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ABSTRACT

Black soldier fly larvae (BSFL) are considered a sustainable protein source and an effective means of recycling organic waste. They are
rich in nutrients, including proteins and lipids, making them suitable for animal feed and potentially for human consumption. In addition
to their nutritional benefits, BSFL also have environmental benefits, i.e., reducing waste and greenhouse gas emissions. However, concerns
about their safety persist, particularly regarding contamination by pathogenic microorganisms, toxins, and heavy metals. The aim of our
study was to investigate the effect of different feedstuffs on heavy metal accumulation and on the microcenosis (Enterobacteriaceae,
aerobic bacterial endospores, microscopic filamentous fungi) of BSFL. BSFL were fed four feed treatments (I: egg pasta cooked in whole
milk; I1: cooked rice with peas; IlI: poultry feed; and 1V: cooked couscous, boiled eggs, and raw carrot peels). The results of our study
showed that feed variants significantly affect the microbial safety of BSFL. Using MALDI-TOF, we identified 13 species of family
Enterobacteriaceae in BSFL, including facultative pathogenic species Enterobacter cloacae, Klebsiella aerogenes, Klebsiella
pneumoniae, Morganella morganii, and Proteus mirabilis. Our research confirmed that BSFL fed different feed variants under
experimental laboratory conditions contained heavy metals, including cadmium, copper, manganese, molybdenum, nickel, lead, and zinc.
Cadmium concentrations in BSFL ranged from 0.12 to 0.18 mg.kg, with the highest values measured in BSFL in variant V.
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INTRODUCTION

Today, untreated waste represents one of the key problems for hygiene, the
economy, and the environment. They represent a diverse mixture of chemicals,
often foreign chemicals. Therefore, the European Union's Environmental Action
Programme lists radical waste prevention as one of the highest priorities to achieve
a significant and overall reduction in biodegradable, non-biodegradable, organic,
or inorganic waste (Ostblom et al., 2010). Human life inherently generates waste.
It is important to make maximum use of the Best Available Technique (BAT) or
to promote new innovative technologies that consider the environment's
revitalizing capacity, the zero waste goal, or the reduction of the carbon footprint
in human life and consequently in waste management. One promising approach is
the use of so-called biodegradable waste recovery technology by means of Diptera,
a genus of two-winged insects, e.g., the black soldier fly (Hermetia illucens L.;
Diptera: Stratiomyidae). Since 2017, thanks to the European Commission
(Regulation 2017/893/EC, 2017), it is allowed to use the larvae of double-winged
insects for feed production as a substitute for conventional compound feed or
biodiesel. This fact has led to an increased research intensity in the use of Diptera
also for remediation purposes, with the possibility of reducing the concentrations
of hazardous chemical elements in the food consumed by the larvae or increasing
the nutritional value of the resulting substrate in trophically treated waste.

BSFL (Fig 1) originated in the South American savannah and are widely
distributed in temperate, subtropical, and tropical regions, with an optimum
temperature range of 25 °C to 30 °C (Shumo et al., 2019), due to their low
resistance to cold, they cannot survive in northwestern Europe and regions where
temperatures drop below 5 °C (Woodley, 2011). BSFL has ability to convert
a wide variety of waste streams into high-quality proteins, fats, and minerals while
demonstrating their potential for scalable and efficient production in the animal
feed industry (Woods et al., 2019). This ability is attributed to the selection of
enzymes in their gut that allow them to consume a wide range of substrates, and
this ability is useful, as they can reduce agricultural waste streams by feeding on
them and converting it into their nutrient dense body mass (de SouzaVilela et al.,
2019). As most research has focused on BSFL development and consumption
issues, relatively little is known about their safety or security as a food source.
While few insects appear to be harmful when eaten (Blum, 1994), allergens aside
(Barre et al., 2014), issues such as microbial contamination of insects should not

be ignored (EFSA, 2015). BSFL has been noted to reduce the microbial load of
substrates, with processed composts showing lower concentrations of
bacteriophages and bacteria, including Salmonella enteritidis and Escherichia coli
(Erickson et al., 2004; Liu et al., 2008). However, the larvae themselves can
become contaminated if kept on contaminated substrates for too long (Erickson et
al., 2004). BSFL can contain 42% crude protein and 29% fat, although they are
higher in saturated fats than most insects. They do not concentrate pesticides or
mycotoxins (Wang & Shelomi, 2017).

Currently, due to increased anthropogenic activity and waste generation, the
concentration of chemicals in the environment is rising disproportionately. This
issue is alarming when it comes to hazardous, often at their concentration
exceeding the limit in a given environment, toxic substances that are part of non-
degradable wastes (Khun et al., 2008; Urminska, 2018). Among the pollutants
that have received scientific attention are heavy metals/polyalloxides potentially
toxic, even toxic at trace concentrations, such as arsenic (As), cobalt (Cd), mercury
(Hg), and lead (Pb) (Koren et al., 2003a; Li et al., 2006; Oyewale et al., 2006).
The risk of exposure for many of these is in their persistence and, consequently,
depending on the chemical, physical, and biological properties of the environment,
their mobility, bioavailability, and effects on organisms (Andrews et al., 2004;
Hegediisova et al., 2006). These elements have a density greater than 5 g.cm®
(except for titanium /Ti/ and selenium /Se/), and belong to transition metals and
groups 3A, 4A, 5A, and 6A (Fergusson, 1990; Urminska et al., 2022).
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The objective of our study was to determine whether BSFL fed on available
biodegradable waste under the conditions of a model experimental laboratory
simulation contain hazardous heavy metals and to determine the total
concentrations of selected hazardous heavy metals in the fed BSFL. Additionally,
we also focused on assessing the microbial risks associated with the potential use
of BSFL as animal feed or as a potential food source for humans.

MATERIAL AND METHODS
Rearing of BSFL

In the study, we worked with BSFL that were fed four feed variants (I: egg pasta
cooked in whole milk; I1: cooked rice with peas; Il1: poultry feed; IV: mixture of
cooked couscous, boiled eggs, fresh spinach, and carrot peels). In each variant, 100
g of BSFL were fed at the beginning of the experiment. The experiment was carried
out in 4 replicates for each variant. BSFL were reared at 27 + 1 °C and 50 — 60 %
relative humidity. BSFL were fed the feed in each variant for 6 days, and the feed
ration in each replicate of the respective variant was 380 g.day™. After a one-day

Table 1 Characteristics of the microbiological analysis used

break in feeding, BSFL were killed by freezing at -80 °C. To weigh the larvae, we
used laboratory balances KERN 440-43N (Kern & Sohn, Germany).

Microbiological analysis

Among the microbiological parameters, we monitored the number of
Enterobacteriaceae (EB), aerobic bacterial endospores (ABES), and the number of
microscopic filamentous fungi (MFF) in the BSFL (before experimental feeding
and after feeding process in variant I, Il, Ill, 1V), according to relevant ISO
standards (4833-1; 21528; 21527-1).

For microbiological analyses, we used the plate dilution method. We conducted
each analysis in duplicate. We homogenised the BSFL, added 5 g to 45 ml of sterile
saline, and shaken on a shaker for 30 minutes. The basic dilution (10™) was then
used to prepare serial dilutions used in the study. The characteristics of the assays
used are shown in table 1. For the determination of aerobic bacterial endospores,
the inoculum was heated to 80 °C for 10 minutes, cooled, and then inoculated onto
the medium. The final results of the number of each group of microorganisms were
expressed in log CFU.g™.

Group - - Inoculum . Cultivation
of microorganisms Medium Inoculation [mL] Dillutions T t
[°C] [hours/*days]
EB VRBG Spread 10%, 10°%, 10°° 37+1 24
ABES NA Pour 103,104, 10° 30+1 24
MFF DRBC Spread 102,108, 10* 25+1 *5

Legend: EB - Enterobacteriaceae; ABES — aerobic bacterial endospores; MFF — microscopic filamentous fungi; VRBL — violet red bile agar
with glucose, Biokar diagnostics, France; NA — Nutrient agar no. 2, Biokar diagnostics, France; DRBC —dichloran rose bengal chloramphenicol

agar, Biokar diagnostics, France; T — temperature; t — time
MALDI-TOF identification

The identification of coliform bacterial isolates was carried out using the MALDI-
TOF MS system (Bruker Daltonik GmbH, Bremen, Germany), a widely
recognized tool for microbial analysis. The procedure was supported by the
proprietary Biotyper software (Bruker Daltonik GmbH, Bremen, Germany), which
facilitates accurate classification based on protein fingerprinting. Detailed
information about the specific steps involved in protein extraction, sample
preparation, and the identification workflow can be found in a previously published
study (Hleba et al., 2020).

Heavy metals detection

The study was conducted experimentally under laboratory conditions. For the
purpose of the research, BSFL was used. BSFL were frozen, lyophilized and
ground to the required analytical ICP-OES (Inductively Coupled Plasma — Optical
Emission Spectroscopy) fineness. The ICP-OES method were used to determine
selected heavy metals of concern in the following samples: BE (40 g BSFL -
begining of experiment), | (BSFL-fed cooked egg pasta in whole milk), Il (BSFL-
fed cooked rice with peas), 1l (BSFL-fed poultry feed), and IV (BSFL-fed a
mixture of couscous, cooked eggs, fresh spinach, and carrot peels).

Inductively coupled plasma emission spectrometry is an analytically suitable
method for the determination of the concentrations of significant trace elements in
samples. The sample solution was converted into a mist and the resulting mist was
carried by an argon stream into a torch in which an argon plasma was maintained
in the temperature range of 6 000 to 10 000 K by an alternating high-frequency
field. Under such conditions, the solvent evaporated immediately, and the chemical
bonds in the molecules of the compounds present were destroyed. The energy in
the plasma was sufficient to excite electrons in the atoms to higher energy levels.
The excited state of the atom is unstable; the excited electrons return to their

original energy levels, emitting light with a precisely defined wavelength that is
determined by the energy difference of the two levels. The emitted light created an
electrical signal. The intensity of the signal, corresponding to the characteristic
wavelength of the light produced by the transition of the energy states of the
analysed element, indicates the concentration of the element under investigation
(Bajéan et al., 2018).

Statistical analysis

The SAS 9.4 (Northern California, USA) "Spearman's correlation coefficient"
method was used for statistical treatment of dependencies. Spearman's correlation
coefficient ps is a measure of dependence based on the measurement of dependence
between orders (Stehlikova, 1999).

For additional statistical analysis, the software Past4.03 (Hammer et al., 2001)
was utilised. The normality of the data was assessed using the Shapiro-Wilk
normality test. Based on these results, ANOVA and Dunn’s post hoc tests were
conducted to examine differences between experimental variants. The normality
test indicated a normal distribution for most of variants.

RESULTS AND DISCUSSION
Weight gain of black soldier fly larvae

For each feeding variant, we determined the weight of 100 individual dead larvae
at the beginning of the experiment and at the end of the experiment (Tab 2). The
highest weight gain was observed in variant 111, in which larvae were fed poultry
feed (weight gain 253.1%). The lowest weight gain was recorded in variant 1V, in
which BSFL were fed cooked couscous with boiled eggs, fresh spinach, and carrot
peels (132.6%).

Table 2 Weight of black soldier fly larvae (mean + standard deviation)

Weight of 100 larvae

Weight of 100 larvae

Weight gain CcVv

Variant BF [q] AF [g]* [%] [%]
| 49 13.7+1.14 180.9 8.35
11 3.2 9.7+0.10 201.6 1.04
11 3.2 11.3+0.84 253.1 7.43
v 4.3 10.0 £0.81 132.6 8.10

Legend: BF — before experimental feeding; AF — after feeding process; variant | - egg pasta cooked in whole milk; variant
11 — cooked rice with peas; variant 111 - poultry feed; variant IV - cooked couscous, boiled eggs, fresh spinach, and carrot

peels; CV - coefficient of variation; *n = 4
Microbiology of black soldier fly larvae

Because of their positive nutritional properties and low environmental
impact, edible insects could be considered the ,,food of the future®“. However, there
are safety concerns associated with the consumption of insects, such as chemical
and biological contaminants. The possible presence of pathogenic and toxigenic
microorganisms is one of the main biological risks associated with edible insects
(Garofalo et al., 2019). The safety and security of BSFL as a foodstuff is not well
understood because the majority of research has concentrated on problems related

to their production. In the study of Garofalo et al. (2019), high microbial contents
were identified across edible insect species, with pathogenic bacteria such as
Escherichia coli, Bacillus cereus and Staphylococcus aureus being of particular
concern. Other studies report that BSFL has been noted to reduce the microbial
load of substrates, with processed composts showing lower concentrations of
bacteriophages and bacteria, e.g., Salmonella enteritidis and Escherichia coli (Liu
et al.,, 2008). Data from other studies on plant-feeding insects suggests that
Enterobacteriaceae are a problem with raw insects (EFSA, 2015). Powdering the
insects and heating, drying, UV treatment, high-energy microwave treatment,
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pasteurization, acidification, or other treatment of the food against microbes,
parasites, and bacterial spores would reduce the chance of microbial contamination
compared to whole, unprocessed insects (Klunder et al., 2012). Bessa et al. (2021)
mention that the killing method had a significant effect on the microbial load and
the heavy metal content of the BSFL; as expected, blanching significantly reduced
the microbial contamination of the BSFL and resulted in slightly lower heavy metal
concentrations in the larvae compared to freezing the BSFL. Raw edible insects
generally contain high numbers of mesophilic aerobes, bacterial endospores or
spore-forming bacteria, Enterobacteriaceae, lactic acid bacteria, psychrotrophic
aerobes and fungi, and potentially harmful species (i.e., pathogenic,
mycotoxigenic, and spoilage microbes) may be present (Garofalo et al., 2019).

Table 3 Microbial counts in black soldier fly larvae

In our study (Tab 3), the highest Enterobacteriaceae counts were found in BSFL
fed variant Il (cooked rice with peas, 7.84 + 0.05 log CFU.g%). Enterobacteriaceae
are markers of hygienic food quality and faecal contamination. Therefore, lower
levels of Enterobacteriaceae are desirable. However, the lowest counts of aerobic
bacterial endospores (3.60 + 0.00 log CFU.g™) and microscopic filamentous fungi
(<2.00 log CFU.g) were found in the BSFL fed this variant. The lowest
Enterobacteriaceae counts were found in the BSFL before experimental feeding
(5.85 + 0.15 log CFU.g™), respectively higher were in each feeding variant
compared to the counts before experimental feeding. Thus, each feeding variant
influenced the rise in these bacteria counts in the BSFL.

Evaluation of statistical differences between each variant was performed using
ANOVA test followed by Dunn'’s post hoc test. The results are shown in table 4.
The ANOVA test showed significant differences in the data set, therefore a Dunn’s

Variant Group of M [log CV [%] post hoc test was applied. The_: results s_h0\_/v_ed the fo_IIowing _findin_gs. The values
microorganisms CFU.gY* for Enterobacteriaceae bacteria were significantly different in variants Il and 111
EB 5.85+0.15 2.61 compared to the initial experimental variant. Variant | had significantly different
BF ABES 566+ 1.23 21.80 results for Enterobacteriaceae bacteria with variant II, and variant Il was
MFFE 3.62+0.07 1.93 significantly different compared to variant I\V. Aerobic bacterial endospores had
EB 702+0.11 157 significantly different values between variants before feeding and Il and between
| ABES 5.04 +0.62 12.30 variants Il and I11. Results for microscopic filamentous fungi were significantly
MEFE 215+ 0.30 13.95 different between the initial variant and variants I, 11, and IV.
EB 7.84+0.05 0.64
1 ABES 3.60 +0.00 0.00
AF MFF <2.00 +0.00 0.00
EB 7.47+0.19 2.54
11 ABES 6.16 + 0.09 1.46
MFF 3.24+£2.09 64.50
EB 6.44 £0.38 5.48
v ABES 4.93+0.10 2.03
MFF <2.00 +0.00 0.00
Legend: BF — before experimental feeding; AF — after feeding process; variant | — egg pasta
cooked in whole milk; variant Il — cooked rice with peas; variant Il — pultry feed; variant IV
— cooked couscous, boiled eggs, fresh spinach, and carrot peels; EB - Enterobacteriaceae;
ABES — aerobic bacterial endospores; MFF — microscopic filamentous fungi; SD — standard
deviation; CV — coefficient of variation; M - mean [log CFU.g] + standard deviation; *n = 4
Table 4 Dunn’s post hoc with raw p-values
Variant BF | 1 11 [\
BF 0.1597 |OIG00E2EEM 0.004924 0.1271
| - 0.01539 0.1597 0.9048
EB 1 ek falad 0.3091 0.02126
i * - - 0.1983
[\ - - * -
BE 0.401 0.01175 0.2802 0.4716
| 0.09303 0.05491 0.9045
ABES 1" * - IOEeSSE o.07192
i - - ook 0.07192
1\ - - - -
BE 0.0155 0.003212 0.1314 0.003212
| * 0.5988 0.3617 0.5988
MFF 1 ok - 0.1504 1
i - - - 0.1504
IV *%x - - -

Legend: BF — before experimental feeding; variant | — egg pasta cooked in whole milk; variant 11 — cooked rice with peas;
variant 11l — pultry feed; variant IV — cooked couscous, boiled eggs, fresh spinach, and carrot peels; EB -
Enterobacteriaceae; ABES — aerobic bacterial endospores; MFF — microscopic filamentous fungi; significant differences:
- no significant difference; * significant difference with p < 0.05 (yellow cells); ** significant difference with p < 0.01
(orange cells); *** significant difference with p < 0.001 (red cells)

Table 5 Overview of Enterobacteriaceae species in black soldier fly larvae (MALDI-TOF identification)

Variant Variant

Species - : T v Species BE 0 m m v
Enterobacter cloaceae* + Morganella morganii* + + + + +
Enterobacter putida + Proteus mirabilis* + + + +
Hafnia alvei + +  Pseudomonas fluorescens +
Klebsiella aerogenes* + Pseudomonas putida +
Klebsiella pneumoniae* + + + + Kluyvera georgiana +
Klebsiella vavicola + Serratia marcescens +
Moellerella wisconsensis + +
Legend: BF — before experimental feeding; variant; | — egg pasta cooked in whole milk; variant Il — cooked rice with peas; variant Il — pultry feed;

variant IV — cooked couscous, boiled eggs, raw carrot peels; * facultatively pathogenic bacterial species
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The species spectrum of Enterobacteriaceae in the BSFL of each variant based on
MALDI-TOF identification is shown in table 5. We isolated representatives of 13
Enterobacteriaceae  species, including facultatively pathogenic species
Enterobacter cloaceae, Klebsiella aerogenes, Klebsiella pneumoniae, Morganella
morganii, and Proteus mirabilis. It was Morganella morganii that was present in
all variants of BSFL. The presence of this bacterium in BSFL has been reported by
several authors (Kim et al., 2014; Shumo et al., 2021; Cifuentes et al., 2022;
ljdema et al., 2022). Morganella morganii belongs to the tribe Proteeae of
the Enterobacteriaceae family. This species is considered an uncommon
opportunistic pathogen that mainly causes postoperative wound and urinary tract
infections (Liu et al., 2016). In a study by Shi et al. (2022), multidrug-resistant
Klebsiella pneumoniae strains were isolated from BSFL. Typical Klebsiella
pneumoniae is an opportunistic pathogen that mostly affects people with weakened
immune systems and tends to cause nosocomial infections (Li et al., 2014).
Tegtmeier et al. (2021) and Cifuentes et al. (2022) also isolated representatives
of the genera Morganella, Enterococcus, and Proteus, as well as Providencia.

Aerobic endospore formers present a challenge for edible insects (Vandeweyer et
al., 2017; Campbell et al., 2020), therefore it is suggested to adopt strategies to
use feeds with low aerobic spore counts to limit possible contamination (Osimani
& Awuilanti, 2021). The presence of spore-forming bacteria in insect-based foods
poses a serious threat to consumer health, as these microorganisms include well-
known foodborne pathogens (Osimani & Awuilanti, 2021). In our study, the

BSFL fed variant I (cooked rice with peas) had the lowest microbiological load in
terms of aerobic bacterial endospores (3.60 + 0.00 log CFU.g™). In all other feeding
variants and in the BSFL before feeding, aerobic bacterial endospore counts were
higher, with the highest counts in the BSFL variant IV (6.44 = 0.38 log CFU.g%).

Microscopic filamentous fungi are important producers of toxic secondary
metabolites (mycotoxins). Purschke et al. (2017) mention that in their study, there
was no accumulation of mycotoxins and pesticides in the larval tissue, nor did they
significantly affect the growth determinants of BSFL. In our study, the highest
counts of microscopic filamentous fungi were found in the BSFL before feeding
(3.62 £ 0.07 log CFU.g%). The filamentous fungi counts were lower in BSFL in all
feeding treatments, with the lowest counts in variants Il and 111 (<2.00 + 0.00 log
CFU.g"%).

Heavy metals in black soldier fly larvae

The accumulation of heavy metal in the larvae of insects raise concerns, several
studies have been conducted on the accumulation of heavy metals in BSFL. Our
results (Tab 6) suggest that diet composition may influence the concentration of
some heavy metals in BSFL. Considering the use of larvae as a food supplement
for humans or animals, it is important to consider these differences, especially for
contaminants such as cadmium and lead, which have potential health risks.

Table 6 Heavy metals concentrations (mg.kg™) = standard deviation in black soldier fly larvae

Heavy metal Variant
BF | 11 111 v

Cd *214.438 <LOD <LOD 0.13+6.84 0.12+4.87 0.18+1.22
Co 238.892 <LOD <LOD <LOD <LOD <LOD
Cr 284.325 <LOD <LOD <LOD <LOD <LOD
Cu 324.754 33.77+0.29 17.54+0.83 6.67+1.79 26.45 +0.44 6.53+0.98
Mn 257.610 123.43+£0.71 106.01 +0.69 69.51 +0.58 118.71+0.21 63.38+£0.39
Mo 204.598 <LOD <LOD <LOD 2.45+5.82 <LOD

Ni 221.647 9.92+0.34 3.89+1.06 6.63 +0.54 8.86 + 0.64 6.32 +0.85
Pb 182.205 3.07+212 <LOD <LOD <LOD <LOD
Zn 213.856 114.49 + 1.57 11057 £ 1.27 48.97 +£0.81 98.62 + 0.68 39.42 £ 0.54

Legend: BF — before experimental feeding; variant | — egg pasta cooked in whole milk; variant Il — cooked rice with peas; variant I11 — poultry feed;
variant IV — cooked couscous, boiled eggs, fresh spinach, and carrot peels; Cd — cadmium; Co — cobalt; Cr — chromium; Cu - cuprum; Mn -
manganese; Mo - molybdenum; Ni - nickel; Pb — lead; Zn - zinc; LOD - detection limit: Cd 0.0004 mg.kg, Co 0.002 mg.kg™, Cr 0.011 mg.kg™?,
Cu 0.003 mg.kg™, Mn 0.0003 mg.kg*, Mo 0.004 mg.kg*, Ni 0.002 mg.kg™, Pb 0.008 mg.kg™, Zn 0.691 mg.kg"

Heavy metals/polyalloxides are not subject to degradation in the environment, and
their concentrations can increase through continuous "replenishment of daily
doses" by anthropogenic activities, including waste, trophic, and biomagnification
(many are so-called cumulative poisons). The biological effects of heavy
metals/polyalloxides depend on many specific chemical-physical and
physiological factors (Pandey et al., 2006; Peng et al., 2009). Some elements (e.g.,
Se, zinc /Zn/), up to a certain concentration in the environment, are essential for
the organism and its functions; on the other hand, at elevated concentrations they
are toxic (Rapant et al., 2002; Makovnikova et al., 2006). There are also elements
whose minimal content produces immediate toxic effects, e.g., Hg, berillium /Be/,
As, Pb, and Cd. Organometallic compounds of heavy metals are among the most
toxic substances; they are lipophilic and cross cell membranes (Kafka et al., 2002).
In many cases, a correlation has been found between organism damage, disease,
and abnormal concentrations of a particular trace element in organisms (Genuis,
2008; Inhorn et al., 2008; Kosnet, 2010). The development of damage to the
organism can be immediate if these chemicals act suddenly, in high concentrations,
acutely. The development of chronic damage is a relatively lengthy process; the
damage, the disease, only becomes apparent in the organism after prolonged
exposure to a metal (Kampa et al., 2008). Potentially toxic are those elements of
geogenic or anthropogenic origin that may be toxic to organisms if they are
ingested in a sufficiently high dose, over a long period of time, can bioaccumulate
and transform in the system, and occur in forms that are mobile under specific
conditions (Koren et al., 2003b, Khun et al., 2008).

The question of the toxicity of chemical elements in relation to the environment is
complex. Today it is no longer sufficient to point out that a toxic element is present
in a particular region. It is necessary to assess the realistic conditions under which
it may become actively toxic to living organisms. Years of research have shown
that heavy metals/polyoxides significantly affect the whole environment through
their properties (Nguyen et al., 2005; Peng et al., 2009; Enfeng et al., 2010; Hiller
at al., 2010). They are ubiquitous. In addition to acute accidental geogenic or
anthropogenic environmental emergencies, these impacts do not manifest
immediately or visually. Rather, they occur gradually through indirect changes that
result in long-term environmental degradation (Khun et al., 2008). The nature of
the toxic effects of heavy metals/polymetals is determined by two critical factors
(Bab¢an et al., 1999; Urminska et al., 2022). The primary one is the existence of
a reactive form of the heavy metal/semimetal in relation to a living organism. A
heavy metal that is inactive in a given environment, e.g., present in an insoluble
form or in a bond that does not affect the organism, cannot have a toxic effect on
a living organism. A secondary factor in the toxic effect of a heavy metal/semi-
metal is its binding to various organs, causing damage and disease changes in the
organism (Bab¢an et al., 1999; Urminska et al., 2022).

Our results showed that the measured Cd concentrations in BSFL ranged from 0.12
to 0.18 mg.kg™. Cd concentrations were below the limit of detection (<LOD:
0.0004 mg.kg™) in some variants (before feeding, I), with Cd reaching 0.12 + 4.87
mg.kgtin variant 111 (poultry feed), 0.13 + 6.84 mg.kg*in variant Il (rice, peas),
and 0.18 = 1.22 mg.kg™ in variant IV (couscous, eggs, spinach, carrot peels). Cd is
a chemical element that is abundant in every compound of the environment and, as
a highly toxic heavy metal, it does not exhibit any essential function. The toxicity
of Cd to each environmental compartment is significant and alarming because it
affects parts of both the abiotic and biotic realms. As described by several authors,
it is a cumulative poison. The risk of its action lies in its bioavailability and
consequently its toxic effect on living organisms (Khun et al., 2008). Purschke et
al. (2017) and Diener et al. (2015) report that BSFL concentrate Cd from their diet
(having higher concentrations of Cd in their bodies than their food substrate did),
while concentrations of Cr, As, Ni, and Hg in BSFL do not exceed those of the
substrate. In our study, the concentrations of Co and Cr in BSFL were below the
LOD of the ICP-OES method (Co 0.002 mg.kg™, Cr 0.011 mg.kg*). The measured
concentrations of Cu in BSFL varied from 6.53 to 33.77 mg.kg?*, Mn from 63.38
to 123.43 mg.kg™. Cu showed different concentrations between treatments, with
the highest value at the beginning of the experiment (33.77 £ 0.29 mg.kg™). Variant
111 and variant | had higher concentrations (26.45 + 0.44 mg.kg*and 17.54 + 0.83
mg.kg™), while variants 11 and 1V have lower concentrations (6.67 = 1.79 mg.kg*
and 6.53 + 0.98 mg.kg?). This difference may be influenced by the Cu content of
the individual feedstocks. Mn is present in all variants, and its concentration is
relatively high. The highest concentration was observed at the beginning of the
experiment (123.43 + 0.71 mg.kg™), with variants I and 111 showing only slightly
lower concentrations (106.0 + 0.69 mg.kg™and 118.71 + 0.21 mg.kg™). Mo was
detected in a single feed variant, namely in variant 11l (poultry feed), where it
reached a concentration of 2.4 + 5.82 mgkg® In all other variants, its
concentration was below the limit of detection (<LOD: 0.004 mg.kg™). This
finding may indicate that only certain ingredients in the chicken feed contained
sufficient amounts of Mo, which were subsequently absorbed by the larvae. The
presense of Pb was only detected in BSFL before experimental feeding, where it
reached 3.07 + 2.12 mg.kg™?, indicating a low presence or reduction of Pb in other
feed types. While Gao et al. (2017) report that BSFL accumulate Pb well above
the substrate concentration, Diener et al. (2015) claim the opposite. Although Ni
concentrations were relatively low, variant | (egg pasta in milk) showed the lowest
concentration (3.89 + 1.06 mg.kg'?), while the other variants ranged between 6.32
and 9.92 mg.kg™. Zn was present at the highest concentration in BSFL before
experimental feeding (114.49 + 1.57 mg.kg?). Variants | and 111 also had higher
concentrations (110.57 + 1.27 mg.kg*and 98.62 + 0.68 mg.kg*), while variants I
and 1V contained much lower amounts (48.97 + 0.81 mg.kgtand 39.42 42 + 0.54




J Microbiol Biotech Food Sci / Barbordkovd et al. 2024 : 14 (3) 12069

mg.kg?). Diener etal. (2015) report that Pb and Zn concentrations in larvae remain
lower than the original dietary levels. Nevertheless, as Cd accumulates in BSFL, it
could potentially limit the use of larvae in animal feed production. In the case of
Pb and Zn, concerns about the use of BSFL in animal feed are less critical (Diener
etal., 2015).

In the case of metals, the roles of BSFL as waste manager and food source are in
conflict. The removal of heavy metals from wastes, where the unconverted portion
is composted, would be an environmental benefit of processing waste through
BSFL, however, this would also reduce the edibility of the larvae (Wang &
Shelomi, 2017).

Confirmation of the scientifically established facts by statistical complementation
showed that there were very obvious statistical correlations between BSFL-fed
variant | and variants Ill, 1V; between variant 1l and variants Ill, 1V; further
between variant 111 and variants I, I1, 1V; and also between variant IV and variants
I, 11, 111. At the 0.05 level of significance, i.e., with a 95% confidence level, it can
be stated that the Spearman's coefficient was highly significant for these variables
as the p-value for all of them was 0.0001 < 0.05. This was a very strong positive
correlation, and this dependence means that the variables mentioned above, which
represent different feeding variants, play a significant role in correlation with each
other. The diversity of the input biodegradable waste plays a highly positive role
in the processing of the BSFL input material.

CONCLUSION

The new waste legislation obliges municipalities to ensure the collection of
biodegradable municipal waste (BMW), a large part of which consists of kitchen
scraps from households and catering establishments. These are secondarily used in
biogas or composting processes, but there is also the possibility of using new
recovery alternatives, e.g., through BSFL. Each technology used in waste
management has its positives and negatives. The use of larvae technology for the
treatment of municipal solid waste (MSW) is logistically and technologically
challenging, but it has and will continue to have its advantages in the future, as
larvae fed on treated bio-waste can be used as feed in dried or fresh form. They are
a suitable substitute for classically used feed mixtures for poultry or pigs and in
aquaculture. However, the waste used to feed BSFL contains substances that are
undesirable and pose a risk of accumulation in the BSFL and there are associated
risks of accumulation of these substances in BSFL. Our research confirmed that
BSFL fed different feed variants under experimental laboratory simulation
conditions contained heavy metals - cadmium, copper, manganese, molybdenum,
nickel, lead, and zinc - which are ubiquitous in the environment. It can be
concluded that in addition to the alternative use as a substitute or supplement to
conventional pig and poultry feed, there is a possibility of using BSFL in the
effective recovery of MSW and also as a potential remediation medium in the
problem of the occurrence of some of the risky heavy metals. After additional
statistical analyses, it can be concluded that the diversity of biodegradable waste
among the different feeding options plays a significant, positive role. The results
of our study show that feeding variants significantly affect the microbial safety of
BSFL. Due to the presence of pathogenic species such as Morganella morganii
and Klebsiella pneumoniae in BSFL, it is important to pay attention to feed
material selection and sanitation practices. Other factors affecting microbial
contamination of BSFL should be investigated in the future to ensure their edibility
and safety for human consumption. In view of the potential health risks as well as
the ability of BSFL to accumulate toxic substances, strict hygiene measures and
feed quality monitoring for BSFL are necessary. It is also important to continue
further research on the toxicity and microbial safety of BSFL to ensure their safety
as a sustainable source of protein for animals and potentially for humans.
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