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ABSTRACT

Insects are promising sources of protein and lipid in feeds for farmed animals. In the European Union,
the use of insect meal (IM) and insect oil is permitted in fish feed. However, the European Food Safety
Authority has highlighted the lack of data regarding the chemical safety of insects and products
thereof. In this study, Atlantic salmon (Salmo salar) were fed diets in which fish meal (FM) was partially
or fully substituted with IM, resulting in four diets with an FM replacement of 0%, 33%, 66% and 100%
by IM. The IM was produced from Black soldier fly (Hermetia illucens) larvae fed media containing 60%
seaweed (Ascophyllum nodosum). After 16 weeks of feeding, fish fillet samples were collected. The
concentrations of undesirable substances, e.g., heavy metals, arsenic, dioxins, mycotoxins, pesticides,
in the IM, the diets and fillets were determined. The concentrations of the analysed compounds in the
IM were all below EU maximum levels for feed ingredients, except for arsenic. However, for complete
feeds the concentrations of these compounds in the feeds, including arsenic, were all below EU MLs.
Arsenic was transferred from seaweed to IM, resulting in arsenic levels in IM similar to what has been
documented for FM. Transfer of arsenic from feed to fillet was observed; however, total arsenic
concentrations in the fillet significantly decreased when fish were fed diets with more IM and less FM.
Arsenic speciation analysis of the diets showed that although total arsenic levels were similar, the
arsenic species were different. Arsenobetaine was the major organoarsenic species in the diets
containing FM, while in diets containing IM several unidentified arsenic species were detected. The
results suggest that the lower feed-to-fillet transfer of arsenic when FM is replaced by IM may be due
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to the presence of arsenic species with low bioavailability in the IM.

Introduction

Research on the use of insect meal (IM) in aquafeeds
has developed rapidly in the last years, leading to an
increased number of scientific contributions on this
topic (van Huis 2013; Lock et al. 2016; Borgogno et al.
2017; Magalhaes et al. 2017; Belghit et al. 2018a,
2018b). The European Union (EU) has recently
allowed the use of insect-processed animal protein
(PAP) in feed for aquaculture animals (EU 2017).
The insect species allowed for the production of insect
PAP are: Black soldier fly (Hermetia illucens, L.; BSF),
Common Housefly (Musca domestica), Yellow
Mealworm (Tenebrio molitor), Lesser Mealworm
(Alphitobious diaperinus), House cricket (Acheta
domesticus), Banded cricket (Gryllodes sigillatus) and
Field Cricket (Gryllus assimilis). Among these species,
BSF is considered as one of the most relevant species

for the production of IM to be used in feed for
salmonids, i.e., rainbow trout (Onchorhynchus mykiss)
and Atlantic salmon (Salmo salar) (St-Hilaire et al.
2007; Henry et al. 2015; Lock et al. 2016, 2018; Renna
et al. 2017; Belghit et al. 2018b). These fish species are
typically fed on high-energy diets characterized by
high levels of protein and lipid, and low levels of
carbohydrates (Kaushik et al. 1989; Lock et al. 2018).
Larvae of BSF typically contain high amounts of pro-
tein (~40% of dry weight, dw) and essential amino
acids, the profile thereof is similar to fish meal (FM)
(Barroso et al. 2014; Makkar et al. 2014). Moreover,
BSF larvae can be a good source of lipid (~30% of dw),
essential minerals (e.g., calcium, iron, magnesium,
zinc, and phosphorus) and a variety of vitamins (A,
D, E, K, C and B group vitamins), depending on the
feeding medium (van Huis 2013; Henry et al. 2015;
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Koufimska and Adamkova 2016; Liland et al. 2017;
Nogales-Mérida et al. 2018). Rearing BSF larvae on
substrates of marine origin, such as seaweed, increases
the levels of marine nutrients in the larvae, e.g,
omega-3 polyunsaturated fatty acids, iodine and vita-
min E (Liland et al. 2017). This could improve the
quality of the IM used in feeds, and meet the dietary
requirement of Atlantic salmon for these nutrients
(Torstensen et al. 2004; Tocher 2010). It was recently
demonstrated that IM and insect lipid from BSF lar-
vae reared on seaweed-enriched media could be
a potential future feed ingredient for Atlantic salmon
(Belghit et al. 2018b). In an 8-week feeding trial, no
negative effects on growth performance, body com-
position and nutrient digestibility were observed
(Belghit et al. 2018b). When insects and products
thereof are used in aquafeeds, they must meet the
EU feed regulations. The EU has set maximum levels
(MLs) for undesirable substances in feed ingredients
and complete animal feed, covering several com-
pounds such as heavy metals, arsenic, mycotoxins
and persistent environmental pollutants (POPs) (e.g.
dioxins and dioxin-like polychlorinated biphenyl
(DL-PCBs)) (EC Directive 2002/32 and amendments)
(EU 2002). Feed ingredients produced from insects
can contain undesirable substances. These can be
naturally present in insects or can be accumulated
during rearing processes. However, knowledge on
the potential hazards associated with farming insects
is scant (Charlton et al. 2015; Diener et al. 2015; EFSA
2015; van der Fels-Klerx et al. 2016; Biancarosa et al.
2018b), as highlighted by the European Food Safety
Authority (EFSA) in their risk profile (EFSA 2015).
In this study, seawater Atlantic salmon were fed
diets in which FM was partially or fully replaced
with IM, which was produced from BSF larvae fed
on seaweed-enriched media. Seaweeds are known to
accumulate heavy metals and the metalloid arsenic
from the surrounding water (Villares et al. 2002;
Rose et al. 2007; Maehre et al. 2014; Biancarosa
et al. 2018a). It has previously been shown that
BSF larvae accumulate heavy metals and arsenic
from media containing seaweeds (Biancarosa et al.
2018b). Also, other studies on BSF have shown
accumulation of heavy metals and arsenic in larvae
fed feeding media spiked with these substances
(Diener et al. 2015; Scheibelberger et al. 2017;
Biancarosa et al. 2018b). Arsenic is an element of
concern for feed and food safety, as some forms of

arsenic, mainly inorganic arsenic, can be toxic to
living organisms (EFSA 2009). Both bioavailability
and toxicity of arsenic largely depend on the arsenic
species; in general, organic arsenic species (e.g.,
arsenobetaine (AB), arsenocholine) are considered
to be of a lower toxicity than inorganic arsenic for
living organisms (EFSA 2009). Arsenosugars are the
major arsenic species in seaweeds (Rose et al. 2007;
Diaz et al. 2012), but also high levels of inorganic
arsenic can occur in some seaweed species (Almela
et al. 2006; Biancarosa et al. 2018a). In marine fish,
more than 90% of total arsenic is AB (Edmonds and
Francesconi 2003). To the best of our knowledge,
no data is available on arsenic species in insects and
products thereof.

The aim of the present study was to document
the occurrence of undesirable substances, includ-
ing heavy metals (cadmium, lead, mercury) and
arsenic, as well as fluorine, POPs (dioxins and
furans (PCDD/F), DL-PCBs, non-dioxin like poly-
chlorinated biphenyls (NDL-PCBs), polybromi-
nated diphenyl ethers (PBDE), organochlorine
pesticides (OCPs)) and mycotoxins in IM pro-
duced from BSF larvae fed on a substrate contain-
ing 60% seaweed, and diets containing IM.
Further, aim was to study the potential transfer
of these undesirables from feed to fish fillet, with
particular focus on arsenic and arsenic species. We
discuss the results in light of the current EU MLs
for these substances in feed materials and animal
feed (EU 2002). By rearing Atlantic salmon up to
market size of ~4 kg, we could gain consumer-
relevant knowledge on feed and food safety con-
cerning the use of IM in feed for Atlantic salmon.

Materials and methods
Experimental diets and feeding trial

A detailed description of the feeding trial has been
published elsewhere (Belghit et al. 2018a). In brief, the
IM was produced by Protix Biosystems BV (Dongen,
The Netherlands) from BSF larvae reared on media
containing powdered seaweed (60%) mixed with
a plant-based (wheat) medium used as reference
material for BSF larvae growth (40%). The seaweed
biomass belonged to the brown alga Ascohpyllum
nodosum (Ocean Harvest, County Galway, Ireland).
At the end of an eight-day growth period, the larvae



were separated from the feeding media, washed and
partially defatted before being dried and powdered
into IM. The nutritional composition of the IM is
available elsewhere (Belghit et al. 2018a). The formu-
lation of the experimental diets, produced by Cargill
(Dirdal, Norway), are shown in Table 1. The control
diet (IM-0) contained FM and plant-based proteins
(20:80, wet weight, ww) as protein sources. In the
three experimental diets, FM was replaced with 33%
(IM-33), 66% (IM-66) or 100% IM (IM-100), corre-
sponding to IM inclusion levels of 50 g kg ',
100 g kg™' and 150 g kg™', respectively. The lipid
sources in all four diets were fish oil and rapeseed
oil (33:66, ww). Additional fish oil was included in the
experimental diets (IM-33, IM-66 and IM-100) to
cover the dietary requirements of long-chained highly
unsaturated fatty acids. The relative percentage of the
ingredients in each diet was adjusted to make the four
diets isonitrogenous (39% crude protein), isolipidic
(29% crude lipid) and isoenergetic (25 MJ kg " dry
matter). All the diets were supplemented with 1%
yttrium oxide as inert digestibility marker.

The feeding trial was conducted at Gildeskal
Research  Station (GIFAS) in Langholmen,
Inndyr, Norway, for 114 days between August
and December 2017, following national guidelines
for care and use of animals based on the EU
Directive 2010/63/EU. Post-smolt Atlantic salmon
(~1500 g) were randomly distributed among 12
sea-cages (n = 3 per dietary treatment, 90 fish per
cage) and acclimated to the environment for two
weeks prior to start the feeding trial. The fish was
ted daily by hand, until visual satiation.

Table 1. Formulation of the four experimental diets. IM-0 =
control diet without insect meal (IM) inclusion; IM-33, IM-66
and IM-100 = 33%, 66% and 100% replacement level of FM
with IM, respectively.

Ingredients (%) IM-0 IM-33 IM-66 IM-100
Fishmeal LT94 10 6.67 333 0.0
Insect meal 0.0 491 9.84 14.75
Soy protein concentrate 25 25 25 25
Corn gluten meal 7.5 7.5 7.5 7.5
Wheat gluten meal 335 4.51 5.7 6.88
Pea protein concentrate 55 8.8 6.8 4.8 2.84
Fish oil 10.18 11.70 13.23 14.76
Rapeseed oil 20.95 18.86 16.79 14.73
Binder 12.32 12.08 11.72 11.24
Additives 1.89 1.96 2.1 2.29
Yttrium 1.0 1.0 1.0 1.0
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Sampling

At the start of the trial, samples of IM and feed
were taken, and stored at —30°C until further use.
Prior to analysis, the feed samples were grounded
into a powder using a blender (Knife Mill
Grindomix GM 100, Retsch, Germany). At the
end of the trial, a standardized muscle sample, the
Norwegian Quality Cut (NQC) as described by
Johnsen and colleagues (Johnsen et al. 2011) was
taken from six fish per tank, pooled and homoge-
nized at sampling, then transported on ice to the
laboratory and stored at —30° C until further use. In
this paper, the term “fillet” refers to the NQC,
unless otherwise stated. Prior to analysis, the fillet
samples were freeze-dried for 72 h (FreeZone 18
Liter Console, Labconco, USA).

Chemical analyses

Heavy metals, arsenic and fluorine

Analyses of cadmium, lead, mercury and total
arsenic in IM, feed and fish fillet, were performed
by inductively coupled plasma mass spectrometry
(ICPMS) after microwave-assisted digestion, as
described earlier (Julshamn et al. 2013;
Biancarosa et al. 2018b). Briefly, samples
(approximately 0.2 g) were digested in 69% nitric
acid (2 mL; Sigma-Aldrich, St. Louis, USA) and
30% hydrogen peroxide (0.5 mL; Merck
Millipore, Billerica, USA) using a microwave
digestion system (UltraWAVE, Milestone,
Sorisole, Italy). The solutions were diluted to
25 ml with Milli-Q water (Merck Millipore).
Cadmium, lead, mercury and total arsenic con-
centrations in the samples were quantified by
ICPMS (iCapQ ICP-MS, Thermo Scientific,
Waltham, USA) equipped with an autosampler
(FAST SC-4Q DX, Elemental Scientific, Omaha,
USA). Data were collected and processed using
the Qtegra ICPMS software (Thermo Scientific).
Two certified reference materials were used to
assess the accuracy of the method: lobster hepa-
topancreas (TORT-3; National Research Council
Canada, Ottawa, Ontario, Canada) and oyster
tissue (SMR 1566b; National Institute of
Standards and Technology, Gaithersburg, USA).
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The limit of quantification (LOQ) of the method
was 0.005 mg kg ~' (dw) for cadmium and
mercury, 0.03 mg kg ~' (dw) for lead and
0.01 mg kg ~" (dw) for total arsenic.

Fluorine in IM and feed samples were deter-
mined using alkali fusion and a fluoride ion-
selective electrode (Kjellevold Malde et al. 2001).
Briefly, the sample (approximately 0.25-0.5 g) was
first digested in 8M NaOH, then dried on a hot
plate at 110°C for two days, and finally ashed at
525 + 5°C in a muffle furnace for 3 h. The sample
was then diluted in water and neutralized with
concentrated HCI until pH in the solution reached
7.5. Aliquots (5 ml) of the sample solution were
analysed using a fluoride ion-selective electrode.
For quality control, a standard reference material
of fluoride in vegetation (material 2695, National
Institute of Standards and Technology, NIST,
Gaithersburg, MD, USA) and an in-house refer-
ence sample of krill meal were used.

Inorganic and organic arsenic species

Inorganic arsenic was determined using an anion-
exchange HPLC-ICPMS (1260 HPLC, 7900ICP-MS,
Agilent Technologies, Wilmington, DE, USA), as
described earlier (Sloth et al. 2005a; Julshamn et al.
2012), based on a CEN method (European
Committee for standardization, NS-EN
16802:2016). In brief, approximately 0.2 g of sample
was weighed into a 13 ml centrifuge tube (Sarstedt,
Niimbrecht, Germany), and a solution of 0.1 mol L™
nitric acid (Merck Millipore) and 3% of hydrogen
peroxide (Merck Millipore) was added. The samples
were subjected to a water bath (90°C for 60 min),
cooled to room temperature and centrifuged
(2.3 x 10° g for 10 min; Eppendorf® Centrifuge
5702, Hamburg, Germany). Prior to analysis, the
samples were filtered through a 0.45 pm disposable
syringe filter (Sartorius, Gottingen, Germany). The
sample was separated on a IonPac AS7 column (2 x
25 mm; Dionex, Sunnyvale, USA) using a mobile
phase of 50 mM ammonium carbonate (J.T. Baker,
Philipsburg, NJ, USA) in an aqueous 3% (v/v)
methanol solution (Merck), with pH 10.3 (adjusted
with 25% (v/v) aqueous ammonia (Merck)). During
the extraction procedure As (III) was oxidized to As
(V), and inorganic arsenic (sum of arsenite (As (III))
and arsenate (As (V))) was determined as As (V),
using an external calibration curve of arsenic (As

(V), Spectrascan, Oppegaard, Norway). The LOQ of
the method was 0.01 mg kg ' dw. A certified refer-
ence material of rice (ERM-BC211; Institute for
Reference Materials and Measurements, IRMM,
Geel, Belgium) was used to assess the accuracy of
the method. The obtained value of 128.3 + 0.6 ug/kg
(mean =* standard deviation, n = 2) was within the
2xSD of the certified value of 124 + 11 pg/kg ww.
The water-soluble organic arsenic species AB and
dimethylarsinic acid (DMA) were determined using
a cation-exchange HPLC-ICPMS method, as
described earlier (Sloth et al. 2003; Sele et al. 2015).
In brief, approximately 0.5 g of IM and diets, and
0.25 g of fillet samples, was weighed in three replicates
into a 50 ml centrifuge tube (polypropylene, VWR,
West Chester, PE, USA). Then, a solution of metha-
nol and Milli-Q water (1:1) was added, and the sam-
ple was shaken overnight on a shaking board. The
samples were centrifuged (3800 x 10> g, 20 min), and
10 ml of the soluble sample extract was transferred to
a new 50 ml centrifuge tube. The sample was evapo-
rated to dryness in a laboratory drying oven
(Termaks, Bergen, Norway) set at 50°C for 1-2
days, reconstituted in 2 mL of Milli-Q water and
filtered through a 0.45 um single-use syringe filter
(Sartorius) prior to analysis. The samples were
analysed by a gradient elution program using
a Chrompack IonSpher-5C column (3 mm x 100 mm,
5 mm; Agilent Technologies, Wilmington, DE, USA).
Mobile phases of 0 mM pyridine (A) and 50 mM
pyridine (B) in aqueous 3% (v/v) methanol, pH 2.7
(adjusted with formic acid), were used. The instru-
mental settings are described elsewhere (Sloth et al.
2003; Sele et al. 2015). Standard solutions of AB using
BCR 626 (certified reference material, IRMM) and
DMA (Supelco Analytical, Bellefonte, PA, USA) were
prepared, and AB and DMA were quantified using an
external calibration curve. The certified reference
material tuna fish tissue (BCR-627, IRMM) was
used to assess the accuracy of the method. The
obtained results for AB (average + standard deviation,
SD) 3.2 + 0.2 mg As/kg, n = 3,and DMA (mean + SD)
0.14 + 0.01 mg As/kg, n = 3, were within the 2xSD of
the certified reference values of 3.9 + 0.2 mg As/kg
and 0.15 + 0.02 mg As/kg, respectively. The ICP-MS
is an element-specific detector, and a limitation in this
instrumentation is the lack of information regarding
chemical structures for the compounds detected.
Selected samples (n = 3) were therefore spiked with



a standard mixture of methylarsenate (MA), DMA,
AB, and tetramethylarsonium ion (TMAO) to assess
the identities (chemical structure) of the arsenic peaks
detected by ICP-MS. In this way, the arsenic species
were identified by correlation to retention times of
a standard.

POPs

Samples were analysed for polychlorinated dibenzo-
p-dioxins (PCDD) which include: 2,3,7,8-TCDD,
1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-
HxCDD, 1,2,3,7,8,9-HxCDD, 1,2,3,4,6,7,8-HpCDD
and OCDD; polychlorinated dibenzofurans (PCDF)

which include: 2,3,7,8-TCDF, 1,2,3,7,8-PeCDF,
2,3,4,7.8-PeCDF, 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-
HxCDF, 1,2,3,7,8,9-HxCDF, 2,3,4,6,7,8-HxCDF,

1,2,3,4,6,7,8-HpCDF,  1,2,3,4,7,8,9-HpCDF  and
OCDF. In this paper, the term “dioxins” will refer
to all dioxins and furans mentioned above, unless
otherwise stated. The DL-PCBs analysed were the
non-ortho polychlorinated biphenyls (noPCB) CB
77, 81, 126 and 169, and the mono-ortho polychlori-
nated biphenyls (moPCB) CB 105, 114, 118, 123,
156, 157, 167 and 189. For dioxins and DL-PCBs,
the mass fraction of each congener was converted to
toxicity equivalents (TEQ), ng TEQ kg_1 PCDD ww
(van den Berg et al. 2006). When the sum of dioxins
and DL-PCBs was calculated, mass fractions that
were lower than the LOQ were set equal to the
LOQ (upper bound LOQ). Feed samples were also
analysed for PCB6 which represents six congeners of
NDL-PCBs: CB 28, 52, 101, 138, 153 and 180; and
PBDEs which include: BDE 28, 47, 99, 100, 153, 154
and 183. The methods for analysis of dioxins,
DL-PCBs, NDL-PCBs and PBDEs have been pre-
viously described (Lundebye et al. 2017). In short,
internal standards were added to homogenized sam-
ple material, then analytes were extracted with hex-
ane by an accelerated solvent extractor. The sample
extracts were purified using a three sequenced solid
phase extraction column (silica-, basic alumina- and
carbon column) (Power Prep system, FMS,
Waltham, MA, USA). Dioxins and DL-PCB analysis
was performed by high-resolution gas chromatogra-
phy/high-resolution mass spectrometry (HRGC-
HRMS). MoPCBs and PCB6 were determined by
gas chromatography/tandem mass spectrometry
(GC-MS/MS). PBDEs were analysed by negative
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chemical ionization gas
spectrometry (GC/MS).

Samples of feed were analysed for organochlorine
pesticides (OCPs) at Eurofins GfA Lab Service
(Hamburg, Germany) using an accredited method
(accreditation number D-PL-14629-01-00 according
to DIN EN ISO/IEC 17025:2005). The compounds
analysed were: aldrin; chlordane (cis-, oxy-, trans-)
dieldrin; endosulfan (alpha-, beta-, sulfate); endrin;
hexachlorocyclohexane (HCH) (alpha-, beta-,
gamma-, delta-); heptachlor; heptachlor epoxide
(cis-, trans-); hexachlorobenzene (HCB); mirex;
trans-nonachlor; o, p-DDD; o, p’-DDE; o, p-DDT
(dichlorodiphenyltrichloroethane); octachlorstyrene;
p> p-DDD; p, p-DDE; p, p’-DDT; pentachloroben-
zene; toxaphene (parlar 26, 50, 62).

chromatography/mass

Mycotoxins

Samples of feed were analysed for the presence of
mycotoxins at Eurofins GfA Lab Service (Hamburg)
using an accredited method (accreditation number
D-PL-14602-01-00). The following compounds
were analysed: aflatoxin (AFB,;, AFB,, AFG; and
AFG,), beauvericin, deoxynivalenol (DON), ennia-
tin (ENNA, ENNA,, ENNB and ENNB,), HT-2
toxin (HT2), ochratoxin A (OTA), T-2 toxin, fumo-
nisin B1 and B2 (FB1, FB2) and zearalenone (ZEN).
HPLC coupled with fluorescence detection was used
for determination of aflatoxins and OTA, while the
other compounds were quantified by liquid chroma-
tography-mass spectrometry (LC-MS).

Statistical analysis

All statistical analyses were performed using the
free software environment R (R Development
Core Team 2011). All data were statistically eval-
uated by a regression design using a linear model
(Im) and one-way ANOVA (Tukey test) to find
differences due to dietary treatments. All data
were analysed for homogeneity of variance using
a Levene’s test and for normality using a Shapiro
Wilk’s test, as well as being evaluated graphically
by QQ-plots before utilizing parametric tests.
Differences were regarded as significant when P<
0.05. All data are presented as mean * SD, if not
otherwise stated.
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Calculations

The digestibility of total arsenic was calculated as
apparent digestibility coefticient (ADC), according
to this formula:

Y diet A
ADC = 100 — 100 * et ) ((As feces
Y feces As diet
where Y is yttrium concentration and As is total
arsenic concentration.

Results

The proximate composition of the diets is described
in detail elsewhere (Belghit et al. 2018b). Overall, all
diets were similar in dry matter, protein, fat, energy
and carbohydrates levels and identical concentrations
of essential amino acids were found. Increasing diet-
ary IM inclusion led to some changes in the fatty acid
composition of the diets, such as an increase in the
concentrations of lauric- and eicosapentaenoic-
docosahexaenoic acids (Belghit et al. 2018a).

The replacement of FM with IM did not affect
dietary concentrations of the undesirable substances
analysed. Similar concentrations of heavy metals,
POPs, pesticides and mycotoxins were found in the
four diets, and the concentrations were all below
current EU MLs for these substances in complete
feed (EU 2002). Arsenic speciation analysis of the
diets showed decreasing concentrations of AB with
increasing inclusion of IM. Feed to fillet transfer of
arsenic was observed, although total arsenic concen-
trations in the fillet significantly decreased when fish
were fed diets with higher inclusion of IM.

Heavy metals and fluorine

The concentrations of the heavy metals cadmium,
lead and mercury, and of fluorine in the IM were

all below the EU MLs for these contaminants in
feed materials (Table 2). By replacing FM with IM
in the diet, cadmium concentrations increased,
although low concentrations were observed in all
the diets (0.13 and 0.30 mg kg ' in IM-0 and IM-
100, respectively) (Table 2). Lead was not quanti-
fied (<LOQ) in the control diet (IM-0), and its
concentration slightly increased with higher dietary
IM inclusion (0.08 mg kg™' in IM-100) (Table 2).
Mercury concentrations were low in all the diets
(0.02 mg kg™' in IM-0) and were not quantified
(<LOQ) in the diet with the highest IM inclusion
(IM-100) (Table 2). Dietary concentrations of
fluorine decreased with increasing inclusion of IM
in the diets (38 and 24 mg kg™ ' in IM-0 and IM-
100, respectively) (Table 2).

Cadmium and lead were not quantified (<LOQ)
in any of the fillet samples (data not shown). The
concentrations of mercury decreased in the fillet
of Atlantic salmon fed diets with increasing IM
inclusion, although concentrations were very low
(0.02 % 0.001 and 0.009 + 0.001 mg kg™ ww in
IM-0 and IM-100, respectively) (data not shown).

Arsenic

The concentration of total arsenic in the IM was
4.7 mg kg~ ' (Table 3), thus above the EU ML of
2 mg kg ' set for feed materials (EU 2002). Total
arsenic concentrations in the experimental diets
were comparable (2.1 and 1.8 mg kg™ in IM-0
and IM-100, respectively) despite higher inclusion
of IM, and all concentrations were below the ML of
10 mg kg™ for fish feed (Table 3). The digestibility
of total arsenic was highest in the control diet,
while it decreased in the IM-rich diets (ADC was
77% in IM-0, 68 in IM-33, 53% in IM-66 and 43%
in IM-100) (data not shown). The concentrations

Table 2. Concentrations (mg kg™') of cadmium (Cd), mercury (Hg), lead (Pb) and fluorine (F) converted to moisture content of 12%,
in the experimental diets. EU maximum levels in complete feed for fish relative to a feed with moisture content of 12 %, according
to Directive 2002/32/EC (and amendments) on undesirable substances in animal feed. Actual concentrations in the samples in
parentheses (mg kg_1 wet weight basis). IM-0 = control diet without insect meal (IM) inclusion; IM-33, IM-66 and IM-100 = 33%,

66% and 100% replacement level of FM with IM, respectively.

Element

(mg/kg) M IM-0 IM-33 IM-66 IM-100 ML complete feed ML feed materials
cd 0.98 0.12 (0.13) 0.17 (0.18) 0.23 (0.24) 0.27 (0.30) 1 2

Hg 0.016 0.02 (0.03) 0.02 (0.02) 0.01 (0.01) <LOQ 0.2 0.1

Pb 0.36 <LOQ 0.04 (0.04) 0.06 (0.06) 0.07 (0.08) 5 10

F 22 35 (38) 32 (39) 38 (42) 22 (24) 350 150




of total arsenic in the fillet samples decreased sig-
nificantly with increasing inclusion of IM in the
diets (1.1 + 0.06 and 0.3 + 0.01 mg kg ' ww in IM-
0 and IM-100, respectively) (P< 001) (Figure 1,
Table 3).

By speciation analysis of arsenic in the IM, inor-
ganic arsenic (0.28 mg kg™ '), AB (0.06 mg kg ')
and DMA (0.88 mg kg™ ') were found to account
for 6%, 1.2% and 19% of total arsenic in IM,
respectively (Table 3). The majority of the arsenic
species found in IM was unidentified species, elut-
ing in the void of the chromatogram (<2 min) or
later (retention time 8 to 12 min) in the chromato-
gram (Figure 2). Spiking experiments showed that
MA elute in the void of the chromatogram, sug-
gesting that MA could be present in the IM.
However, other neutral and anionic compounds
will also co-elute in the void. The samples were
therefore not quantitatively determined for MA.
Arsenic peaks eluting later in the chromatogram
did not correlate with TMAO, and standard of
other arsenic species are unfortunately not com-
mercially available for spiking experiments.

In the diets, higher inclusion of IM corre-
sponded to decreased concentrations of AB and
increased concentrations of inorganic arsenic,
DMA and unidentified arsenic species (Table 3;
Figure 3). In the salmon fillet, inorganic arsenic
was not detected in any of the samples (<LOQ),
while AB was the major arsenic species for all
dietary groups. AB accounted for 86% and 61%
of total arsenic in the fillet from fish fed the
control diet (IM-0) and the highest IM diet (IM-
100), respectively (Table 3).
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POPs

The concentrations of the sum of PCDD and
PCDF, referred to as “dioxins”, DL-PCBs (the
sum of four non-ortho and eight mono-ortho
PCB congeners) and the sum of dioxins and DL-
PCBs, were low in all the experimental diets and
below the EU MLs (Table 4). Similar concentra-
tions of these compounds were found in all the
four diets. The concentrations of NDL-PCBs were
low in all the diets and well below the EU ML
set for complete feed for fish (EU 2002).
Polybrominated diphenyl ethers were found in
the diets (Table 4); however, no EU MLs for
these compounds are set.

1.5+
5 R?=0.99
p<0.001
g 1.0 b
= 0.5 S d
n:- " | ‘ |
0.0' .7 T T
IM-0 IM-33 IM-66 IM-100

Figure 1. Concentrations (mg kg™’ ww) of total arsenic in
fillet (NQC) of Atlantic salmon fed diets with increasing
inclusion of insect meal. IM-0 = control diet without insect
meal (IM) inclusion; IM-33, IM-66 and IM-100 = 100% replace-
ment level of FM with IM, respectively. Values are means, with
their standard deviations represented by vertical bars. Different
letters indicate significant differences (P< .05; linear regression)
(R* =Adjusted R-squared).

Table 3. Concentrations (mg kg™') of total arsenic (totAs), inorganic arsenic (iAs), arsenobetaine (AB), dimethylarsenate (DMA) and
unidentified arsenic species (UAs) in the insect meal (IM), the experimental diets and the fish fillet. Concentrations in the
experimental diets are converted to moisture content of 12%, while actual concentrations in the samples in parentheses
(mg kg_1 wet weight basis). IM-0 = control diet; IM-33, IM-66 and IM-100 have 33%, 66% and 100% replacement level of FM

with IM, respectively.

Sample totAs iAs % AB % DMA % UAs %
IM 47 0.28 6 0.058 1.2 0.84 18 29 61
Diets

IM-0 2.1 (1.9) 0.12 (0.11) 6 0.95 45 0.009 0.5 0.18 9
IM-33 2.0 (1.9) 0.14 (0.13) 7 0.64 32 0.05 23 0.3 15
IM-66 1.9 (1.8) 0.16 (0.15) 8 0.35 18 0.10 5 0.4 23
IM-100 1.8 (1.6) 0.19 (0.17) 1 0.025 14 0.17 9 0.5 30
Fillet

IM-0 1.1 £ 0.06 <L0Q 0.93 + 0.02 86 0.003 + 0.000 0.3 0.06 + 0.003 5.4
IM-33 0.8 + 0.00 <LOQ 0.62 = 0.00 75 0.004 + 0.000 0.4 0.05 + 0.005 5.5
IM-66 0.6 + 0.03 <LOQ 0.47 £ 0.01 74 0.004 + 0.004 0.7 0.04 + 0.01 6.7
IM-100 0.3 £ 0.01 <LOQ 0.20 = 0.00 61 0.004 = 0.003 1.2 0.03 + 0.001 7.9
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Figure 2. Chromatogram of the insect meal (IM) analysed by cation-exchange HPLC-ICPMS. The major arsenic peaks are
dimethylarsinate (DMA) and unidentified arsenic species, eluted in the void and later in the chromatogram (retention time (r.t.)
8-12 min). Arsenobeatine (AB) is the minor arsenic peak with r.t. 6 min.
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Figure 3. Chromatograms of the organic arsenic species in the diets (overlay of diet IM-0, IM-33, IM-66 and IM-100)
analysed by cation-exchange HPLC-ICPMS. The major arsenic peaks are in the void of the chromatogram (< r.t. T min) being
unidentified arsenic species, dimethylarsinate (DMA) and arsenobetaine (AB). Minor unidentified arsenic species are detected later in
the chromatogram (r.t. 8-15 min). The enlargement shows the full signal scale for AB.

The concentrations of OCPs analysed in the feed
samples were all below the LOQ, except for HCB
and DDT which were found in all the diets (Table 4).
The concentrations of HCB were however very low
in all the four diets (maximum value was 1.09 ng g "
in IM-100) and well below the EU ML of 10 ng g™ " in
compound feed (EU 2002). The concentration of
sum of DDT (upper-bound concentrations of
DDT-, DDD- and DDE-isomers) was low in all the
experimental diets (highest value was 5ng g~ in IM-
66) and below the EU ML (EU 2002) (Table 4).

Mycotoxins

Of the mycotoxins analysed in the feed samples
(Table 5), the concentrations of AFB;, OTA, ENNA,
ENNA, and ENNB, were below the LOQs. The con-
centrations of DON, FB,, FB, and ZEN were similar
in the four diets and well below the recommended EU
guidance levels set for these compounds in animal
feed (Commission Recommendation 2006/576/EC
and amendments) (EU 2006). By replacing FM with
IM in the diet, the concentrations of beauvericin
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Table 4. Concentrations of POPs converted to moisture content of 12% in the experimental diets: the sum of
polychlorinated dibenzodioxins (PCDD), polychlorinated dibenzofurans (PCDF), dioxin-like polychlorinated biphenyls (DL-
PCBs) (ng WHOos TEQ kg™ wet weight), non-dioxin like polychlorinated biphenyls (NDL-PCBs) and polybrominated
diphenyl ethers (PBDEs) (ug kg™' wet weight), organochlorine pesticides (ng g~ wet weight). EU maximum levels (ML)
in compound feed for fish relative to a feed with moisture content of 12 %, according to Directive 2002/32/EC (and
amendments) on undesirable substances in animal feed. Actual concentrations in the samples in parentheses. IM-0 =
control diet without insect meal (IM) inclusion; IM-33, IM-66 and IM-100 = 100% replacement level of FM with IM,

respectively.
Compound IM-0 IM-33 IM-66 IM-100 ML
Dioxins and PCBs
Sum Dioxins® 0.56 (0.60) 0.62 (0.65) 0.61 (0.65) 0.56 (0.61) 1.75
Sum DL-PCB® 0.44 (0.46) 0.38 (0.40) 0.46 (0.49) 0.48 (0.52) 25 f
Sum Dioxins and DL-PCBs® 1.00 (1.06) 0.99 (1.05) 1.07 (1.14) 1.04 (1.12) 55
Sum NDL- PCBs® 1.98 (2.09) 2.05 (2.2) 2.4 (2.6) 2.2 (23) 40
Sum PBDEs® 0.54 (0.57) 0.57 (0.6) 0.69 (0.74) 0.59 (0.64) -
Organochlorine Pesticides
Aldrin <LOQ <L0Q <LOQ <L0Q 10
Dieldrin <LOQ <LOQ <LOQ <LOQ 20
Camphechlor (toxaphene) <LOQ <LOQ <L0Q <LOQ 50
Chlordane <LOQ <LOQ <LOQ <LOQ 20
DDT® 3.2 31 4.0 35 50
Endosulfan <L0Q <L0Q <L0Q <L0Q 50"
Endrin <LOQ <L0Q <LOQ <L0Q 10
Heptachlor <LOQ <L0Q <LOQ <L0Q 10
Hexachlorobenzene (HCB) 1.03 (1.09) 0.97 (1.03) NQ 1.01 (1.09) 10
Hexachlorocyclohexane (HCH) <LOQ<LOQ <LOQ<LOQ <LOQ<LOQ <LOQ<LOQ 20

slightly increased, whereas the concentration of
ENNB slightly decreased (Table 5). No guidance
values or MLs for beauvericin and ENNB exist.

Discussion
Heavy metals and fluorine

In the present study, the heavy metals cadmium,
lead and mercury were detected in the IM of BSF
larvae. This was expected as the IM was obtained
from larvae fed media containing 60% seaweed (the
brown alga, A. nodosum). Seaweeds are known to
accumulate heavy metals from the marine environ-
ment, especially brown algae species (Almela et al.
2006; Yamada et al. 2007; Hwang et al. 2010;
Duinker et al. 2016; Biancarosa et al. 2018a), as
applied in this study. It has previously been shown
that BSF larvae fed seaweed-enriched media accu-
mulate cadmium, lead and mercury from the feed-
ing media (Biancarosa et al. 2018b). Specifically,
a higher inclusion of seaweed in the feeding media
causes higher concentrations of heavy metals in the
larvae. In the current study, concentrations of heavy
metals in the IM were overall low, with concentra-
tions of 0.98, 0.36, 0.016 mg kg ™' for cadmium, lead
and mercury, respectively. The low levels are likely
linked to the low concentrations of the metals in the
feeding media for the larvae. The concentrations of

Table 5. Concentration (ug kg~') mycotoxins converted to
moisture content of 12%, in the experimental diets. EU max-
imum levels in complete feed for farmed animals relative to
a feed with moisture content of 12 %, according to Directive
2002/32/EC (and amendments) on undesirable substances in
animal feed. Actual concentrations in the samples in parenth-
eses (ug kg™' wet weight basis). IM-0 = control diet without
insect meal (IM) inclusion; IM-33, IM-66 and IM-100 = 100%
replacement level of FM with IM, respectively.

Compound IM-0 IM-33 IM-66 IM-100 ML
AFB;, <L0Q <LOQ <L0Q <L0Q 10
DON 24 (25) 21 (22) 20 (21) 19 (20) 5000°
FB, 161 (170) 161 (170) 178 (190) 185 (200) 10 000%
FB, 161 (170) 161 (170) 169 (180) 167 (180) 10 000*
OTA <LOQ <LOQ <LOQ <LOQ 52
ZEN 255 (270) 227 (240) 255 (270) 246 (260) 3507
Beauvericin 20 (21) 13 (14) 19 (20) 31 (34)

ENNA <L0Q <L0Q <L0Q <L0Q

ENNA, <L0Q <L0Q <L0Q <L0Q

ENNB 20 (21) 12 (13) 13 (14) 14 (15)

ENNB; <L0Q <L0Q <L0Q <LOQ

heavy metals in the brown alga A. nodosum were
~0.2, ~0.1 and ~0.01 mg kg ™' dw for cadmium, lead
and mercury, respectively (data not shown). These
levels are among the lowest concentrations found in
brown algae species (Almela et al. 2006; Yamada
et al. 2007; Hwang et al. 2010; Duinker et al. 2016;
Biancarosa et al. 2018a). Previous studies have also
shown that accumulation of heavy metals in BSF
strongly depends on the concentrations of the metals
in the feeding media (Diener et al. 2015; van
der Fels-Klerx et al. 2016; Gao et al. 2017;
Scheibelberger et al. 2017). Comparing the heavy
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metals concentrations in IM in the current study and
in BSF fed seaweed-enriched media from our pre-
vious study (Biancarosa et al. 2018b), we found
similar values. This suggests that processing whole
BSF larvae into IM may not affect metal concentra-
tions. In other words, the heavy metals seemed to be
bound to the protein fraction of the larvae, as fat was
largely removed while processing larvae into IM.
The concentrations of cadmium, lead and mercury
in the IM did not exceed any of the current EU MLs
for these metals in feed materials (EU 2002).

The concentrations of heavy metals in the diets
were comparable to concentrations found in com-
mercial fish feeds for Atlantic salmon in the last few
years, which are found to be from 0.08 to 1.1, 0.02 to
0.05, 0.005 to 0.042 mg kg™ ' for cadmium, lead and
mercury, respectively (Berntssen et al. 2010; Sele
et al. 2018). Replacing dietary FM with IM led to
a three-fold increase of cadmium concentrations in
the diet with the highest IM inclusion (IM-100)
compared to the control diet (IM-0). Cadmium is
considered a heavy metal of major concern in
farmed insects (Charlton et al. 2015; EFSA 2015),
as it can easily accumulate in insect larvae (Diener
et al. 2015; van der Fels-Klerx et al. 2016; Gao et al.
2017; Scheibelberger et al. 2017; Biancarosa et al.
2018b). Similarly, the concentrations of lead slightly
increased in the diets with higher IM inclusion.
A previous study testing insect-based diets for fresh-
water Atlantic salmon, also showed higher cadmium
and lead concentrations when more IM was
included in the diet (Belghit et al. 2018b). Lead is
often present in BSF larvae, although concentrations
are generally low (up to 4 mg kg™'), unless the
feeding media are spiked with high concentrations
of lead (Charlton et al. 2015; Diener et al. 2015;
Biancarosa et al. 2018b). The concentrations of mer-
cury were low in the diets, with 0.03 mg kg™ " in the
control diet (IM-0) and under the LOQ in the diet
where FM was fully replaced by IM (IM-100). This
was expected as marine ingredients (e.g., FM) are the
main sources of mercury in fish feeds (Berntssen
et al. 2010). Overall, the concentrations of the
heavy metals cadmium, lead and mercury in the
diets did not exceed any of the current EU MLs set
for these contaminants in fish feed (EU 2002).
Moreover, cadmium and lead were not detected in
any of the fish fillet samples, as they have a limited
capacity to accumulate in fish muscle (Handy 1992;

Atobatele and Olutona 2015). Similarly, mercury
was found in the fillet samples at low concentrations:
0.02 + 0.001 and 0.009 + 001 in IM-0 and IM-100,
respectively (data not shown).

IM and the diets were also analysed for the
content of fluorine. Excessive exposure to this
element is associated with dental and skeleton
abnormalities in various animal species, including
fish (EFSA 2004). In the EU, MLs for fluorine in
feed are set to 150 and 350 mg kg ' for feed
materials and complete feed for fish, respectively
(Directive 2002/32/EC and amendments) (EU
2002). The concentrations of fluorine in IM and
the diets were well below the current EU MLs for
this element in feed materials and complete feed,
thus not posing a feed safety issue.

Arsenic

Arsenic was detected with relatively high concentra-
tions, 4.7 mg kg ™', in the IM. This was expected as
arsenic is known to easily accumulate in seaweeds
(Rose et al. 2007) and can be transferred to BSF
larvae fed seaweed-enriched media (Biancarosa
et al. 2018b). Concentrations of total arsenic in the
IM was above the current EU ML of 2 mg kg ™" set
for feed materials (EU 2002). These results show that
using IM from BSF larvae fed on seaweed-enriched
media as feed ingredient may be limited due to
elevated arsenic levels in the IM. The EU feed legis-
lation on undesirable substances in animal feed is
based on total concentrations of arsenic. However,
authorities can request documentation showing that
the concentration of inorganic arsenic in feed ingre-
dients is below 2 mg kg™ (EU 2002). The concen-
tration of inorganic arsenic in the IM (0.28 mg kg )
accounted for less than 6% of total arsenic concen-
trations and below the EU ML. Previous studies have
shown that inorganic arsenic only contributed
a minor fraction (less than 1%) of total arsenic in
BSF larvae fed on seaweed-enriched media
(Biancarosa et al. 2018b). These findings suggest
that BSF larvae do not convert the organic arsenic
forms present in the seaweed into inorganic arsenic.

The main sources of arsenic in fish feed are mar-
ine ingredients, mainly FM and fish oil (Sloth et al.
2005a; Berntssen et al. 2010). Interestingly, the repla-
cement of FM with IM in this study did not impact
the concentrations of total arsenic in the four diets.



Based on the concentrations of total arsenic in the
IM and its inclusion levels in the diets, IM contrib-
uted only to the 12% of total arsenic concentrations
in the IM-33 diet, while to 26% and 44% of total
arsenic in IM-66 and IM-100, respectively. This
could partially explain the similar levels of total
arsenic in the four diets. In a previous study, the
increased inclusion of IM and decreased inclusion of
FM in the diets for freshwater Atlantic salmon
caused lower total arsenic concentrations in the
diets (Belghit et al. 2018b). This difference could be
due to using additional fish oil in the diets contain-
ing IM in the current study. High concentrations of
arsenic have previously been found in fish oils, thus
contributing considerably to the arsenic concentra-
tions in commercial fish feeds (Sloth et al. 2005a;
Sissener et al. 2013; Sele et al. 2014). Overall, the
concentrations of total arsenic in the diets were all
below the EU ML of 10 mg kg " in complete feed for
fish (Directive 2002/32/EC and amendments) (EU
2002). The concentrations of inorganic arsenic in the
diets were also below the EU ML of 2 mg kg™ feed.

Despite similar total arsenic concentrations in
the four diets, the fish fillet showed a significant
decrease of total arsenic concentrations with
increasing inclusion of IM in the diets, compared
to the control diet (IM-0). This could be due to the
presence of arsenic species in the IM which are not
bioavailable or accumulated in the fish muscle. In
FM, AB is considered the dominant arsenic species
(Sloth et al. 2003). In fish oil, the lipid-soluble
arsenic species, the arsenolipids, are the major
forms (Francesconi and Kuehnelt 2004; Sele et al.
2014, 2015). Speciation analysis of organic arsenic
(water-soluble) species in the IM showed that AB
accounted for only 1.2% of the total arsenic. DMA
was the major arsenic species detected in the IM,
accounting for 18% of the total arsenic. A major
fraction of arsenic in the IM was still-unidentified
arsenic species, eluting in the void of the chroma-
togram or later in the chromatogram (r.t. from 8 to
10 min; Figure 2). There are limitations to the ICP-
MS as it cannot provide structural information on
the arsenic peaks detected, and hence, commercial
standards are a prerequisite for the identification of
compounds when analysing with HPLC-ICPMS.
Due to the lack of commercial standards, one can
only speculate regarding the chemical forms of the
unidentified arsenic compounds. The unidentified
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arsenic species detected in the IM could be meta-
bolic products produced by the BSF larvae fed on
the seaweed substrate, e.g., metabolites of arseno-
sugars. Possible metabolic products of arsenosugars
could be DMA, dimethylarsinoylacetate, dimethy-
larsinoylethanol and their thio-analogues, as shown
by Feldmann and Krupp (2011). Also, arsenocho-
line has been proposed as intermediate of the
reduction/methylation of arsenosugars to the end-
product AB (Edmonds and Francesconi 1987). The
unidentified arsenic species in the void (>2 min) of
the IM chromatogram could be MA, but also other
neutral or anionic compounds, e.g., inorganic
arsenic and arsenosugars, could account for this
peak. A. nodosum was not analyzed for arsenic
species in this study. However, seaweeds are con-
sidered to take up arsenate in place of the phos-
phate, and then rapidly transform it to form
a number of arsenic species (Ronan et al. 2017).
The most common species in algae are the arseno-
sugars (Francesconi and Edmonds 1998; Edmonds
et al. 1997; Feldmann and Krupp 2011), but also
inorganic arsenic, arsenolipids and DMA can be
present (Francesconi and Edmonds 1998; Rose
et al. 2007). The metabolism of arsenic by the BSF
larvae is currently not known and it would presum-
ably also be linked to the arsenic species present in
the seaweeds in the feeding media. There is also
a fraction (13%) of the total arsenic in the IM that
was not extracted, which could be arsenolipids or
arsenic forms related to the chitins (exoskeleton) in
insects. To our knowledge, this is the first study of
arsenic species in a product of BSF larvae fed on
seaweed-enriched media; therefore, further studies
on this topic are suggested.

The digestibility of total arsenic is decreased with
higher inclusion of IM in the diet. Speciation analy-
sis of the diets showed that the concentration of AB
decreased with increasing inclusion of IM (Figure 2).
At the same time, inorganic As, DMA, and uniden-
tified arsenic species increased in the diets contain-
ing more IM. In the fish fillets, AB was the major
arsenic species for all dietary groups. However, AB
accounted for a higher percentage of total arsenic in
the control group compared to the insect-based
diets. These results suggest that although total
arsenic levels in the diets are approximately similar,
the type of arsenic species present in the diets affect
the accumulation of arsenic in the fish.
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POPs

Dietary concentrations of POPs (i.e., dioxins
(PCDD/F), DL-PCBs, NDL-PCBs and PBDEs)
were all below current EU MLs, and they were
comparable to concentrations found in commercial
fish feeds for Atlantic salmon in the last few years
(Berntssen et al. 2010; Sele et al. 2018). POPs are
lipid soluble and mainly associated with marine
ingredients (mainly fish oil), thus their presence in
fish feeds has decreased, following the increased use
of plant-based feed ingredients (i.e., replacing fish
oils with vegetable oils) (Berntssen et al. 2010). A low
inclusion level of fish oil (10-15%) was used in the
diets in the current study. Similar concentrations of
POPs were found between experimental diets; there-
fore, the inclusion of IM in the diets seemed not to
affect the concentration of these contaminants in the
diets. Low concentrations of POPs have been found
in different-farmed insect species (Charlton et al.
2015; EFSA 2015; Poma et al. 2017). However, no
data are available on the presence of POPs in IM.

Of the analysed pesticides, only HCB and DDT
were detected in the diets. In a recent study, pub-
lished by Charlton et al. (2015), no pesticide residues
were detected in BSF larvae. The use of HCB in
agriculture was banned in Europe in the 1980s, but
it is still released to the environment as by-product
through industrial processes. The average concen-
tration of 1 ng g ' HCB found in the diets is com-
parable to the average concentration (0.8 ng g ')
found in 40 commercial fish feed in 2017 (Sele
et al. 2018). DDT is a very low-biodegradable pesti-
cide and has been considered an environmental
problem since the late 1960s. The use of DDT is
banned in many countries, but in some countries,
it is still used in the fight against malaria. The con-
centrations of DDT in the diets (upper bound con-
centrations) were lower than average concentrations
found in commercial fish feeds for salmonids
(Berntssen et al. 2010; Sele et al. 2018). The concen-
trations of pesticides found in the diets were overall
below current EU MLs set for fish feed and were not
affected by the inclusion of IM in the diets.

Mycotoxins

The mycotoxins DON, FB,, FB,, ZEN, beauvericin
and ENNB were found in the diets. The

concentrations of mycotoxins were comparable to
the ones of commercial fish feeds for Atlantic sal-
mon (Sele et al. 2018). Mycotoxins are produced by
fungi and can naturally be found in a wide variety of
crops, making plant-based feed materials the main
sources of these substances in animal feed (Matejova
et al. 2017). Replacing dietary FM with IM did not
affect the concentrations of mycotoxins in the diets,
as the concentrations were similar among the four
experimental diets. Low concentrations of mycotox-
ins have earlier been found in farmed insect species
(Charlton et al. 2015; EFSA 2015). Also, insect larvae
can easily metabolize and excrete mycotoxins from
contaminated feeding media (Scheibelberger et al.
2017; Van Broekhoven et al. 2017; Camenzuli et al.
2018). Therefore, similar levels of mycotoxins in all
diets were expected, as IM would not be a major
dietary source of these compounds. The EU has set
an ML of 10 ug kg " for aflatoxin B, in complete feed
(Directive 2002/32/EC and amendments) (EU
2002), while guidance values are set for DON, FB;+
FB,, ZEN and OTA (Commission Recommendation
2006/576/EC) (EU 2006). The concentrations of
mycotoxins found in the diets were all below the
MLs and the guidance values.

Conclusions

The IM and the diets contained the heavy metals
cadmium, lead and mercury, and fluorine; however,
levels of these contaminants in the IM, and the diets
were all below current MLs for feed materials and
complete fish feed. Also, the concentrations of
POPs, pesticides and mycotoxins in the diets were
below the current MLs set by the EU. While total
arsenic concentrations in IM-based diets were all
below the current ML for fish feed, the IM contained
arsenic at a concentration above the current ML for
feed materials. The use of BSF larvae fed seaweed-
enriched media for production of IM could, there-
fore, be a challenge, in relation to arsenic. Transfer of
arsenic from feed-to-fillet occurred, although there
was a clear reduction of total arsenic concentrations
in the fillet of Atlantic salmon fed diets with increas-
ing inclusion of IM. This could be due to the IM in
the diets contributing with arsenic species which are
not accumulating into the muscle tissue of the fish.
Based on our findings, we can conclude that repla-
cing FM with IM in the diet of Atlantic salmon did



not impact the amount of contaminants in the feed.
IM from BSF larvae fed on seaweed-enriched media
is overall a safe source of protein for seawater
Atlantic salmon, with respect to the quantity of
contaminants observed in this study that were pre-
sent below the MLs stipulated in the EU legislation.
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