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ABSTRACT

Tenebrio molitor (mealworm) larvae are one of the most intriguing edible insects, and they may
be raised on a variety of substrates, including by-products, side-stream products, and former
foodstuff. The substrates could affect drastically the productive performances as well as the
chemical-nutritional value of the larvae. In this study we tested two main substrate ingredients,
brewery spent grains (SG) and bread leftovers (B), without adding any other dry ingredients. In
order to correlate the chemical composition of the substrates to the larvae characteristics, five
different diets were tested as 100% of a single ingredient (SGioo and Bigo), 75-25% mixes
(SG75B3s and SG,5B75) and 50-50% mixes (SGsoBso). The effects of the substrate were tested on
the development rates, chemical composition, and microbial loads of mealworm larvae. The
effects of fasting, washing, and cooking were also tested on the microbiological determinations.
Results indicate that all the parameters were affected by the chemical compositions of the sub-
strates. The larvae fed the higher contents of SG showed the best growth performances along
with higher nutritional values. The diet with only bread (B;o0) showed the worst parameters,
both on the growth performances and on the nutritive values. Microbial loads were also
affected by the diets, with minor effects in relation to the washing and fasting procedures, while
cooking drastically reduced all the microbial loads. Taking into account that the two employed
ingredients were former foodstuff or by-products it is important to highlight the capacity of
mealworms to positively convert side-stream materials into rich nutritional animal products.
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HIGHLIGHTS

e Mealworm could be proficiently reared on brewery spent grains and bread leftovers convert-
ing them into nutritional animal products.

e Mealworm productive performances and nutritional value could be affected by the
employed substrate.

e Evidence of high mealworms plasticity and potential tailor made of the final outcomes.

Introduction the European Union has listed mealworm larvae for
their possible use as processed animal proteins (PAPs)
aimed at the feeding of aquaculture animals
(Commission Regulation 2017/893). Most recently PAPs
derived from the insect species listed in the

Commission Regulation were also authorised for feed-

In the last decade, edible insects rapidly increased
their importance in animal science research fields and
insect farming has grown in popularity throughout the
world. As result, a lot of attention has been given by
the media and the public opinion, especially when

new legislative milestones or scientific results on their
potential role in food production have been
announced. The high protein content and relative
ease in rearing have made yellow mealworms
(Tenebrio molitor) one of the most popular edible
insects along with black soldier flies (Hermetia illucens)
and house crickets (Acheta domesticus). Since 2017,

ing poultry and swine (Commission Regulation 2021/
1372). Moreover, mealworm larvae were also consid-
ered as novel foods following the Regulation (EU)
2015/2283. Two out of six requests as novel food were
already positively evaluated, and mealworms can now
be used as ingredients by authorised producers in a
wide list of products (Mancini et al. 2022). In addition,
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mealworms are capable of growth on organic matrixes
derived from different production sectors, reducing
the environmental impact in a view of a circular econ-
omy (Moruzzo et al. 2021). One of the main reasons of
this interest in edible insects is based on the growing
global population and the consequent increasing
demand for proteins in food intake. Edible insects,
indeed, showed a lower environmental impact than
conventional production animals (mostly due to
greenhouse gas production, water use, and arable
land use), along with higher reproductive capacity,
nutritional quality, and feed conversion efficiency (van
Huis et al. 2013). Dreyer et al. (2021) reported a com-
parison between Austrian organic broiler farming to
mealworm ones. Authors highlighted that the impacts
related to the production of 1kg of edible mealworm
protein were lower than broilers’ (18-72% lower
impacts), with the exception of freshwater eutrophica-
tion (6% higher impacts, related to a higher heat
demand in the mealworm rearing system that leads to
increase freshwater eutrophication potential due to
phosphate emissions related to fossil energy). The
higher feed conversion efficiency (feed conversion
ratio, FCR, of 3.91 and 4.91 respectively for mealworm
larvae and organic broiler), the higher edible portion
(945% and 43%, respectively) and the negligible
greenhouse gasses emissions (direct and indirect) of
mealworm larvae compared to organic broilers farm-
ing strengthen the interest in those insects as a sus-
tainable alternative to conventional livestock (Dreyer
et al. 2021).

Several research studies highlighted the capacity of
mealworm larvae to growth on former foodstuff, by-
products, and side-stream products (Melis et al. 2019;
Zhang et al. 2019; Mancini et al. 2019b; Bordiean
et al. 2020; Rumbos et al. 2020; Mattioli et al. 2021;
Naser El Deen and Lamaj 2021; Montalban et al.
2022). Food loss occurs across the food chain, result-
ing in a variety of economic, environmental, and
social problems. Such losses are frequently created by
the end customer, particularly in industrialised nations;
it is estimated that approximately 89 Mt of food waste
is generated in the EU27 annually. These estimated
losses do not take into account the outputs from
agricultural production and the side-streams and by-
products. Brewers’ spent grain (SG) is the major by-
product of the brewing industry, representing around
85% of the total by-products generated. The chemical
composition of SG varies depending on the barley
variety, harvesting season, malting and mashing con-
ditions, as well as the quality and the kind of adjuncts
used in the brewing process. SG is considered a

lignocellulosic material rich in protein and fibre
(around 20 and 70% of its composition, respectively)
(Mussatto et al. 2006). Baked goods that are no longer
considered sufficiently fresh but are still fit for con-
sumption are no longer sold in shops and supermar-
kets. These leftover baked goods, mainly bread, are
estimated to account for 8-10% of the total output of
all bakeries. Bread leftovers, as a former foodstuff,
could be used in animal nutrition as defined in the
Commission Regulation (EU) No 68/2013 on the cata-
logue of feed materials.

The majority of the research studies revealed meal-
worms’ flexibility in response to the substrate, with
changes in development periods and nutritional val-
ues of the larvae. For instance, differences in growth
performances and feed conversion ratios (ranging
between 1.57 and 2.08) were reported by Bordiean
et al. (2020) in mealworm larvae fed rapeseed meal,
wheat bran, willowleaf sunflower, and chicken feed.
Similarly, Montalban et al. (2022) revealed changes in
growth performances and FCRs in a mealworm-fed
diet with different starch: protein ratios (FCR ranged
between 1.39 and 1.67). In quite all the research
studied conduced changing in nutritional values of
the larvae were reported in relation to the chemical
composition of the substrates, affecting both in the
proximate composition as well as in fatty acids profile,
amino acid and mineral compositions (Melis et al.
2019; Zhang et al. 2019; Rumbos et al. 2020; Mattioli
et al. 2021; Montalban et al. 2022). However, because
the major objective of the experiments was to evalu-
ate the effects of combinations of high/low levels of
proteins, lipids, or carbohydrates, researchers used diet
derived from mixtures of several ingredients. One of
the main challenges of animal production is to
relocate the productions near to the feed suppliers
and/or the consumers, reaching the goal to reduce
pollution caused by feed/food transport. Indeed,
because insect farming does not require special geo-
graphical or natural environmental qualities (as it is
done in indoor controlled environment), it is plausible
to assume that new farms will be built near substrate
suppliers, with minimal feed modification to keep pri-
ces down. The aim of this research was to test two dif-
ferent food chain derived materials in mealworm
rearing, i.e. brewery spent grains and bread leftovers,
focussing on the growth performances, nutritional val-
ues, and microbiological loads of larvae. In addition,
the two main ingredients were also tested in mixed
diets in order to correlate the performances of the lar-
vae to the feed characteristics.



Material and methods
Diet composition

Five different diets were formulated based on brewery
spent grains (SG) and bread (B). Brewery spent grains
were directly collected by a local brewery (Birrificio del
Forte, Pietrasanta, Lucca, ltaly) as a by-product and
stored at —20°C. Before the use, spent grains were
thawed at 4°C for 18 hours and completely dried at
90° C (for approximately 4 days). Bread leftovers were
collected from different local market shops at the daily
closure and immediately dried at 90°C to remove
excessive humidity. Both breweries spent grains and
bread were then finely grinded, bread leftovers were
all mixed together after being dried and grinded.
Diets were formulated as only brewery spent grains
(SG1go), only bread (Bjoo) and three mixes of these
ingredients as % 75-25, 50-50 and 25-75 (SGysBss,
SGs0Bso, SG25B75). The proximate composition of SG, B,
and mixed diets is reported in Table 1.

Insect rearing and growth performances

Mealworms were reared in plastic containers
(39 x28 x14cm) at the Department of Veterinary
Sciences (University of Pisa, Pisa, Italy) under a labora-
tory scale production. The temperature was main-
tained at 25+ 1°C with 50%-60% of relative humidity.
About one hundred adults (one-two weeks old) were
placed in the rearing boxes (500g substrate) for ten
days to lay eggs (3 boxes per diet, 15 boxes in total,
about 1500 adults). Beetles were then removed, and
larvae were left to grow in each box. In order to hom-
ogenise the number of larvae per box, at week 9 lar-
vae were harvested by sieving and about 300 larvae
per box were employed for the second step of the
trial. Nine weeks old larvae were placed in new boxes
maintaining the same diet of the previous step (1509
of diet per box, 3 boxes per diet, 15 boxes in total).
Boxes were visually evaluated three times per week to
check larvae health and to remove the dead ones;
feed was added weekly if needed (ad libitum, weighed

Table 1. Proximate composition of brewery spent grains
(SGgg), bread (B1go) and the three mix diets SGy5B5s, SG50Bs,
and SG,5Bys.

Unit SG100 SG7SBZS SGSOBSO SGZSB75 B100

Dry matter (DM) % 96.83  97.41 97.08 97.65 97.47
Ether extract % on DM 3.96 3.12 2.26 1.31 0.55
Crude protein % on DM 1862 16.30 14.20 1347 1137
Ash % on DM 3.5 2.70 2.47 2.53 2.80
Carbohydrates® % on DM 7427  77.89 81.07 82.69 85.29

S

*The carbohydrates were calculated by difference (100%-moisture%-crude
protein%-ether extract%-ash%).
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before adding), and potato slices were deposited once
a week to provide moisture (weighted fresh and as
leftovers). Every week, representative samples of larvae
(100 per box) were weighed to quantify the growth
performance. Finally, larvae were harvested again
when the first pupa was observed.

After the harvesting larvae were stored at —20°C
until analysed (for microbiology quantification live lar-
vae were frozen for 1hour following the processes
described below). The development time was calcu-
lated between the first day of the experiment and the
day of harvesting. The feed conversion ratio (FCR), effi-
ciency of conversion of ingested food (ECI) and the
nitrogen conversion efficiency (N-ECl) were calculated
assuming that all the provided feed was consumed as
reported by Oonincx et al. (2015). The growth per-
formance of the larvae was also determined as mg
weight gain per day as:

mg weight gain per day
= (larva weighty,esiing — 1arva weight,eeys)/

(day of harvesting — 63)

where 63 stands for week 9 as beginning of the trial.

Proximate composition

Proximate compositions were determined in triplicate
on each experimental unit. Frozen larvae were
grounded before being analysed. The dry matter,
ether extract, crude proteins and ash were determined
following the AOAC (1995) methods. The crude pro-
tein content of larvae was determined by the nitro-
gen-to-protein conversion factor of 4.76 as suggested
by Janssen et al. (2017), while factors of 5.83 and 5.70
were used respectively for brewery spent grains and
bread (Merrill and Watt 1973; AOAC 2012). The carbo-
hydrates were calculated by difference (100%-
moisture%-crude protein%-ether extract%-ash%).

Microbiological analyses

Effects of starving, washing, and cooking, along with
the effect of the diet, were tested on the microbio-
logical quantifications following the scheme reported
by Mancini et al. (2019b). Larvae were starved for 48 h
in sterile plastic containers with a plastic net placed
on the base in order to separate faeces and to avoid
faecal contact. Larvae (unfasted-fasted) were washed
in distilled water inside a sterile stomacher bag
(1:9w/v). A cooking step was performed on the larvae
after all the mix effects (unfasted-fasted, unwashed-
washed) in a pre-heated oven at 150°C for 10 min.
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Samples were diluted in sterile stomacher bags in a
sterile saline solution thorough homogenisation, then
ten-fold serial dilution series were performed and sam-
ples plated on different media. Total viable aerobic
count and aerobic bacterial endospores (after heating
the 10:1 dilution at 80°C for 10 min) were counted on
plate count agar (PCA) after incubation at 30°C for
72 h; Enterobacteriaceae were enumerated on violet
red bile glucose agar (VRBGA) incubated at 37°C for
24 h; Escherichia coli was quantified on Tryptone Bile
X-Glucuronide medium (TBX) incubated at 42°C for
24 h; enumeration of staphylococci, both presumptive
coagulase-positive and negative, was performed on
Mannitol Salt Agar (MSA) incubated at 37°C for
24-48 h; Enterococcus spp. was counted on kanamycin
aesculin azide agar base (K) incubated at 42°C for
24h; yeast and mould counts were performed on
yeast extract, dextrose, chloramphenicol medium
(YEDCQ) incubated at 25°C for 120 h; Pseudomonas spp.
enumeration was performed on Pseudomonas
Penicillin Pimaricin Agar (PPA) incubated at 30°C for
24-48 h; lactic acid bacteria was enumerated on de
Man-Rogosa-Sharpe agar (MRS) incubated at 37 °C for
48h in anaerobic conditions. Presumptive Bacillus cer-
eus was detected on B. cereus MYP agar incubated at
37°C for 24 h. Absence of Listeria monocytogenes and
Salmonella spp. in 259 was assessed according to 1SO
11290 and ISO 6579, respectively. All culture media
and supplements were purchased from ThermoFisher
Scientific (Waltham, United States) except for B. cereus
MYP agar, which was purchased from Biolife (Milan,
Italy). Microbiological counts were expressed as log
colony forming unit per g (log cfu/g).

Statistical analysis

Linear regression and second-order polynomial quad-
ratic equation were performed to evaluate the effect
of each diet on the growth performance. The data
obtained from the proximate composition were statis-
tically analysed using a one-way ANOVA with regards
to the different diets (5Gq0, SG75B2s, SG50Bs0, SG25B75
and B;qp). The data of microbial determinations in rela-
tion to the diet (D), the effect of fasting (F, un-fasted
and fasted), the effect of washing (W, un-washed and
washed) and the effect of cooking (C, un-cooked and
cooked) were tested with a multi-factor analysis of
variance (4-way ANOVA). Statistical analysis taken into
consideration the effects of the D, F, W and C their
interactions (D xF, DxW, DxC, FxW, FxC, WxC,
DxFxW, DxFxC, DxWxC, FxWxC and
D x F x W x C). Statistical significance was set at 0.05

and differences were assessed using Tukey's test. In
order to assess the effects of feed on larval develop-
ment and chemical composition, a principal compo-
nents analysis (PCA) was performed on proximate
compositions of the substrates, proximate composition
of larvae and growth performance (mg weight gain
per day); all the data were mean centred and scaled
to a unit standard deviation before analysis. R free
statistical software was used (R Core Team 2015).

Results and discussion
Growth performances

The growth performances of larvae fed the five differ-
ent diets are reported in Figure 1. Small variations in
the growth performances were highlighted when SG
were included into the diet, indeed only larvae fed
Bigo showed a different trend. Following the slow
growth performance of larvae of groups B;qo the trial
was ended at week 21 as all the other diets presented
pupae in the boxes. The larvae fed the diets SGyqo,
SG75B3s, SGsoBs, and SG,sB,5 reached respectively the
final weight of 136.15, 144.65, 134.79 and 123.59mg,
while the larvae fed only bread (B,qy) were ten time
lighter (final weight 14.67 mg). Indeed, mg weight
gain per day per larvae for Bo diet was 0.14mg/d,
while the other diets showed ten-fold gains, 1.51, 1.61,
1.50 and 1.37mg/d (SGqpo, SG75Bss5, SGsoBse, and
SG,sBys respectively). Coefficient of determinations
indicate that the models revealed a high percentage
of the variability, with R? between 0.90 and 0.94 for
linear regression and between 0.96 and 0.99 for
second order polynomial quadratic equation. The
growth performances were in line with those reported
in a similar trial performed with spent grains, bread,
and cookies (Mancini et al. 2019b).

The substrate to body conversion indexes (FCR, ECI
and N-ECl) are reported in Table 2. The Feed
Conversion Ratio (FCR, calculated on fresh basis) con-
firmed the high performance of mealworms in convert
substrate into body mass. The FCR data are in line
with those of other studies that reported an index of
about 2/2.5kg of substrate to obtain 1kg of insect (as
fresh weight) with maximum peaks (in relation to the
diet and to the slightly differences in FCR calculation,
i.e. the real total utilisation of all the feed offered)
about 3.5 points (Oonincx and de Boer 2012;
Thévenot et al. 2018; Mancini et al. 2019b; Bordiean
et al. 2020; Dreyer et al. 2021). In this paper we also
calculated the FCR on dry matter (DM) as a better
index to show mealworm efficiency in relation to the
diet, indeed substrates employed in this type of insect



160

140

120

=
Q
=]

80

Larval weight, mg

60

40

20

ITALIAN JOURNAL OF ANIMAL SCIENCE . 1423

140

150

Days
—e—5G100 SG75B25 SGS50B50 == 4= SG25B75 ---m-- B100

Diets Linear regression R’ Second order polynomial quadratic equation R’
SGigo y=15118x-102.3 0.9161 y = 0.0185x” - 2.3662x + 88.547 0.9894
SG7sBys  y =1.5957x - 109.49 0.9145 y =0.0193x” - 2.4497x + 89.589 0.9860
SGsoBsp  y =1.5209x - 103.19 0.9411 y =0.0156x" - 1.757x + 58.117 0.9943
SGysB7s  y =1.4250x - 96.86 0.9332 y =0.0150x” - 1.7291x + 58.366 0.9888
Bigo y =0.1272x - 6.3044 0.8959 y =0.0015x" - 0.1847x + 9.0418 0.9615

Figure 1. Tenebrio molitor larval growth in relation to the diet (brewery spent grains, SGyqoo, bread, Boo and their mixtures,

SG75Bs, SGsoBso, SG25B7s).

Table 2. Feed conversion ratio (FCR), efficiency of conversion of ingested food (ECI) and the nitrogen con-
version efficiency (N-ECI) of larvae fed the different diets.

SG1oo SGysBys SGsoBso SGysBys B1oo RMSE P-value
FCR (on fresh basis) 2.12° 1.94° 2.24° 2,767 3.52° 0.225 0.005
ECI (on DM) 17.542 18.84° 16.37%° 13.24% 10.16° 1.687 0.018
N-ECI 35.07° 44,10 42.48° 28.47° 24.29° 3.887 0.014
FCR (on DM) 5.71° 5.39° 6.11° 7.58% 9.87° 0.624 0.004

SGigo: only brewery spent grains; SG75B,s: 75% brewery spent grains + 25% bread; SGsoBso: 50% brewery spent grains +
50% bread; SG,sB;s: 25% brewery spent grains + 75% bread; Byoo: only bread.
2bSMeans in the same row with no common superscripts differ significantly (p < 0.05).

rearing are mostly dry and the FCR calculated on fresh
basis numerically does not separate consistently the
different diets themselves. Mathematically, the ratio
between FCR on fresh basis and FCR on DM is equal
to the ratio between the DM of the larvae and the
DM of the provided feed. Therefore, calculating the

FCR on the DM maintained the concept of the feed
conversion ratio but highlight the capacity of meal-
worm larvae to stock DM in their body without be
affected of feed-larvae moistures. Basing on these
statements, the data highlight a wide tendency to a
worse feed conversion in relation to bread percentage
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Table 3. Proximate compositions of larvae fed brewery spent grains (SGqqo), bread (Bigo) and the three

mix diets SG75B,s, SG50Bso, and SGy5Bs.

Unit SGioo SGysBys SGsoBso SGysBys B1oo RMSE P-value
Dry matter (DM) % 36.00 35.00 35.52 35.50 34.81 0.572 0.165
Ether extract % on DM 36.18° 43.70° 46.45° 43.42° 37.11° 1.508 <0.001
Crude protein % on DM 37.23? 38.14° 36.85° 28.96° 27.17° 0.717 <0.001
Ash % on DM 3.54 3.25 291 3.20 3.08 0.242 0.089
Carbohydrates? % on DM 23.05° 14.91° 13.79¢ 24.42° 32.64° 1.567 <0.001

ab<SMeans in the same row with no common superscripts differ significantly (p < 0.05).
*The carbohydrates were calculated by difference (100%-moisture%-crude protein%-ether extract%-ash%).

present into the diet (P=0.04). This trend was also
comparable to ECl and N-ECI of larvae, which showed
decreased values in relation to the amount of bread
provided (P=0.018 and P=0.014, respectively).
Bordiean et al. (2020) reported a mean ECl value of
20.1 for mealworm fed industrial residues (rapeseed
meal, wheat bran and willow leaf sunflower biomass),
while a lower ECI, similar to the one obtained in this
research, were shown by Oonincx et al. (2015) and
Mancini et al. (2019b) ranged between 7 and 21.

Proximate compositions

Proximate compositions of larvae are reported in
Table 3. No statistically differences were showed by
larvae fed the five diets in terms of dry matter and
ash compositions (P> 0.05). Interestingly, the diet
induced large variability of the nutritional values of
the larvae, indeed larvae fed the different mixes
showed ranges that differ about 3.6-4% in the ether
extract and protein contents (on wet basis, P < 0.001).
Variations in terms of single macronutrient are more
noticeable if looked closely, as ether extract increased
by 28% between B;oy and SGsoBso and crude protein
increased by 42% between Bigo and SG;go. The mean
proximate compositions of the larvae are in line with
those reported in literature also in relation to the diet
effects (Oonincx et al. 2015; van Broekhoven et al.
2015; Janssen et al. 2017; Mancini et al. 2019b). Ether
extracts were higher in larvae fed mixed diets than in
larvae fed single ingredient diets. This trend did not
follow the diets ether extracts contents, as it showed
to decrease in relation to an increased bread percent-
age (see Table 1). Probably, the inclusion of bread in
mixed diets, and the consequent increase of carbohy-
drates, induced an increasing of energy that was
stored as lipids into the larvae body; when bread
alone was used a lack of protein might have caused a
restriction of energy. Indeed, protein content of the
diets was negatively affected by the bread percen-
tages. Larvae protein content followed this trend,
showing a decreasing content in SG,5B;5 and Bqo.

Table 4. Statistical evaluation of the microbiological determi-
nations in relation to the diet (D), fasting (F), washing (W),
and cooking (C).

BE TvC LAB ST ENT ENC

P-value D 0494 0.143 0250 0.029 0757 0.585
P-value F 0403 0.056 0.190 0.001 0411 0.175
P-value W 0.724 0473 0260 0.062 0.014 0514
P-value C <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
P-value D x F 0532 0373 0.09 0.182 0.845 0.447
P-value D x W 0.016 0.246 0425 0.631 0941 0.288
P-value D x C 0494 0655 0.250 0.029 0757 0.585
P-value F x W 0920 0959 0.033 0.739 0567 0.715
P-value F x C 0403 0826 0.190 0.001 0411 0.175
P-value W x C 0724 0518 0260 0.062 0.014 0514
P-value D x F x W 0.226 0407 0988 0.005 0536 0.665
P-value D x F x C 0532 0604 0.09 0.182 0.845 0.447
P-value D x W x C 0.016  0.258 0425 0.631 0941 0.288
P-value F x W x C 0920 0624 0.033 0739 0567 0.715

P-value DxFxWxC 0226 0903 0988 0.005 0536 0.665

BE: Bacterial endospores; TVC: Total viable aerobic counts; LAB: Lactic
acid bacteria; ST: Staphylococci; ENT: Enterobacteriaceae; ENC:
Enterococci.

Microbial load

P-values of the statistical evaluation of the microbio-
logical determinations are reported in Table 4, while
the microbiological counts are reported in Table 5. E.
coli, Pseudomonas spp., presumptive B. cereus, yeast
and moulds were not detected in the samples, as well
as the absence of L. monocytogenes and Salmonella
spp. in 25g was determined. The absence of food
borne pathogens in edible insects reared in controlled
environments is in line with the majority of the
research studies conducted (Grabowski and Klein
2017; Vandeweyer et al. 2017; Mancini et al. 2019a,
2019b). Anyhow, some of these bacterial species could
be detected in relation to the rearing conditions (such
as the technique, the temperature, the humidity or
the employed substrates). For instance, the presence
of Pseudomonas spp. was detected in mealworm lar-
vae derived from industrial rearing companies
(Vandeweyer et al. 2017; Wynants et al. 2017) as well
as via real-time PCR by Osimani et al. (2018) in frass of
mealworm larvae fed organic wheatmeal. Similarly,
yeasts and moulds were detected in mealworm larvae
with different ranges (Vandeweyer et al. 2017;
Wynants et al. 2017; Mancini et al. 2019a, 2019b).
These variations in microbial flora highlight the
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Table 5. Microbial loads (log cfu/g) in relation to the diet (D), fasting (F, Yes/No), washing (W, Yes/No), and cooking (C, Yes/No).

D F w C BE TVC LAB ST ENT ENC
SGigo N N N 3.60+£0.23 7.34+0.23 7.03+0.07 3.73+£0.13 6.64+£0.26 6.32+0.11
SGioo Y N N 4.02+0.03 8.63+0.90 7.05+0.37 3.85+0.32 6.43+0.20 7.03+£0.02
SGigo N Y N 4.65+0.27 8.05+0.16 7.46+0.01 3.64+£0.34 5.76£0.26 6.96 + 0.40
SGioo Y Y N 4.20+0.02 8.55+0.49 6.81+0.75 352+0.18 6.08£0.32 7.19+£0.25
SGioo N N Y nd® 3.48+0.03 nd® nd® nd® nd®
SGioo Y N Y nd® 4.09+0.02 nd? nd? nd? nd®
SGigo N Y Y nd® 3.33+0.06 nd® nd? nd® nd®
SGigo Y Y Y nd® 3.46 +£0.69 nd® nd® nd® nd®
SG75Bys N N N 3.81+£0.39 8.08£0.03 7.95+0.01 3.76£0.10 6.31+£0.31 6.41+0.33
SG75Bys Y N N 3.97+0.02 8.75+0.31 7.33+£0.54 434+0.22 6.59+0.68 6.56 £0.56
SG75Bys N Y N 3.85+£0.34 8.07+£0.02 7.54+0.04 4.14+0.20 5.69+0.49 6.65 +0.05
SG75Bs Y Y N 4,08+0.03 8.21+£0.90 6.37£0.03 3.19+£0.11 6.14+£0.00 7.18+0.09
SG;5Bys N N Y nd® 3.51+043 nd® nd® nd® nd®
SGy5Bys Y N Y nd® 413+0.14 nd? nd? nd? nd®
SG75B,s N Y Y nd® 3.18+0.70 nd® nd® nd® nd®
SG75Bs Y Y Y nd? 3.34+0.84 nd? nd? nd? nd®
SGs50Bso N N N 4.39+0.05 8.03+£0.29 6.81+£0.61 5.15+£0.50 6.49+£0.26 7.37+0.73
SGs0Bso Y N N 3.94+0.02 8.38+0.39 7.34+0.19 3.36+0.03 6.54+0.58 6.94+0.26
SGs50Bso N Y N 3.80+£0.53 7.84+0.70 7.18+0.27 3.84+£0.30 6.41+0.80 6.97 £0.38
SGs50Bso Y Y N 3.81+£0.01 8.33+£0.37 6.83+0.47 3.85+£0.02 6.74+0.38 6.81+0.45
SGsoBso N N Y nd® 330+0.34 nd® nd® nd® nd®
SGsoBsg Y N Y nd® 3.33+042 nd? nd? nd? nd®
SGsoBso N Y Y nd® 4,00+0.20 nd® nd® nd® nd®
SGsoBsg Y Y Y nd? 3.90+0.02 nd? nd? nd? nd®
SGysBys N N N 3.75+£0.38 7.95+0.01 6.67+£0.10 4.20+0.10 6.01+£0.10 6.86+0.23
SGysBys Y N N 4.05+0.03 7.42+0.02 7.32+0.08 3.31+0.08 6.11£0.05 6.75+0.13
SGysBys N Y N 3.80+£0.32 7.97 £0.01 6.80+0.15 418 £0.67 5.75+£0.62 6.69 £ 0.06
SGysBys Y Y N 3.89+£0.02 7.56 +0.07 6.80+£0.50 3.61+0.36 6.06 +0.04 7.19+£0.01
SGy5Bys N N Y nd® 3.48+0.43 nd® nd® nd® nd®
SG,sB7s Y N Y nd® 2.98+0.02 nd? nd? nd? nd®
SG,5Bys N Y Y nd® 3.16 +0.69 nd® nd® nd® nd®
SG,5B7s Y Y Y nd? 3.97+0.03 nd? nd? nd? nd®
Bioo N N N 4.06£0.26 7.60+0.10 7.31+0.05 4.75+0.50 6.41+£0.50 6.70+0.30
B1oo Y N N 4.12+0.02 7.58 £0.05 7.35+0.03 4.28+0.26 6.23+0.03 7.06 £0.04
Bioo N Y N 3.39+£0.10 7.47 +£0.40 7.55+0.10 4.33+0.10 5.25+1.00 6.57£0.20
Bioo Y Y N 3.88+£0.08 7.81+0.07 7.21+0.03 3.95+0.03 6.22+0.05 6.65 +0.04
B1oo N N Y nd® 2.99+0.05 nd® nd® nd® nd®
B1oo Y N Y nd® 3.06+0.00 nd? nd? nd? nd®
B1oo N Y Y nd® 3,67 +£0.50 nd® nd® nd® nd®
B1oo Y Y Y nd® 4,06 +0.04 nd® nd® nd® nd®

SGio: Only brewery spent grains; SGysB,s: 75% brewery spent grains + 25% bread; SGsoBso: 50% brewery spent grains + 50% bread; SG,sB;s: 25%

brewery spent grains + 75% bread; B;qo: only bread.

BE: Bacterial endospores; TVC: Total viable aerobic counts; LAB: Lactic acid bacteria; ST: Staphylococci; ENT: Enterobacteriaceae; ENC: Enterococci.
Y stand for the performance of the treatments (fasting, washing, and cooking); N stand for the absence of the treatment (fasting, washing,

and cooking).
Values below the detection threshold (1.0 log cfu/g).

importance of the application of good manufacturing
practices during mealworm rearing and processing to
assure their safety when used as food or feed. The
average of microbial counts of the unfasted and
unwashed raw larvae were in line with those of previ-
ous research studies reported above, meanwhile some
differences were detected in relation to the tested fac-
tors. The diet affected only the staphylococci counts
as the larvae fed SG;o; showed the lowest values
while Bgo the highest, the mixes of SG and B showed
intermediate values. This trend is in accordance with
Mancini et al. (2019b) confirming that B as substrate is
more prone to the growth of this type of bacteria
than SG. It is important to highlight that B and SG
used in the two trials (the present one and the previ-
ous one) are completely different as they were

collected just before the start of the experiments and
in the meantime two years have passed. Fasting
decreased the number of staphylococci of about 0.2
log, it also decreased positively the total viable counts.
These effects were not related to the diet fed to the
larvae as also reported by the not significant P-value
of the interaction D x F. Leaving the larvae for at least
24h or 48-72h without contact allow the larvae to
discard their bowel content reducing the bacterial
counts (Wynants et al. 2017, 2019; Mancini et al.
2019b, 2019¢). Moreover, during starvation time larvae
continue moving inside crates, inducing also a positive
“grooming” that allowed the reduction of external pol-
lution deposited on the larvae surfaces. This procedure
also allowed the decreases of other risks as the con-
tent of gluten or mycotoxins derived from the
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Figure 2. Loading plot (A) and Score plot (B) of principal components analysis (PCA) performed on growth performance and prox-
imate compositions of substrates (S) and larvae (L) (SGqoo: only brewery spent grains; SG;5B,s: 75% brewery spent grains + 25%
bread; SG5oBso: 50% brewery spent grains + 50% bread; SG5B75: 25% brewery spent grains + 75% bread; Byqo: only bread).



substrates (Mancini et al., 2020; Niermans et al. 2019),
indeed also the positive opinions of EFSA on meal-
worm as novel food reported a fasting step by the
producers (Turck et al. 2021a, 2021b). Washing the lar-
vae decreased the numbers of Enterobacteriaceae;
other research studies reported the lack of effect of
the washing step on the microbiological loads of the
larvae, though it could remove pollution derived from
substrate and frass (Wynants et al. 2017; Mancini et al.
2019¢). Cooking the larvae in oven at 150°C for
10min decreased all the microbial form quantified,
indeed only the total viable count was not reduced
under the threshold of 1 log cfu/g (about 4 logs of
reduction for this enumeration). Safety of edible
insects is a mandatory requirement to ensure their
employment in food chain, both as food and feed.
Cooking, along with other heat treatment, seems one
of the more effective methods, even if the cost of this
step must be taken into account (Caparros Megido
et al. 2018; Mancini et al. 2019¢; Kooh et al. 2020).

Principal component analysis

Principal component analysis plots (Figure 2) indicate
a direct link between chemical composition of sub-
strate and the chemical composition of the larvae, as
well as growth performances. The first two principal
components gained respectively the 53.19% and
26.72% of the total variability. As plotted in the score
plot the samples gathered together in relation to the
substrate employed, following the percentages of
spent grains and bread. The PC1 indicate to separate
the samples in relation to the percentages of two
ingredients, from negative value for higher percentage
of inclusion of B to positive value for higher percent-
age inclusion of SG. PC1 interestingly followed strictly
the variation of the two ingredients percentages.
Similarly, PC2 showed a trend that divided the feeding
groups into two main cluster (positive or negative val-
ues), with the diets based on only one ingredient
(SGq90 and Bqgo) on the top part of the plot, and the
mixed diets (5SG75B,s5, SGsoBso, and SG,5Bs) plotted in
the bottom part. Also, in this case the relative abun-
dance of the two ingredients followed a linear trend
of variation. The loading plot showed that the grow-
ing performance of the larvae, expressed as mg of
weight gain per day, was related to the crude protein
and ether extract of the substrates. The opposite trend
was shown by the capacity of gain weight and the
substrate carbohydrates content. Larvae crude protein
content was plotted closely to the growth capacity
and the substrate energy components (crude proteins
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and ether extract), highlighting that the larvae fed the
more nutritional feeds performed better and showed
increased nutritional values.

Taking into account that the two employed ingre-
dients were former foodstuff or by-products it is
important to highlight the capacity of mealworms to
positively convert side-stream materials into rich nutri-
tional animal product.

Conclusions

By-products, former foodstuff and side-stream materi-
als might be used as a feed in T. molitor rearing, with
effects on the growth performance of the larvae,
chemical composition and microbial load. The findings
show that mealworm larvae are highly flexible, with
the capacity to change the final characteristics in rela-
tion to the substrate. The use of a single ingredient in
the diet or combinations of different ingredient might
be used in response to the producers’ demands and
benefit-cost criteria. In general, it appears that high-
protein diets result in lower rearing time. Anyhow our
data highlighted that mixing a high nutritional ingre-
dient (brewery spent grain) with a low nutritional
ingredient (bread) with a proportion of 75:25 could be
more effective than use only one ingredient alone.
When a single ingredient was tested, bread leftovers
showed the worst results in relation to the other diet,
while spent grains alone performed similar to the
most effective diet (75:25 spent grains:bread). The
mixed diet with 75% of spent grains and 25% of bread
showed also the better results in terms of nutritional
value (highest ether extract and crude protein) and
the lowest count of staphylococci.
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