids. The most repre-
sented individual fatty acids for both varieties were linoleic acid
(C18:2 n-6; on average 56.16 g/100 g TL), followed by oleic acid
(C18:1 ¢9; on average 12.57 g/100 g), both being higher in B than
M, and palmitic acid (C16:0; on average 9.43 g/100 g TL) being very
similar between the two GP varieties. Among PUFA, a-linolenic
acid (C18:3 n-3) was found in relatively low amounts, with slightly
higher contents in M than B variety. In both GP varieties, some CLA
isomers were detected, namely rumenic acid (C18:2 ¢9t11, which
coeluted with other two CLA isomers, t7c9 and t8c10, with the
applied chromatographic conditions) and C18:2 t9t11. The
detected amount of CLA isomers was low (total CLA equal to
0.085 and 0.16 g/100 g TL in B and M, respectively), with M variety
showing slightly higher amounts of the sum C18:2
c9t11 + t7¢9 + t8c10.

The recorded amount of total extractable phenols in GP was
remarkable, being slightly higher in B than M variety (173.7 vs
156.9 g/kg DM, respectively). In both GP varieties, 97% of total
extractable phenols were represented by tannins, with a clear
prevalence of hydrolysable (163.4 vs 133.6 g/kg DM, respectively)
over condensed (5.3 vs 19.3 g/kg DM) forms.

Growth performance and waste reduction efficiency of black soldier fly
larvae

The development of BSFL reared on GP from B and M varieties is
shown in Fig. 1. The results showed a significant main effect of

Table 2

Total lipids (g/100 g wet basis), fatty acid composition (g/100 g TL) and total fatty
acids (g/100 g wet basis) of dried grape pomace used as rearing substrate for black
soldier fly larvae.

Grape pomace variety

Item B M
TL 5.96 522
C10:0 0.14 0.10
C12:0 0.17 0.066
C14:0 0.22 0.11
C15:0 0.053 0.046
C16:0 9.22 9.63
C16:1 9 0.31 0.32
C18:0 4,01 2.81
C18:1 t9-11 0.044 0.074
C18:1 9 13.66 11.47
C18:1 c11 0.76 1.09
C18:2 n-6 59.15 53.16
C20:0 0.62 1.00
C20:1 c11 0.18 0.16
C18:3 n-3 1.39 2.31
C18:2 c9t11 (+t7c9 + t8¢c10) 0.039 0.10
C18:2 t9t11 0.047 0.064
Total SFA 14.43 13.77
Total MUFA 14.95 13.11
Total PUFA 60.54 55.47
Total CLA 0.085 0.16
Total fatty acids 5.36 431

Abbreviations: B = Becuet; M = Moscato; TL = total lipids; ¢ = cis; t = trans;
SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyun-
saturated fatty acids; CLA = conjugated linoleic acids.
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rearing substrate [F(1,10) = 28.140; P < 0.001], with average BSFL
weights being significantly higher when the larvae were reared
on B rather than M GP variety. The results also showed a significant
main effect of test day [F(8,80) = 231.243; P < 0.001]. Bonferroni
corrected posthoc tests showed the following BSFL weight trend:
day 0 < day 1 < day 5 < day 8 < day 13 < day 15 = day 20 < day
22 = day 27. The interaction term (test day x rearing substrate)
was also highly significant [F(8,80) = 8.497; P < 0.001], showing
that the larval weights significantly differed in the test days
between rearing substrates. In particular, the independent-
sample Student’s t-tests showed that the larval weights started dif-
fering from test day 3 (P < 0.05) and remained significantly differ-
ent till the end of the trial. Regarding the production and waste
reduction efficiency parameters, the growth rate showed a higher
value for BSFL reared on B substrate (4.4 and 3.2 mg/day for B
and M, respectively; P < 0.01). On the other hand, the substrate
reduction (44.59 vs 43.45% for B and M, respectively) and the sub-
strate reduction index (1.65 vs 1.61 for B and M, respectively) were
not significantly affected by the rearing substrate.

Proximate composition and fatty acid profile of black soldier fly larvae

None of the proximate constituents of the BSFL was signifi-
cantly affected by the rearing substrate (Table 3). The TL content
of the larvae was significantly higher in M—fed when compared
to B-fed BSFL (P < 0.05) and the fatty acid profile of the larvae also
significantly varied according to the rearing substrate (Table 4).
The total straight-chain SFA and some individual SFA (C10:0,
C12:0, C14:0 and C16:0) were higher in M-fed than B-fed larvae.
Conversely, the total branched-chain fatty acids (BCFAs) and the
majority of the detected individual BCFA (C15:0 anteiso, C16:0
iso, C17:0 iso and C18:0 iso) were significantly higher in B-fed than
M-fed larvae. The BSFL reared on the M substrate showed signifi-
cantly higher contents of total MUFA, C16:1 ¢9 and C18:1 ¢9, while
the BSFL reared on the B substrate showed higher contents of
C16:1 t9, C16:1 ¢7 and C18:1 c13. The total PUFA content was
higher in B-fed than M-fed larvae (P < 0.001). All individual
detected PUFAs were significantly different between B-fed and
M-fed larvae, except for C20:3 n-6 and C22:3 n-3 which did not dif-
fer between the substrates. Some CLA isomers (C18:2 c9t11, C18:2
t7¢9 and C18:2 t10c12) were detected in the BSFL. The most abun-
dant detected CLA isomer was rumenic acid, accounting for 93 and
46% of total CLA in B-fed and M-fed BSFL, respectively. The t7¢9
CLA isomer ranked second, accounting for 44% of total CLA in M-
fed BSFL, while only for 6% in B-fed BSFL. All detected CLA isomers
were significantly higher, with the total CLA concentration being
59-fold higher, in B-fed than M-fed larvae.

Discussion

Proximate composition, phenolic fractions and fatty acid profile of
grape pomace

The proximate composition of the GP varieties used in the cur-
rent trial falls within the wide ranges reported by Antonic et al.
(2020), except for the ash content in B variety (13.27 g/100 g
DM), which was higher than the maximum value (9.10 g/100 g
DM) reviewed by the above-mentioned authors. No data is cur-
rently available in published literature concerning the proximate
composition of the GP obtained from B variety. However, it is
known that the variety (genotype) significantly influences the
chemical composition of GP (Ahmed et al.,, 2020), with other
sources of variation being the planting environment, the harvest-
ing conditions, and the applied processing method (Antonic et al.,
2020). Our results show that fibre is a predominant compound in
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Fig. 1. Weight development of black soldier fly larvae (BSFL) reared on grape pomace from Becuet and Moscato varieties at different time points [days 1 (T1), 5(T2), 8 (T3), 13
(T4), 15 (T5), 20 (T6), 22 (T7) and 27 (T8) after the beginning of the trial]. Error bars represent SEM. *: P < 0.05; ** P < 0.01; *** P < 0.001.

Table 3
Proximate composition (g/100 g DM, unless otherwise stated) of black soldier fly larvae reared on grape pomace from Becuet (B) and Moscato (M) varieties (n = 6).
Item B-fed BSFL M-fed BSFL SED P-value

DM (g/100 g) 31.28 30.85 0.831 0.615
Ash 13.89 13.37 0.377 0.196
cP 35.84 35.94 0.326 0.758
TL 16.84 20.17 0.826 0.035
ADF 10.75 10.79 0.249 0.869

Abbreviations: TL = total lipids.

GP (Table 1). The B variety showed numerically higher NDF values
when compared to the M variety, which is consistent with the sig-
nificantly higher dietary fibre contents found in published litera-
ture for red GP when compared to white GP (Antonic et al,
2020). The latter authors also reported that most of dietary fibre
in GP comprises insoluble components, such as hemicellulose
and cellulose. As ADF and ADL values were similar between the B
and M varieties, it is likely that in our GP samples, the main differ-
ence in fibre composition was imputable to the hemicellulose con-
tent. Another important variation found when comparing the B and
M GP used in our study regards the non-structural carbohydrates
content, which comprises starches and sugars and was about 2-
fold higher in the M variety. Deng et al. (2011) found that soluble
sugars are the largest constituents in white GP, while in red GP, the
related amounts are usually low (Antonic et al., 2020), thus corrob-
orating the results obtained in our study.

Various phenolic compounds have been detected in GP, includ-
ing catechins, flavonols, phenolic acids, alcohols and, only in red
grape pomaces, anthocyanins. During grape processing, such com-
pounds remain in GP due to their incomplete extraction, conferring
GP valuable antioxidant properties (Ahmed et al., 2020; Antonic
et al., 2020). Total extractable phenols values in the GP varieties
used in our study fell within the ranges recently reported by
Guaita et al. (2023) for the other seven varieties sampled from local
wineries of Piedmont (Northwest Italy), the same geographical
region of origin of B and M varieties used in our study.

The TL content of the two GP varieties used as substrates for
BSFL rearing in the current study was quite similar (Table 2), as a
consequence of their comparable proportion of seeds (rich in oil)

and skin. As far as the fatty acid profile of GP is concerned, our
results confirm previous findings. In fact, other authors found a
prevalence of PUFA in GP, with linoleic acid being the most abun-
dant individual fatty acid, followed by oleic, palmitic, and stearic
acids (Vi et al., 2009; Kollathova et al., 2020; Nakov et al., 2022).
Small quantities of other individual fatty acids characterised by
variable carbon chain length, unsaturation degree and double bond
configuration have also been reported in GP (Yi et al., 2009). Even if
no statistical analysis was performed to compare the fatty acid
profile of B and M varieties in the current study, some inter-
variety variability can be observed regarding both individual
detected fatty acids and groups of fatty acids (Table 2). Available
literature data show, in fact, that the fatty acid profile of GP is sig-
nificantly influenced by grape variety and cultivation area (Vi et al.,
2009; Ahmed et al.,, 2020; Kollathova et al., 2020). Interestingly,
our results show that GP also contains small quantities of some
CLA isomers. Recently, Nakov et al. (2022) reported the presence
of 0.22 g/100 g oil of CLA in a red variety of GP; however, these
authors did not specify which CLA isomers were detected and
did not hypothesise any reasons for the presence of CLA in GP. Con-
jugated linoleic acids are polyunsaturated fatty acids mainly found
in ruminant-derived food products, such as dairy and meat prod-
ucts (Renna et al., 2010). Various CLA isomers exist in nature, all
of them being characterised by conjugated double bonds at differ-
ent geometric (cis/trans) and positional location along the aliphatic
chain. Interest in CLA derives from the health-promoting effects,
such as anti-carcinogenic, anti-obesogenic and anti-
atherosclerotic properties, shown by some CLA isomers (den
Hartigh, 2019). The presence of CLA isomers in milk and meat is
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Table 4
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Total lipids (g/100 g wet basis), fatty acid composition (g/100 g TL) and total fatty acids (g/100 g wet basis) of black soldier fly larvae reared on grape pomace from Becuet (B) and

Moscato (M) varieties (n = 6).

Item B-fed BSFL M-fed BSFL SED P-value
TL 16.84 20.17 0.826 0.035
C10:0 0.33 0.50 0.043 0.003
C12:0 12.94 18.05 1.185 0.002
C14:0 217 3.63 0.168 0.000
C15:0 0.23 0.23 0.027 0.890
C16:0 9.01 11.44 0.512 0.003
C17:0 0.29 0.34 0.042 0.311
C18:0 2.03 2.69 0.197 0.057
C20:0 0.11 0.11 0.024 0.963
C22:0 0.076 0.071 0.021 0.795
C23:0 0.16 0.029 0.04 0.008
C24:0 <0.001 0.013 0.009 0.197
Total straight-chain SFA 27.59 37.09 1.589 0.000
C15:0 iso 0.20 0.14 0.037 0.175
C15:0 anteiso 0.29 0.058 0.024 0.000
C16:0 iso 0.14 0.084 0.023 0.044
C17:0 iso 0.59 0.52 0.029 0.030
C18:0 iso 0.86 0.60 0.088 0.015
Total BCFA 2.07 1.40 0.129 0.000
C16:1 t9 0.15 0.013 0.027 0.001
C16:1 c7 0.16 0.015 0.015 0.000
C16:1 9 0.99 1.28 0.099 0.013
C17:1 9 0.11 0.12 0.022 0.635
C18:1t9 0.014 <0.001 0.007 0.106
C18:1 t10 n.d. n.d. - -
C18:1 t11 0.21 0.014 0.086 0.069
C18:1 9 11.41 14.03 0.603 0.001
C18:1 c11 0.53 0.54 0.047 0.778
C18:1 c13 0.31 <0.001 0.013 0.000
C24:1 c15 0.14 0.18 0.029 0.143
Total MUFA 14.04 16.28 0.739 0.013
C18:2 n-6 30.66 24.75 1.512 0.003
C18:3 n-3 0.40 0.57 0.032 0.000
C18:4 n-3 0.14 0.019 0.028 0.002
C20:2 n-6 0.14 0.25 0.050 0.044
C20:3 n-6 0.055 0.0040 0.031 0.166
C20:4 n-6 0.17 0.042 0.039 0.018
C€22:2 c13c16 0.0051 0.057 0.015 0.006
C20:5 n-3 0.21 0.31 0.038 0.019
C22:3 n-3 0.15 0.19 0.026 0.166
C18:2 t9t11 n.d. n.d. - -
C18:2 t10c12 0.026 0.010 0.006 0.007
C18:2 c9t11 2.74 0.024 0.691 0.011
C18:2 t8¢c10 n.d. n.d. - -
C18:2 t7¢9 0.17 0.023 0.036 0.005
PUFA n-6/n-3 35.06 23.31 2.787 0.002
Total CLA 2.95 0.052 0.727 0.010
Total PUFA 34.87 26.25 1.313 0.000
Total PUFA without CLA 31.92 26.20 1.476 0.003
Total fatty acids 13.25 16.34 1.228 0.031

Abbreviations: TL = total lipids; SFA = saturated fatty acids; BCFA = branched-chain fatty acids; t = trans; c = cis; n.d. = not determined; MUFA = monounsaturated fatty acids;

CLA = conjugated linoleic acids; PUFA = polyunsaturated fatty acids.

partly the consequence of the biohydrogenation process occurring
inside the rumen, operated by rumen bacteria that express linole-
ate isomerase activity (e.g., Butyrivibrio fibrisolvens), at the expense
of the linoleic acid ingested by the ruminant with the diet
(Enjalbert et al., 2017). Linoleate isomerase is an enzyme able to
convert linoleic acid into CLA (Nasrollahzadeh et al., 2023). Its
activity is influenced by linoleic acid concentration, pH, tempera-
ture, and microbial growth stage; moreover, it is strain—dependent
(Gorissen et al., 2015). Renna et al. (2023) and Yi et al. (2009) also
reported the presence of low amounts of both non-conjugated
(t9t12, c9t12 and t9c12) and conjugated (c9t11 and t9t11) trans-
octadecadienoic acids in the pomaces of three different red grape
varieties. Renna et al. (2023) hypothesised that the presence of
trans-octadecadienoic acids in GP, including CLA isomers, would
be the consequence of the microbial metabolism of linoleic acid
during winemaking. Although no microbiological analyses have
been conducted on B and M GP in the current trial, the bacteria

involved in the winemaking process are well known (Ageyeva
et al., 2021). The latter authors reported the presence of lactic acid
bacteria (e.g., Lactobacillus spp. and Pediococcus spp.) in GP of both
red and white varieties. The above-mentioned genera of lactic acid
bacteria are involved in the malolactic fermentation that occurs,
during or after the alcoholic fermentation, mainly in red wines,
but also in some white wines and base sparkling wines (Gil-
Sanchez et al., 2019; Virdis et al., 2021). Strains of food-derived lac-
tobacilli have been shown to possess high linoleate isomerase
activity and L. plantarum, a malolactic starter inoculated during
the winemaking process (Brizuela et al., 2019), has been identified
as one of the most efficient CLA producers (Yang et al., 2014), being
able to produce both ¢9t11 and t9t11 isomers (Kishino et al., 2003),
the same we detected in B and M GP. Therefore, the presence of
CLA c9t11 and t9t11 in our GP samples is most probably imputable
to the linoleate isomerase activity of lactic acid bacteria usually
found in GP. As a final consideration, it is worth mentioning that



M. Renna, L. Gasco, L. Livorsi et al.

the presence of CLA t9t11 in GP could also be the consequence of
an artefact of fatty acids analysis. In fact, for the fatty acid analysis
of matrices where CLA isomers are expected to be found (e.g., milk,
meat, and rumen digesta), a low-temperature (50 °C) base-
catalysed methylation is usually applied, as acid catalysis com-
bined with high temperatures may determine undesirable geomet-
ric isomerisations of CLA c9t11 to CLA t9t11 (Liu et al., 2018).
Analysing milk samples, the latter authors reported significant
losses of CLA ¢9t11 when using an acid-catalysed transesterifica-
tion (6% sulfuric acid in methanol at 80 °C for 60 min) when com-
pared to a base-catalysed (0.2 M potassium hydroxide in methanol
at 50 °C for 20 min) one, while no significant differences were
found between the base-catalysed method and a milder acid catal-
ysis (6% sulfuric acid in methanol at 60 °C for 2 h). When analysing
feed lipids, temperatures higher than 50 °C are usually applied,
because no CLA isomers, and therefore no risk of isomerisations,
are expected. In the current trial, for fatty acid analysis in GP, we
applied an acid-catalysed transesterification using hydrogen chlo-
ride in methanol at 70 °C for 2 h, and we cannot exclude that iso-
merisations may have occurred. It is also worth mentioning that
other authors who previously reported the presence of CLA t9t11
in GP (Yi et al., 2009) also applied a transesterification method (hy-
drogen chloride in methanol at 80 °C for 1 h) which could have led
to artefacts of analysis. Further investigations should therefore
confirm or disprove the presence of CLA t9t11 in by-products of
the winemaking industry.

Growth performance and waste reduction efficiency of black soldier fly
larvae

Several studies have reported an influence of the chemical com-
position of the rearing substrate on the development time, growth
performance and waste reduction efficiency of BSFL (Barragan-
Fonseca et al.,, 2021; Pliantiangtam et al., 2021; Singh et al,,
2022). On both the rearing substrates used in our trial, 30% of
the larvae developed into the prepupa stage in 27 days, when they
were 33 days old. Applying similar rearing conditions as those used
in the current trial, Meneguz et al. (2018) reported that BSFL reared
on a winery by-product containing grape seeds, pulp, skins, stems,
and leaves took on average 22 days to reach the prepupa stage, cor-
responding to a BSFL age of 28 days. In a meta-analysis used to
evaluate the effects of different organic substrates on the growth
performance of BSFL, Fitriana et al. (2022) reported that, when
using food waste as a rearing substrate, the average rearing time
of BSFL was slightly lower (24 days) than that observed in our
study, but noticeable variability was also observed according to
the type of food waste used, with a SD equal to + 13.2 days.

Heavier weights were recorded for the B-fed than for the M-fed
BSFL since day 8 of the trial (which corresponded to 14-day—old
larvae; Fig. 1). Eggink et al. (2023) recently found that the dietary
protein to non-fibre carbohydrate ratio significantly affected the
growth performance of BSFL. In particular, evaluating ratios equal
to 1:1, 1:1.5, 1:2, 1:3, 1:5 and 1:9, these authors achieved the best
performance of BSFL when using substrates characterised by diet-
ary protein to non-fibre carbohydrate ratios equal to 1:2 and 1:3,
while ratios outside this range (as it occurred in our trial, being val-
ues equal to 1:1.6 and 1:4.0 for B and M substrates, respectively)
resulted in reduced larval growth performance. Previously, with-
out differentiating between structural and non-structural carbohy-
drates, Barragan-Fonseca et al. (2021) showed that BSFL
performance was more affected by the sum of dietary protein
and carbohydrate concentration rather than by the
protein—to—carbohydrate ratio. These authors found that the best
BSFL performance was achieved at protein + carbohydrate values of
25 and 50% and protein: carbohydrate ratios equal to 1:2 and 1:4.
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In our study, the protein + carbohydrate values were equal to 30%
(B) and 50% (M), but for the calculation, the non-structural carbo-
hydrates and not the total carbohydrates content was used (dietary
protein to non-fibre carbohydrate in Table 1). Finally, analysing dif-
ferent dietary fat sources and levels, Li et al. (2022) found that the
palmitic acid content of the rearing substrate was a major factor in
affecting the final BW of BSFL. However, such a finding does not
seem to be confirmed by our data, as similar total lipids and palmi-
tic acid contents characterised the two GP varieties, suggesting
that other factors are also involved.

The growth rate values obtained in the current trial are compa-
rable to those obtained by Meneguz et al. (2018) when rearing
BSFL using winery by-products of different variety and material
(seeds, skin, stems, pulp, leaves) proportion (6 + 0.9 mg/day). Per-
forming a meta-analysis on the effects of organic substrates of dif-
ferent origin and composition on BSFL performance and nutrient
composition, great variation in growth rate values was reported
by Fitriana et al. (2022). Indeed, when considering BSFL reared
on food waste, these authors reported values of 189 + 255.3 mg/
day, while values as low as 31 + 83.1 mg/day were indicated for
“other substrates” likely including single organic waste. Even if
no data on fibre or lignin content of the substrates was reported
in the meta-analysis conducted by Fitriana et al. (2022), we could
argue that differences between our data and values reported for
food waste by these authors could be imputable to the lower lignin
content of the food waste when compared to the lignin content of
the two GP varieties used in our study (ADL: about 32 and 20-
23 g/100 g DM, respectively). Indeed, although some studies have
shown that BSFL appear as midgut fermenters and, thanks to their
microbial community, are able to degrade the cellulose, hemicellu-
lose, and lignin present in the substrate (Seyedalmoosavi et al.,
2022), the digestion may be more difficult if compared to food
waste usually characterised by lower fibre content, resulting in
long development times and/or low growth rate.

Finally, in our trial, the substrate reduction and the substrate
reduction index were not affected by the GP variety used. Both
indexes showed values that were lower when compared to values
obtainable using a standard (Gainesville) diet (49.4% and 4.94,
respectively) or the average obtainable using various types of food
waste (69.4% + 15.05 and 2.1 + 1.57) as reported by Pliantiangtam
et al. (2021) and Fitriana et al. (2022), respectively.

The poor BSFL performances was an expected outcome in the
current trial, as it is known that single substrates are not tailored
for optimal larval performance. Indeed, BSFL, as any other animal,
have specific nutritional requirements in terms of protein
(Bellezza Oddon et al., 2022a) and lipids (Bellezza Oddon et al.,
2022b) that should be covered to optimise growth and other per-
formance parameters. It is therefore difficult to cover these
requirements using a single substrate, while compound diets for-
mulated by mixing different waste or by-products can easily
reach this aim (Bellezza Oddon et al., 2024). In this trial, the CP
levels of the two substrates were 11.75 and 10.11% for B and M,
respectively. These levels are lower than the range (14-16%
DM) suggested as optimal by Bellezza Oddon et al. (2022a). Sub-
strates characterised by a high abundance of readily accessible
carbons, but low nitrogen content, are not conducive to larval
development and can reduce the overall process efficiency
(Suryati et al.,, 2023). As previously mentioned, the chemical
composition of GP greatly varies according to grape variety
(Antonic et al., 2020), and this can explain the variability
observed in the performance of GP-fed BSFL in published litera-
ture. This aspect also highlights the importance of clearly stating
the variety of GP when used in studies evaluating BSFL perfor-
mance, which has been a missing information in published liter-
ature so far (Meneguz et al., 2018; Ribeiro et al., 2022).
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Proximate composition of black soldier fly larvae

In the current trial, no major differences were found in the
proximate composition of the BSFL (Table 3) when reared on GP
of B or M varieties. However, TLs (Table 4) were significantly higher
in M-fed than B-fed larvae. The BSFL reared on B and M had a pro-
tein content slightly lower than the range values (from 37 to 63%
DM) reported in literature (Barragan-Fonseca et al., 2017; Chia
et al, 2020). This can be partly the consequence of different
nitrogen—to—protein conversion factors used by different authors
for CP calculation. In the current trial, we used a nitrogen to protein
conversion factor equal to 4.76, as suggested by Janssen et al.
(2017), while data reported by Barragan-Fonseca et al. (2017)
derived from the use of the conventional nitrogen—to—protein
conversion factor of 6.25. Galassi et al. (2021) reported that when
substrates are imbalanced, the optimal incorporation of CP from
the substrate is not achieved. In this present study, both B and M
GP substrates were characterised by a low protein content, sup-
porting this hypothesis.

As far as the TL content is concerned, the observed differences
could be the consequence of the much greater non-structural car-
bohydrate content of GP of M variety (Table 1). In fact, a positive
correlation between the BSFL fat content and the non-structural
carbohydrate level of the substrate was reported by Spranghers
et al. (2017). Finally, considering ash, it has been shown that its
content is proportional to the development time of the larvae, as
this value is particularly affected by the development of the
exoskeleton (Fitriana et al., 2022), due to the ability of BSFL to
accumulate amorphous calcium carbonate in the early stages and
calcite in the older stages, increasing the amount of calcium car-
bonate along the life cycle (Rebora et al.,, 2023). This explains
why the ash content in the BSFL reared on B and M substrates
had very similar values despite the different ash content of the
GP. In fact, the growing period was 27 days for both substrates,
and therefore, the larvae were analysed at the same age and stage
of development.

Fatty acid profile of black soldier fly larvae

Available published literature data have shown that the nutri-
tional composition of the rearing substrate can exert a significant
effect on the lipid profile of BSFL (Ewald et al., 2020; Georgescu
et al,, 2022; Li et al., 2022). As a confirmation, also in the current
trial, the GP variety used as rearing substrate significantly affected
the majority of detected individual fatty acids and groups of fatty
acids (i.e., straight-chain SFA, odd-chain fatty acids and BCFA,
MUFA, PUFA and CLA) in the larvae.

Straight-chain saturated fatty acids

As expected, BSFL reared on both GP varieties contained high
levels of total straight-chain SFA, with a prevalence of lauric
(C12:0) and palmitic (C16:0) acids (Meneguz et al., 2018; Hoc
et al.,, 2020). High C12:0 levels are a peculiarity of BSFL, when com-
pared to other insect species in which the detected C12:0 amounts
are considerably lower (Renna et al., 2022). As hypothesised by
Meneguz et al. (2018), the high SFA, and particularly the high
C12:0 levels, in BSFL could be the consequence of an adaptation
to the hot climate typical of subtropical areas. It is known that,
in BSFL, some fatty acids are directly bioaccumulated from the
rearing substrate, while other fatty acids are biosynthesised by
the larvae (Hoc et al., 2020). The high C12:0 amounts detected in
BSFL in the current study are not a direct consequence of the fatty
acid profile of the rearing media; in fact, both GP varieties con-
tained very low amounts of C12:0 (< 0.2 g/100 g TL; Table 2).
Hoc et al. (2020) reported that various insect species are able to
biosynthesise de novo individual SFA with a chain length from 12
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to 18 carbon atoms, using dietary carbohydrates (Oonincx et al.,
2020; Liu et al., 2023). The same authors hypothesised that such
ability is also probably found in the black soldier fly species, as
two genes coding for key enzymes (acetyl-CoA carboxylase and
fatty acid synthase) involved in de novo synthesis of SFA have been
characterised in this insect species (Giannetto et al., 2020). Ewald
et al. (2020) reported a significant influence of the larva weight
on the fatty acid composition of BSFL, with heavier larvae contain-
ing higher total SFA and C12:0, and lower total PUFA percentages.
Previously, also Liu et al. (2019) found that C12:0 accumulated in
black soldier fly during larval development. In our trial, B-fed
and M-fed BSFL reached the prepupa stage at the same time, with
B-fed larvae being significantly heavier than M-fed ones, but the
latter were able to accumulate significantly higher C12:0 amounts.
Overall, the significantly higher total and individual (C12:0, C14:0,
C16:0, and C18:0) straight-chain SFA amounts found in M—fed
rather than B-fed BSFL could be the consequence of the differences
in the content and type of carbohydrates found in GP of M and B
varieties (Table 1). Given the results obtained in our trial, we
hypothesise that straight-chain SFAs are mainly biosynthesised
by BSFL starting from non-structural rather than structural carbo-
hydrates; further trials will be necessary to confirm or deny this
hypothesis. In addition, the slightly higher total extractable phe-
nols content found in GP of B variety may also have played a role
for the observed differences in the straight-chain SFA content
between B-fed and M-fed BSFL. In fact, polyphenols have been
reported to reduce the expression of lipogenic enzymes, among
which acetyl-CoA carboxylase and fatty acid synthase (Ma et al.,
2020; Fang et al., 2022; Cui et al., 2024).

0dd- and branched-chain fatty acids

In BSFL, we also detected the presence of odd-chain and
branched-chain fatty acids. As fatty acid synthase is a multienzyme
complex that catalyses a sequence of reactions in which a fatty acid
is lengthened by two carbon atoms at a time, the presence of odd-
chain fatty acids (e.g., C15:0 and C17:0) in BSFL may be of micro-
bial origin and/or may derive from a-oxidation of even-chain fatty
acids (C16:0 and C18:0, respectively) (Vlaeminck et al., 2006).

The BCFA are mostly saturated fatty acids with an additional
methyl group at n-2 carbon (configuration iso) or n-3 carbon (con-
figuration anteiso) from the methyl end of the aliphatic carboxylic
chain (Gozdzik et al., 2023). These compounds are mainly found in
milk, meat, and fermented foods (He et al., 2023), but their pres-
ence has been reported also in living organisms including rumi-
nants, poultry, and rabbits (Dabbou et al., 2017; Kim et al., 2020;
Renna et al., 2022). Interest in BCFA mainly relies on their potential
relevance to human health and disease, as they have been reported
to exert a role in regulating lipid metabolism, exerting anti-
inflammatory and anti-cancer properties, and promoting growth
and development (He et al., 2023). These compounds are of micro-
bial origin, being major components of bacterial membranes across
several genera and species (Vlaeminck et al., 2006; Gozdzik et al.,
2023). They have been reported to be particularly abundant in
Bacillus spp. and Lactobacillus spp., where they comprise up to
95% of total detected fatty acids (Ran-Ressler et al., 2014). The
BCFA are formed starting from amino acids, such as leucine, isoleu-
cine, and valine, thanks to the activity of branched-chain amino
acid aminotransferase, branched-chain o-keto-acid decarboxylase
and branched chain fatty acid synthetase, as summarised by
Vlaeminck et al. (2006). In our trial, given the absence of BCFA in
GP, we hypothesise that BCFA were detected in BSFL because of
the presence of Lactobacillus spp. in the gut of the larvae, as
reported by various authors (Jiang et al.,, 2019; Wynants et al.,
2019). From the current trial, it is not possible to understand if
the higher BCFA content found for B-fed rather than M-fed BSFL
is the consequence of a higher presence of the above-mentioned
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amino acids in the gut of B-fed BSFL, an up- or down-regulation of
enzymes involved in BCFA synthesis, or rather to a greater accumu-
lation of Lactobacillus species in BSFL gut from the rearing medium.

Monounsaturated fatty acids

The most abundant individual MUFA detected in BSFL in our
trial was oleic acid, which confirms previous findings (Ewald
et al,, 2020; Li et al., 2022; Tognocchi et al.,, 2023). Hoc et al.
(2020) demonstrated that C18:1 ¢9 is both synthesised de novo
by the larvae and bioaccumulated from the rearing substrate. Both
GP varieties used as rearing substrates in our study contained
appreciable amounts of C18:1 ¢9, with B variety being slightly
richer than M variety (Table 2). However, M-fed BSFL showed a sig-
nificantly higher content of C18:1 ¢9 when compared to B-fed BSFL.
The presence of stearoyl Co-A desaturase enzyme, also named as
A9-desaturase, in BSFL has been hypothesised, similarly to what
already demonstrated for other insect species belonging to the
Diptera order (Hoc et al., 2020). This enzyme is able to add a cis-
9 double bond to both diet-derived and de novo synthesised satu-
rated and unsaturated fatty acids with a chain length from 12 to 19
carbon atoms (Benito-Vicente et al., 2021). Preferred substrates for
stearoyl Co-A desaturase are palmitoyl- and stearoyl-CoA, which
are converted to palmitoleoyl- and oleoyl-CoA, respectively
(Benito-Vicente et al., 2021). The higher de novo synthesis of
C16:0 and C18:0 in M-fed BSFL, as previously discussed, may
therefore be the reason for the observed significantly higher
C16:1 ¢9 and C18:1 ¢9 presence in M-fed BSFL when compared
to B-fed BSFL; the same can be observed when considering C17:0
and C17:1 ¢9. Moreover, it has been demonstrated that epigallocat-
echin gallate, a polyphenolic compound present in grape pomace
(Sinrod et al., 2023), can exert a down-regulation effect of stearoyl
Co-A desaturase expression in rodents (Wolfram et al., 2005),
which may further explain the obtained results. It is very interest-
ing to highlight that, besides the most abundant C18:1 ¢9 and
C16:1 ¢9, other individual MUFA have been detected in low
amounts in BSFL in the current study. Some of them (i.e., cis and
trans-octadecenoic acids) are intermediate products usually
formed during the biohydrogenation process operated under
anaerobic conditions (e.g., inside the rumen of ruminant animals)
by some bacteria at the expense of unsaturated fatty acids, which
has stearic acid as end product (Dewanckele et al., 2020). A com-
plete microbiological characterisation (up to species level) for BSFL
gut is still lacking in available literature; therefore, it is not possible
here to clarify if the detection of octadecenoic isomers other than
oleic acid in BSFL can be related to the presence of bacteria (e.g.,
Butyrivibrio spp.) usually involved in the biohydrogenation process
(Hoc et al., 2020). However, in our study, some of these octade-
cenoic acids were already present in the GP used as a rearing sub-
strate (Table 2) and therefore, BSFL may have also bioaccumulated
them from the rearing medium, with probable subsequent iso-
merisations (C18:1 c13 was absent and present in GP and BSFL,
respectively) operated by some bacteria present in BSFL gut.

Polyunsaturated fatty acids

Linoleic acid was the most abundant PUFA in BSFL, as already
observed when using rearing substrates rich in omega-6 fatty acids
(Georgescu et al., 2022). The significantly higher C18:2 n-6 levels
found in B-fed rather than M—fed BSFL seem to reflect the differ-
ences in the C18:2 n-6 amounts found in the two GP varieties used
as rearing substrates. However, it cannot be excluded that part of
C18:1 ¢9 could have been converted to C18:2 n-6, thanks to the
presence of a A12 desaturase, as reported by Hoc et al. (2020).
On the contrary, in our study, individual omega-3 fatty acids, such
as C18:3 n-3, C18:4 n-3, C20:5 n-3, and C22:6 n-3, were only
detected in low amounts in BSFL. This is consistent with published
research showing that to enrich BSFL with n-3 PUFA, it is necessary
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to use substrates containing ingredients such as linseed oil, sea-
weed or fish discards, which are naturally enriched in C18:3 n-3
or other n-3 PUFA of higher carbon chain length and unsaturation
degree (e.g., C20:5 n-3, C22:5 n-3 and C22:6 n-3) (Liland et al,,
2017; Georgescu et al., 2022; Rodrigues et al., 2022). As previously
pointed out by other authors (Oonincx et al., 2020), also in our
study, the BSFL showed therefore a suboptimal n-6/n-3 PUFA ratio.

Conjugated linoleic acids

Similarly to what observed and previously discussed for GP, also
BSFL contained CLA isomers (Table 4). Some authors already
reported the presence of CLA in BSFL (Hoc et al., 2020; Tognocchi
et al., 2023). Accepting the reasonable hypothesis of the presence
of the stearoyl Co-A desaturase enzyme in BSFL, rumenic acid,
which is the most abundant CLA isomer usually found in nature
(Lee, 2008), could have been de novo biosynthesised using trans-
vaccenic acid (C18:1 t11) as precursor, as demonstrated to occur
in the mammary gland and adipose tissues of ruminant animals,
as well as in humans (Niwinska, 2010). In this sense, the signifi-
cantly higher levels of CLA ¢9t11 found in B-fed when compared
to M—fed BSFL reflect the observed tendency towards higher
C18:1 t11 levels in B-fed when compared to M—fed larvae. How-
ever, the same cannot be hypothesised for another CLA isomer
(C18:2 t7¢9), we detected in BSFL, as the biosynthesis of CLA t7¢9
is predominantly mediated by the stearoyl Co-A desaturase
enzyme (Corl et al.,, 2002) and no C18:1 t7 was found in BSFL
(Table 4) or in GP (Table 2). Both CLA ¢9t11 and t7¢9 may have
been bioaccumulated in BSFL starting from the rearing media, as
these CLA isomers were already found in GP, as previously dis-
cussed. However, when considering the bioaccumulation hypothe-
sis, it should also be noted that the CLA content was slightly higher
in the GP of M variety when compared to the B variety and there-
fore we could have expected a higher CLA content in M-fed than B-
fed larvae, but the opposite was found, moreover with a conspicu-
ous difference in the CLA amount between B-fed and M-fed larvae.
In addition, the presence in BSFL of CLA isomers not found in GP
(e.g., C18:2 t10c12) and the noticeable C18:2 c9t11 content (espe-
cially in B-fed BSFL) despite the low amounts found in GP of both
varieties, lead us formulating additional hypotheses. Some authors
reported the presence of Lactobacillus spp. in the gut of BSFL reared
on different substrates (Jiang et al., 2019; Wynants et al., 2019).
While analysing the correlation existing between intestinal micro-
bial abundance and proteolytic enzyme activity in BSFL gut, Yu
et al. (2023) were able to identify the presence of L. plantarum
and L. brevis. As already mentioned, several lactic acid bacteria
are capable of producing CLA using linoleic acid as precursor. In
particular, CLA c9t11 is produced by a great number of Lactobacillus
species, among which L. plantarum, L. brevis, L. casei, L. rhamnosus,
L. acidophilus, L. delbrueckii, L. reuteri, and L. curvatus (Yang et al.,
2014; Nasrollahzadeh et al., 2023). Considering the high linoleate
isomerase activity found in numerous Lactobacillus strains (Yang
et al,, 2014), the greater C18:2 n-6 content in GP of B variety could
be one of the reasons for the observed significantly higher CLA
c9t11 levels found in B-fed when compared to M-fed BSFL. Another
concomitant explanation could be the higher presence of Lacto-
bacilli in the gut of B-fed BSFL, as a consequence of a higher pres-
ence of such bacteria in the GP of B variety (being a red grape
variety). In fact, it has been recently shown that substrate-
associated bacteria can dominate the BSFL gut microbiota
(Schreven et al., 2022). Some Lactobacillus species, such as, among
others, L. plantarum, are also able to synthesise CLA t10c12, again
using linoleic acid as precursor (Yang et al, 2014; Sosa-
Castafieda et al., 2015). This could explain the presence of this
CLA isomer in the BSFL, even though it was not found in GP. Such
a hypothesis seems also to be consistent with the significantly
higher CLA t10c12 levels found in B-fed when compared to M-fed
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larvae, given the greater C18:2 n-6 content in GP of B variety. How-
ever, no CLA t9t11 was found in BSFL, despite the presence of this
CLA isomer in GP and despite the ability of linoleate isomerase to
convert linoleic acid into CLA t9t11 (Yang et al., 2014). The latter
result seems to support the previously mentioned hypothesis of
the occurrence of undesirable isomerisations of CLA ¢9t11 to CLA
t9t11 during the methylation of GP lipids.

Overall considering, besides the de novo synthesis mediated by
stearoyl Co-A desaturase with trans-vaccenic acid as precursor, we
may assume that, in BSFL, CLA ¢9t11 is also formed from the iso-
merisation of linoleic acid mediated by linoleate isomerases of bac-
terial origin. However, if this phenomenon was unrelated to a
biohydrogenation process, we should have found appreciable
amounts of CLA ¢9t11 in both B-fed and M-fed larvae, probably
at different concentrations because the amount of linoleic acid in
GP of B and M varieties was different (Table 2). However, in this
trial, the difference in CLA c9t11 content in B-fed and M-fed larvae
was unexpectedly high (137-fold higher content in B-fed larvae).
As previously mentioned, Hoc et al. (2020) hypothesised the occur-
rence of the biohydrogenation process in the gastrointestinal tract
of BSFL. The major biohydrogenation pathway of linoleic acid
involves a first isomerisation to CLA c9t11, the latter being further
saturated to form trans-vaccenic acid and, finally, stearic acid as
the end product of the whole process (Dewanckele et al., 2020).
From the results obtained in the current trial, it seems reasonable
to hypothesise that the isomerisation of linoleic acid to CLA c9t11
is the start of a biohydrogenation process. Interestingly, we noticed
that the amount of linoleic acid in GP of B variety was 1.1-fold
greater than that found in GP of M variety, and such proportion
remained practically unaltered in BSFL (1.2-fold greater linoleic
acid content in B-fed than M-fed larvae). On the contrary, the
amount of stearic acid was 1.4-fold higher in GP of B than M vari-
ety, but a reverse result was found in BSFL, with M-fed larvae
showing a tendency towards significantly higher stearic acid con-
tent than B-fed larvae. We may therefore assume that linoleic acid
was taken from the BSFL and subjected to a first isomerisation to
CLA c9t11 with the same efficiency. In this sense, the significantly
higher amount of CLA c9t11, the tendency towards a significantly
higher amount of C18:1 t11 and the tendency towards a signifi-
cantly lower amount of C18:0 found in B-fed than M-fed larvae
could be the consequence of inhibition of the steps of the biohy-
drogenation pathway that lead to the formation of C18:1 t11 start-
ing from CLA ¢9t11 and to the formation of C18:0 starting from
C18:1 t11. Researchers focusing on ruminant nutrition have
reported that polyphenols are able to inhibit the growth and devel-
opment of rumen bacteria able to convert CLA c9t11 to C18:1 t11
and able to convert C18:1 t11 to C18:0 (Vasta et al., 2019). Assum-
ing as reasonable the hypothesis of the occurrence of biohydro-
genation in the gastrointestinal tract of BSFL, the slightly higher
total extractable phenols (especially tannins) found in the GP of
B variety when compared to the M variety could explain the
observed variation in the contents of CLA ¢9t11, C18:1 t11 and
C18:0 in B-fed and M-fed larvae. The biohydrogenation hypothesis
would also explain why CLA t9t11, even if found in GP of both vari-
eties, was not found in BSFL, as this isomer could have been simply
hydrogenated to form C18:1 t9 and/or C18:1 t11 first, and lastly
C18:0. Finally, the presence of CLA t10c12 in BSFL could also be
explained if the biohydrogenation hypothesis would be correct.
In fact, ruminant nutritionists have demonstrated that certain diets
administered to ruminants (e.g., diets rich in rapidly fermentable
carbohydrates, diets low in physically effective fibre, and/or diets
supplemented with long-chain PUFA) can determine a shift of
the “normal” biohydrogenation pathway of linoleic acid, leading
to the formation of CLA t10c12 instead of CLA c9t11 during the first
isomerisation step. In ruminant nutrition, the occurrence of this
alternative biohydrogenation pathway has been studied in detail,
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as it is considered undesirable given the fact that CLA t10c12 and
its hydrogenation product (C18:1 t10) have an inhibitory effect
on milk fat synthesis, causing the so—called “diet-induced milk
fat depression” (Dewanckele et al., 2020). In the current study,
the most abundant detected CLA isomer in BSFL was by far CLA
c9t11 (up to 2.74 g/100 g TL), while only small amounts of CLA
t10c12 were detected (0.026 and 0.010 g/100 g TL in B-fed and
M-fed larvae), with C18:1 t10 not being detected at all. This sug-
gests that no major shifts of the “normal” biohydrogenation path-
way of linoleic acid occurred. The biohydrogenation process
occurring at the expense of unsaturated fatty acids within the
rumen is mainly operated by bacteria as a detoxification mecha-
nism (Dewanckele et al., 2020). Biohydrogenation is a process
occurring in anaerobic environments (e.g., within the rumen);
therefore, anaerobic bacteria are involved. The presence of anaero-
bic microbiota in BSFL seems to be possible. In fact, in BSFL fed on a
mixture of empty fruit bunches and palm kernel meal pretreated
by fermentation with the fungi Bjerkandera adusta, Kliiber et al.
(2022) observed a shift of the BSFL microbial gut towards a pre-
dominantly anaerobic community, reporting the presence of obli-
gately anaerobic cellulolytic bacteria (i.e., Ruminococcaceae and
Lachnospiraceae) which have been reported to be probably
involved in the trans-11 (“normal”) biohydrogenation pathway
(Dewanckele et al., 2020). Interestingly, we noted that BSFL sam-
ples that contained high amounts of CLA also contained high
amounts of trans-octadecenoic isomers, while three samples of
M-fed BSFL in which no CLA isomers were detected, were devoid
of trans-octadecenoic isomers. Such results seem to corroborate
the hypothesis that biohydrogenation occurs in BSFL.

Conclusion

This study demonstrates that winery by-products from different
grape varieties can significantly affect the development and lipid
composition of BSFL. The growth performance of BSFL we obtained
while rearing them on GP was lower if compared to that obtainable
using other food waste or nutritionally balanced diets, as reported in
published literature. However, using GP as rearing substrate could be
of interest for the improvement of the fatty acid profile of BSFL, espe-
cially when considering fatty acids of potential health-promoting
interest, such as CLA ¢9t11. In this regard, as outlined by the results
obtained in our trial, noticeable variations should be expected based
on the GP variety under consideration; this aspect should be further
investigated using winery by-products from other red and white
grape varieties. The possibility to include CLA-enriched full-fat BSFL
meal or BSFL oil in the diet of monogastric animals, as recently
authorised within the European Union (EU Regulations 2017/893
and 2021/1372), opens new perspectives to enhance the quality of
animal-derived food products for human consumption. As mono-
waste streams represent sub-optimal feeding conditions for the
development and bioconversion ability of BSFL, future research
should be directed to formulate rearing substrates containing GP
mixed with other organic waste and agro-industrial by-products,
with the aim of enhancing the efficiency of BSFL growth perfor-
mance, at the same time improving the fatty acid profile of the BSFL,
in a way that is exploitable at an industrial perspective. The addition
of lactic acid bacteria strains to the rearing medium should also be
investigated to favour CLA synthesis and bioaccumulation in BSFL.
More information on the BSFL gut microbiome would be required
to fully understand the role of bacteria in the synthesis of fatty acids
characterised by potential health benefits in BSFL.
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