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Abstract

The use of insects as ingredients for animal feeds production or as processed products for human
consumption has increased significantly in recent years. At the same time, the lack of methods for the
detection of these compounds requires the adaptation and improvement of some technologies for
their detection. My PhD thesis was mainly aimed to give a contribution towards this objective.

Indeed, with suitably designed primers, it was possible to detect the presence of target DNA in
complex matrices such as feeds, bars and other mixtures by RT-PCR technology. Specifically, it was
possible to accurately discriminate the presence of Gryllodes sigillatus within detecting up to 0.02 ng /
ul of target DNA in compounds subjected to different technological processing treatments and with
the possible presence of inhibitors. Therefore, the combination of a specific pair of primers is able to
certify the unique identification of the target species. However, if the method has to be applied for
relative quantification, specific calibration curves need to be developed and validated for the different
technological processes as they affect DNA integrity. Subsequently based on the results of PCR, an
innovative OLED-based biosensor based on target DNA recognition was developed. After several
investigations on the more appropriate chemical deposition reaction of primers PCR-derived DNA
probes, the presence of Hermetia illucens has been detected in several commercial compound feeds.
The technology was able to detect target DNA with a detection limit of 0.75 ng / ul; without false
positive results and avoiding the need for amplification as occurs in PCR approach. Data obtained by
the biosensor system were validated by RT-PCR analyzes, which confirmed the reliability of the new
system for future applications in the food and feed control area. The positive results support the
implementation needed to make this system a Point of Care.

Another subject considered in my thesis work was the evaluation of the effect of the dietary inclusion
of Hermetia illucens (HI) meal on the activation of specific metabolic pathways in the gastrointestinal
tract of gilthead sea bream within the EU AQUAEXCEL project carried out at the HCMR (GR)
laboratories. Results underlined that it is possible to partially replace the traditional ingredients with
HI meal resulting in positive effects on the gastrointestinal tract. In particular, the presence of this new
ingredient resulted in a mitigation of the tissue damage of the gastric mucosa due to the use of
vegetable-based diets. In addition, animal growth performance was not hampered by the dietary
composition and the overexpression of hepatic SOD suggests an increase in antioxidative capacity. In
any case, a dose response effect of the enzymes for the hydrolysis of chitin was not detected although
the expression of these genes was analysed.
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INTRODUCTION

1 Insects new perspectives

Entomophagy, or the act of eating insects, has been a common practice that began with early hominids
(Barennes et al., 2015), for this reason, insects have been part of the human diet for centuries (Bukkens,
1997). In tropical countries, edible insects are often used for home consumption or they provide a source
of income when marketed. They are traditionally harvested from nature and they are a seasonal product
as most species depend on host plants; anyway because of the enlarge deforestation, agricultural
intensification, uncontrolled use of pesticides, habitat changes and environmental pollution, this natural
resource can be threatened (Ramos-Elorduy, 2006; van Huis and Oonincx, 2017).

However, if entomophagy is already a common practice and an important food resource in the eastern
countries, recently the interest towards edible insects started to be relevant for food and feed purposes in
western cultures and insects are being proposed as an alternative protein source for livestock, fish and
humans. This new worldwide trend follows the document entitled “Edible Insects: Future Perspectives
of Food and Nutrition Security” from the Food and Agriculture Organization of the United Nations
(Fao, 2013), where insects have been promoted as human food and animal feed. After this publication,
the increased interest towards insect and insect derivatives is illustrated by the rise of scientific
publications on the topics (Figure 1) and is also registered in the food market (Jantzen da Silva Lucas et
al., 2020) following the exponential growth in companies that establish standardized pipelines to mass
production of insects for commercial use (Francuski and Beukeboom, 2020). With a growing world
population, increasingly demanding consumers, and the restricted availability of agricultural land, there
is an urgent need to increase food supply and to find alternatives to conventional protein sources (van

Figure 1 Number of research article concerning edible insects in the period 1971-2021. Data from Cab
direct 11.10.2020)
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Huis and Oonincx, 2017). As the world population rises, the global food system faces an impending
crisis and a major component of this crisis is the forecast that the livestock sector is growing at a rate that
is deemed unsustainable and is an important contributor to climate change. According to several
authors, current livestock production contributes greatly to several environmental problems such as
acidification due to leaching of ammonia, climate change due to greenhouse gas emissions, loss of plant
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biodiversity, desertification, deforestation, soil erosion, and water pollution (Foley et al., 2011; Gerber
and Hui, 2013; Herrero et al., 2016; Herrero and Stuckey, 2015; Steinfeld et al., 2006).

For those reasons, insects have been proposed as one of the most promising alternative sources of
proteins and have been evaluated to solve the global issue of protein shortage and enlarge the panel of
new and safe food and feed available on the market. Edible insects are currently celebrated as a
sustainable solution to food insecurity and environmental pollution when compared to the meat industry
across the globe (Fao, 2013; Gahukar, 2016; Tomberlin and van Huis, 2020) .

The insect-based food and feed industry already produces tons of insects daily (Van Huis, 2016) and
their use as a feed ingredient is showing an increased interest too (van Huis and Oonincx, 2017). In most
European countries so far, insects have been generally used for pet feed (such as birds, reptiles, and
amphibians) rather than for human or farm animal consumption. However, this trend seems to be
changing mainly due to research efforts in this field and they started to be included in feeds not only for
pets but also for farmed animals like pigs, poultry and fish (Biasato et al., 2019).

1.1 Sustainability and Environmental impact of insect production

Sustainability of the livestock production systems is increasingly important in the world we live in
(Gerber and Hui, 2013). Therefore, alternative food sources must be found in order to replace traditional
ones, less sustainable, because livestock contribute to decrease food supply since a third of the world’s
cereal production is fed to animals, but it could be used for human consumption and they contribute
approximately to 14.5% of all anthropogenic greenhouse gas (GHG) emissions (Gerber and Hui, 2013;
Mottet and Tempio, 2017). The increase in global demand for meat and the restricted availability of land
prompt the search for alternative protein sources (FAO (Food and Agriculture Organization), 2011;
Jongema, 2017). On all, the above-mentioned negative effects, insects perform better. Insects face
several challenges approaching in the near future: population growth and increasing demand for animal
protein, food and feed insecurity and environmental pressures (Tomberlin and van Huis, 2020). Insect
farming is one of the most efficient protein production systems and could challenge the increasing
demand for protein products as well as the limited land area available for agriculture (Sosa and
Fogliano, 2017; Veldkamp et al., 2012). The impact of rearing insects on the environment has several
implications. Principally at the food chain level, as in an ideal case, insects could be directly used as
food, which would maximise the gain because they are thus not an extra trophic level in the food web,
but replace another trophic level. When insects are used as feed material an extra trophic level in the
food production chain or web is plugged in. In addition, insects can be reared on organic side streams,
contributing to a circular economy, now pursued by most governments as about one-third of our food
and agricultural production is wasted (Food and Agriculture Organization, 2013).The mass production
of insect presents environmental advantages from an environmental perspective because of the low land
and water utilization/competition for their production (Hoekstra and Mekonnen, 2012), low greenhouse
gas emissions (Gerber and Hui, 2013), high feed conversion efficiencies (Makkar et al., 2014; van Huis
and Tomberlin, 2017), possible breeding on bio-waste, enabling the transformation of bio-waste
biomass into high-quality products (Meneguz et al., 2018) and possible use of certain insect species in
pig and poultry diet or in aquafeeds, for the substitution of traditional ingredients, which are becoming
increasingly scarce or expensive on the market. Insects do not produce methane, they have a high
reproduction rate and a short maturation period; furthermore, their feed conversion ratio is similar to
values reported for chicken (2.3), higher than the figure reported for the most of finfish species, but
lower than that for pigs (4.0) and beef cattle (2.7-8.8) (Oonincx and de Boer, 2012). While the
poikilothermic nature of insect species improves their ability to efficiently convert food into body mass,
this alone cannot be the sole characteristic that denotes edible insects as an environmentally sustainable
food option. Husbandry contributions to GHG emissions are much lower for insects (2—122 g/kg mass
gain) than for beef cattle (2850 g/kg mass gain), and in the lower range when compared to pigs
(80-1130 g/kg mass gain). While insects for food and feed show great potential as an environmentally
friendly choice, there is still very limited information to enable the complete assessment of the
sustainability of the whole production systems to be undertaken. So further investigations and
researches are requested to provide a more complete picture of the LCA of the insect mass production
systems (Halloran et al., 2016; van Huis and Oonincx, 2017).



12 Insects and nutritional aspects

It is difficult to make general statements about the nutritional value of insects and data reveal that their
nutritional value varies widely between species and according to environmental rearing conditions
(temperature, humidity and light conditions).

Insects have received increased attention as an important source of sustainable raw materials for animal
feeds, especially in fish, poultry and swine and it has been assumed that these animals are evolutionarily
adapted to eating them as a part of their regular diet because insects are consumed naturally. In
particular, the most promising species in western countries are represented by the black soldier fly (
Hermetia illucens, Hl), the yellow mealworm (Tenebrio molitor, TM), and the common house fly (
Musca domestica, MD).

The nutritional value of some insect species for human diet reveals that insect products are
better than meat, as can be seen in the first systematic comparison of the nutritional composition of
insects and meat and their relative healthiness according to contemporary nutrient profiling models for
human diet utilizing the ‘Nutrient Value Score’ (NVS) developed by the United Nations World Food
Programme to inform the composition of food baskets and commodity vouchers (Figure 2). It classifies
individual foods on a continuous scale based on their nutrient composition, with an emphasis on
micronutrient content (Payne et al., 2016)

Figure 2 - Bar graph showing the median values and the interquartile range of Nutrient Value Score for insects, meat and
offal. Higher score indicate healthier foods (from Payne et al., 2016)
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As a starting point, a large part of the literature focused on the nutritional quality and the benefit related
to the whole insect consumption. Currently, insects are commercialized as whole insects, paste, in-
ground, de-fatted meal, but also as oil. The attention focused on proteins and the most important
parameter is their total concentration.

When measured on a fresh weight basis, the insect protein concentration is within the range of other
animals, being between 10 and 30%. This makes the insect proteins particularly interesting from a
nutritional point of view, not only for their high concentration and the adequate amino acid composition,
but also for their potential to meet all the criteria of a protein source of the future, being sustainable,
healthy, affordable, reliable and, palatable according to the principles depicted in the recent EU-



SUSFANS project (Rutten et al., 2018).

Insects are rich in lipids. This component is either obtained from the diet or de novo synthesized and its
content ranges from 10 up to 50% dry matter basis. The amount of lipids that can be extracted from
insects depends on the species and the range of extraction capacity could be between 40 and 82% of the
total lipid content. Insect lipids are composed mainly of triacylglycerols and in minor amounts, they
include cholesterol, partial glycerides, free fatty acids (FFA), phospholipids and wax esters. This
derived by-product is usually obtained by an aqueous oil extraction method, which is a green alternative
to conventional oil extraction with n-hexane (Kumar et al., 2017)and also provides oils that do not
require further oil refinements (Latif and Anwar, 2011; Mat Yusoffetal., 2015; Preece et al., 2017). The
oil that is usually obtained from the insects presents a wide range of melting peaks, that go from -30.7 up
to 22.7 °C that make them liquid-like at room temperature as insect oils are rich in unsaturated fatty
acids (>60% of total FA) being C18:1n9 and C18:2n6 the most abundant. In certain species, like black
soldier fly, the lipid composition is characterized by high content in saturated FA being lauric (C12:0
x45% of total FA), myristic (C14:0 9% of total FA) and palmitic (C16:0 ~12% of total FA) acids the
most abundant (Sosa and Fogliano, 2017). This insect fat is especially interesting for its food and feed
applications with a concentration in C12:0 similar to that of coconut oil and for the antimicrobial
properties that make it of interest as a functional ingredient. The food-grade oils thus obtained could
also be used as an ingredient in foods as it has the chemical and physical characteristics for food
applications, such as the parameters of thermal behavior, color and aromatic compounds, that are key
characteristics in edible oils and fats (Cecchi and Alfei, 2013; Tzompa-Sosa et al., 2019). Besides, most
oils had compounds related to pleasant aromas, such as yellow mealworm oil, lesser mealworm oil and
cricket oil that present organoleptic characteristics even desirable for table oils and oils use as food
ingredients (Sosa and Fogliano, 2017)

To promote the insect derivatives as food and feed alternative, increase them acceptances and create a
global trend, it requires a large-scale production of insects with high health standards and accessible
commercial price; besides, innovative and promising bio-products derivatives, as bioactive peptides,
could represent an additional promising biotech business that has also to be promoted. Therefore, to
achieve all these objectives, a multidisciplinary approach will be necessary (de Castro et al., 2018). In
the last few years, the research in this field has innovated and sought alternative solutions to improve
processing and to increase the shelf life of insect and insect by-products, in order to increase availability
and consumer acceptance. One of the main proposed solutions for them acceptance would be the
isolation of proteins and lipids from insects to be used as food ingredients for other industrial
preparations (Sosa and Fogliano, 2017); this objective requires an in-depth knowledge of the
physicochemical characteristics of these proteins and lipids, their functionality and an elaborating
consumers' perceptions and motivations. Further studies show a recent advance in the use of insect
peptides as antihypertensive, antimicrobial and antioxidant agents, demonstrating the wide applicability
of these proteins but additional investigations are requested (de Castro et al., 2018; Hall et al., 2018).
Insect species have the largest unexplored reservoir of antimicrobial peptides. They can be exploited as
alternatives to conventional antibiotics to counter the threat of multidrug-resistant pathogens. Like all
Arthropods, insects are characterized by high chitin levels that it is present in their exoskeleton. From
chitin, a long-chain polymer of [-(1->4)-N-acetyl-D-glucosamine, the chitosan is produced
commercially by deacetylation. The latter is a recognized valuable compound used as a feed additive in
several animals feeds as fat-reducing factor in poultry (Lokman et al., 2019) and as a modulator of
rumen fermentation (Haryati et al., 2019). Its dietary effects in aquafeeds are under investigation in
terms of antimicrobial and immune-stimulation properties, growth promotion and antioxidant activity
(Abdel-Ghany et al., 2019). In humans, chitosan has been used as supporting material for
pharmaceutical applications, gene delivery, cell culture, tissue engineering and for its several
pharmacological activities such as anti-hypertensive, anti-ulcer, wound healing, anti-cancer, blood
coagulant/anti-coagulant, anti-microbial, anti-viral, hypolipidemic and hypocholesterolemic effects
(Tripathi et al., 2017). Even for plants, chitosan has been proposed to improve health: it activates plant
defence including elicitation of phytoalexins and pathogenesis-related protein (Pichyangkura and
Chadchawan, 2015). Anyway, more research on side effects, such as possible cytotoxicity,
immunogenicity and allergenicity that may pose a risk to human and animal health upon the use of



insects for feed or food, are required (van der Fels-Klerx et al., 2018).

After the publications made by the FAO, where the insects are considered as one of the solutions for
future protein scarcity and support their use for human consumption, more than 300 insect producing
companies have been created or they move from the traditional way to mass-scale production in
controlled environments. About half of those companies are placed in Europe and produce black soldier
fly (Hermetia illucens), yellow mealworm (7Zenebrio molitor), lesser mealworm (Alphitobius
diaperinus), house cricket (Acheta domesticus) and banded house cricket (Gryllodes sigillatus) (Derrien
and Boccuni, 2018)and they can be used to bring new, safe and innovative byproducts to the EU market
(Tzompa-Sosa et al., 2019).



13 European legislation

In the last few years, the European Union started to define novel foods and ingredients and to regulate
their production and utilization. EU law regulates the conditions for food and feed business operators,
such as insect producers, to produce and commercialize their products in the European Union. In
addition to the ‘general food hygiene requirements’, the production and marketing of insects as food in
Europe is governed by the so-called ‘Novel Foods' legislation. Notably, EU policy makers have
adopted — in the early 2000’ — a package of legislative texts which define general principles and
standards in the area of food and feed safety.

Beginning with the REGULATION (EC) No 258/97 OF THE EUROPEAN PARLIAMENT AND OF
THE COUNCIL of 27 January 1991 defining that the term novel foods and novel food ingredients “
shall apply to the placing on the market within the Community of foods and food ingredients which have
not hitherto been used for human consumption to a significant degree within the Community and which
fall under the following categories:

(a) foods and food ingredients containing or consisting of genetically modified organisms within the
meaning of Directive 90/220/EEC;

(b) foods and food ingredients produced from, but not containing, genetically modified organisms;
(c) foods and food ingredients with a new or intentionally modified primary molecular structure;
(d) foods and food ingredients consisting of or isolated from micro-organisms, fungi or algae;

(e) foods and food ingredients consisting of or isolated from plants and food ingredients isolated from
animals, except for foods and food ingredients obtained by traditional propagating or breeding
practices and having a history of safe food use;

() foods and food ingredients to which has been applied a production process not currently used, where
that process gives rise to significant changes in the composition or structure of the foods or food
ingredients which affect their nutritional value, metabolism or level of undesirable substances”
(European Parliament and EU Council, 1997). In this regulation the European Union tried to
discriminate what can be consider novel food using general parameters not easy to be applied.

Subsequently, the REGULATION (EU) 2015/2283 of 25 November 2015 actually in force on novel
foods, precises and clarifies the different categories of novel foods, thus amending previous Regulations
(Reg. EU No 1169/2011; Reg. EC No 258/97; Reg. EC No 1852/2001): “The scope of this Regulation
should, in principle, remain the same as the scope of Regulation (EC) No 258/97. However, on the basis
of scientific and technological developments that have occurred since 1997, it is appropriate to review,
clarify and update the categories of food which constitute novel foods.” In particular the new regulation
define a new category that “ cover whole insects and their parts” (EU 2015/2283,2015; Ue et al., 2015).
With this new regulation insects started to be part of the possible commercialized novel food for human
consumption. Consequently, producers — like any other food or feed business operator, will be subjected
to hygiene standards according the General Food Law Regulation (European Parliament and Council,
2002) and the Regulations contained in the ‘Hygiene Package’ (Regulation (852/2004, 2004) and
Regulation (183/2005/EC, 2005)).

Anyway only with the REG. (EU) No 2017/893 of 24 May 2017 amending Annexes I and IV to
Regulation (EC) No 999/2001 of the European Parliament and of the Council and Annexes X, XIV and
XV to Commission Regulation (EU) No 142/2011, the European Commission regulates and defines the
possible processed animal protein that can be used in livestock production. “The amendment to
Regulation (EC) No 999/2001 with a view to authorise processed animal protein derived from insects
for feeding aquaculture animals is likely to open the opportunity for bigger production of processed
animal protein derived from insects in the Union. Whereas the current small scale rearing of insects for
pet-food can adequately be addressed by existing national control schemes, Union provisions
addressing animal health, public health, plant health or environmental risks are appropriate to ensure



that insect rearing within the Union on a larger scale is safe. With respect to the insect species reared in
the Union, these should not be pathogenic or have other adverse effects on plant, animal or human
health; they should not be recognised as vectors of human, animal or plant pathogens and they should
not be protected or defined as invasive alien species. Taking into account these national risk
assessments, as well as the EFSA opinion of 8 October 2015, the following insect species can be
identified as those insect species currently reared in the Union which fullfill the above mentioned safety
conditions for insect production for feed use: Black Soldier Fly (Hermetia illucens), Common Housefly
(Musca domestica), Yellow Mealworm (Tenebrio molitor), Lesser Mealworm (Alphitobius diaperinus),
House cricket (Acheta domesticus), Banded cricket (Gryllodes sigillatus) and Field Cricket (Gryllus
assimilis)” (Commission, 2017).

Anyhow, after the approval of insects for food and feed applications, methods for the detection and
identification of these ingredients in complex matrices were needed. Following the guidelines of the EU
Commission Regulation No. 2009/152, where is defined that the “ Deoxyribonucleic acid (DNA)
fragments of animal origin which may be present in feed materials and compound feed are detected by a
genetic amplification technique through PCR, targeting species-specific DNA sequences” (EC,
2009),several new detection protocols based on PCR and innovative biosensors are going to be
proposed.

14 Quality and safety of insect production

The production, marketing, and use of edible insects as food and feed pervades a wide range of
regulatory institutions, which should ensure aspects such as the quality and safety of the products
obtained and the environmental impact of insect breeding. A crucial point is that consumer acceptance is
probably associated with the development of an appropriate processing strategy, such as the extraction,
purification and use of insect proteins as a food additive (Huis, A., Iterbeeck, J., Klunder,H., Mertens,
E., Halloran, A. Muir, G. and Vantomme, 2013). Insects production for human or animal consumption
must fulfill all legal requirements like hygiene and chemical residues like pesticides and antibiotics and
must not transmit diseases. An upcoming problem may be the already established production of insects
for pet food (van Huis and Oonincx, 2017). Adulteration of high-quality insect products for human
consumption with lower quality pet food insects may take place. In addition, the use of not recognizable
insects, such as insect flour, may be more acceptable to consumers than entire insects. In any case, food
control laboratory must be capable to detect insects in food products. However, to a certain degree and
as inevitable ingredient, insect material is expected to be found in many food products already. It may be
a result of contamination during harvest, storage and production process as insects are omnipresent.
Therefore, quantitative analysis methods are desirable to fix a threshold value to distinguish usual
contamination from intentional insect ingredients (Képpel et al., 2019).
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Thesis outline

This thesis is composed of several research activities performed in collaboration with different research
groups in different laboratories

e University of Udine — Dept. of Agriculture, Food, Environment and Animal Science,

e Hellenic Centre of Marine Resources laboratory in Crete (Greece), within the EU-
AQUAEXCEL Programme of access to Excellence Infrastructures (Contract N. 652831)

e Or-El d.o.o. Startup in Nova Gorica (Slovenia)

e Polymer Competence Center Leoben GmbH (PCCL) Leoben (Austria).

The first chapter of the thesis presents a state of art for the detection of insects using the PCR
(polymerase chain reaction) technique and the experimental work carried out to quantitative detection
of insects in feeds and food with a special emphasis to Gryllodes sigillatus conducted at the Department
of Agricultural, Food, Environmental and Animal Sciences of Udine University.

In the second chapter the state of the art of biosensors and the experimental works that were performed
at the University of Udine in collaboration with Or-El d.o.o. (Slovenia) and the PCCL (Austria) is
presented. The aim of the study was to evaluate the most suitable functionalization of PE substrate and
to develop a DNA biosensor based on O-LED technology for insect DNA quantitative detection.

The experiment discussed in the third chapter was performed in collaboration with the HCMR of Crete
(Greece) and founded by the European AquaExcel project. The effects of dietary addition of Hermetia
illucense in aquafeeds were evaluated on gut morphology and target gene expression. The results have
been submitted to A research paper will been submitted to the Animals Journal.

The outcomes of the research activity carried out during the three years PhD period are here listed:

e Daniso E., -Tulli F., - Cardinaletti G., - Cerri R.,- Tibaldi E. (2020) Molecular approach for
insect detection in feed and food: the case of Gryllodes sigillatus. European Research and
Technology Journal (DOI 10.1007/s00217-020-03573-1)

e Daniso E., Patrizia Melpignano P., Tulli F. (2020) An OLED-based genosensor for the
detection of Hermetia illucens in feeds. Food Control 113 107179 (DOI
10.1016/j.foodcont.2020.107179)

e Daniso E., Maroh B., Feldbacher S., Miihlbacherb I., Schléglb S., Melpignano P..Tailoring the
chemical functionalization of a transparent polyethylene foil for its application in an OLED-
based DNA biosensor. Biosensor and Bioelectronic. (Submitted)

e Daniso E., Sarropoulou E., Beraldo P., Tibaldi E., Cerri E., Cardinaletti G.. Graded level of
Hermetial illucens pupae meal in plant protein-based diet lacking fishmeal for gilthead sea
bream (Sparus aurata, L.): liver and gut gene expression and histological evaluation.
Acquaculture. (under submission)

e Daniso E., Messina M., Tulli F. (2019) Molecular based identification of insect ingredients in
animal feeds. Proceedings of 23rd National Congress of the Animal Science and Production
Association “New challenges in Animal Science” Sorrento (Naples), 11-14 June 2019 (oral
presentation).

e Daniso E., Tulli F. (2019) Molecular tools for insect detection in animal feeds. Proceedings of
70° EAAP Meeting, Ghent (Belgium) 26-30 August 2019. EAAP Book of Abstracts, Volume
25. Editor Scientific Committee. 713pp. eISBN: 978-90-8686-890-2 (oral presentation)
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2 Detection methods of species-specific DNA use for insect detection

The nucleic acid-based approaches like PCR or sequencing are the most frequently applied methods for
reliable detection of species-specific DNA. An Other innovative method that is also available is
metabarcoding, this method allows large-scale taxonomic identification of complex environmental
samples via analysis of DNA sequences for short regions of one or a few genes (called DNA barcodes)
using universal primers; this approaches powered by Next Generation Sequencing (NGS) technology
that relies on high-throughput DNA sequencing, it yields millions of DNA sequences in parallel and
allow large-scale analysis of environmental samples., but the success of these methods strictly depend
on the choice of appropriate universal primers as well as on the ability to detect the possible small
presence of the target DNA sequence in a complex matrix do to the no specificity of the primers utilised.
Moreover, this technique still requires cost-intensive, high-end machines, qualify operators and access
to comprehensive sequence libraries (Elbrecht et al., 2016). On the contrary, PCR allows precise
quantification of specific nucleic acids sequence in a complex mixture, also this method is capable to
detect the presence of the target sequence even if the quantity present in the analyzed samples is in a
very low concentration (fg).

The PCR process generally consists of a series of temperature cycle changes that are repeated 25-50
times during which the specific primers bind the target sequence and the polymerization occurs, carried
out by the DNA polymerase enzyme. In this method, appropriated targeted primers are fundamental for
specific and univocal detection of the target. In the real-time PCR, the amplification of the target
sequence of DNA is monitored every cycle, and not as in the Endpoint PCR where just the final product
is detected. For the in real time monitoring, two are the common methods utilized for the detection of
PCR products; the first is a non-specific fluorescent dyes that intercalate with any dsDNA, ex.
SybrGreen , and second is a sequence-specific DNA probes that are labelled with a fluorescent reporter
(Shah, 2019), ex. TagMan probes that are constituted of a fluorophore covalently attached to the 5'-end
of the probe and a quencher at the 3’-end., this system permits detection only after hybridization of the
probe with its complementary sequence and his cleavage (Thermo Fisher Scientific, 2011), other
techniques such as Scorpion, where the probe is physically coupled to the primer which means that the
reaction leading to signal generation is a unimolecular one, are also available but not frequently applied.

Real-time PCR has revolutionized the 21st century biological science due to its capability of detection
and expression analysis of genes in real-time applied in quantitative genotyping, genetic variation of
inter and intra organisms, early diagnosis of disease, forensic, detection and quantification of a specific
target in different matrixes etc., and the obtained results were also validated through ring trials with the
help of the National Reference Laboratories or sequencing the genomic fragment resulted from the PCR
amplification and blasting the resulted sequence with the deposited ones . For that reasons, PCR
technology was identified as one of the methods capable to fulfill all legal requirements of traceability
and food control required from the law (EC, 2009). Due to the lack of or expensive alternatives for the
detection of insects, PCR may help to fill the existing analytical gaps for the species of interest most
rapidly and cost-efficient in comparison with other technologies.

Base on this considerations, recently fully validated protocols applied to the PCR technology were
published for the detection of different insects such as Tenebrio molitor (Debode et al., 2017), where
using Tagman technology a limit of detection of 20 gene copy number, approximately 10.4 pg of the
target DNA, was reached without having cross reactivity with the DNA of the other analyzed species;
Hermetia illucens, where the taget DNA was identify in commercial fish feed with a concentration of
0.01% of Hermetia DNA (Zagon et al., 2018); but also multiplex real-time PCR for the simultaneous
detection of Tenebrio molitor, Locusta migratoria and Achaeta domestica was performed but with a
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limit of detection of 0.1% (w/w) ten times less in comparison with the previous (Kdppel et al., 2019).

Taking in consideration this background, during the first period of the PhD at the University of Udine, a
detection method, based on real-time PCR system, was performed for the detection of Gryllodes
sigillatus; one of the seven allowed species for human consumption an animal feed. The detection of the
target was based on SybrGreen intercalator and a specific pair of primer designed on the Gryllodes
sigillatus mitochondrial cytochrome b (CYB) gene, the Tagman technology utilized in the citated
articles was not used because it needs two primers and an internal probe, this make the technique more
specific but for the subsequent creation of a biosensor based on the recognition of DNA target, it was
necessary to have a protocol with only two very specific primers.. The usual parameters for the accuracy
of the analysis, like sensitivity and specificity, were validated. The method showed no cross reaction to
vertebrates and plants samples that were used, and the system was capable to detect low concentration
of the target DNA in complex matrix. These results allow the use of the designed primers for other
applications such as the construction of a DNA biosensor.

2.1 Molecular approach for insect detection in feed and food: the case of Gryllodes sigillatus
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Abstract

The production of insects on an industrial scale has attracted the attention of the research and agricultural industry as novel
protein sources. To detect the presence of Gryllodes sigillatus (GS) in feed and food, a real-time PCR method based on the
mitochondrial cytochrome b (CYB) gene is proposed by this study. Forty DNA samples of animal and plant origin were used
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The production of insects on an industrial scale has attracted the attention of the research and ag-
ricultural industry as novel protein sources. To detect the presence of Gryllodes sigillatus (GS) in feed
and food, a real-time PCR method based on the mitochondrial cytochrome b (CYB) gene is proposed by
this study. Forty DNA samples of animal and plant origin were used to confirm the specificity of the
gPCR system. The detection method’s performance was evaluated on different processed GS matrices
including native GS (UnGS) and different commercial products: crunchy roasted samples (RoGS),
insect meal mixtures (ACGS) and energetic snacks containing GS (GSS). Data on sequencing were
aligned with the reference gene to confirm the PCR products. The regression curve (y=-3.394 x
+42.521; R2=0.994, d.f. 14) between Ct values and Log DNA concentrations of Gryllodes sigillatus
resulted in an efficiency of 96.4%. The severity of the technological processing treatments and the
matrix structure affected the intensity of the PCR signal with the same amount of insect DNA as
observed by different y-intercepts of the three-regression lines for RoGS, ACGS, and GSS. The real-
time PCR method resulted in robust and sensitive outcomes able to detect low amounts of GS DNA
(5g/100g) in a complex matrix, making it suitable for detecting the presence or absence of labeled
Gryllodes sigillatus material both in feed and food.

Highlights
. The method allows for the identification of Gryllodes sigillatus in a complex matrix.
. Primers exhibited high sensitivity and accuracy.

PCR discrimination among insect species.

The qPCR system was successfully tested in complex matrices.

Keywords: Gryllodes sigillatus, detection, edible insects, real-time PCR, processed food, feed

1. Introduction

Global welfare standards and the increasing world population [1] require/necessitate/demand/call for
the consideration of protein sources derived from sustainable production systems capable of efficiently
converting biomass [2-5]. The novel proteins from unconventional sources should be safe, nutritious,
flexible and reliable as well as accepted by consumers. Insects may represent a more efficient way of
producing animal protein and seem to meet this goal due to the use of cost-effective raw materials and
environmental sustainability along with high nutritional value [6, 7]. Recently, the production of insects
on an industrial scale has attracted the attention of the research and agricultural industry [8] because
they are a good source of protein, vitamins, and energy[9] and are widely used for human consumption
in many countries in Asia, Africa and South America [10]. Whole insects can be used raw, dried,
crushed, textured, pulverized, ground, eaten after technological food processing or preserved by freeze-
drying with or without the exoskeleton of chitin [11]. They can be consumed as snacks, used as
ingredients of some typical preparations or undergo other technological treatments, depending on
cultural habits [12]. In contrast, people in Western countries are not familiar with this kind of food even
if some compounds derived from insects are already exploited by the food industry as coloring agents
[11] that can be found in Smarties, yogurt, Campari, etc. [13]. Nevertheless, interest in including insects
in the Western diet is increasing along with the number of restaurants serving insects as a delicacy and
the number of recipe books dedicated to insect preparation [14, 15]. The expectation is that in the
coming decades this novel protein source will represent 40% of the traditional meat consumption [16,
17], but estimated entry time into the market [18, 19] will vary depending on cultures and traditions.
Recently, several studies have been carried out on the functionality, processing and industrial
applications of this novel ingredient, trying to exploit byproducts and waste streams obtained in other
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production processes. Moreover, research studies indicate that insects possess several features that
make them wellsuited for use in animal feed. The European Union identified seven insect species as
suitable for use in aquafeed: Gryllodes sigillatus (GS) (tropical house cricket), Gryllus assimilis
(Jamaican field cricket), Acheta domesticus (AC) (house cricket), Alphitobius diaperinus (lesser
mealworm), Musca domestica (common housefly), Tenebrio molitor (yellow mealworm) and Hermetia
illucens (black soldier fly)[20].

The production and marketing of insects as food in Europe is regulated by the so-called ‘Novel Foods’
legislation — i.e. Regulation [14]. This Regulation applies to all categories of foods that were not used
for human consumption to a significant degree within the European Union before May 15, 1997, which
is the case of insects. Since January 1, 2018, the Novel Food regulation has been in force; therefore an
authorization form must be submitted for each insect species intended to be considered as food and sold
on the market. So far, Kreca ProtiFarm (NL), Micronutris (FR) and BiiF (BE) have applied for the
inclusion of the following species in the European Union’s list: Alphitobius diaperinus, Gryllodes
sigillatus, Tenebrio molitor, Locusta migratoria and Acheta domesticus. Among these, A. domesticus
and G. sigillatus have increased their presence in the food market as a promising protein source for the
human diet. Today, GS is commonly marketed as an alternative to AC, due to its ability to withstand
cricket paralysis virus. GS, like other Gryllidae species, is susceptible to Acheta domesticus densovirus
(AdDNYV) with a variable degree, but without cases of severe mortality which instead occurs in AC,
where AADNYV provokes high mortality and serious and irreparable damages to the production. For this
reason, interest in rearing GS against AC increased after the bankruptcy of AC facilities [21].

In this context, controlling the composition of both feed and food is an important issue according to
European rules, especially after outbreaks such as BSE (Bovine Spongiform Encephalopathy) or
minced beef contaminated with horse meat; in any case, the safety and the control systems for insect
components in food are still being developed [18, 22]. Today, ingredients of animal origin, used as raw
materials, are identified based on typical and microscopically identifiable characteristics or by using
polymerase chain reaction (PCR) following the provisions laid down in Annex VI of EU Commission
Regulation No. 2019/152 [23]. Molecular biology techniques provide robust and valuable tools for the
identification of both plant or animal species in feedstuffs [24]. DNA detection and identification of
animal materials employing PCR, because of its high sensitivity, is considered the official analytical
method to: (i) determine the species origin of processed animal proteins (PAPs); (ii) detect the presence
of prohibited ingredients; (iii) confirm the presence of ingredients in animal feeds. Among the
detection/identification of PAPs, insect species identification may represent a new challenge and the
PCR methods may provide a possible solution. In particular, end-point PCR was developed to detect the
presence of GS directly in foods [25], but a quantification was not possible with this technique. For this
reason, an RT-PCR method is proposed in the present study.

Several methods have been applied for insect species identification, such as Enzyme-Linked
Immunosorbent Assays (ELISA) for TM and nucleic acid-based approach applied to reliably detect the
black soldier fly specific DNA [26]. In more detail, DNA barcoding sequencing has been widely used in
species identification and biodiversity research [27]. It has been shown that in many groups, including
insects, interspecific variation in DNA sequences of some genes are higher than intraspecific variation
thus providing an opportunity for DNA-based species identification. In any case, this technique is time
consuming in comparison with qPCR and it requires a pure sample and DNA from complex matrices
can give unclear results [28]. An improved tool supporting molecular methods is Next Generation
Sequencing (NGS), which enables highthroughput and parallel taxonomic identification of multiple
species, but a specialized working team and different statistical parameters should be employed to
describe and evaluate the quality of the final genome assembly derived from NGS data output [26, 29].
In any case, the PCR method applied on specific DNA fragments is being advocated for species
identification because it is fast, cheap and has high sensitivity and specificity and has been employed to
confirm morphological fragment identification [23, 30, 31].

18



The present research aims to develop a PCR based method to detect Gryllodes sigillatus as a raw
material in different processed feed and food preparations. The species specific PCR primers and their
accuracy are presented.

2. Material and methods

2.1. Samples

The samples presented in the following list were used for method development and GS1 primer
specificity test. Untreated insect samples of Gryllodes sigillatus (UnGS), Hermetia illucens, Acheta
domesticus (AC), Gryllus assimilis, Musca domestica, Alphitobius diaperinus, Tenebrio molitor were
purchased alive from Agripetgarden S.r.l. (PD) — Italy. Untreated insect samples of Bombus terrestris,
Nezara viridula, Oecanthus pellucens, Sitophilus granaries, Sitophilus oryzae, Rhyzopertha dominica,
Halyomorpha halys, Apis mellifera, Bombyx mori were kindly provided by the entomology division of
the University of Udine, Italy. Species identification was confirmed by the examination of
morphological features of adult individuals according to scientific standard literature [32, 33]. Muscle
samples from selected animal species such as Sparus aurata (gilthead sea bream), Dicentrarchus labrax
(European sea bass), Oncorhynchus mykiss (rainbow trout), Bos taurus (cattle), Ovis aries (sheep),
Sepia officinalis (cuttlefish), Loligo vulgaris (squid), Mpytilus edulis (mussel), Parapenaeus
longirostris (pink shrimp), Penaeus kerathurus (striped prawn), Chamelea gallina (clam), Pleoticus
muelleri (Argentine red Shrimp), Atherina boyeri, Pecten jacobaeus (scallop) and Aequipecten
opercularis were purchased from GDO commerce, Italy.

Acheta domesticus (mAC) and Locusta migratoria flour were obtained from Crunchy Critters (Ilkeston,
United Kingdom).

Gryllodes sigillatus meal (mGS), Cruncky Roasted Gryllodes sigillatus (RoGS) and energetic bars for
human consumption (GSS) with different GS inclusion level (0, 5.2, 6.3, 10.6 g/100g in GSS0, GSS1,
GSS2 and GSS3, respectively) were purchased from Eat Grub Ltd, London, United Kingdom.

Finally, a serial dilution of commercial GS meal (mGS) from Eat Grub, and AC meal (mAC) from
Crunchy Critters were also prepared as mixtures (approximately 100g) at the laboratories of the
University of Udine (Table 1) to be used as calibration material.

Table 1 Mixtures of GS meal (mGS) and AC meal (mAC) prepared
to obtain different percentages of target species inclusion

Sample name Gryllodes sigil-  Acheta domesti- Gryllodes
latus (mGS) cus (mAC) sigillatus
inclusion

ACGS10 10 g 90 g 10%
ACGS20 20 g 80 ¢ 20%
ACGS40 40 ¢ 60 ¢ 40%
ACGS60 60 g 40 ¢ 60%
ACGS80 80 g 20¢g 80%
ACGS100 100 g Og 100%
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2.2. Sample preparation and DNA extraction

All the samples were stored at -20 °C; if needed tissues were cut using a scalpel, put into a Lysing matrix
A tube (MP biomedicals, Santa Ana, California, USA) and disrupted by a TissueLyser II bead mill
(Qiagen, Hilden, Germany).

DNA was extracted from 20-25 mg of whole insect/pupae and samples of animals and feeds and food
with the DNeasy Blood & Tissue ® (Qiagen, Hilden, Germany) according to the manufacturer’s
instruction. The DNA concentration and purity were evaluated by measuring the absorbance at 260 nm
and the 260/280 nm ratio, respectively, using a NanoDrop One Micro-UV/Vis spectrophotometer
(Thermo Fisher Scientific, Wilmington, U.S.A.). DNA integrity was also tested by denaturing 1.2 %
agarose gel electrophoresis in 1X TBE buffer and ethidium bromide staining.

2.3 DNA primers

All samples were analyzed using Unspecific insect primers, Ins3.2F (ATAATTGGTGGATTT-
GGAAATTGA) and Ins3.2R (GGTGGATAA ACAGTT CATCCTGT), designed according to Koppel
et al., (2019) [31]. A specific pair of primers for Gryllodes sigillatus was designed by retrieving the
sequence of the mitochondrial cytochrome b (CYB) gene (accession no. KR903358.1) from GenBank.
The pair of primers GSIFw (GATCAAACAATCCCCTAGGTGTC) and GSlre
(CTGGGTCTCCAAGTATTAAGGATTAG) were designed using the online software Primer3
(http://primer3.ut.ee) with Lucia algorithm. The expected GS1 amplified sequence was blasted in
BLASTn to evaluate the specificity of the sequence against the deposited sequences in GenBank. The
end-point PCR technique was performed to screen the primers specific amplification by using the
GoTaq DNA polymerase Kit (Promega, Milano, Italy). Each PCR reaction was conducted in a final
volume of 20 pl, using 4 pl of PCR Green or colorless GoTaq Reaction Buffer (1.5 mMol MgCl12), 13.5
pl of distilled water, 0.4 pl of PCR nucleotide Mix at 10 mM, 0.1 pl of GoTaq DNA polymerase (5
u/pl), 0.5 pl of 10 pM of each primer and 1 pl of DNA template (<0.5 pg/50 pl) were used. The PCR
thermal protocol consisted of one cycle of 3 min at 98 °C, then 1 min at 95 °C, 1 min at 60 °C and 1 min
at 72 °C for 35 cycles and a final cycle of 5 min at 72 °C. Each PCR product was subsequently gel
verified for the expected product length (bp).

The pair of primers amplified the target sequence and was tested for amplification efficiency and
sensitivity in qPCR. These parameters were determined by six serial tenfold dilutions of pure GS DNA
in three replicates. Real-time PCR was performed in a total volume of 20 pl, 10 pl of EvaGreen Buffer
mix, 8.2 pl of molecular biology grade water, 0.4 nl of each primer, Forward and Reverse at a final
concentration of 200 nM, and 1 pl of DNA. qPCR was carried out on a CX-96 (Biorad Srl, Milano,
Italy) with the following standard program: initial denaturation steps of 3 min at 98 °C, followed by 45
cycles of 15 seconds at 95 °C and 30 seconds at 60 °C. Besides, a melting curve was determined using
the following parameters: starting at 65°C for 90 seconds temperature increment 1°C, 5 seconds each
step, 95 °C was reached. In all runs a No Template Control (NTC) with pure water instead of DNA was
added. All tested samples were diluted to obtain a concentration of 10 ng/pl and evaluated using a
NanoDrop One Micro-UV/Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, U.S.A.).
When results of different runs were compared (e.g. in specificity testing) the threshold was always set
manually to the same level. The baseline setting was done automatically.

The specificity of the primer pairs was estimated using 10 ng of DNA extracted from 40 samples
including animals and ingredients. The GS1 primers sensitivity was evaluated by six serial 10-fold
dilutions in the concentration range from 10 ng to 10 fg, of DNA isolated from the target insect species
(UnGS) and the processed products (RoGS, ACGS).
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2.4 Sequencing

The samples, that in PCR have been amplified for both Ins3.2 and GS1 were purified using the
QIAquick® PCR Purification Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The purified products from GS1 PCR were subsequently sequenced (Eurofins Genomics,
Milano, Italy). The forward and reversed sequences were clustered and aligned with the reference gene
sequence (accession no. KR903358.1) using the multiple sequence alignment program CLUSTAL
OMEGA (https://www.ebi.ac.uk/) (data shown in supplementary material).

2.5 Data analysis

The limit of detection (LOD) for GS1 was defined as the lowest dilution level for which all replicates
still gave a positive result. When appropriate, data were subjected to the linear regression model. The
efficiency [E= (10 -1/s -1) *100] of each qPCR system was calculated based on the slope(s) of the
regression curve obtained by plotting Ct-values against log DNA concentrations. The regression lines
were compared and tested for parallelism. The following model was used:

y=B0+B1x+ B2z+B3xz+¢€

where ¢ is the error associated with the model and z is an “independent” dummy variable as described by
Andrade & Estévez-Pérez (2014). The Student’s t-test was used to evaluate the null hypothesis HO: 33 =
0.

3. Results and discussion

3.1. Inssilico analysis

The GS PCR system was developed based on the mitochondrial cytochrome b (CYB). The sequence
from GenBank Accession No. KR903358.1 (346 bp) was chosen as Gryllodes sigillatus reference for
method development and alignments with all other species. The GS1Fw and GS1re primers amplified a
sequence of 149 bp included in this region. The specificity of the whole amplicon and the primer
binding sites checked in silico by BLASTn database revealed 85% of identity with Lepidogryllus
comparatus and 83% of identity with Gryllus bimaculatus for the whole amplicon. A comparison
between the Gryllodes specific primers and the sequences from other Arthropods demonstrated an
encouraging number of mismatches.

The genus Lepidogryllus sp. is of minor interest regarding the intended scope of the system developed
primarily for feed and food on the European market, where those species are not allowed. In the data set,
only Acheta domesticus revealed close identities (82%) with the targeted Gryllodes sigillatus sequence;
in any case, the AC samples gave negative results with the GS primers.

To achieve 100% specificity for an insect targeted PCR system seems to be unrealistic taking into
consideration the biodiversity of insects [35]. The in silico analysis confirmed the application of the
reported primers in the qPCR test and the results obtained in the present study revealed good specificity
for GS against the species allowed for feed and the ones proposed for human consumption.
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3.2. Specificity testing with biological samples

The primers specificity was tested in triplicate on forty different DNA samples of animal and plant
origin with the starting concentration of DNA at 10 ng/pl for each pair of primers. Data are reported in
Table 2. The Ins3.2 primers amplified only the samples belonging to an insect family, as previously
observed in Koppel et al., (2019). On the contrary, the GS1 primers gave clear positive signals in gPCR
(Ct=21.5) only for the target species, Gryllodes sigillatus., thus showing the specificity of the GS1
primers compared to the unspecific insect detection of Ins3.2. These results allow the use of GSI
primers to discriminate GS DNA in a complex matrix without the risk of unspecific amplification
sequences.
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Table 2 : animal species and ingredients used to evaluate the cross-reaction
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Species / product Insecﬁ ’;tsi?geczﬁc Gryllodgssjzgzllatus
Insecta

Gryllodes sigillatus (UnGS) Pos Pos
Hermetia illucens Pos Neg
Gryllus assimilis Pos Neg
Acheta domesticus Pos Neg
Musca domestica Pos Neg
Alphitobius diaperinus Pos Neg
Tenebrio molitor Pos Neg
Bombus terrestris Pos Neg
Nezara viridula Pos Neg
Oecanthus pellucens Pos Neg
Sitophilus granarius Pos Neg
Sitophilus oryzae Pos Neg
Rhyzopertha dominica Pos Neg
Halyomorpha halys Pos Neg
Apis mellifera Pos Neg
Bombyx mori Pos Neg
Locusta migratoria Pos Neg
Crustacea

Parapenaeus longirostris Neg Neg
Pleoticus muelleri Neg Neg
Penaeus kerathurus Neg Neg
Mollusca

Pecten jacobaeus Neg Neg
Mytilus edulis Neg Neg
Chamelea gallina Neg Neg
Aequipecten opercularis Neg Neg
Sepia officinalis Neg Neg
Loligo vulgaris Neg Neg
Vertebrates

Bos taurus Neg Neg
Ovis aries Neg Neg
Oncorhynchus mykiss Neg Neg
Dicentrarchus labrax Neg Neg
Sparus aurata Neg Neg
Atherina boyeri Neg Neg
Ingredients

Pea protein concentrate Neg Neg
Soybean meal Neg Neg
Dry brewer's yeast Neg Neg
Fish meal (anchovy) Neg Neg
Poultry & turkey by-product Neg Neg
Poultry by-product Neg Neg
Corn gluten Neg Neg
Wheat gluten Neg Neg
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3.3. Efficiency and limit of detection (LOD)

The efficiency of the GS1 qPCR system evaluated by serial ten-fold dilutions of UnGS, RoGS, and
ACGS100 DNA is presented in Figure 1. Positive results were observed until 10-5 dilutions. Such
values reflect the higher presence of mitochondrial target genomes relative to genomic DNA copies in
the cell. Linear regression relationship was observed within the dilution range between Ct values and
Log DNA concentrations. An efficiency of 96.4% was calculated from the regression curve of UnGS
(y=-3.394 x +42.521; R2=0.994, d.f. 14) and RoGS (y=-3.412 x +43.023; R2=0.999, d.f. 14) while an
efficiency of 95.4% resulted from the regression curve of ACGS100 (y=-3.436 x +47.010; R2=0.998,
d.f. 8). The slope value, the amplification efficiency and the determination co-efficient of the linear
relationships resulted within the range of the requested parameters reported in the guidelines of the
European Network of GMO laboratories for the verification of a quantitative real-time PCR method
[36]. The values of the slope of the standard curves were in the range of -3.6 < slope < -3.1 and the
amplification efficiencies were in the range 90 - 110 %. Those results show the specificity of the primers
designed for the target DNA and the melting curve underlines the amplification of a single fragment,
confirmed by gel electrophoresis run.

3.4. qPCR validation

All the samples and complex matrices were tested in qPCR using the Ins3.2 primers; the samples that
gave a positive result were subsequently tested in qPCR with GS1 primers. Only the samples UnGS,
RoGS, ACGS meal mix and GSS (1,2,3) resulted in a positive signal and the amplified products were
afterward sequenced to verify the amplified sequences that were blasted against the reference gene
(CYB accession no. KR903358.1). The alignment (supplementary materials) shows no differences
between the UnGS (reference DNA) and the other five sequenced samples, thus confirming that the
gPCR analyses amplified selectively only the target G. sigillatus DNA; on the contrary, the six
sequenced sequences of the gPCR amplification resulted in four different bases when compared with the
reference CYB sequence (accession no. KR903358.1). Such discrepancy could be due to low accuracy
in the deposited sequence in GenBank or punctiform intraspecies variation of the selected gene;
anyway, these variations did not prevent the specific identification of the species.
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3.5. Effect of technological treatment

The effect of GS matrix processing was evaluated on the detection method performance by utilizing the
native G. sigillatus (UnGS) and the different commercial products: crunchy roasted samples (RoGS),
the mixture of AC and GS commercial meals (ACGS) and energetic bars containing GS (GSS).
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Fig.2 GS PCR regression curve resulting from six-fold dilutions of Untreated GS (UnGS) and Roasted GS (RoGS) DNA. Data expressed as
mean value + standard deviation of triplicate measurements

The linear regression of six %4 dilutions of 10 ng of DNA extract from UnGS and RoGS samples are
shown in Figure 2. The 10 ng/pl of UnGS DNA sample resulted in a Ct value 21.5 and the normalized
curve of its six ¥ dilutions is expressed by the relationship y =-3.344 (+ 0.090) x + 28.170 (x 0.118) (R2?
=0.995, d.f. = 17). The 10 ng/pl of RoGS DNA sample resulted in a figure of Ct value of 22.5 and the
normalized curve of six ¥ dilution is expressed by the relationship: y =-3.728 (+ 0.157) x + 30.001
(£0.205) (R2 = 0.984, d.f. = 17). Testing the two regression lines for parallelism, the fol-lowing
relationship was obtained for the overall data y =42.521 (£0.288) -3.394 (£0.064) x — 0.018 (£ 0.090) z
+ 0.502 (£ 0.408) xz where the + indicate the standard error associated to each coeffi-cient. The
Student’s t-test for the coefficient of the interaction x x z (t=1.231) was not significant (P=0.234) so the
lines are parallel with no significant difference between slope values (-3.344 and -3.727 for UnGS and
RoGS, respectively). It should be noted that the dilutions from RoGS DNA samples resulted in
approximately two additional cycles to be detected. The PCR results on the DNA extracted from the
snacks for human consumption characterized by different GS inclusion (GSS) and from the mixture of
AC and GS commercial meal samples (ACGS) are presented in Figure 3. A clear positive signal was
detected for the 10 ng DNA/PCR samples. No template control (NTC) and negative controls were
tested and resulted in negative or weak signals. The samples with different levels of GS inclusion in the
complex matrix of the snacks samples (GSS) resulted in a normalized relationship expressed by y = -
10.867 (£ 1.094) x + 39.201 (£ 1.021) (R2=0.936, d.f. = 8). The linear relationship obtained with the
ACGS mixture is expressed by y=-4.5572 (£ 0.244) x +35.67 (£ 0.395) (R2=0.965, d.f. = 20).

When the regression lines of UnGS and ACGS were tested for parallelism, the following relation-ship
was obtained for the overall data y = 34.834 (£0.450) -3.908 (£0.314) x — 6.665 (+ 0.475) z+ 0.564 (+
0.335) xz. The Student’s t-test for the coefficient of the interaction x x z (t=1.681) was not significant
(P=0.105) so the lines resulted parallel with no significant difference between slopes (-3.344 and -4.557
for UnGS and ACGS, respectively).
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Fig.3 GS PCR regression curve of different percentages of GS derivatives inclusion in the snack (GSS) and the mixture of commercial AC and
GS meals (ACGS) compared with the UnGS regression curve. Data expressed as mean value + standard deviation of triplicate measurements

It was worthwhile to note that the comparison between the UnGS regression line and the ACGS
regression line reveals that additional PCR cycles are needed to detect the samples from the mixtures
(ACGS) in comparison with the samples not subjected to technological treatments (UnGS).

In contrast, the GSS regression line presents a significantly different slope if compared to the UnGS
linear relationship (P= 0.001). Testing the regression lines of UnGS and GSS for parallelism, the
following relationship was obtained for the overall data y =28.170 (£0.175) -3.344 (£0.134) x + 11.030
(£ 0.703) z — 7.523 (+ 0.742) xz. The Student’s t-test for the coefficient of the interaction x x z (t=-
10.133) indicates that the lines are not parallel. The relationships presented in Figure 3 underline the
different characteristics of the matrices considered in the test. As observed by Hrncirova, Bergerova, &
Siekel (2008) the technological processing could be one of the factors affecting the integrity of the DNA
extracted from food matrices that influences the CT needed for the qPCR de-tection. In fact, the
nature/intensity of the processing treatments determined weak or not negligi-ble degrading effect, as
also suggested by the different y-intercepts of the regression lines for UnGS, RoGS, and ACGS. In
addition, the possible presence of inhibitors, that could not be eliminated during the DNA extraction
process, could affect the CT response of a complex matrix.

Moreover, in the case of GSS, the different particle size of the bars ingredients represents another factor
that should be taken into account; this might have made the DNA extraction from fine com-ponents, like
insect meal, easier with respect to the other ingredients. Consequently, such factor could have affected
the sample expected ingredients ratio.

All these factors should be taken into account and specific calibration curves based on the sample
characteristics should be considered to quantify the target DNA in different processed samples.

4. Conclusions

The real-time PCR method described in the present study resulted in robust and sensitive outcomes
making it suitable for the purpose for which it was designed.
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The use of the two pairs of primers enables a clear insect and GS discrimination and the sequencing of
the GS1 qPCR products confirms the accuracy of the Gryllodes sigillatus detection and the robustness
of the technique.

In addition, the results of the present study indicate that with the same initial amount of insect DNA,
different signals are obtained depending on the severity of the technological processing treatment which
the matrix is subjected to and the possible presence of inhibitors.

In conclusion, the complexity of the matrix, possible inhibitors, and the integrity of the extracted DNA
can affect the quantification of GS in the sample, but the method is always capable of detecting the GS
target DNA and the sequencing of the PCR product confirms the specificity of the amplified product.
Moreover the combination of the two pairs of primers is able to certify the univocal identification.
However, if the method must be applied for relative quantification, specific calibration curves should be
developed and validated for different technological processes.

For these reasons, the method is suitable for detecting the presence/absence of Gryllodes sigillatus DNA
both in feed and food and GS1 primers will be used to implement a genosensor biochip [38].
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Supplementary materials

PCR amplification sequencing
KR983358.1 Gryllodes_sigillatus_(CYB)
ACGS_Fuw

GSS3_Fu

GSS1_Fu

GSS2_Fu

UnGS_Fw

RoGS_Fw

KR983358.1_Gryllodes_sigillatus_(CYB)
ACGS_Fw
GSS3_Fu
GSS1_Fu
GSS2_Fu
UnGS_Fw
RoGS_Fw

KR983358.1_Gryllodes_sigillatus_(CYB)
ACGS_Fw
GSS3_Fw
GSS1_Fw
GS52_Fw
UnGS_Fw
RoGS_Fw

KR983358.1_Gryllodes_sigillatus_(CYB)
ACGS_Fw
GSS3_Fu
GSS1_Fu
GSS2_Fu
UnGS_Fw
RoGS_Fw

-CAGGATCAAACAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATTCCATTCCATCCA
- - -GGATCAAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA
--AAGGGACAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA
ACAGGAATCAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA
--AGGAATCAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA
————— GATCAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA
---CGGATCAATAATCCCCTAGGTGTCAACAGAAATCTAGATAAAATCCCATTCCATCCA

L EE LT EE S s s

TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT
TACTTCACATTTAAGGATATTACTGGATTCGTTATCATAATTATATTTTTAACTATTCTT

TCATTAACTAATCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA
TCACTAACTAACCCTTATATACTTGGAGACCCAGATAATTTTACACCTGCAAATCCATTA

GTTACCCCCGTCCACATCCA 199
GTTACCCCCATTCCC----- 192
GT-ACCCC------------ 185
GTTACCCCCCGTCCACTA-- 198
GTTACCCCC-GTCCACAA-- 195
GTTACCCCC-GTCCACAGA- 193
GTTACCCCC-GTCCAC---- 192

59
57
58
68
58
55
57

119
117
118
120
118
115
117

179
177
178
180
178
175
177
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KR983358.1 Gryllodes_sigillatus_(CYB) GTAAAATTATCTGGGTCTCCAAGTATATAAGGATTAGTTAATGAAAGAATAGTTAAAAAT 68

GS51_re -GGAATTATCTGGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 59
UnGS_re --GGAATATCTGGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 58
GS52_re TGGGAATATCTGGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 60
GS53_re --GGAATTTCTGGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 58
ACGS_re -GGGAATTTCTGGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 59
RoGS_ re  —eeeeeee- CTGGGTCTCCAAGTATATAAGGGTTAGTTAGTGAAAGAATAGTTAAAAAT 58
KR9@3358.1_Gryllodes_sigillatus_(CYB) ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGAATT 120
GS51_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 119
UnGS_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 118
GS52_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 120
GS53_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 118
ACGS_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 119
RoGS_re ATAATTATGATAACGAATCCAGTAATATCCTTAAATGTGAAGTATGGATGGAATGGGATT 110
KR9@3358.1_Gryllodes_sigillatus_(CYB) TTATCTAGATTTCTGTTGACACCTAGGGGATTGTTTGATCCTGTTTGATGAAGGAATAAT 180
GS51_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 179
UnGS_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 178
GS52_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 180
GS53_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 178
ACGS_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 179
RoG5_re TTATCTAGATTTCTGTTGACACCTAGGGGATTATTTGATCCTGTTTGATGAAGGAATAAT 178
KR983358.1_Gryllodes_sigillatus_(CYB) AMATGAATTATAACGAAGGCGGCAACAA 208

GS51_re AAATGAATTATAACGAAGGCGGCA---- 283

UnGS_re AAATGAATTATAACGAAGGCGGCA---- 282

GS52_re AAATGAATTATAACGAAGGCGGCA---- 204

GS53_re AAATGAATTATAACGAAGGCGGCA---- 282

ACGS_re AAATGAATTATAACGAAGGCGGCA---- 283

RoG5_re AMATGAATTATAACGAAGGCGGCACAAC 198

3 Biosensors overview

In recent decades, the interest in developing a innovative fast analytical methods for the detection of
pathogens and /or metabolites and biomolecules has been growing exponentially mainly due to the
implementation of human health and food safety regulations. With the ongoing miniaturization in
electronics, emerging technologies can enable portable instruments and minimize the need for bulky
laboratory infrastructures and well-trained operators for the benefit of point of care (POC) analysis
(Khalilpour et al., 2015; Liu et al., 2019). These innovative systems for rapid detection are so-called
biosensors. Several technologies can be applied for the development of the biosensors and they take
advantage of different strategies of detection; anyway all these biosensor technologies try to fulfil the
current desirable features and characteristics, such as low-cost equipment, accuracy, portability,
simplicity, rapid response and automation (Martin-Fernandez et al., 2017). According to the
International Union of Pure and Applied Chemistry (IUPAC), a biosensor is defined as “a self-
contained integrated device that is capable of providing specific quantitative or semi-quantitative
analytical information using a biological recognition element (biochemical receptor), which is in direct
spatial contact with a transduction element” (Thévenot et al., 2001).

In general, a biosensor system is capable to translate a biological variation in the sample into a signal
detectable by the specific detection system; according to the detected signal, biosensors can be
classified into four categories: electrical (Metkar and Girigoswami, 2019), optical (Bafiuls et al., 2013;
Homola et al., 1999; Melpignano et al., 2016), chemical (De Mora et al., 2011) and mechanical
(Kaewphinit et al., 2012).

These innovative technologies are simple in the protocol analyses, have a low-cost price for sample
unite analyzed, provide results in a short time and use fewer reagents in comparison to the traditional
ones (Samanta and Sarkar, 2011); beyond that, they require a reduced number of operators/hours and
not specifically trained Additionally, the specificity provided by biorecognition components, utilized in
those innovative biosensors, can relieve the cross-reactivity and sample preparation problems
associated with samples in complex matrices (Farka et al., 2017).

32



Other conventional biological methods such as enzyme-linked immunosorbent assay (ELISA),
culturing or polymerase chain reaction (PCR) have been widely used to detect and quantify pathogens
and other biomolecules with high sensitivity and specificity and are considered as gold standard
methods for the validation of innovative protocols (Jordan and Durso, 2005). Unfortunately, these
methods are not easy to be adapted for a point-of-care (POC) analyses, since they require a long
protocol time, adequate environment and often complex, cumbersome or expensive tools or evaluate the
results (Khalilpour et al., 2015). However, the knowledge acquired from the use of antibodies, aptamers
and DNA / RNA in these methodologies can be used for the development of new innovative systems.
Besides, these molecules can be used for bio-recognition in point-of-care (POC) diagnostic
technologies allowing rapid screening of metabolites and biomolecules outside traditional laboratory
settings thanks to new methods of detecting the biological signal generated (Liu et al., 2019; Zhan et al.,
2020).

31 Optical biosensors

Among the class of biosensors, optical biosensors are the most reported ones. An optical biosensor is
usually a compact analytical device containing a biorecognition sensing element that is integrated with
an optical transducer system capable to detect the presence and/or the concentration of a target analyte
(Damborsky et al., 2016). For its construction various biological materials can be used as
biorecognition elements, like enzymes, antibodies, antigens, receptors, nucleic acids, whole cells and
tissues. Besides, optical biosensors can be divided into two main categories: a label-free category, when
the detected signal is generated directly by the interaction of the target analyte and the transducer and a
label-based sensing category, when for the detection of the target a label is used and an optical signal is
then generated by a colorimetric, fluorescent or luminescent method. However, in label-based sensing,
the labelling can alter the binding properties of one of the bio reactants and therefore could introduce
systematic error to the biosensor analysis; this aspect should be taken into account during the
development of new assays (Handb. Surf. Plasmon Reson., 2008). Among the different optical
biosensors available on the market, the surface plasmon resonance (SPR) is the most widely used as the
phenomenon used for the development of those biosensors is well known. The SPR occurs on the
surface of conducting materials at the interface of two media (usually glass and liquid) when it is
illuminated by polarized light at a specific angle. The principle of the assay is that when the target binds
to the bio-recognition molecule immobilized on the metal sensor surface, it generates surface plasmons
and consequently a reduction in the intensity of the reflected light at a specific angle known as the
resonance angle. This effect is proportional to the mass that is bonded to the surface. In all
configurations, the SPR phenomenon enables direct, label-free and real-time changes of refractive index
at the sensor surface, which is proportionate to the biomolecule concentration (Masson, 2017).

Exploiting the same physical principle of SPR, other methodologies were developed such as SPR
imaging (SPRi) that merges the sensitivity of SPR and spatial imaging in a microarray format, allowing
the simultaneous study of multiple different interactions, or Localized SPR (LSPR) based on metallic
nanostructures (MNPs) that induced plasmons oscillate locally on the nanostructure rather than along
the metal/dielectric interface.

Other method are also available such as evanescent wave fluorescence biosensors; in this case the
biological recognition of the target is due to the binding event occurred within the boundaries of an
evanescent wave (the evanescent wave arises from the manner in which light behaves when confined in
an optical waveguide or fiber), or bioluminescent optical fibre biosensors where engineered
microorganisms emit detectable a bioluminescent signal in the presence of the target molecule, this
signal is subsequently transferred from the analyte by an optical fibre to the detector.
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However, many other techniques are utilised for the construction of a optical biosensor, in the following
articles a fluorescence biosensor base on the excitation of the label by a OLED souce will be proposed
for the detection of target DNA in complex matrix as fish feed

32 Biosensors development

There are three essential components that should be investigated when a new biosensor is to be
developed: biological recognition elements (like enzyme, antibody, DNA, etc.), a signal transducer that
transforms the detected signal into a quantified, readable output and a signal processor to convert the
transformed signal in an easy and clear output. In particular, during the design of a new biosensor, a
fundamental aspect that must be carefully studied is the immobilization procedure of the recognition or
reaction biomolecules with the selected biosensor surface (Bhalla et al., 2016; Lakshmipriya and
Gopinath, 2018)The objective of the direct hooking of the biomolecules on the surface can be achieved
by using several methods, based on the mechanism of attachment: the non-covalent interactions or the
covalent bonds. In the case of immobilization through non-covalent interactions, the immobilization of
the target molecule on the surface can be achieved through electrostatic, hydrophobic, or polar
interactions; while in the second immobilization strategy, the target biomolecules can be anchored on
the suitable functionalized substrate by the reaction between the exposed functional groups of the
biomolecules with the functional groups present on the surface of the substrate for the biosensor
construction. The advantage of the covalent bond formation is that the molecules that are covalently
bounded are not removed by buffers during assays, and this is a fundamental aspect to take into
consideration during the protocol analysis design (Samanta and Sarkar, 2011).

In the proposed article, five different surface treatments were evaluated for their capacity to bind on the
polyethylene (PE) biosensor surface the DNA probes for the construction of a DNA biosensor base on
OLED light excitation.
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Abstract

For the development of a bio-sensor based on fluorescence excitation in transmission, a plastic substrate with
excellent optical characteristics, such as high optical transmission in the visible range and low self-
fluorescence, is required. Polyethylene (PE) films have been found to meet these optical characteristics.
However, the adhesion of short sequences of oligonucleotides used as bio-probes, which are needed to
develop a genosensor, is not ideal on this substrate, due to its olefinic composition. In order to overcome this
challenge, a physico-chemical surface modification of PE films has been performed using a corona treatment
followed by the attachment of functional organic compounds. The surface modified substrates have been
characterized for their wettability, surface energy, zeta potential and surface topography. The bio-probes’
adhesion on the treated surfaces has then been tested by monitoring the fluorescence of dye-conjugated
complementary sequences of the oligonucleotides deposited on the modified PE substrates. Finally, two
modified PE substrates, comprising the best adhesion of the bio-probes, have been used to prepare a
genosensor for the detection of the DNA of the insect Hermetia illucens. As expected, the better adhesion of
bio-probes on the functionalized PE substrate has allowed a significant improvement of the bio-sensor limit

of detection (LOD).

Introduction

In the last decades, the interest to develop innovative and fast analytical methods for the detection of
pathogens and other important biomolecules is exponential increasing. These innovative devices are so-
called biosensors and they are capable to convert a biological response into an electrical (Metkar and
Girigoswami, 2019), optical (Bafiuls et al., 2013; Daniso et al., 2020b; Homola et al., 1999; Melpignano et
al., 2016) , chemical (De Mora et al., 2011) and/or mechanical (Kaewphinit et al., 2012) signal. They usually
offer a simple low-cost, fast analysis with a significant reagent reduction (Samanta and Sarkar, 2011) and
they do not require specialized personal to operate them. Additionally, the specificity provided by
biorecognition components, utilized in some of those innovative biosensors, can relieve the cross-reactivity
and sample preparation problems associated with the presence of analytes in a complicated matrix (Farka et
al., 2017). At contrary, traditional analysis tools such as mass spectrometry, gas chromatography,
fluorescence spectrometry, etc. require more expensive and bulky instruments and often need time-

consuming handling from well-trained operators and a well-equipped laboratory (Liu et al., 2019).

Conventional biological diagnostic methods such as enzyme linked immunosorbent assay (ELISA),
culturing or polymerase chain reaction (PCR) have been widely used to detect and quantify pathogens and
other biomolecules with high sensitivity and specificity (Jordan and Durso, 2005) but are not adaptable to be

used such as point-of-care (POC) analysis because they require long assay times, and complex and expensive
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instruments to run the analysis or evaluate the results (Khalilpour et al., 2015); but the same bio-probes used
in these traditional diagnostic systems, such as antibodies, aptamers and DNA/RNA can also be utilized for
biorecognition in point-of-care diagnostic technologies to enable rapid screening of metabolites and
biomolecules outside of traditional laboratory settings (Zhan et al., 2020). The development of such
innovative platforms, that are affordable and rapid, for the control of infectious diseases is one of the top
priorities for improving human health allowing a point-of-care detection in unusual settings as the COVID-
19 pandemic has demonstrated (Green et al., 2020; Metkar and Girigoswami, 2019), but they can be also
used for the screening of environmental pollutants, pesticides or other molecules such as 2,4,6-trinitrotoluene
(TNT) that dissipate in soil and groundwater and can be absorbed by direct contact of skin and result in the

malfunction of liver and anemia (Liu et al., 2019).

During the development of a new POC biosensor, the immobilization of recognition biomolecules (bio-
probes) on the biosensor’s active surface is an integral part of the research (Bhalla et al., 2016; Lakshmipriya
and Gopinath, 2018). Direct attachment of biomolecules on the surface can be reached taking advantage of
the non-covalent interactions or covalent bond of the bio-probes with the substrate. In non-covalent
interactions, immobilization on the surface can be achieved through electrostatic, hydrophobic or polar
interactions; while in covalent bound the biomolecules can be anchored on a suitably functionalized substrate
via covalent bond formation by reaction with exposed functional groups; the advantage of the second
methodology is that molecules covalently bound are not removed by buffer washing during assays (Samanta

and Sarkar, 2011).

In the present study the optimization of the bio-probes’ adhesion on the active surface of our optical
biosensor is described. In particular, the detection of the fluorescence excited by an organic light emitting
diode (OLED), detected using an image sensor (Daniso et al., 2020a; Manzano et al., 2015; Melpignano et
al., 2016), in a point of care system is possible due to the deposition of the bio-probes on a transparent
polymer film . The specific bio-probes envisaged for our diagnostic test are short sequences of
oligonucleotides (short ssDNA sequences), which have to be bonded on the polymeric substrate to allow the
DNA recognition of selected insect species in different matrices. However, the transparent polymer film used
as surface for our biosensor must satisfy specific requirements. In terms of carrier material, certain polymers
are considered here due to physical/mechanical (e.g. cutable, light weight, unbreakable), chemical and
optical properties (e.g. transparency, haze, colour, clarity). Promising types of polymers are unfilled
amorphous thermoplastics (crystalline part < 5%) such as polystyrene (PS), polycarbonate (PC),
polyvinylchloride (PVC), polymethylmethacrylate (PMMA) or polyethylene (PE). However, it has to be
considered that not all of them have necessarily a high transmission in the fluorescence excitation region. A
high content of low deep-blue/UV light absorbing parts (e.g. from C-H groups in the polymer backbone) are
preferred here (Oreski et al., 2010). In previous work, a PS surface has been used as transparent substrate to
bind the bio-probes in a low-density matrix due to the surface chemistry compatible to further procedure.
However, the optical transmission of PS is not ideal for the targeted fluorescence excitation. Compared to

PS, fluorinated polymers (e.g. ETFE) and polyolefines (e.g. PE) show very low absorbance in the region over
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400 nm (Seymour et al., 1984). Thus, to improve our biosensor sensitivity, a thin film of PE has been selected
as substrate in the current study, due to its optical characteristics comparable to that of a thin glass sheet. The
chemical nature of PE involving alkane groups results in a hydrophobic surface with low surface energy.
Thus, wettability and covalent adsorption of the targeted bio-probes are therefore very limited. In a new
approach, we tailored the polarity and chemical surface composition of the PE substrate by applying selected

physical and chemical surface treatments to enhance the attachment of the respective bio-probes.

Polymers with a lower surface energy tend to form intrinsically poor adhesion bonds without some type of
surface treatment, which does only affect the region near the surface and does not alter the bulk properties.
Today there are several treatment methods available to tailor polymer surface properties. Chemical
modification techniques include wet etching, grafting, acid-induced oxidation, and plasma polymerization
(Manbhart et al., 2016, 2015; Sahin et al., 2018). Besides chemical treatments there are also several physical
surface treatment methods described that include corona discharge, ion or electron beam, photon beams,
plasma discharge, and flame oxidation (Ebnesajjad, 2011; Johansson, 2017; Ramkumar et al., 2018).
Physical modification techniques can be also applied as activation procedures for further modification steps
and has been known in this manner already for decades. To prepare a highly oxidized surface which can be
tailored with different chemical modifications, corona discharge at atmospheric pressure has been
used(Iwata et al., 1988; Levitin et al., 2012). In this paper, we report the application of such surface
modification routes on PE substrates to significantly improve the adhesion properties of oligonucleotides

used as bio-probes to detect the DNA of the insect Hermetia Illucens in the final biosensor.

Material and methods

Materials and chemicals

Commercially available polyethylene (PE) foils, 180 pm thick, were obtained from Goodfellow. (3-
glycidyloxypropyl)triethoxysilane (GPTES), (3-aminopropyl)triethoxysilane (APTES), [3-(2-
aminoethylamino)propyl] trimethoxysilane (AEAPTMS) and all other chemicals were supplied by Sigma-
Aldrich and used without further purification.

Corona treatment of PE substrates

PE substrates were treated with a corona discharge using a benchtop corona instrument from Ahlbrandt
GmbH (Germany). to increase the surface energy and to create active groups, such as -COOH, COH, -OH

and —OOH. The exposure dose amounted to 1 J/cm? using a 10 seconds exposure time.

Surface modification with 1,6-hexanediamine (HMDA)

38



After the corona treatment, the PE substrates were immediately incubated with a solution of 10 wt% 1,6-
hexanediamine in 100 mM borate buffer at pH 9.5 for 2 h. The substrates were then rinsed two times with

MilliQ water for 10 min each. Finally, the PE substrates were dried overnight at 30 °C (Fixe et al., 2004).

Surface modification with organo-functional silanes

The corona treated PE substrates were immediately immersed into an anhydrous ethanol solution containing
1 wt% of a selected organosilane (GPTES, APTES or AEAPTMS). After heating the reaction formulation at
60 °C, the PE substrates removed after 4 hours and rinsed three times with anhydrous ethanol. Drying of the

samples was carried out at 120 °C for 60 min in an air-circulating drying oven.

Contact angle measurements

The surface energy and the wettability of the four chemically modified substrates and the corona treated PE
foil were measured using a contact angle technique. Contact angle measurements were carried out by using a
DSA 100 Drop Shape Analysis System (Kriiss, Germany). Deionized water and diiodomethane were used as
test liquids. The droplet’s volume of both test liquids amounted to 2 pL. For the experiments, a drop was
metered onto a solid sample (sessile drop) and an image of the drop was recorded with the help of a camera
and transferred to the drop shape analysis software. A contour recognition was initially carried out based on a
grey-scale analysis of the image. In the second step, a geometrical model describing the drop shape was
applied to fit the contour of the drop. Thus, as the basic method the Young-Laplace-Fit, which is appropriate
for ideal sessile drop oblate by its own weight and contact angles in the range of 10 ° to 180 °, was chosen.
The surface energy was then calculated according to Owens, Wendt, Rabel and Kaelble (Kaelble, 1970;
Owens and Wendt, 1969; Rabel, 1971). For each test liquid at least 10 measurements were taken, and
reproducibility was assured by a maximum standard deviation of + 3 °. A non-modified PE substrate served

as reference.

Zeta potential and AFM surface topography measurements

Zeta potential analysis was carried out with the “SurPASS"” electrokinetic analyzer (Anton Paar GmbH,
Austria). In general, the streaming potential method was chosen to measure the zeta potential of modified PE
substrates in 1mM KCIl, whereby the analysis started from the natural pH level to lower acidic values by
increasing the titration media up to 50 mM HCI or to higher pH values by increasing up to 50 mM NaOH with
an autotitration unit (RTU, Anton Paar KG, Austria).

AFM measurements were carried out on an atomic force microscope Tosca 400 (Anton Paar GmbH, Austria)
in a tapping mode with a resonance frequency of 274 Hz. For all substrates the scan size was 1x1 pm? at a

speed of 1 line/s.
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Design and Labelling of the detection probe

Three oligonucleotides probes were designed by retrieving the Hermetia illucense’s sequence of
mitochondrial cytochrome oxidase subunit I (COI) gene (accession no. GQ465783.1) from GenBank. A
complementary pare of probe, forward (HISFw) and complementary reverse (HISFwSpec), that showed low
self-complementary and no hairpin formation, have been used for evaluating the binding capacity of the
ssDNA on the different treated surfaces. The third probe (HISreSpec) has been designed on the same gene
sequence used for HISFw probe but in a different region of the considered sequence for the binding
evaluation of real Hermetia DNA. For the attachment on the different surfaces, the probe HISFw
(CTACCCTTCATGGAACACAAATATC) was ordered with and without 5° amino modification. The
HISFwSpec (GATATTTGTGTTCCATGAAGGGTAG) HISreSpec
(CATAGGGGGATTTGTACACTGATAC) were ordered with the addition of an amino group in 5’ for the
conjugation with a customized fluorophore. For the dye probe conjugation, 150 pg of Atto 430LS has been
mixed with 17.5 pL of DMSO (dimethylsulfoxide) (Sigma, Milan, Italy), then 102.5 pL of sodium
tetraborohydrate 0.1M (pHS8.5) and 4 pL of the selected probe at a concentration of 25 pg/pL, were added.
The tube has been incubated overnight at room temperature under agitation. After incubation one-tenth
volume of 3M NaCl and two and a half volume of cold absolute ethanol were mixed in the tube and incubated
at -20 °C for 30 min. Then the tube has been centrifuged at 12,000 x g for 30 min. The supernatant has been
removed, the pellet let dry and subsequently dissolved in 100 pl of triethylammonium acetate (TEAA). The
labelled oligonucleotide probe was then purified by reverse-phase HPLC using a standard analytical C18
column. The dissolved pellet has been loaded onto the column with 0.1 M (TEAA) to run a linear 5-95%

acetonitrile gradient over 30 minutes (Daniso et al., 2020).

Hermetia DNA extraction

For the test of the genosensor, DNA from Hermetia illucens (HI) pupae were used. The pupae were
frozen to —20 °C; then they were cut using a scalpel, put into a Lysing matrix A tube (MP biomedicals,
USA) and finally disrupted by a TissueLyser II bead mill (Qiagen, Hilden, Germany). DNA has been
extracted from 20 to 25 ng of whole disrupted pupae using Dneasy Blood & Tissue ® (Qiagen, Hilden,
Germany) according to the manufacturer's instruction.

The concentration and the purity of the extracted DNA have been evaluated measuring the absorbance
at 260 nm and the 260/280 nm ratio, respectively, using a NanoDrop One Micro-UV/Vis
spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). Also, DNA integrity has been tested

by denaturing 1.2% agarose gel electrophoresis in 1X TBE buffer and ethidium bromide staining.

Support and probe adhesion
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A black plastic cartridge with a reaction chamber of 200 pL. volume has been used (Melpignano et al.,
2016) for the genosensor preparation. The bottom of the reaction chamber was the transparent PE
substrate previously prepared as described in paragraph 2.1, where the HISFw probe has been deposited
as a 2 pL drop in triplicate, using the four concentrations and the four reaction mix showed in table 1.
Mix 1 has a final concentration of 33.3 pM and mix 2 of 16.6 M of the HISFw probe (which
correspond to a dilution of 1:3 and 1:6 starting from an initial concentration of 100 pM). In all the
different mix prepared, the cross-linking activator EDC (N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride), coupled with different amount of 0.1M Imidazole, has been used in
different amount, as described in Table 1. After the coating, the slides were incubated overnight at room

temperature.

Table 1: Protocols of the different surface treatments used to improve the oligonucleotide probes (forward

HI5Fw) binding to the PE surface.

Experimental Sample  PE treatment Reaction mix for attaching the HISFw primer on the PE
Protocol substrate
Pl-co 1-3 CORONA 2 pl drop of HISFw primer at 100pM
treatment
P2-co 4-6 CORONA 2 pl drop of HISFw amilate primer at 100pM
treatment
P3-co 7-9 CORONA 2 pl drop of HISFw amilate primer at S0pM
treatment
P4-co 10-12 CORONA 2 pl drop of HISFw amilate primer at 25puM
treatment
P5-co 13-15 CORONA 2 pl drop of HISFw amilate primer at 12.5pM
treatment
P6-co 16-18 CORONA 2 pl drop of Mix 1 (40 pl HISFw primer at 100pM + 80 pl
treatment Imidazole 0.1M + 0.5 mg EDC)
P7-co 19-21 CORONA 2 ul drop of Mix 2 (40 pl HISFw primer at 100pM+ 160 pl
treatment Imidazole 0.1M + 1 mg EDC)
P8-hm 22-24 HMDA treatment 2 pl drop of Mix 1 (40 pl HISFw primer at 100pM + 80 pl
Imidazole 0.1M + 0.5 mg EDC)
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P9-hm 25-27 HMDA treatment 2 pl drop of Mix 2 (40 pl HISFw primer at 100pM + 160 pl
Imidazole 0.1M + 1 mg EDC)

P10-gp 28-30 GPTES treatment 2 ul drop of HISFw amilate primer at 100pM
P11-gp 31-33 GPTES treatment 2 pl drop of HISFw amilate primer at 50pM
P12-gp 34-36 GPTES treatment 2 ul drop of HISFw amilate primer at 25pM
P13-gp 37-39 GPTES treatment 2 pl drop of Mix 1 (40 pl HISFw primer at 100pM + 80 pl
Imidazole 0.1M + 0.5 mg EDC)
P14-gp 40-42 GPTES treatment 2 pl drop of Mix 2 (40 pl HISFw primer at100pM + 160 pl
Imidazole 0.1M + 1 mg EDC)
P15-ap 43-45 APTES treatment 2 pl drop of Mix 1 (40 ul HISFw primer at 100pM + 80 pl
Imidazole 0.1M + 0.5mg EDC)
Pl6-ap 46-48 APTES treatment 2 pl drop of Mix 2 (40 ul HISFw primer 100pM + 160 pl
Imidazole 0.1M + 1 mg EDC)
P17-ae 49-51 AEAPTMS 2 pl drop of Mix 1 (40 pl HISFw primer at 100pM + 80 pl
treatment Imidazole 0.1M + 0.5mg EDC)
P18-ae 52-54 AEAPTMS 2 pl drop of Mix 2 (40 pl HISFw primer 100pM + 160 pl
treatment Imidazole 0.1M + 1 mg EDC)

Annealing of the fluorescence complementary probe

The prepared cartridges have been washed twice in deionized water before the utilization. Then, 2 pL of the
RE labelled probe at the 5" end with the Atto430LS dye (25 ng/ pL) and 198 pL of milliQ water have been
pipetted on each slide. Then, the slides have been incubated at 62 °C for 1 h in a sterile petri dish to prevent
evaporation; this incubation time is needed for the FW primer and RE primer to hybridize; subsequently, the

slides have been washed twice with milliQQ water to eliminate unbound labelled primer.

DNA annealing reaction

The plastic cartridge, with the different treated substrates and capture probe coating with a concentration of
33.3 pM, as described in paragraph 2.6, has been used for the genosensor construction and validation of the
analysis with HI extracted DNA. Before the utilization, the cartridges have been washed twice in deionized
water. Subsequently, 1 pL of the DNA serial dilutions samples (25 ng/pL, 50 ng/pL and 100 ng/pL), 4 uL of
the HI DNA-detect-probe (HISreSpec labelled at the 5" end with the Atto430LS dye) and 195 pL of milliQ
water have been pipetted on each slide after 7 min of denaturation at 95 °C. Then, the slides have been
incubated at 62 °C for 1 h in a sterile petri dish to prevent evaporation; during this incubation time the capture
and detection probes hybridize with the target HI DNA; subsequently, the slides have been washed twice
with milliQ water to eliminate unbound DNA and unbound HI5reSpec probe. In each run, a No Template

Control (NTC) with pure water substituting DNA was tested.
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Fluorescence optical image acquisition and processing

For all tests, the fluorescence signals have been acquired using a high-sensitive CCD camera (Hamamatsu
Orca C8484-03G02) integrated with a microscope objective. The image digitalization was set at 12 bits with
a greyscale ranging from 0 to 4095. Image processing was performed with the shareware software Imagel

(Rasband, W.S., USA National Institutes of Health, Bethesda Maryland, USA).

A bottom-emission, small molecule-based, OLED, developed according to the OR-EL Patent (US 8,647,578
B2) optimized to obtain a deep blue colour emission with a peak wavelength of 434 nm (DB-OLED-
Marcello), has been used to excite the fluorescence of the commercial dye Atto 430LS (Attotech, Germany),
with the absorption peak located at 436 nm and the emission peak located at 545 nm. An in-depth physical
description and characterization of the patented OLED, adopted in this point-of-care device, using the
fluorescent molecule, a-NPD [N, N'-diphenyl-N, N'-bis (1-naphthylphenyl)-1, 1'-biphenyl-4, 4'-diamine] as
an emitter, has been reported by (Marcello et al., 2013). After the reaction with the DNA target, the plastic
cartridges have been put in contact with the exciting OLED source. A high-pass optical emission filter with
high transmission in the fluorophore emission spectral region and a high extinction coefficient at the
wavelength corresponding to the OLED emission (transmission (7<107°) has been used before the signal
capture camera. The DB-OLED was used at 8.0 V with a total optical energy density of 155 W/cm?. For
image acquisition, no gain was used on the CCD and the integration time has been set to 20 s. For the
analysis, the background of each image has been subtracted, and the images obtained have been analysed by
applying a threshold, to automatically identify and measure the circular fluorescence spots. To obtain the
sensitivity curve, the fluorescence intensity has been calculated by averaging the pixel values inside the

image bright spots area.

Data analysis

The normality and homogeneity of the fluorescence data were tested using Shapiro—Wilk and Levene's tests,
respectively. Data were subjected to ANOVA test considering quantity of deposited probe and PE treatment
as fixed factors and the interaction between PE treatment and deposited probe was also considered in the
model; the Tukey's test was used to evaluate significant differences among mean values (P<0.05). The
statistical analyses were performed using R software, version 3.4.0 (Team, 2016). In the manuscript, values

are reported as mean * St.Dev.

Results and Discussion

Contact angle measurements
Contact angle measurements were carried out to determine the change of wettability and surface energy

of the PE films after different modification steps (Table 2). PE films are not wettable with water-based
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solutions due to their nonpolar surface characteristics involving a low polar part of the surface energy
(0.3 mN/m) and a water contact angle of 97.9°. After the corona treatment of the PE surface, we
observed a significant increase in the polar part from 0.3 to 29.6 mN/m, which is mainly attributed to
formation of oxygen containing polar species such as “OH, -COOH, -COC or -COH groups. The
formation of various polar groups on the surface improved the wettability of the PE films and the water
contact angle decreased from 97.9° to 27.8°. Those polar groups were then used as reactive anchor
groups to immobilize organosilanes by a condensation reaction. With the two-step modification, we
were able to tailor surface polarity and surface reactivity over a broad range. Depending on the applied
organosilane the polar part was varied between 3.2 mN/m (attachment of GPTES) and 7.8 mN/m
(attachment of APTES). Along with organosilanes, the corona activated PE substrate was also modified
with HMDA. The HMDA modified PE surface was characterized by a high wettability and a polar part
of the surface energy of 15.3 mN/m.

Table 2: Surface energy and contact angle of PE substrates as a function of the applied treatment

Treatment  of  PE  gurfaceenergy Polar part Disperse Theta H,O Theta CHal,
substrate (mN/m) (mN/m)  part(mN/m) (°) ©)

untreated 35.5 0.3 353 97.9+0.7 48.2+1.6
Corona treated 70.2 29.6 40.7 278125 37.8+2.9
GPTES modified 42.8 32 39.6 809123 40.1+2.8
AEAPTMS modified 46.4 6.0 40.4 72.8+2.4 385+£2.7
APTES modified 49.8 7.8 41.9 67.7£3.0 352+£2.8
HMDA modified 54.8 15.3 39.5 55.0+3.1 40.3+£2.5

Zeta potential and AFM measurements

In addition to contact angle measurements, zeta potential measurements were carried out to determine
the success of the chemical modification of the PE substrates (Fig. 1). It can be observed that all three
modifications with amino-functional compounds (AEAPTMS, APTES and HMDA) shift the isoelectric
point (IEP) more into the basic region compared to the untreated PE substrate, which had an IEP of 2.9.
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That confirms the presence of basic amino groups on the surface. It should be noted that the shift was
more pronounced for organosilanes compared to HMDA. Organofunctional silanes are known to build
oligomers and a siloxane network with higher reaction times (Matisons, 2012). The higher number of
amino groups that are inside a siloxane network are able to shift the IEP to higher values. The formation
of siloxane networks was also confirmed by AFM images (Fig. 1), where we observed significant
changes in the surface topography compared to the untreated PE foil and PE foil modified with HMDA
where the surface topography stayed nearly the same. The highest change in the topography was
observed when APTES was applied to modify the surface. In comparison to AEAPTMS with two amino
groups in the structure to APTES with only one, AFM images also explain the higher IEP shift from 2.9
to 7.1 for APTES and to 6.5 for AEAPTMS. Having a more pronounced change in the topography
reveals that we have more APTES groups on the surface compared to AEAPTMS, which leads in the
end to more amino groups in the network and therefore a higher IEP. In contrast, the immobilization of
GPTES lead to a IEP shift in the more acidic region due to the presence of polar —OH groups after the
hydrolyzation of epoxy groups.
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Fig. 1: (a) Zeta potential curves of PE substrates prior to and after the modification with selected organosilanes and HMDA,
(b) AFM micrographs (Ix1 um?) from (A) untreated PE surfaces (Ra = 0.86 +/- 0.22 nm, Rqg = 1.2 +/- 0.34 nm, Rt 5.89 +/- 1.62
nm) and after the functionalization with (B) APTES (Ra =17.56 +/- 7.17 nm, Rq = 24.63 +/- 9.62 nm, Rt = 113.3 +/- 40.54 nm)
, (C) GPTES (Ra = 1.98 +/- 1.09 nm, Rq = 2.99 +/- 1.74 nm, Rt = 12.01 +/- 5.75 nm), (D) HUDA (Ra = 0.73 +/-0.14 nm, Rq =
0.95 +/-0.21 nm, Rt =5.22 +/- 1.2nm ) and (E) AEAPTMS (Ra = 9.13 +/-1.77 nm, Rg = 11.38 +/- 1.9, Rt =42.5 +/- 5.93 nm)
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Evaluation of oligonucleotides adhesion on the surface modified PE substrates

The effective oligonucleotide adhesion on the different modified PE surfaces has been studied by measuring
the fluorescence of the complementary probes conjugated with the Atto 430 LS fluorophore. The annealing
procedure used for all the different treated substrates is described in paragraph 2.6. After the annealing, the
resultant fluorescence has been measured to verify the effective adhesion of the DNA probes to the various

substrates with the procedure described in paragraph 2.8.

The images of the fluorescence spots obtained using the different treated substrates are shown in Fig. 2,
where the fluorescence 3D intensity distribution, in terms of count per pixel is also reported. The numerical
results of the fluorescence spots are reported in Fig. 3. In this figure, the average value of the results obtained
measuring the fluorescence of the samples produced in triplicate is reported with the standard deviation
(StDev) for each experimental protocol used to modify the surface. As can be seen from Fig.3, no probe
adhesion has been observed, independently on the surface treatment, if EDC is not used in the reaction mix
where the oligonucleotide probes are dissolved to be deposited on the surfaces. EDC is generally utilized as a
carboxyl activating agent for amide bonding with primary amines. Moreover, it can also be applied in a
carbodiimide-mediate reaction with phosphate groups. EDC activates the phosphate group to form an
intermediate phosphate ester, which reacts with amino groups to form a stable phosphoramidate bond
(Hermanson, 2013a). For each surface treatment, two different dilutions of oligonucleotide probes (1:3 and
1:6) have been placed on the different substrates, in order to verify the proportionality of the fluorescent
signal as a function of the probe concentrations. As can be seen from Fig. 3, using the same amount of
complementary dye conjugated probe (50 ng) it is effectively possible to observe a fluorescent signal
proportional to the amount of oligonucleotide probes deposited on the modified PE surfaces with the
exception of the signal measured on the PE surface functionalized with AEAPTMS, as confirmed by the two
ways ANOVA statistical analysis. The fluorescence signals obtained with the higher probes’ dilution on all
the treated surfaces are statistically similar, using a Tukye test, except the result obtained for the surface
functionalized with GPTES that shows a significantly higher value (see Greek letters in Fig. 3). Moreover,
the results obtained with the lower probes’ dilution (33 pM deposited probes) are statistically similar for the
substrates treated with corona activation only and with corona activation plus the successive
functionalization with APTES and AEAPTMS. In contrast, the substrates functionalized with HMDA and
GPTES give a higher fluorescence signal proportional to the degree of probe adhesion (see Latin letters in
Fig. 3). From the images and the statistical analysis, it is clear that the substrate functionalized with the
GPTES shows a significant better probe adhesion than all the other treated surface. The lower reactivity of
amino-functional PE substrates can be explained by the steric hindrance of the crosslinked silane layers (see
also AFM micrographs in Fig. 2), which reduces the mobility and the number of free -NH, groups available
for the coupling reaction. In contrast, steric hindrance on GPTES modified PE surfaces is less pronounced,
whilst under the applied reaction conditions the epoxy group of GPTES will hydrolyse yielding free -OH
groups, which enhance the wettability and are able to react with the EDC activated phosphate functions under

the formation of phosphoester links (Hermanson, 2013b). Furthermore, samples treated with HMDA with a
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lower zeta potential shift compared to APTES and AEAPTMS have more available -NH2 groups on the

surface since no stearic hindrance is present.

In addition, the PE surface modified with only the corona treatment presents a probe adhesion similar to that
obtained with the successive chemical functionalization with amino-group based compounds. This is due to
the treatment-induced creation of active groups, such as —COOH that in the presence of the zero-length cross-
linker EDC, are able to form covalent bonding with phosphate groups present in the oligonucleotide probes.
In this case no modification with an amino group is required to achieve the surface bonding, unlike the
oligonucleotide probes used for the bonding on the chemically modified surfaces. However, while the corona
treatment itself could be used to improve the oligonucleotide adhesion on PE surface, the treatment effect on
the PE surface is time limited due to the relatively fast hydrophobic recovery. Thus, the interaction with the
oligonucleotide probes must be done shortly after the treatment to be effective. In contrast, the chemical
modification with HDMA, GPTES, APTES and AEAPTMS is permanent, allowing the oligonucleotide

probes deposition also after weeks from the surface functionalization.

A) D)

Fig. 2: Top: fluorescence image of 2 uL at [33.3 uM] of HISFw binding probe hybridized with its complementary dye
conjugated probe HI5SFwSpec, acquired with an integration time of 20 s, Bottom: 3D image of the same spot as in top 2D image.
The images are showing that the number of counts in the central part of the spot for PE substrates modified with (A) HMDA, (B)
Corona activation, (C) GPTES, (D) APTES and (E) AEAPTMS, are between 1500 and 2500 (background has been subtracted).
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Fig. 3: Number of counts obtained using the OLED-based genosensor with an integration time of 20 sec to measure the
fluorescence intensity of the annealed probe on the different proposed substrate treatments. Values are mean *+ StDev of three
replicate tests for each experimental protocol. The Latin letters represent the Tukye test results for the 1:3 HISFw probe
dilution and the Greek letters for the 1:6 dilution.

Final experiment with DNA

To assess the effectiveness of the surface treatments in a real DNA biosensor, the two best surface treatments,
HMDA and GPTES, have been applied to prepare a genosensor prototype. In this case, the same
oligonucleotide probe of the first experiment, has been used at a concentration of 33.3 pM to detect the
presence of the DNA of the insect Hermetia Illucens. This probe was used to bind a single strain of a DNA,
previously denaturated, that have reacted with a secondary oligonucleotide dye-conjugated probe
(complementary to a different region of the ssDNA target). The presence of the DNA is then detected by
measuring the fluorescence. To verify the linear response of the analysis, an experiment with three different
DNA concentrations has been performed in triplicate on the two selected substrates. The results of the

experiments are reported in Fig.4
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Fig. 4: Linear regression of the fluorescence signal (measured in counts) dependent on DNA concentration, obtained using the
two PE substrates modified with GPTES and HDMA. For each DNA concentration the samples have been measured in

triplicate.

Before to start the experiment with the DNA, the cut-off counts, obtained using a solution of HI5reSpec
labelled at the 5" end with the Atto430LS dye but without insect DNA and the two substrates coated with a
drop of 2 L of 33.3 pM of the HISFw probe plus EDC, have been measured. 500 counts and 750 counts
have been obtained for the substrate functionalized with HDMA and GPTES, respectively. The fluorescence
measure was then been performed using various DNA concentrations (0.5, 0.25 and 0.125 ng/ L) in a total
volume of 200 L of HISreSpec labelled solution, without any amplification procedure. As can be seen from
the graph both genosensors show a linear dependence of the fluorescence intensity vs. the DNA
concentration in the sample. However, the genosensor built using the GPTES modified PE substrate shows a
much higher counting rate that will allow, extrapolating the linear regression, to have a high fluorescence
signal (> 1500 counts) also for a DNA concentration of 0.1 ng/ L. However, at the same DNA concentration
the genosensor prepared using the HMDA modified PE substrate will give a fluorescence signal in the range
of 500 counts, which is very close to its cut-off limit. Thus, in this case, it has reached its limit of detection at
0.125 ng/ L. In contrast, the genosensor built using the GPTES modified PE substrate has a signal of more
than 1600 counts for the same DNA concentration, well beyond its cut-off limit of 750 counts, allowing to

obtain a better LOD than that obtained with the HMDA functionalized PE substrate.
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Conclusion

To improve the surface adhesion of oligonucleotides DNA probes on a transparent PE substrate, suitable for
its excellent optical characteristics in a fluorescence-based biosensor, different physical and chemical surface
treatments have been applied. A corona treatment was first used, followed by chemical functionalization
with three different organosilanes: APTES, AEAPTMS and GPTES. A fourth functionalization was
performed using the molecule HMDA, to obtain an amilated surface. The successful bonding of the
functional groups was confirmed by contact angle, zeta potential and AFM measurements. Their ability to
bound DNA oligonucleotide probes was then tested by measuring the fluorescence emitted after the reaction
with a specular dye-conjugated DNA oligonucleotide. The results of this test revealed that the higher
fluorescence was obtained with the PE substrate modified with GPTES, followed by that modified with
HMDA. The other substrate modifications show very similar results in terms of emitted fluorescence but
were lower than the first two. Finally, the two best substrates were used to prepare a final genosensor, using
three different concentration of insect target DNA. The result of this final experiment shows that using the
transparent PE foil functionalized with GPTES it is possible to obtain the best probe adhesion allowing to
improve the limit of detection of the final genosensor to a LOD value better than 0.1 ng/ L without any DNA

amplification procedure.
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33 USE of DNA for Biosensor construction

Among the different strategies for the construction of a biosensor, the natural capacity of single strand
DNA (ssDNA) to hybridize with his complementary DNA sequence and form the double-strand DNA
(dsDNA) was the base of the DNA-biosensor device's development. The DNA hybridize capacity was
chosen in my thesis work for the creation of an innovative biosensor system based on insect DNA target
recognition which exploits the excitation of a fluorescent DNA probe by an Oled light source.In DNA-
biosensors, ssDNA molecules, that are covalently bond on the biosensor reaction chamber surface to
form a layer, serve as the target recognition element and are known as the probe ss-DNA. The functional
principle of the DNA biosensor is based on the DNA hybridization event between the probe ss-DNA
with complementary target ss-DNA in the analysed sample; the recognition from the probe of its
complementary DNA target and the formation of a DNA double helix will lead to changes in the mass
transport, light absorption, emission, or proton concentration, which results in the generation of a signal
(Saidur et al., 2017). This hybridization event can be converted into a quantifiable signal by means of an
appropriate transducer element such as an optical, electrochemical or thermal element; the transducer is
capable of transforming and quantifying the biorecognition event that has occurred in the analyzed
sample into an output element which it's translated into an electrical, optical or mass-sensitive signal
(Sassolas et al., 2008).

Recently, this strategy has also been applied for the development of new assay such as gold nanorod-
based optical DNA biosensor for the diagnosis of pathogens or for the analysis of bioactive constituents
based on plasmon resonance (Minunni et al., 2005; Parab et al., 2010) , or for the detection of anti-
gliadin antibodie based on optical fibers(Corres et al., 2008), or the accurate molecular measurements
directly in undiluted whole blood measuring electrochemical variation, etc. (Barrias et al., 2019; Qiu et
al., 2020; Rashid and Yusof, 2017).

3.3.1 An OLED-based genosensor for the detection of Hermetia illucens in feeds
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due to thelr short development cycle, figh survival of immature, high
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Recently, the use of insects has been released by the European Union as an ingredient in aquafeeds and only
seven insect species have been allowed to be used for these preparations. To avoid misleading results, a
suitable method for the detection of these insect species in food/feed, would be highly desirable. In this
paper, we present an innovative, sensitive, specific and low-cost Point-of-Care apparatus, based on DNA
probes for the detection of one of the most popular insects used in aquafeed preparation, Hermetia illucens
(HI), commonly known as black soldier fly. The DNA probes adopted for this genosensor have been
designed to enable a very specific insect recognition which were derived from DNA primers. The DNA
primers were first tested with qPCR. Forty different samples (insects and other aquafeed ingredients) have
been tested to check the possible cross-reactivity, confirming the adequate primers specificity. The primers
have been used in a practical application, like the detection of HI in complex matrices of practical aquafeeds.
The DNA probes derived by these primers were then applied to implement an Organic Light Emitting Diode
(OLED) based genosensor. The developed genosensor has been tested with HI DNA directly extracted from
the insect, without any DNA amplification; a good test sensitivity has been obtained, being 0,75 ng/pl its
detection (LOD) limit. Then, the genosensor has been tested with the DNA extracted from the same aqua-
feeds used in the qPCR experiments. The results obtained by these two methods have then been compared
giving very good consistency and both allowed to detect HI meal up to a minimum threshold of 5g/100gr
feed.

Highlights:

e A new DNA method for the identification of the black soldier fly (Hermetia illucens) in feeds.
e Sensitivity and accuracy of OLED-based Genosensor compared to qPCR.
e Discrimination among insect species using a new DNA based Genosensor.

e Hermetiaillucens DNA detection in complex matrices.

Introduction

Many different insect species are worldwide part of the traditional human diet (Bukkens, 1997; Ramos-
Elorduy et al., 1997), some of them are also used in animal feeding. Recently, the adoption of insects as a
source of protein for feed and food purposes has been claimed (Fao, 2013), the advantage of insect-based
products on the market are justified for their low environmental footprint and nutritional properties
(Premalatha et al., 2011; Sogari et al., 2019). Recently, the European Union has adopted this approach
allowing the use of seven insect species for feed production and in particular, for aquafeeds. The insect
species selection has been based on the following criteria: not to be pathogenic or have other adverse effects
on plant, animal or human health, not recognized as vectors of human, animal or plant pathogens and not to
be invasive alien species. The seven selected insect species are: Hermetia illucens (HI) (black soldier fly),

Gryllodus sigillatus (GS) (tropical house cricket), Gryllus assimilis (GA) (Jamaican field cricket), Acheta
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domesticus (AC) (house cricket), Alphitobius diaperinus (AD) (small mealworm), Tenebrio molitor (TM)
(yellow mealworm), and Musca domestica (MD) (common housefly) (Commission, 2017). Among these
species, HI, MD and TM, due to their short developmental cycle, high survival of immaturity, high
oviposition rate and very high potential to convert organic waste in biomass, are receiving more attention, as
they could collectively convert 1.3 billion tons of bio-waste per year into edible food and feed (Veldkamp et
al., 2012). In particular, HI exhibits a consolidated rearing method and shows great ability to utilize cheap
and less restrictive substrate than TM. For this reason, black soldier fly prepupae meal has preferentially been
selected for inclusion as fish meal substitute in aqua-feed preparations (“The historical spread of the Black
Soldier Fly, Hermetia illucens (L.) (Diptera, Stratiomyidae, Hermetiinae), and its establishment in Canada,”
2015). Its nutritional and physical properties have been proven a promising component of a complete fish
diet for rainbow trout (Cardinaletti et al., 2019; St-Hilaire et al., 2007), catfish, tilapia (Cummins et al., 2017,
Jézefiak et al., 2019; Kurniawan et al., 2018), juvenile Japanese seabass (Wang et al., 2019), European
seabass (Magalhdes et al., 2017) and Atlantic salmon (Belghit et al., 2019). However, aqua-feeds including
HI have higher costs than the ones including other fish meal protein substitutes, like plant proteins or
processed animal proteins (PAPs), and the price is justified by the high protein quality and limited market
availability of HI meal. Therefore, it is important to certify the effective presence of the declared feed

components to ensure that the farmers pay a correct price for the provided quality.

Moreover, the importance of authentication of products used in feed and food is a priority in the EU. This
issue is even more pronounced for novel ingredients in a worldwide food and feed supply chain. In the last
few years, food fraud and adulterations are causing serious economic consequences in the global market.
Furthermore, undeclared raw material components, used in the food and feed production, could introduce
additional and unpredictable food safety risks (Hong et al., 2017). To contrast such fraud and adulterations,
guidelines to identify ingredients of animal origin have been set by the European Union Commission. The
techniques for their identification are based on typical and microscopically identifiable characteristics or
molecular biology techniques, such as polymerase chain reaction (PCR) (Annex VI (EC, 2009)). In
particular, this latter technique, due to its good detection and accuracy, is worldwide used to determine the
species of raw materials of animal origin and to evidence the absence of prohibited ingredients. For its high
sensitivity and specificity, the molecular method is often preferred as identification system (Valentin et al.,
2016). Currently, the detection in complex feed matrix of novel food is a newly emerging issue (Debode et
al., 2017; Marien et al., 2018; Zagon et al., 2018). In particular, the TagMan PCR technology has been
proposed to detect one target species (Debode et al., 2017; Zagon, di Rienzo, Potkura, Lampen, & Braeuning,
2018) or more insect DNA targets simultaneously, in a multiplex real-time PCR. However, this latter
technique, using multiple probes simultaneously, presents some disadvantages like kit costs and the
possibility that, during the polymerase chain reaction, many secondary structures can be produced. This
could generate a positive signal in NTC (no template control) at 24 thermal cycles, making the discrimination
between a positive or negative signal difficult without an accurate evaluation of the qPCR melting curve

(Koppel etal., 2019).
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The present study aim has been the development of a low-cost and efficient qualitative and quantitative
genosensor for the detection of Hermetia illucens, as an innovative portable molecular system. The present
point-of-care system is based on the detection of an organic light emitting diode (OLED) excited
fluorescence by an image sensor (Manzano et al., 2015; Marcello et al., 2013), to verify the presence of the

investigated target insect species.

The developed genosensor has been first tested using HI DNA extracted from the insect and, then, using the

DNA extracted from commercial aquafeeds including different HI meal levels.

The genosensor results have then been validated using the qPCR technique on the same samples and with the
same DNA probes sequence used in the genosensor. The validation of this method for the detection of HI will
be the first step to a more complex test, where different insect species will be measured simultaneously in a

multi-parametric test, to eventually detect the presence of'illegal insect in feeds.

2. Material and methods
2.1. Samples

Different insect and animal species, as well as other ingredients commonly used in aquafeeds, have been
used to verify the potential cross-reactivity of the primers designed for the detection of Hermetia illucens.
Insect samples of Hermetia illucens (HI), Gryllodes sigillatus (GS), Gryllus assimilis (GA), Acheta
domesticus (AC), Musca domestica (MD), Alphitobius diaperinus (AD) and Tenebrio molitor (TM) were
purchased live from Agripetgarden S.r.l. (PD) — Italy. Insect samples of Bombus terrestris (BT), Nezara
viridula (NV), Oecanthus pellucens (OP), Sitophilus granaries (SQG), Sitophilus oryzae (SO), Rhyzopertha
dominica (RD), Halyomorpha halys (HH), Apis mellifera (AM), Locusta migratoria (LM) and Bombyx mori
(BM) were kindly provided by the Entomology Division of the University of Udine, Italy. Species
identification has been confirmed by the examination of morphological features of adult individuals
according to scientific standard literature (Capinera, 2008; Klausnitzer, 2011). Muscle samples from selected
animal species such as Oncorhynchus mykiss (rainbow trout) (RT), Dicentrarchus labrax (European sea
bass) (ESB), Sparus aurata (gilthead sea bream) (GSB), Bos taurus (cattle) (BT), Ovis aries (sheep) (OA),
Loligo vulgaris (squid) (LV), Sepia officinalis (cuttlefish) (SO), Mytilus edulis (blue mussel) (ME), Penaeus
kerathurus (striped prawn) (PK), Parapenaeus longirostris (pink shrimp) (PL), Pleoticus muelleri
(Argentine red Shrimp) (PM), Chamelea gallina (clam) (CG), Aequipecten opercularis (AO), Pecten
Jjacobaeus (scallop) (PJ) and Atherina boyeri (AB) have been purchased from Mass Market Retailers, Italy.

Other raw materials, commonly used as aquafeed ingredients, such as Concentrate peameal (CPM), Soybean
meal (SBM), Dry brewer’s yeast (DBY), Chile Prime Fish meal (FM) and Mays gluten meal (MG) were
provided by Skretting Italia S.p.A. and Wheat gluten meal (WG) was supplied by Sacchetto S.p.A. (Torino,
Italy); different poultry by-product meals (PBM) from Italian rendering industry were also used: chicken
meal (PBM100) provided by ECB company (Bergamo Italy), 65% chicken and 35% turkey meal (PBM65)
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provided by Agricola tre valli societa cooperative (Verona, Italy). Practical aquafeeds with different

percentages of HI inclusion were purchased from Cycle Farms, Beaufort en Vallée, France (Table 1).

2.2. Sample preparation and DNA extraction

Insects were freezed to -20°C; then the samples were cut using a scalpel and put into a Lysing matrix A tube

(MP biomedicals, USA) finally disrupted by a TissueLyser II bead mill (Qiagen, Hilden, Germany).

DNA has been extracted from 20 to 25 ng of whole insect/pupae, animal tissue, and raw materials or feeds
using Dneasy Blood & Tissue ® (Qiagen,Hilden, Germany) according to the manufacturer’s instruction. The
DNA concentration and the purity of the extracts have been evaluated measuring the absorbance at 260 nm
and the 260/280 nm ratio, respectively, using a NanoDrop One Micro-UV/Vis spectrophotometer (Thermo
Fisher Scientific, Wilmington, USA). DNA integrity has been tested by denaturing 1.2 % agarose gel

electrophoresis in 1X TBE buffer and ethidium bromide staining.

Table 1
Complete aquafeed samples, with different HI inclusion tested in the present research.
Sample code Hermetia inclusion g/100g  Product Treatment Main Ingredients
NC (Negative control) 0 Extruded feed Fish meal and oil, corn meal and gluten, feather meal
CR5 5 Cuticle removed, cold pelleted Fish meal and oil, corn meal and gluten, feather meal
CR5F 5 Cuticle removed, cold pelleted, fine grain Fish meal and oil, corn meal and gluten, feather meal
size
CR5ext 5 Cuticle removed, extruded feed Fish meal and oil, corn meal and gluten, feather meal
CR10ext 10 Cuticle removed, extruded feed Fish meal and oil, corn meal and gluten, feather meal
Cut50F 50 Fine grain size, with cuticle Wheat gluten, wheat meal, toasted soybean meal, sardine oil, tilapia
trimmings
Cut50C 50 Coarse grain size, with cuticle Wheat gluten, wheat meal, toasted soybean meal, tilapia trimmings and corn

meal

2.3 DNA primers design and test

Specific primers for HI have been designed by retrieving the sequence of mitochondrial cytochrome oxidase
subunit I (COI) gene (accession no. GQ465783.1) from GenBank; COI gene is usually used for barcoding
analysis due to its high copy number in the genome and its low mutation rate. The pair of primers have been
designed using the online software Primer3 (http://primer3.ut.ee) with Lucia algorithm obtaining the

following forward and reverse primers:
Forward: HISFw (CTACCCTTCATGGAACACAAATATC)
Reverse: HISre (GTATCAGTGTACAAATCCCCCTATG).

The end-point PCR technique has been performed to screen the target primer fragment amplification of
217bp using the GoTaq DNA polymerase Kit (Promega, USA). PCR reaction has been carried out in a final
volume of 20 pl, using 4 ul of PCR Green or colorless GoTaq Reaction Buffer (1.5 mMol MgClI2), 13.5 nl
distilled water, 0.4 pl PCR nucleotide Mix, 10 mM each (final concentration 0.2 mM of each dNTP), 0.1 pl
GoTaq DNA polymerase (5 U/pul), 0.5 pl 10 pM of each primer and 11 DNA template (<0.5 pg/50 pl) were
used. The PCR thermal regime consisted of one cycle of 3 min at 98 °C, then 1 min at 95 °C, 1 min at 60 °C
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and 1 min at 72 °C for 35 cycles and a final cycle of 5 min at 72 °C. Each PCR product has been subsequently
gel verified for the expected product length (bp).

Real-time PCR has been performed in a total volume of 20 pl, 10 pl of EvaGreen Buffer mix, 8.2 pl of
molecular biology grade water, 0.4 pl of each primer, Forward and Reverse at a final concentration of 200
nM, and 1 pl of DNA. qPCR has been carried out on a CX-96 (Biorad Srl, Milano, Italy) with the following
program: initial denaturation steps of 3 min at 98 °C, followed by 40 cycles of 15 seconds at 95 °C and 30
seconds at 60 °C. Besides, a melting curve was determined starting at 65°C for 90 seconds, with a
temperature increment step of 1°C/ 5 sec, till 95 °C. A No Template Control (NTC) with pure water
substituting DNA was included in each run. All tested samples were diluted to obtain a concentration of 10
ng/pl and evaluated using a NanoDrop One Micro-UV/Vis spectrophotometer (Thermo Fisher Scientific,
Wilmington, USA). When results of different runs were compared (e.g. in specificity testing), the threshold

was always set manually to the same level. The baseline setting automatically carried out.

2.4 Design and Labelling of the detection probe

The pair of primers HIS, forward and reverse, that showed no cross-reactivity with the other samples in the
PCR tests, have been used for the development of the genosensor with some modifications. The first
modification has been the design of the reverse primer HISre as its complementary probe, HISreSpec
(CATAGGGGGATTTGTACACTGATAC) with the addition of an amino group in 5" for the conjugation
with a customized fluorophore (Fig.1). For the primer conjugation, 150 pg of Atto 430LS has been mixed
with 17.5 pl of DMSO (Dimethylsulfoxide) (Sigma, Milan, Italy), then 102.5 pl of sodium tetraborohydrate
0.1M (pHS.5) and 4 pl of the HISreSpec at a concentration of 25 pg/pl, were added. The tube has been
incubated overnight at room temperature under agitation. After incubation one-tenth volume of 3M NaCl and
two and a half volume of cold absolute ethanol were mixed in the tube and incubated at -20 °C for 30 min.
Then the tube has been centrifuged at 12,000 x g for 30min. The supernatant has been removed, the pellet let
dry and subsequently dissolved in 100 pl of triethylammonium acetate (TEAA). The labeled
oligonucleotides were then purified by reverse-phase HPLC using a standard analytical C18 column. The
dissolved pellet has been loaded onto the column with 0.1 M (TEAA) to run a linear 5-95% acetonitrile

gradient over 30 minutes.
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Fig. 1. HI5 Forward (fw) and Revers (re) primers were tested in qPCR, subsequently they were modified, and the fw primer became the binding probe attached to the
polystyrene substrate (cartridge) and the re complementary primer conjugated with the fluorophore became the capture probe.

2.5 Support and probe adhesion

A black plastic cartridge with a reaction chamber of 150 pl volume has been used (Melpignano et al., 2016)
for the genosensor development. The bottom of the reaction chamber is a polystyrene transparent substrate
where the HI-capture-probe, forward HI primer (HISFw), has been deposited as a 1 pl drop. To improve the
DNA probe adhesion on the polystyrene substrate a drop of 5 pl of Poly-L-lysin 0.005 (% w/v) has been
deposited till dried. After a washing step with milliQ water, 1 pl of HI-capture-probe (HISFw primer) at 100
ng/pl has been deposited on the Poly-L-lysin in each cartridge and incubated at room temperature for 3 hrs to
allow the support binding before washing with milliQ water. A 3 pl of DNA Blocking-probe at 1 pg/ pl has
been deposited on the previous drop in each slide and incubated at room temperature overnight to block all

the Poly-L-lysine sites still available.

2.6. Genosensor run protocol and sensitivity curve

The plastic cartridge, treated as described in paragraph 2.5, has been used for the genosensor construction

and the measure of the sensitivity curve with the HI probes.

The prepared cartridges have been washed twice in deionized water before the utilization. Then, 1 ul of the
DNA samples (25 ng/ pl), 4 pl of the HI-detect-probe (HISreSpec labeled at the 5" end with the Atto430LS
dye) and 95 pl of milliQ water have been pipetted on each slide in a ratio 1:4 after 7 min of denaturation at
95 °C. Then, the slides have been incubated at 62 °C for 1 h in a sterile petri dish to prevent evaporation; this
incubation time is needed for the capture and detection probes to hybridize with the target HI DNA;
subsequently, the slides have been washed twice with milliQ water to eliminate unbound DNA and unbound

HI-detect-probe. In each run, a No Template Control (NTC) with pure water substituting DNA and a positive
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control HI DNA 25 ng/ ul have been included. The sensitivity curve has been determined using DNA serial
dilutions (25, 12.5, 6.25, 3.12, 1.50, 0.75 ng/ pl) from HI and the same amount of the HI-detect-probe (100 ng
for each well) and control tests have been performed to prevent false-negative results of the genosensor on (i)
no capture probe (omission of the Fw5SHI probe); (ii) no DNA (omission of the DNA sample); and (iii) no
fluorophore (omission of the dye conjugated Re5SHI probe).

2.7. Fluorescence optical image acquisition and processing

For all tests, the fluorescence signals have been acquired using a high-sensitive CCD camera (Hamamatsu
Orca C8484-03G02) integrated with a microscope objective. The image digitalization was set at 12 bits with
a grey scale ranging from 0 to 4095. The image processing was performed with the shareware software

ImageJ (Rasband, W.S., USA National Institutes of Health, Bethesda Maryland, USA).

A bottom-emission, small molecule-based, OLED, developed according to the OR-EL Patent (US 8,647,578
B2) optimized to obtain a deep blue color emission with a peak wavelength of 434 nm (DB-OLED-
Marcello), has been used to excite the fluorescence of the commercial dye Atto 430LS (Attotech, Germany),
with the absorption peak located at 436 nm and the emission peak located at 545 nm. An in-depth physical
description and characterization of the patented OLED, adopted in this point-of-care device, using the
fluorescent molecule, a-NPD [N, N'-diphenyl-N, N'-bis (1-naphthylphenyl)-1, 1'-biphenyl-4, 4'-diamine] as
an emitter, has been been reported by (Marcello et al., 2013). After the reaction with the DNA target, the
plastic cartridges have been put in contact with the exciting OLED source. A high-pass optical emission filter
with high transmission in the fluorophore emission spectral region and a high extinction coefficient at the
wavelength corresponding to the OLED emission (transmission (7<107>) has been used before the signal
capture camera. The DB-OLED was used at 8.0 V with a total optical energy density of 155 W/cm?. For
image acquisition, no gain was used on the CCD and the integration time has been set to 10s. For the
analysis, the background of each image has been subtracted, and the images obtained have been analysed by
applying a threshold, to automatically identify and measure the circular fluorescence spots. To obtain the
sensitivity curve, the fluorescence intensity has been calculated by averaging the pixel values inside the

image bright spots area.
2.8 Determination of Primers LOD and efficiency

The primer amplification efficiency and sensitivity have been determined by six serial tenfold dilutions of HI
DNA in triplicate. The PCR amplification efficiency, defined as the ratio of the final target gene molecules
number divided by the initial number of target molecules at the beginning of the PCR cycle, has been

calculated using the following formula:
Primer amplification Eff. (%) =
where Slope is the angular coefficient of the PCR linear regression obtained by plotting Ct-values against the

log DNA concentrations. The limit of detection (LOD) was defined as the lowest dilution level for which all
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three replicates still gave a positive result.
2.9 Data analysis

Data have been subjected to one-way ANOVA and, if adequate, means have been compared using Tukey's
test, set for P < 0.05. Data analysis has been performed by using the SPSS package (Release 17.0, SPSS Inc.,
Chicago, IL, USA).

3. Results and Discussion

3.1. Sensitivity and specificity of the DNA primers

When the efficiency of the DNA primers designed to detect the HI mitochondrial DNA has been evaluated, a
linear relationship (y=-3.360x + 24.42, R2=0.998; d.f. 14) between thermal cycles Ct values and Log DNA
concentrations has been obtained within the dilution range (from 10 ng/ul to 100 fg/pl), as shown in Fig.2.
Considering that the angular coefficient of the measured standard curve was -3.360, a primers efficiency of

99.8 % has been obtained.

According to the guidelines of the European Network of GMO laboratories for the validation of a
quantitative real-time PCR method (Goerlich et al., 2017), the correct values for the qPCR standard curve
angular coefficient should be within the range of -3.6 < slope < -3.1 and the amplification efficiency should
be within the range 90% - 110%. The primers tested in the present study exhibited high efficiency (99.8%)
and specificity (-3.360) according to the above-mentioned guidelines. Moreover, PCR positive signals have
been observed until a dilution of 10~ of the initial DNA solution, corresponding to a limit of detection (LOD)
of 100 fg/ 1. Such values reflect the higher presence of mitochondrial target genomes relatively to genomic

DNA copies.
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Fig. 2. HI primers efficiency from six tenfold dilution of HI starting from an
initial concentration of 10 ng/ul measured using a NanoDrop One Micro-UV/
Vis spectrophotometer.
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The specificity of the primers has been experimentally tested with DNA isolated from 46 different samples of
animal and plant origin. All the samples have been evaluated in triplicate at an initial DNA concentration of
10 ng/ 1 and the number of amplification cycles needed to detect a fluorescence signal in qPCR was
determined. As shown in Table 2, only the target species, Hermetia illucens, resulted in clear positive signals
in qPCR after 24.3 thermal amplification cycles. Data indicate no cross-reaction between HI DNA and other
DNA samples at a concentration of 10 ng/pl and these results underline the specificity of the designed

primers. So, the use of the HIS primers in a complex matrix is allowed, giving the negative signal obtained
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when the ingredients

Table 2

have been tested,

avoiding

the risk of potential

Samples of different species and ingredients tested with qPCR method and the
associated Ct value reported as mean value and standard deviation of triplicate

measurements.
Sample code Species/product Ct Detection
Insecta
HI Hermetia illucens 2430 + 0.18
Gs Gryllodes sigillatus N/A
GA Gryllus assimilis N/A
AC Acheta domesticus N/A
MD Musca domestica N/A
AD Alphitobius diaperinus N/A
T Tenebrio molitor N/A
BT Bombus terresiris N/A
NV Nezara viridulo N/A
oP Oecanthus pellucens N/A
5G Sitophilus granarius N/A
50 Sitophilus oryzae N/A
RD Bhyzopertha dominica N/A
HH Halyomorpha halys N/A
AM Apis mellifera N/A
BM Bombyx mori N/A
LM Locusta migratoria N/A
Crustacea
PL Parapenacus longirosiris N/A
PM Pleoticus muelleri N/A
PK Penaeus kerathurus N/A
Mollusca
FJ Pecten jacobaeus N/A
ME Mytilus edulis N/A
CG Chamelea gallina N/A
AD Aequipecten opercularis N/A
50 Sepia officinalis N/A
LV Loligo vulgaris N/A
Vertebrates
BT Bos taurus N/A
0A Onvis aries N/A
RT Oncorlynchus mykiss N/A
ESB Dicentrarchus labrax N/A
G5B Sparus aurdata N/A
AB Atherina boyeri N/A
Ingredients
CPM Pea protein concentrate N/A
SBM Soybean meal N/A
DBY Dry brewer's yeast N/A
FM Fish meal {anchovy) N/A
PBMGS Poultry & nurkey by-product N/A
PEM100 Poultry by-product N/A
CG Corn gluten N/A
WG Whear gluten N/A

false

positive.
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3.2 PCR performance with practical samples

The PCR performance of the designed primers has been tested with practical commercial aquafeed samples
as representative of practical complete mixtures and processing methods. The DNA extracted from 10 ng/pl
sample of the six diets containing different HI inclusion levels resulted in a positive signal (31-36 Ct) while
the negative control, without HI, resulted in no signal. Significant statistical differences have been observed
among the different samples (P<0.001), as shown in Fig.3. Diets CR5, CR5F, CR5ext including 5 g/100g HI
meal resulted in similar Ct values (36.40 = 0.19 Ct), while, as expected, feed containing 10 g/100g HI meal
resulted in significantly lower Ct value (CR10ext: 35.31+£0.61).

HI detection by qPCR

CRSF CRS5ext CRI1Dext Cut50F  Cut50C
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Fig. 3. Number of Thermal Cycles observed in qPCR for aquafeeds containing
different level of Hermetia illucens meal. Values are mean =+ StDev of six re-
plicate tests per each sample. Different letters indicate significant differences
among mean values (P = 0.001).

When considering 50 g/100g HI meal inclusion feeds, Cut50F resulted in a Ct value of 31.10 £ 0.59 as
expected according to the sensitivity curve, while Cut50C resulted in a Ct value 0f33.76 + 0.51. The physical
difference between the two aquafeeds samples could be implied in this behaviour. As declared by the
producer, HI meal with different mesh size has been used thus consequently affecting the cuticle mesh size
and the related chitin content of the sample subjected to the determination. Even if the size and percentage of
chitin have been not measured, optical microscope observations confirmed that the cuticle fragments in
Cut50C were larger and more abundant than in CutSOF confirming what reported by the producer. It could
also be possible that the DNA extraction procedure from a coarse powder could have been less performant
than in the case of fine powder. Such technological feature could have resulted in sample differences in HI

DNA content between Cut50C and Cut50F samples, as reflected in gPCR measurements.

It should be noted that the Ct numbers required to detect a positive signal for all the practical samples have
been higher than expected from the calibration curve when considering aquafeeds within a range of HI meal

from 5-50 g/100g of the total ingredients. These data support the observation of (Hrnéirova et al., 2008) on
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the partial DNA degradation of the raw material including the insect target species due to the mechanical and
physical process adopted for feed production. The DNA degradation can be different depending on the
specific treatment, allowing to detect only a fraction of the amount of insect effectively present in the

complex matrix.

The presence of the HI insect meal in the different commercial tested aquafeeds, supplied by Cycle Farms,
has been always clearly identified by qPCR technique but it was only roughly possible to discriminate among
samples differing in target insect meal inclusion level. Anyway, a precise quantification of the insect
inclusion was not possible due to the different DNA degradation, depending on the particular technique used
to produce the feeds and on the different amount and size of cuticle present in the samples, that can reduce the

effective DNA contents.

These results confirm the accuracy of the method for HI meal detection in complex matrices, but, due to the
random degradation of the insect meal during the production process of the feed, this method could be semi-

quantitative, only.

3.3 Sensitivity and specificity of the OLED-based genosensor

The DNA probes derived by the same primers used for the PCR measurements have been then used to build
the disposable cartridge previously described (paragraphs 2.3/4/5/6) that takes advantage of the HISreSpec
probe, dye conjugated in 5°, fluorescence emission, excited by a specific OLED, to detect and quantify HI
DNA. Two series of two-fold DNA dilution (statistical repetition), starting from an initial concentration of
25 ng/ 1without DNA amplification step, have been plotted against the average number of counts measured
in the luminous spots (count range between 0 and 4095) for the sensitivity curve using the genosensor (Fig.
4). Three samples for each serial dilution have been measured with an acquisition time set to 10 sec. The two
series, used to evaluate the method reproducibility, resulted in a linear relationship (R?: 0.989-0.992) with a
limit of detection of 0.75ng/ 1. The angular coefficient values reflect differences in the initial DNA

concentration of the two-fold independent DNA serial dilution.
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Fig. 4. Sensitivity curves obtained using different DNA concentrations (mea-
sured in triplicate for each sensitivity curve). The mean number of counts
(range O - 4095) of the fluorescent signals, recorded with a 12bit digitalization,

is reported as a function of DNA concentration. A linear relationship between
the measured fluorescence signals and DNA concentration has been estimated

for each serial dilution.

In Fig. 5 two fluorescence images of the HI DNA sample at 25 ng/pl (a) and 6.25 ng/ nl (b), acquired at an
integration time of 10 seconds, are plotted together with their 3D graph. Control tests have been performed to
prevent false-negative results of the genosensor on (i) no capture probe (omission of the Fw5HI probe); (ii)
no DNA (omission of the DNA sample- no HI in the sample); and (iii) no fluorophore (omission of the dye
conjugated Re5SHI probe) all the tests confirmed the specificity of the test (images not shown). Moreover, all
the samples showed in Table 2 were tested in the genosensor for cross-reactivity and negative results were

obtained.

70



a) b)

Fig. 5. a) Top: fluorescence image of 25 ng/pl of HI DNA acquired with an integration time of 10 s, Bottom: 3D image of the same spot as in image a) showing that the
number of counts in the central part of the spot is between 3200 and 3600. b) Top: fluorescence image of 6.25 ng/pl of HI DNA acquired with an integration time of
10 s, Bottom: 3D image of the same spot as in image b) showing that the number of counts in the central part of the spot is between 2800 and 3200.

3.5 Genosensor test with practical samples

The OLED-based genosensor detected the presence of HI in feeds. Also, in this case, no DNA amplification
has been performed on feed extracted DNA. In detail, 50 ng/pl of feed extracted DNA have been used in each
test and an integration time of 20 sec was set for the image acquisition. The results of the feeds tested are

presented in Fig. 6.

71



HI detection by Genosensor

1800

1600

120
1000
800
600 = —'—

CR5ext CR10ext Cut50F  Cut50C

be

M. of counts

Fig. 6. Number of counts obtained using the OLED-based genosensor with an
integration time of 20 s to measure the feed samples characterized by different
inclusion levels of Hermetia illucens meal. The dotted line indicates the cut-off
measured on negative samples at the same integration time. Values are
mean = StDev of three replicate tests per each sample. Different letters in-
dicate significant differences among mean values (P = 0.001).

All HI meal containing samples resulted in count numbers significantly higher than the value obtained with
the negative control sample, where no HI was included in the feed, (506+39) and a cut-off value of 600
counts has been set for the analysis (P>0.001). No significant differences have been observed in the signal
values registered for the samples CRS5, CRSF, and CR5ext. The sample CR10ext, containing 10 g/100g of HI
meal, showed a higher signal (1383+73) as expected, while the average signal obtained with the Cut50F
sample (1506£93) was higher by more than 300 counts than that obtained for the Cut50C sample (1176+77),
despite their declared equivalence in terms of HI content. As already observed with qPCR, also in the

genosensor analysis the Cut50C sample showed a lower number of counts than the sample Cut50F.

The results obtained by the two detection methods, qQPCR and OLED-based genosensor, are presented in
(Table 3). As in qPCR detection, where a higher thermal cycle number is needed for the detection of practical
samples, also for the genosensor, a higher integration time (20 sec) has been used to obtain significant signal

respect to the sensitivity curve.

In general, the genosensor results are supported by the qPCR data except for the ratio between the samples
CR10ext and Cut50C, even if the qPCR still results in higher sensitivity than the genosensor. Anyway, both
diagnostic methods allow to determine with good sensitivity (5% of inclusion) the presence of Hermetia
illucens meal in complex matrices. Nevertheless, a correct quantification of the amount of such ingredient in
the complex matrix is not really possible as both methods are affected by the uncertainty of DNA degradation

during the processing method.
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Conclusion

A new genosensor, based on the detection of the fluorescence emitted by a DNA probe conjugated with an
emitting dye and excited by an OLED, has been designed for the detection of Hermetia illucens, recently
approved by the European Community as a feed ingredient. The DNA probes used in the genosensor were
derived from the DNA primers validated in qPCR experiments for HI detection. The genosensor was tested
to detect the presence of HI in complex matrices, like HI meal based aquafeeds and the results compared with
those obtained using the golden standard technique qPCR. Both methods demonstrated a good sensitivity,
being able to resolve a percentage as low as 5 g/100g of HI meal inclusion in a complex matrix. The obtained
results suggest the possibility of using this new sensor for the detection of HI presence in aquafeeds; still, as
in the qPCR method, the precise quantification of insect contents in the matrix was not reliable. The OLED-
based genosensor technique is an extremely promising one, being suitable for a Point-of-Care system. It is
insensitive to contaminants, it does not require DNA amplification, resulting in a sensitive, accurate and low-
cost diagnostic device that could be used in field to check the presence, as well as the absence, of HI in

complex matrices.
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4  Alternative protein source for healthy and sustainable aqua-feeds: the case of insect

Intensive farming of carnivorous fish species, relies on the use of complete feeds where fish meal
(FM) and fish oil (FO) have historically represented ideal sources of energy and nutrients able to ensure
optimal growth, health and nutritional quality of cultured fish. However, due to the gap between the
high demand for these commodities by the worldwide growing aquaculture industry, as well as the
unsustainability for any further exploitation of the marine resources to be converted into FM and FO,
their inclusion levels in commercial aquafeeds have been drastically cut down and are expected to be
further reduced (Tacon and Metian, 2015). Consequently, the search for alternatives to FM and FO in
aquafeeds has represented and still represents a major challenge for the further sustainable development
of the aquaculture production.

For most of the EU farmed fish species (Atlantic salmon, rainbow trout, European sea bass and
gilthead sea bream), research studies on dietary alternatives to FM and FO have been mostly directed
towards the use of terrestrial plant protein-rich derivatives and vegetable oils as the most ready available
and cost-effective commodities on the feed market (Gatlin et al., 2007). The studies performed so far,
have shown that fish responses to highly substituted diets is often species-specific, depending on life
stage, nutritional/anti-nutritional characteristics and dietary inclusion levels of the vegetable
ingredients. Adverse effects are mainly observed on feed intake, nutrient-energy digestibility, retention
efficiency which in turn affect the growth performance through physiological and molecular
mechanisms involving digestive-absorptive functions, metabolism and factors regulating somatic
growth (Bakke-McKellep et al., 2000; Benedito-Palos et al., 2008; Caballero et al., 2003; Conceigao et
al., 2012; Dias et al., 2005; Glencross et al., 2007; Gdmez-Requeni et al., 2004; Kaushik et al., 2004;
Krogdahl et al., 2010; Laporte and Trushenski, 2012; Merrifield et al., 2009; Montero and Izquierdo,
2010; Oliva-Teles, 2012; Oliva-Teles et al., 2015; Tacchi et al., 2012; Tibaldi et al., 2006). High levels
of dietary vegetable proteins and oils in fish diets were also shown to impair stress tolerance, gut and
liver integrity, as well as immune response, by physiological and molecular mechanisms which are not
still fully understood. Short or long term harmful effects on immune defences deserve particular
attention as they could directly affect fish disease susceptibility and resistance. Impaired immune
response has been ascribed to changes in the immune-cells populations, humoral response, and on direct
effects on the intestinal mucosa such as composition and morphological alterations, changes in
microbiota biodiversity, alterations on membrane permeability or in the gut associated immune system
(GALT) function (Montero and Izquierdo, 2010). Hence, ensuring fish health and welfare standards is a
major criteria to be met in order to select and validate feed ingredients in fish diets (Waagbg et al.,
2013). In addition, the adverse side effects of certain vegetable-based diets on feed intake, growth,
health and quality in fish, have been attributed to the lack of feeding stimulants, limiting or unbalance
levels of indispensable amino acids, to the absence of (LC)n-3PUFA and disproportion of the n-3 to n-6
PUFA ratios (which characterise most vegetable oils), to the high level of indigestible non starch
polysaccharides that affect nutrient and energy bioavailability, to the action of specific antinutritional
factors (ANFs) supplied by certain plant-protein rich derivatives (Krogdahl et al., 2010). Despite, the
aforementioned drawbacks of plant-based diets, the great deal of research carried out in the last two
decades has set limits of plant-materials inclusion in fish diets which are currently broadly used in
commercial aquafeeds and will maintain a significant application in the near future (Tacon and Metian,
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2015). However, it should be also considered that, although cost-effective and beneficial at reducing
reliance from ocean resources, the use of vegetable ingredients in aquafeeds could give rise to a growing
conflict with other livestock and human consumption as feed/foods. This makes their inclusion in fish
diets not easily sustainable on a global scale, in particular considering the demand for livestock feeds
and the human demographic scenario expected for the year 2050 are taken into account (FAO, 2018). In
this contest, it would be worth considering and evaluating, novel underexploited feed sources, as protein
and lipid ingredients for aquafeeds, which could be less impacting, conflicting, and able to mitigate or
prevent the adverse physiological effects exhibited by farmed fish fed “veggy” diets.

An increasing number of studies have been carried out to demonstrate the feasibility of the use of
insect meal in aquafeeds for different fish species (Hua, 2021). In most of the studies performed so far,
insect meals were used to partially or totally replace fish meal (Hua, 2021; Li et al., 2020). Since the
gastrointestinal tract is the primary target of dietary changes and challenges, the integrity of liver and
intestinal epithelium is fundamental to secure nutrient catabolism and absorption, so optimal growth, as
well as defence against pathogenic factors, lets say in “healthy fish”. In fish nutrition studies, attention
has been given on liver welfare since liver plays a key role in many metabolic pathways and its
morphological structure and macromolecular composition are deeply influenced by the diet (Vargas et
al., 2018; 2019; Bruni et al. 2020; Cardinaletti et al., 2019). Moreover, emphasis should also be payed
on gut integrity since any alteration may modify nutrient absorption and thus fish welfare and growth
(Krogdahl et al., 2010; Santigosa et al., 2011; Voorhees et al., 2019).

The positive effect of insect on animal immune system is linked to the presence of the chitin (Gasco
et al., 2018). For example, in sea bream it has been shown that chitin increased the activity in the innate
immune system (Ramos-Elorduy et al., 1997; Esteban et al., 2000); however, the studies used non-
insect chitin or chitin derivatives and the administration was via injection. In rainbow trout, chitin
administration stimulated macrophage activity (Sakai et al., 1992) and also stimulated respiratory burst,
phagocytic activity, and cytotoxic activity in sea bream (Esteban et al., 2000). Furthermore, some
evidences suggest that chitin confers protection against infections. For instance, rainbow trout and
Catfishindividuals injected with chitin exhibited increased resistance to Vibrio anguillarum (Sakai et
al., 1992) and Pasteurella piscicida (Kawakami et al., 1998), respectively. A few studies have added
chitin to diet, and results indicated an improvement of Ephinephelus bruneus bloch immune response
(Harikrisnan et al. 2012). In addition, the observed non-specific modulation of hemolytic complement
activity, leucocyte respiratory burst activity and cytotoxicity indicated the enhancement of sea bream
immune activity (Esteban et al., 2001). It is important to note that these studies added pure chitin to the
diet. Nevertheless, the inclusion of insect support the results obtained with pure chitin. For instance,
Ming et al. (2013) found that feeding Black carp (Mylopharyngodon piceus) with a diet supplemented at
2.5 % with house fly maggot meal (Musca domestica) increased the lysozyme, serum alkaline
phosphatase, and glutathione peroxidase in serum. Moreover, hepatic superoxide dismutase and
catalase activities increased, and it is also reduced the malondialdehyde (MDA) levels in the serum and
liver. Furthermore, Aeromonas hydrophila infestation resulted in lower mortality in fish fed housefly
diet (Ming et al., 2013). This result clearly indicated that chitin from insects played a role in the immune
system, similarly to the results observed when pure chitin was administered via injection. In European
seabass juveniles fed a diet including insect meal from Tenebrio molitor (TM), showed an enhancement
in serum lysozyme antibacterial activity and serum trypsin inhibition (Henry et al., 2018b). In yellow
catfish (Pelteobagrus fulvidraco), fish fed diet including 18% TM meal resulted in an improved
immune resistance against Edwardsiella ictaluri without any negative effect on fish growth and
gastrointestinal tract function. Rainbow trout (Oncorhynchus mykiss) fed diets including black soldier
fly (BSF) (Hermetia illucens) larval meal resulted in a positive effect on the gut microbiota, coupled
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with an increased incidence of Carnobacterium genus bacteria, known to act as probiotics, thus
indirectly influencing performance and health status in salmonids (Karlsen et al., 2017). The oxidative
stress is considered a welfare indicator and previous study demonstrated that insect might affect this
metabolic pathway. A dietary inclusion (4.2%-5%) of maggot meal (Musca domestica) can increase the
antioxidative capability and non-specific immunity of black carp (Mylopharyngodon piceus) (Dong et
al., 2013). On the contrary, silkworm pupae meal dietary inclusion above 50% in common carp caused
oxidative stress, which significantly reduced fish growth, decreased superoxide dismutase (SOD) and
intestinal protease activities, and finally increased the amount of heat shock protein (Ji et al., 2015).
These contradictory results may be ascribable to the possible bioaccumulation of contaminants in
insects, so great attention should be attaining on the substrate used to rear insect (Ravi et al., 2020).
Additional studies have been performed to investigate antioxidant response at intestinal level. Results
obtained on rainbow trout fed yellow mealworm supplemented diets showed an increased in SOD,
catalase (CAT) and glucose-6-phosphate dehydrogenase (G6DP) activity and a reduction in lipid
peroxidation (MDA) in the proximal and distal intestine (Henry et al., 2018a) . Yellow catfish fed TM-
containing diets increase plasma SOD activity and decrease the plasma MDA (Su et al., 2017); on the
other hand in the Adriatic salmon fed with BSF larvae meal SOD was unaffected by dietary treatment,
thus suggesting that TM is probably more effective in enhancing the fish antioxidant defence system
than BSF (Henry et al., 2018a). Studies at gene expression level of specific markers involved in welfare
metabolic pathway are considered useful tools to investigate the effects of dietary insect meal on fish
physiological response. One of the markers that has been taken into account in different fish species is
the HSP70 (heat-shock protein-70) protein complex that it is known to be markedly induced in response
both to physical-chemical environmental stressors (Yamashita et al., 2010) and dietary changes (Li et
al., 2019). This gene resulted up-regulated in the liver of Jian carp fed diets including defatted BSF
larvae meal, suggesting an activation of the tissue stress response (Li et al., 2017); similar results were
also observed in trout (Cardinaletti et al., 2019). On the other hand, Atlantic salmon and zebrafish fed
diets including 15% and 50% of HI meal (Belghit et al., 2019; Vargas-Chacoff et al., 2018;
Zarantoniello et al., 2018) hsp70 was unaffected. Recently, total replacement of fish meal with black
soldier fly larvae meal did not compromise the gut health of Atlantic salmon. Dietary insect meal
inclusion resulted in a reduction of excessive lipid deposition within the enterocytes (steatosis) in the
proximal intestine and few differentially expressed genes were identified in the proximal or distal
intestine with a down-regulation of the matrix metalloproteinase 13 gene involved in tissue
reorganization, and choline kinase involved in de novo synthesis of phosphatidilcoline (Li et al., 2020).

Nowadays, several laboratory techniques are available for better understanding fish responses to
new ingredients. Histology is the traditional technique that has been widely used over a long time, to
detect, among others, signs of morphological alterations in digestive system organs (mainly gut and
liver) induced by inappropriate diet composition (Cardinaletti et al., 2019; Robaina et al., 1995).
Recently, the use of molecular tools also represents a valid choice of investigation that allow precocious
detection of inflammation even in absence of clear histopathological evidences (Sahlmann et al., 2013).

In the following article, histology and molecular methods were applied to evaluate the effect of high
plant protein based diet lacking fish meal and including increasing amount of commercial insect (
Hermetia illucens) meal on the gastrointestinal tract of gilthead sea bream (Sparus aurata), one of the
most reared species among the Mediterranean country.
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4.1 Graded level of Hermetia illucens pupae meal in plant protein-based diet lacking fishmeal for gilthead sea bream (Sparus
aurata, L.): liver and gut gene expression and histological evaluation.
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Abstract: The present study evaluated liver and gut response in juveniles gilthead sea bream,
Sparus aurata, fed zero-fish meal plant protein-based diets including graded level of defatted
Hermetia illucens pupae meal (Hi), by using gene expression and histology. Three iso-
nitrogenous (Nx6.25, 450 g kg-1 diet) and iso-lipidic (total fat, 200 g kg-1 diet) extruded diets
were formulated. A basal diet (CV), rich in vegetable plant protein derivatives including soybean
meal was prepared to have a 10:90 and 20:80 fish to vegetable protein and lipid ratios,
respectively. Two other test diets were obtained by replacing graded levels of the CV protein (20
and 40%) by using Hi meal and maintaining the same vegetable to fish lipid ratio as in the CV
diet. Diets were tested in triplicate for 45 days in juveniles fish of initial average weight of 49g
and fish were hand-fed to apparent satiation. Final body weight and feed efficiency were
unaffected by dietary treatments. In all dietary treatments, the foregut, midgut and hindgut
showed a general structural integrity in intestinal folds, enterocytes and no signs of
inflammation were; however, occasionally mild lymphocytic infiltration of the epithelium and
lamina propria was observed in the pyloric caeca of CV and Hi20 diets. Histological examination
of the stomach showed that CV diet induced moderate severe lymphocytic gastritis accompanied
by a down-regulation of Hsp70 (p < 0.05). Moderate lymphocytic infiltrates were observed in
liver of fish fed the CV diet, which correspond a down-regulation of the Sod1. In the hindgut, an
up-regulation of Sod1, Sod2 and iap and a down-regulation of Hsp70 were detected in insect meal
including diet relative to CV, respectively. In summary zero-fish meal diet including insect meal
help in ameliorate histological distortion of tissue, by activating specific correlated genes.

Keywords: Hermetia illucens; Sparus aurata; plant-protein; chitinase; oxidative stress; Hsp70;
intestinal alkaline phosphatase

1. Introduction

In the last twenty years, the increasing aquaculture production to satisfy the high fish
demand for human consumption has led to increase from 8 to 48 million tonnes the manufacture
industrial aquaculture feeds (FAO, 2018). This trend has put pressure on fish nutritionist and feed
companies to develop more sustainable and cost-effective aqua-feed formulations, resulting in an
increase conventional marine resources replacement by plant counterparts (Hardy, 2010; Naylor
et al, 2009; Tacon, 2020), since these commodities are easily available in the market in high
quantity (Gatlin et al., 2007). Currently, commercial manufactured diets for carnivorous fish
include a wide range of vegetable sources alternative to fishmeal and oil (Gatlin et al,, 2007;
Glencross et al., 2020), such as oilseed meals (soybean, canola, and sunflower), grains (wheat and
corn), and legumes (lupine, bean, and peas) (Gatlin et al, 2007). However, plant protein meals and
fishmeal differ in their nutrient composition and because the former contains varying levels of
anti-nutritional factors (ANFs) (Francis et al., 2001), it is pertinent to study their effect on the
gastrointestinal tract (Krogdahl et al.,, 2010; Omnes et al., 2015). In particular, when considering
the soybean products, histo-patological effects are associated with the enteritis developed in the
distal intestinal mucosa of Atlantic salmon (Krogdahl et al, 2010), and several other teleost
species react to soy in a similar manner (Burrells et al., 1999; Hedrera et al., 2013; Matuli¢ et al,,
2020; Uran et al.,, 2008). Nevertheless, exceptions to this generalization exist, since different taxa
respond differently to soy derivatives and to the ANFs. For example the distal intestine of cobia (
Rachycentron canadum) (Romarheim et al., 2008), Egyptian sole (Solea aegyptiaca) (Bonaldo et
al,, 2006) and European seabass (Dicentrarchus labrax) (Bonaldo et al, 2008) are completely
unaffected by feeding soybean meal. On the contrary, gilthead sea bream (Sparus aurata) fed diets
including 30 or 60% soybean meal, exhibited distal intestinal abnormalities, as infiltration of
leukocytes into the lamina propria or dilated structure of the submucosa (Bonaldo et al.,, 2008;
Kokouetal., 2015,2012). Immune status disorders and impairment on oxidative stress resistance
(Kokou et al., 2015, 2012; Sitja-Bobadilla et al., 2005) were also observed in sea bream fed high
fish meal replacement diets, in combinations with physiological and/or histo-morphological
alterations in liver tissue (Baeza-Arifio et al,, 2016; Bonaldo et al.,, 2008; Sitja-Bobadilla et al,
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2005). Research effort in implementing processing technology to improve the nutritional value of
plant feedstuff (Drew et al., 2007) has contributed to reach zero-fish meal diet formulation. In this
contest, Estruch et al. (Estruch et al,, 2018a, 2015) reported the successful use of a 100% plant-
protein mixture based diet for sea bream without hampering gut histology. However a decrease in
different pro-inflammatory mediators (il-1b, il-6 and cox2) and immune-related molecules (IgM
and alp) as well as gut microbial imbalances was observed (Estruch et al, 2018a, 2015). This
effects were mitigated by supplemented the vegetable diet with 10 and 5% marine by-product
such as squid and krill meals, respectively.

If in the past the discussions on aquaculture feeds focused on alternatives to marine
resources; nowadays, the sustainability of the sector is linked to new and more sustainable raw
materials than vegetable feedstuff, such as proteins from insect meal (Laura Gasco et al., 2018;
Nogales-Mérida et al,, 2019), recently authorized by the European Union Commission (2017/893
-24/05/2017).

Among the seven insect species allowanced, the black soldier fly (Hermetia illucens) (Hi) is
the most studied in different fish species, since it is commercially available in the EU market due
to the development of its mass rearing method. Increasing number of studies have been carried
out to test the effectiveness of including insect as fish meal substitute in feeds of various fish
species (Hua, 2021). For example, in the false percula clownfish, Amphiprion ocellaris, (Vargas-
Abundez et al,, 2019) 60% dietary inclusion of Hi meal did not affect intestinal mucosa and liver
parenchyma or stress related gene (gr and Hsp70). On the contrary, in rainbow trout (Cardinaletti
et al,, 2019; Elia et al, 2018) 50% fish meal substitution by full-fat Hi meal resulted in an up-
regulation of Hsp70 in the liver and activation of the inflammatory response (il-10, tnf-a, and tlr-5)
in medium intestine together with histological changes related to a reduction in villi length.
Histopathological examination of liver, spleen and gut in the same fish species was performed by
Elia (Elia et al., 2018) and results revealed no structural adverse effects of insect meal; but an
unbalance oxidative homeostasis in liver and kidney was noted. Similar results on oxidative
stress markers were also observed in Siberian sturgeon (Acipanser baerii) by Caimi et al. (Caimi et
al,, 2020). Finally, studies performed on zebrafish (Danio rerio) have shown that over 75% dietary
inclusion levels of Hi affect larval liver histology and induce a general increase in liver lipid
accumulation and an up-regulation in the immune and stress-related genes (Vargas et al.,, 2018;
Zarantoniello et al., 2020).

If at the beginning insects have attracted interest by the scientific community for its high
nutritious properties (protein, mineral and amino acidic profile content) (Nogales-Mérida et al.,
2019); recently the attention has been focused on their potential nutraceutical effects. In fact, the
interesting thing of this novel alternative ingredient is the presence of biologically active
compounds, such as chitin and short-medium FAs, able to improve fish innate immune response
(promoting immunomodulatory effects) (Esteban et al., 2001; L. Gasco et al., 2018). Chitin has
also been shown to possess antimicrobial and bacteriostatic properties against several harmful
Gram-negative bacteria (Benhabiles et al,, 2012); while some short-medium-chain fatty acids,
such as lauric acid (C12), are known to have antimicrobial activity on Gram-positive bacteria
(Skfivanova et al.,, 2005) and anti-inflammatory properties at intestinal level (Spranghers et al.,
2018).

Chitin is the most abundant polysaccharide in nature functioning as the major structural
polymer in many organisms (Plantae, Fungi and Invertebrate) (Nogales-Mérida et al., 2019). The
ability of animals to hydrolyze chitin-fibres depend on a specific set of chitinolytic enzymes, such
as chitinases and chitobiase, whose gene expression and enzymatic activity seem to be governed
by the feeding habits (Ikeda et al,, 2017; Tabata et al., 2018). Available data on sea bream feeding
habits in the wild highlight that this species is an opportunistic feeder and its diet mainly consists
of gastropods, bivalves and some crustacea (Pita et al., 2002). These natural prays, suggest that
sea bream, as other Sparidae (Karasuda et al., 2004), can have active chitinolytic enzymes in the
stomach or along the gastrointestinal tracts able to digest chitin, making it able to accept feeds
including insect. The chitinase nucleotide sequence has been identified from stomach and other
tissues of several Osteichthyes, Chondrichthyes, Crustaceans, Amphibians, Avians and
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Mammalians (Ikeda et al., 2017; Tabata et al., 2019, 2018), but to date no information are
available in gilthead sea bream. In addition when looking at literature on the use of insect meal in
fish nutrition (Hua, 2021) very few data concern sea bream (Haro et al., 2016; Iaconisi etal., 2019;
Piccolo et al.,, 2017) and only two have considered black soldier fly (Hermetia illucens) (Fabrikov
et al.,, 2020; Karapanagiotidis et al.,, 2014). Moreover, in most of the study performed so far, insect
meal were use in partial or even total substitution of FM (Hua, 2021; Li et al., 2020) and until now,
no study has been addressed on using Hermetia illucens to replace plant-protein based diet-
lacking fishmeal.

In fish nutrition studies, when alternative ingredients are evaluated to replace conventional
marine raw materials, the stomach represents the most underexplored organ. Few information
are available on the physiological and histological effect of alternative ingredient on fish stomach
(Amin et al,, 2019; Ogueji et al,, 2020; Refstie et al., 2006) including those concerning sea bream
(Estruch et al, 2015; Omnes et al, 2015; Pérez-Sanchez et al, 2013), thus stimulating
investigation of this aspect in relation to the insects use. Stomach is involved in important physico
-chemical processes for the subsequent macronutrient transit and processing at intestinal level,
and the gastric surface mucous cells contribute to not only efficient digestion but also represent
the firstline of defense against insults derived from ingested food.

Based on this and taking into account the future trend of aquafeed formulations with zero-
fish meal inclusion, the aim of the present study was to evaluate, in gilthead sea bream (Sparus
aurata), the effect of plant-protein based diet lacking of fishmeal and including increasing amount
of alternative protein source from commercial defatted Hermetia illucens meal. To this end, gene
expression study of a set of selected genes related to chitin hydrolysis, some oxidative stress
markers, cellular homeostasis, protection of the mucosal epithelial surface, protein degradation
and processing, maintenance of gut homeostasis were investigated along the gastrointestinal
tract. The gene study was supplemented with histological evaluation of different gastrointestinal
target organs considering, for the first time in such kind of study, the stomach.

2. Materials and Methods
2.1 Ethical statement

The fish feeding trial was conducted at the Experimental Facility of the Di4A (Pagnacco,
Udine, Italy, code 068UD047). All procedures for animal handling and care were accomplished
according to the guidelines of the European Union (Directive 2010/63/EU, 2010) on the
protection of animals used for scientific purposes and Italian law (D.L. 26/2014). The
experimental protocol was approved by the Ethical Committee of the University of Udine (Prot. N.
1/2018) and it has been authorized by the Italian Ministry of Health (n.°290/2019-PR).

2.2 Experimental diets

Three test diets were formulated to be grossly iso-proteic and iso-lipidic. A plant-based control
diet (CV) was designed in order to obtain a 90:10 weight ratio between vegetable and fish
protein and a 67:33 weight ratio between vegetable and fish lipid, calculated from the crude
protein and crude lipid contribution to the whole diet of all marine and plant-based dietary
ingredients. Two other test diets, coined Hi20 and Hi40, were prepared by replacing 20 and
40% of crude protein from the CV diet by the crude protein from a commercial Hermetia illucens
pupae meal (Hi) (ProteinX™, Protix, Dongen, The Netherlands) by maintaining constant the
67:33 weight ratio between vegetable and fish lipid as in the CV diet.

Where necessary the diets were supplemented with essential amino acids to meet the
nutrient requirement of Sparus aurata (Council, 2011). All diets were manufactured at SPAROS
Lda. (Portugal) by extrusion in two pellet size (3 and 5 mm) and stored in a cold room (+4°C) until
used. The ingredient composition and proximate analysis of the test diets are shown in Table 1.
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Feed samples were analyzed in duplicate for dry matter, DM (AOAC #950.46), crude protein, CP
Nx6.25 (AOAC #976.05) and ash (AOAC #920.153) contents according to AOAC International
(“AOAC International - AOAC,” n.d.) and total lipid content according to Burja et al. (Burja et al,
2007).

Table 1. Ingredient composition (g 100g-1), proximate composition (% as fed) of the test diets.

Title 1 Test diets
(4% Hi20 Hi40
Ingredient
composition
SBM 1 26.5 20.3 14.2
Protem-‘rlch veg. 49 5 393 99 4
mix 2
Hermetia meal 3 - 16.2 32.4
CPSP 4 3.5 3.5 3.5
Squid meal * 2.0 2.0 2.0
Wheat meal * 0.4 1.6 4.5
Whole pea * 3.0 5.8 6.0
Fish oil 5 6.2 6.2 6.2
Veg. oil mix 6 114 8.4 5.4
Vit. & Mlgl. Premix 35 31 29
L-Lysine 8 0.5 0.2 0.2
DL-Methionine ° 0.5 0.4 0.3
Proximate
composition
Moisture 6.5 6.0 4.5
Protein (Nx6.25) 45.1 45.3 45.2
Total lipid 20.4 20.2 20.4
Ash 5.8 6.6 6.6
Chitin # 0.02 0.76 1.51
NFE s 22.2 21.2 21.9

1 Dehulled solvent-extracted soybean meal: 470 g/kg CP, 26 g/kg CF; CARGILL
2 Protein-rich veg. mix % composition: soy protein concentrate-Soycomil, 20; corn gluten, 18; wheat gluten, 15, rapeseed meal, 8

3 ProteinX™, Protix, Dongen, The Netherlands
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4 Fish protein concentrate, Sopropeche, Boulogne sur mer, France
5 Fish oil: Savinor UTS
6 Vegetable oil mixture % composition: rapeseed oil, 56; linseed oil, 26; palm oil, 18

7 Supplying per kg of vitamin supplement: Vit. A, 4,000,000 IU; Vit D3, 850,000 IU; Vit. K3, 5,000 mg; Vit.B1, 4,000 mg; Vit. B2, 10,000
mg: Vit B3, 15,000 mg; Vit. B5, 35,000 mg; Vit B6, 5,000 mg, Vit. B9, 3,000 mg; Vit. B12, 50 mg, Biotin, 350 mg; Choline, 600 mg; Inositol,
150,000 mg. Supplying per kg of mineral supplement: Ca, 77,000 mg; Cu, 2,500 mg; Fe, 30,000 mg; I, 750 mg; Se, 10,000 mg; Zn, 25 mg.

8 Biolys: I-lysine sulphate, 546 g/kg lysine; EVONIK Nutrition & Care GmbH

9 DL-Methionine: 990 g/kg; EVONIK Nutrition & Care GmbH

* Wherever not specified the ingredients composing the diets were obtained from local providers by Sparos Lda.
S Estimated as 100-(Moisture + Protein + Total lipid + Ash + Chitin).

# Estimated based on chitin content of the ingredients used (squid meal, 0.9% and Hermetia illucens meal 4.69%).

2.3 Fish rearing conditions and tissue sampling

Fifty-four fish (mean body weight 49.1 + 9.1 g) were randomly divided among 9 cylindrical
fiberglass tanks with a capacity of 250-L. Tanks were connected to a marine recirculating
aquaculture system (daily replacement rate, 3% in volume) equipped with sand-mechanical and
biological filters, protein skimmer, ozonator and UV lamp (Scubla, Italia). During the feeding trial
fish were kept under constant day length and intensity (12 hours per day at 400 lux) provided by
fluorescent light tubes. Water temperature, salinity, dissolved oxygen, pH, TAN and N-NO2 were
as follows: 23.4+0.75°C;31+£0.7g/L; 6.6 £+ 0.4 mg/L; 8.0 £0.1; <0.02 mg/L and < 1.0 mg/L. After
stocking, fish were fed two weeks with a commercial diet (Protec, Skretting) and adapted to the
experimental conditions. After that, dietary treatments were randomly assigned in triplicate to
the 9 groups. Fish were hand-fed the experimental diets over 45 das days, six days a week in two
daily meals (8:00 am and 4:00 pm), until the first feed item was refused. Feed distributed was
daily recorded.

At the end of the feeding trial, after 24 h fasting period, all fish were subjected to stage 3
anaesthesia with 80 ppm of MS-222 (PHARMAQ Ltd., Fordingbridge, UK) and biometry
measurements (total length and body weight) were recorded. Subsequently, three fish per tank (9
fish per dietary treatment) were sacrificed with an overdose (200 ppm) of the same anaesthetic
and liver (L) and different gastrointestinal organs (GITs) were immediately excised put in
individual cryovial, frozen in liquid nitrogen and stored at -80 °C for gene expression analyses
(see Section 2.4). The GITs were sectioned into stomach (ST, the fundus portion); pyloric caeca
(PC); foregut (F, defined as the intestine from the most proximal to the most distal pyloric caeca);
midgut (M, defined as the intestine between the most distal pyloric caeca and the appearance of
transverse luminal folds) and hindgut (H, defined as the region characterised by the transverse
luminal folds and increased intestinal diameter to the anus). Subsamples of L, S, PC and H were
also properly processed for the subsequent histological analysis (See Section 2.5) performed by
light microscopy.

Moreover, at the end of sampling, Fulton’s condition factor (K) and feed efficiency (FE) were
calculated as follow:

K =100 x (body weight / total length3)
FE = (final body weight - initial body weight) /feed supply
2.4 Gene expression analyses
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2.4.1 RNA extraction and cDNA synthesis

Total and small RNA was extracted from L, S, PC, F, M and H samples (approximatively 30 mg)
using Nucleospin miRNA extraction kit, (Machinery Nagel, Germany) and following the
manufacturer's instructions. RNA concentration were analysed by NanoDrop® (Thermofisher,
Germany) while its integrity by Ethidium Bromide staining of 18S and 5S ribosomal RNA bands on
1% agarose gel. After extraction, complementary DNA (cDNA) was synthesised from 1 pg of total
RNA by using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio), following the
manufacturer's instruction. At the end of the procedure, the RNA was diluted 1:50 in RNase-
DNase free water (Sigma, Aldrich) and stored at -80 °C until quantitative real-time PCR (qPCR).
An aliquot of cDNA was used to check primer pair specificity.

2.4.2 Real time qPCR and data acquisition

chitin hydrolysis, protein degradation and processing, intestinal mucins, some oxidative
stress biomarkers including those involved in the intestinal homeostasis maintenance were
investigated along the gastrointestinal tract.

Changes in the expression levels of several target gene related to chitin hydrolysis, some
oxidative stress markers, cellular homeostasis, and protection of the mucosal epithelial surface,
protein degradation and processing, maintenance of gut homeostasis were differentially
evaluated according to the tissue samples: L, S, PC, F, M and H. Those transcript included gastric-
chitinase (CHIA) and chitobiase (CTBS), copper-zinc superoxide dismutase (Sodl) and
manganese superoxide dismutase (Sod2), glutathione S-transferase 3 (GST3), heat shock protein
70 (Hsp70), cysteine cathepsins (Cat B and Cat Z), membrane-bound mucin (intestinal mucin, I-
Muc and mucin13, Muc13) and intestinal alkaline phosphatase (IAP).

In silico studies on the aforementioned target genes were performed using Primer3
(Koressaar et al,, 2018; Untergasser et al,, 2012) (http://frodo.wi.mit.edu/primer3) and Beacon
Designer 8.0 software (PREMIER Biosoft International, USA). The objective was to: (i) design new
forward and reverse primers based on available sequences on NCBI (http://ncbinlm.nih.gov) or
check correct thermal parameters of other primers retrieved by scientific literature; (ii) avoid
hairpin and oligo-dimer formation, and/or self-complementarity; (iii) set-up correct melting
temperature and/or annealing temperature to use in real-time RT-PCR. Primers were
synthesized by Merck KGaA (Darmstadt, Germany) and are listed in Table 2.
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Table 2. Primer pair sequences, amplicon size (bp), annealing temperature (°C) and Gene

accession number (n°) for genes used for real-time PCR. Gray shaded rows correspond to

reference genes.

Acrony

5’-3’ primer sequence

m Forward Reverse bp Ta (°C) n° Ref.
Hsp70 AAGGTTGGGTCTGAAAGGAACG CTCTGCGATGAAGTGGTTGACCG 170 57 EU805481 Present study
(Teles et al.,
GST3 CCAGATGATCAGTACGTGAAGACCGTC CTGCTGATGTGAGGAATGTACCGTAAC 98 57 JQ308828.1 2019)
(Estensoro et al.,
Sod1 AGAATCATGGCGGTCCTAC ACTGAGAGTGAGCATCTTGTC 116 57 JQ308832.1 2016)
(Teles et al.,
Sod2 CCTGACCTGACCTACGACTATGG AGTGCCTCCTGATATTTCTCCTCTG 134 57 JQ308833.1 2019)
CatB GGACTTCTGGACCAAAGACGG CATTCACATGGTGCTCGGAG 101 57 KJ524457.1 Present study
XM_030420
Catz GCAAACCCTTCAACGAATGTG CTCCGCCATCATCTTCTCC 125 57 146.1 Present study
IAP CCGCTATGAGTTGGACCGTGAT GCTTTCTCCACCATCTCAGTAAGGG 63 59 KF857309 Present study
(Pérez-Sanchez
I-Muc GTGTGACCTCTTCCGTTA GCAATGACAGCAATGACA 102 57 JQ277712.1
et al.,, 2013)
(Pérez-Sanchez
Mucl3 GCAATCCGCACATCAAAGC GTAGTCGCCGCATCACAGG 184 57 JQ277713.1
et al., 2013)
CHIA ATCTTGTCTATGCCTTTGCTG GGTTGCTGTTCTCGTTCTTC 111 57 XM—(;);;)M? Present study
XM_030433
CSTB ACAGGGAGTTACCAGGTTCAC ACAGCAGGTCGCAGGATTC 111 59 419 Present study
18S AGGGTGTTGGCAGACGTTAC CTTCTGCCTGTTGAGGAACC 164 57 AM490061.1 Present study
(Kokou et al.,
L13 TCTGGAGGACTGTCAGGGGCATGC AGACGCACAATCTTAAGAGCAG 148 57 CB177089.1 2015)
(Kokou et al.,
FAU GACACCCAAGGTTGACAAGCAG GGCATAGAAGCACTTAGGAGTTG 148 57 AM951436.1 2015)
B-actin CTGGGATGACATGGAGAAGA CTTGATGTCACGCACGATTT 206 57 X89920.1 Present study

Real-time qPCR was performed using the mic qPCR cycler detection system (Bio Molecular
Systems, Australia). Briefly, reactions were set on 8-well strips tube by mixing for each sample 2.5
pL cDNA diluted 1:50; 4 puL of SYBR® FAST qPCR Master Mix (Kapa Biosystems, Woburn, MA, USA)
as the fluorescent intercalating agent and 0.2 pL of specific forward and reverse primer of initial
concentration of 10 uM. The thermal profile for all reactions was 3 min at 95 °C, followed by 40
cycles of 5sat95°C; 25 sat 57°C and 5 s at 72°C (annealing and extension step). After each cycle a
plate read for fluorescent signal assessment was performed and a dissociation curve analysis
with a gradient of 50°C to 95°C was performed to evaluate the specificity of the amplification and
to verify the absence of primer dimers. The efficiency of PCR reactions were always higher than
90%, negative controls without samples templates were routinely used for each primer set and
no primer-dimer formation was found in control templates. Ct-values were calculated based on
the exported raw fluorescence data applying the Miner software (Zhao and Fernald, 2005). The
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Miner software is a method for quantifying qRT-PCR results using calculations based on the
kinetics of individual PCR reactions without the need of standard curves (Zhao and Fernald,
2005). The raw fluorescence data fit as a function of PCR cycles to identify the exponential
amplification phase of the reaction using a four-parameter logistic model. This algorithm is an
objective and noise-resistant method to quantify qRT-PCR results. Four candidate reference
genes (B-actin, FAU, L13 and 18S) were tested as housekeeping gene (HKG) in the gene expression
assay. NormFinder and geNorm were used to identify the most stable HKG among the selected;
the stability values of the individual HKG in each tissue are presented in table 3. The best
combination of two HKGs for each tissue sample was used for normalization. Normalized gene
expression values were subsequent evaluated by the GenEX 7.0 software program (bioMCC,
Freising-Weihenstephan, Germany).

Table 3. Housekeeping gene stability among tissue evaluated with NormFinder (SD value) and
geNORM (M-value). Within each type of tissue gray shaded cell indicate the most stable gene
used to normalized expression data.

Housekeeping gene

NormFinder geNORM
Tissue 18S L13 FAU B- 18S L13 FAU B-actin
actin
Stomach 0.312 0642 0.727 0.288 0.0259 0.04407 0.05284 0.02590
8 3 2 04 4 4
1.345 1404 403 1805 (13967 012795 0.1279  0.14040
Liver 5 9 6 5 8 4 54 1
0.036 0278 (377 0318 0.0208 0.02565 0.02830
Pyloric caeca 8 5 '9 2 0.02084 4
0.650 1108 (939 1216 00932  0.0831 0.1026
Foregut 3 3 ’ 5 3 0.0831
1.399 0.356 131 0.865 0.0736 0.0951 0.0736
Midgut 6 5 ' 7 2 0.1084
0.110 0.124 (5143 0435 0.0108 0.0122 0.0222
Hindgut 1 2 ' 1 92 0.0108

2.5 Histology

At the end of the experimental period, portion of liver, stomach, pyloric caeca, and hindgut
were collected, fixed in 4% neutral buffered formaldehyde (Bio-Optica, Milan, Italy) for 48h. The
samples were routinely processed for histology, cut into 3um-thick sections (microtome LEICA
RM 2255, Nusslock, Germany) and stained with Haematoxylin and Eosin (HE) (Sigma-Aldrich,
Milan, Italy). To detect neutral and acid mucins, Alcian blue/periodic acid-Schiff (AB/PAS)
straining were also achieved.

The specimens were blindly examined under DMRB light microscope (Leica, Germany) and
images were captured using a digital camera (Nikon Fi3), connected to a workstation computer
with imaging software (NIS-Elements Br, Nikon).

A semiquantitative scoring system was set up in order to compare the diet effects, paying
attention most of all to inflammatory morphological changes. Furthermore, each sampled organs
was evaluated for its general architecture, parameter in which any circulatory disturbances,
regressive and progressive alterations were taken into account. A score from 1 to 5 is semi-
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quantitatively attributed to both each parameters and the architecture on the basis of the
phenomenon extent. Details of the semiquantitative scoring system utilised is given in Table 4.
Inflammatory cell infiltrates were carried out at the level of all layers of the stomach wall, pyloric
and distal intestine, distinguishing the type and distribution (diffuse, focal and multifocal). The
score is defined by the mean number of cells on 3 fields at 400 magnifications (1 = absent; 2=2-5
cells /field; 3=5-20cells / field; 4 =20 - 50 cells / field; 5 =50 -> 150 cells / field).

Total number of AB/PAS-positive goblet cells (GC) was counted on 3 fields at 100
maghnifications of pyloric caeca and distal intestine sections by automated counting (at binary
level combining intensity thresholding and feature restriction).

Table 4. Semi-quantitative scoring system adopted for the histopatological traits.

SCORING
DESCRIPTORS 1 2 3 4 5
N Mild ]
ARCHITECTURE Normal . Moderate alt. Severe alt. Unrecognasible
alterations

LIVER

Hepatocyte fat accumulation Absent Scarce Moderate Abundant Very abundant

Inflammatory infiltrate Absent Scarce Moderate Abundant Very abundant
STOMACH

Mucosal integrity Absent Scarce Moderate Abundant Very abundant

Inflammatory infiltrate Absent Scarce Moderate Abundant Very abundant
PYLORIC CAECA

Globet cells density Absent Scarce Moderate Abundant Very abundant

Inflammatory infiltrate Absent Scarce Moderate Abundant Very abundant
DISTAL INTESTINE

Globet cells density Absent Scarce Moderate Abundant Very abundant

Inflammatory infiltrate Absent Scarce Moderate Abundant Very abundant

*This parameter was evaluated for each organic district.
2.6 Statistical analyses

Data of growth parameters were subjected to one-way ANOVA using diet as an independent
variable. Data on gene expression and histology evaluation were tested for normality and
homogeneity of variances by using Shapiro-Wilk’s and Levene’s tests, respectively. When both
conditions were satisfied, a one-way ANOVA (p-value < 0.05) followed by a Tukey’s post hoc test
was performed to assess the effects of the diets. If the criteria (normality and homogeneity) were
not met, a non-parametric test using Kruskal-Wallis ANOVA on ranks followed by Mann-Whitney
Rank Sum, were used for the analysis. All analyses were conducted using R software (version
2.14.0) and the Stats package. Gene expression data are presented as the mean value * standard
error of the mean of nine biological replicates.

3. Results

3.1. Fish growth

The fish readily accepted the test diets and all feeds were consumed without rejection or loss. No
morality was recorded during the 45 days of feeding and the final body weight, condition factor
and feed conversion ratio resulted similar (p > 0.05) among the different dietary treatments as
reported in table 3.

Table 3. Growth parameters of sea bream fed the test diets over 45 days.
Data are reported as mean + SD.

CvV Hi20 Hi40
FBW (g) 1! 90.7+9.3 91.7+9.8 93.5+8.5
K2 1.9+0.14 1.9+0.17 1.9+0.15
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FE 3 1.17+0.51 1.07+0.13 1.03+0.67
1 Final body weight, 2 Condition factor, 3 Feed Efficiency.

3.2. Gene expression

All data for tissue gene expression are shown in Figure 1. Note that as expected CHIA was
expressed only in the stomach (Fig. 1a). The expression of mucin genes (I-Muc and Muc13), Sod2
and IAP were undetectable or absent in the liver (Fig. 2b). On the other hand, the remaining genes
(10) were expressed at detectable levels in all six analysed tissues of the gastrointestinal tract
with the exception for I-Muc in the midgut (Fig. 1e).

Gene expression results observed in the fish liver tissue (Fig. 1a) highlighted a significant (p <
0.05) highest Sod1 expression in the Hi40 dietary treatments; while the Cat Z expression was
significantly lower in fish fed the CV diet than those fed Hi40 diet and an intermediate values was
observed in the Hi20 treatment. Considering the stomach (Fig. 1b), no differences (p > 0.05)
where observed among the fish fed the different diets for all set of genes investigated, with the
exception of Hsp70 that was significantly upregulated in the Hi20 diet compared to the CV test
diet (p < 0.05), while an intermediate value was recorded in fish fed the Hi40. As regards the gene
expression observed in the pyloric caeca (Fig. 1c) segment, a significant downregulation was
observed in the GST3 in fish fed the Hi40 diet compared to those fed the CV diet. An opposite
pattern was recorded in the Hsp70 expression as the Hi40 treatment showed the higher values
than Hi20 and CV diets (p < 0.05). Concerning the IAP expression fish fed the CV diet exhibit the
lowest value (p < 0.05). Considering the foregut (Fig. 1d) and midgut (Fig le), no changes (p >
0.05) in the gene expression levels were detected among all the set of genes considered. Finally, in
the hindgut, 40% of the genes studied were affected by dietary treatment (Fig. 1f). In particular,
Sod1 and Sod2 showed the same expression pattern with the highest values recorded in fish fed
the Hi20 diet (p < 0.05) and the lowest one in the CV treatment (p < 0.05). As regards Hsp70
expression a significant higher values were detected in fish fed the CV diet than those fed Hi20 and
Hi40 diets (p < 0.05). On the contrary, a significant IJAP upregulation was exhibited in fish fed the
Hi40 with respect to both Hi20 and CV diets (p < 0.05).

90



(@ mCV ®Hi20 mHi40 )

a
b a '
ab :
: i : i | i
0 i i 0 ii

o
@
o
©

o
[
o
@

o
™
o
=

o
[N

Normalised expression values
o
N

Normalised expression values

CTBS  Sodl  GST3  Hsp70  CatZ  CatB CTBS Sod1 Sod2 GST3Hsp70 I-Muc Muc13 CatZ CatB AP
(b) (e)
1 1
) "
@ ]
E 3
E 08 g 08
5 §
508 % 08
<3 s
x x
Q [}
04 04
T b
@ 2
o2 o2
i I : i 0 bt o i
0 0 i
CHIA CTBS Sod1 Sod2 GST3 Hsp70 I-Muc CatZ CatB CTBS Sod1 Sod2 GST3 Hsp70 Muc13 CatZ CatB
(c) )
1 1
) ("]
[] a 1]
3 3
g 0,8 g 08 a
5 ® b * 8 s
206 2 206
2 b a5
% o ab ab bb
- 04 5 04 b b
] b 3
2 = a
o [u]
£02 ¢ £02
: ul | ! i

CTBS Sod1 Sod2 GST3Hsp70 I-Muc Muc13 CatZ CatB AP CTBS Sod1 Sod2 GST3 Hsp70 I-Muc Muc13 CatZ CatB IAP

Figure 1. Differential gene expression values along the gastrointestinal tract of sea bream fed
over 45 days with the different test diets. Green bar, CV diet; Ocher bar, Hi20 diet; Sienna color,
Hi40. (a) liver, (b) stomach, (c) pyloric caeca, (d) foregut, (e) midgut and (f) hindgut. For each
gastrointestinal tract considered and within each target gene, different letters indicate
statistically significant differences among the test diets (P < 0.05). Values are presented as mean *
sem (n=9).

3.3. Histology

Generally, the histological assessment of the different digestive organs no differences
between diets were found in the parameters analysed except for the stomach (table 5).

The liver structure was similar in CV, Hi20 and Hi40 fish with low lipid accumulation, but in
CV-fish multifocal lymphocytic infiltrates (occasionally associated to hepatocytes necrosis) and
aggregates of macrophages surrounding pancreatic acini were observable (figure 2a), causing
mild hepatic alterations.
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At the gastric level, CV-fish exhibit a histopathological pattern of moderate severity
significantly different from that observed in Hi20 and Hi4O0 fish. In particular, a chronic aspecific
gastritis (lymphocytic gastritis) was observed, characterized by a marked inflammatory infiltrate
consisting mainly of lymphocytes (dispersed or organized in nodular structures with central
necrosis) and mastocytes (syn. eosinophilic granular cells) within the lamina propria and
glandular epithelium (figure 2b). In some cases, the inflammatory process interested all the
gastric layers and small erosions in the epithelium of gastric mucosa are observed.

In all the fish, the villi and the brush border of pyloric caeca and distal intestine appear
normal and intact, without mucosa desquamation into the gut lumen. Nevertheless, in fish fed the
CV and Hi20 diets there is a mild lymphocytic infiltration of the epithelium and lamina propria of
pyloric caeca, even if no significant statistical differences are evident.

Table. 5. Scores and goblet cell count (GCc) of the different parameters of the digestive apparatus.

LIVER STOMACH PYLORIC CAECA DISTAL INTESTINE

ARC HFA 1IIF ARC GMI IIF ARC IIF GCD GCC ARC IIF GCD GCC

VEG 17 23 23 30a 30a 28a 13 2,7 3,3 4038 1,0 1,3 30 4734
H20 10 27 20 L17b 13b 30a 17 2,3 3,3 320,7 1,0 1,0 1,7 4451
H40 10 13 13 10b 13b 18b 1,0 1,0 3,3 382,1 1,0 1,0 20 3349

ARC, architecture; HFA, hepatocyte fat accumulation; IIF Inflammatory infiltrate; GMI, gastric mucosal
integrity; GCD, goblet cell density; GCC, goblet count.
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Figure 2. a) Focal lymphocytic inflammatory infiltrate in liver of CV fish, HE; (b) severe
lymphocytic infiltrate organized in nodular structures with central necrosis in lamina propria of
gastric mucosa of CV fish, HE.

4. Discussion

Finding novel protein-rich ingredients able to partial or total substitute conventional raw
material is a key challenge for the future aquaculture development and nowadays insect meal
represents the most promising candidate (Hua, 2021; Williams et al., 2016) due to its nutritious
and nutraceutical properties (Finke, 2013; L. Gasco et al, 2018) as well its mass rearing
production that meet the circular economy principle (Ravi et al., 2020).

The relevant subject of this study was to establish in gilthead sea bream the effect (45 days)
of plant-protein based diet lacking fishmeal and replaced by increasing level of protein from
insect meal (Hermetia illucens). The diet formulation was inspired by previous results obtained in
Sparidae as gilthead sea bream (Estruch et al.,, 2018a) and red sea bream (Kader et al,, 2012) were
zero-fish meal diets were successful used by supplement the test diet with complementary
marine by-products ingredients or fish soluble in a range of 15-20%. In our study, all the test diets
were included with lower amount of marine by-products (squid meal and fish soluble) known to
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act in high vegetable diet as an attractant (Kader et al., 2010). In fact fish feeding monitoring
confirmed this property since all the test diets were promptly accepted; after 45 days, as
expected due to the short term feeding period, no differences in the final growth parameter
were detected, suggesting that 100% fishmeal can be successfully replaced by vegetable
counterparts or by insect meal in juvenile sea bream diets. Results obtained are not easily
comparable to other studies since to date Hi were mostly evaluated as fish meal substitutes in
diets containing only low levels of vegetable proteins (Elia et al., 2018; Iaconisi et al., 2019) or
different types and composition of Hi used (Cardinaletti et al., 2019; Zarantoniello et al., 2018).
However, albeit not significant (p>0.05) differences among dietary treatment in growth
parameters’, a tendency in improving final body weight and feed efficiency with the increasing
dietary insect protein inclusion was observed, suggesting no detrimental effect of insect meal in
this specie (Fabrikov et al,, 2020). Although, this assumption need to be further confirmed in a
longer feeding trial, our preliminary data seems to confirm what has been previously observed
by in sea bream fed high plant-protein based diet supplemented with a blend of marine by-
products (Estruch et al,, 2018a, 2018b, Kader et al.,, 2012, Monge-Ortiz et al., 2016) or in other
fish species were insect meal do not affect final growth performance (Hua, 2021).

When using high plant protein based diet and when testing new ingredients, it is important to
consider the impacts on the gastrointestinal as by its integrity depends both the digestive
functions and the protection barrier against pathogens (Merrifield et al., 2011). In the present
study gene expression analysis and histological evaluations of the digestive system were
considered as good indicators of fish health status (Caballero et al., 2003; Couto et al.,, 2015, 2014;
Messina et al, 2019). For the first time the use of insect meal in gilthead sea bream was
investigated at molecular and histological level to better understand the fish physiological
response.

In the CV diet, fish showed a moderate/severe lymphocytic gastritis that may impaired the
digestive functions. To our knowledge, very few studies are available on the effects of alternative
protein sources on fish gastric mucosa. Omnes et al. (Omnes et al,, 2015) reported no sign of
structural pathological effects in the gilthead seabream stomach fed during one month with diets
including 200 g kg1 of white lupin or canola/rapeseed. In a recent study 100% fish meal
replacement by discarded cashew nut reveal in Clarias gariepinus moderate to severe histological
alterations, which include degeneration of columnar epithelium, degeneration/shrinkage of
gastric glands/mucosa and serosa vacuolization (Ogueji et al.,, 2020). In the present study, the
most serious gastric damages were observed in the CV fish and based on the type of inflammatory
pattern, the potential presence of anti-nutritional factors coming from the plan protein sources
utilized, could be the trigger, since the absence of such inflammatory lesions in fish prior to the
start of this trial. The type of histological changes observed was somewhat similar to that
observed in soy dependent enteritis of salmonids (Krogdahl et al., 2010). In the stomach, it was
also observed an up-regulation of the Hsp70 gene expression in the Hi20 and Hi40 diets,
compared to the CV. Heat shock proteins are crucial for the maintenance of cell integrity during
normal cell growth as well as during pathophysiological conditions. In the rat stomach, Hsp70 has
been shown to have an important role in the defense of the gastric mucosa by its over-expression,
which suppresses exfoliation and necrosis of gastric mucosal cells inhibiting the apoptosis
phenomena. In the present study, the upregulation of Hsp70 was interpreted as a selective
induction of the chaperone which aims to limit gastric harmful events (Rokutan, 2000). However,
the observed effect of CV diet and Hi20 and Hi40 counterparts on gastric morphology in gilthead
sea bream deserve further investigated.

Another important finding delivered by the present study concern the endogenous
expression of the gene related to chitin hydrolysis both in the stomach, liver and along intestinal
tract. Despite, the unaffected effected of insect meal dietary inclusion (p>0.05) on both gastric-
chitinase (CHIA) and chitobiase (CTBS) expression, due to the high variability among the
biological replicates, the expression pattern reflect what previously reported in other
insectivorous mammals by Tabata et al. (Tabata et al,, 2019, 2018). However, our finding are not
consistent with previous one on zebrafish where fish fed a 50% fish meal diet replacement by full-
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fat Hermetia illucens prepupae meal, up-regulate the Chial expression after 7 days post-hatching
(Vargas et al,, 2018; Zarantoniello et al,, 2018). The chitinase genes have been sequenced in few
marine teleosts including the Japanese flounder (Paralichthys olivaceus) (Kurokawa et al., 2004),
turbot (Scophthalmus maximus) (Gao et al, 2017) and the striped bass (Morone saxatilis)
(GenBank accession no. EU048546) and chitinase enzymes related with chitin hydrolysis have
been measured in the gastric and intestinal mucosa, pyloric caeca and pancreas of marine fish
(Ikeda et al, 2017; Jeuniaux, 1993) confirming that Teleosts are capable of endogenous
production of chitinase and supporting our preliminary findings in sea bream. However, there is a
need to further investigate the chitin digestion by fish fed insect meal including diets in order to
better understand and clarify the debate among the contribution of host endogenous production
and the chitinoclastic bacteria present in the digestive tracts (Lindsay et al., 1984; Ramesh and
Venugopalan, 1989).

One way of improving the animal’s oxidative status is by incorporating in feeds specific
components that stimulate the antioxidant defense and chitin has been recognized as an
antioxidant molecule, preventing deleterious effects in various diseases (Ngo and Kim, 2014). The
superoxide dismutase considered in the present study, the copper-zinc superoxide dismutase (
Sod1l) and manganese superoxide dismutase (Sod2), contributes in the cyto-protection by
catalyzing the breakdown of ROS-generating Oo-. They are structurally different and present differ
cellular localization: Sod1 is found in cytosolic and extracellular fractions, whereas Sod2 is mostly
mitochondrial (Zelko et al.,, 2002). In the liver, the highest insect meal inclusion level (Hi40)
increased the expression of Sod1 compared to CV diet whereas in the hindgut an up regulation of
both Sod1 and Sod2 was observed in fish fed intermediate insect meal inclusion (Hi20). At gene
expression level Sod1 mRNA, can be up-regulated in response to a wide array of chemical, and
biological messengers such as heat shock (Hae Yong Yoo et al, 1999a), heavy metal (H. Y. Yoo et
al,, 1999) and arachidonic acid (Hae Yong Yoo et al,, 1999b); while cytokines, lipopolysaccharide
(LPS) and IFN-y are potent activators at transcriptional level of Sod2 in different tissues and cell
types (Visner et al., 1990; Zelko et al.,, 2002). Despite the absence of histological alterations in gut
and the lack of inflammatory markers investigation (Fehrmann-Cartes et al.,, 2019), it is only
possible to hypothesize an interplay between Sod2 and inflammatory response; on the other
hand, it cannot also be ruled out that upregulation of Sod1 may be related to some contaminant
related to insect quality (Fels-Klerx et al., 2018). However the effect of insect meal in the oxidative
stress response have been previously investigated in freshwater fish species where it was
observed an increase in the antioxidant enzymatic activity due to the chitin content present in the
insect diet (Caimi et al., 2020; Elia et al., 2018) and chitin dietary content has exerted a boost in the
SOD activity in orange-spotted grouper (Epinephelus coioides) (Zhang etal.,, 2012). Although it can
not be ruled out the pro-oxidant role of chitin when optimal threshold is encompassed (Caimi et
al,, 2020) itis important to take into account that in Mammals Sod1 and Sod2 activity is affected by
dietary Cu, Zn and or Mn content (Hidalgo et al., 2002; Lin et al,, 2008). Similarly, in seabream the
activity of SOD was related to the bioavailability of the manganese in the diet (Pérez-Jiménez et al,,
2012). Finally, it is reported that, in the presence of oxidative stress, the transcription of GPx and
GST increase in order to control the high level of ROS produced (Wilhelm Filho, 1996). In
agreement with this and in the absence of histological tissue damage the the decrease in GST
transcription level in the pyloric caeca of fish fed the highest insect meal (Hi40) suggests that both
oxidative stress damage decreased and that feed components did not contain toxicant chemicals
that may adversely affect fish performance.

Finally another interesting outcome of the present study is the up-regulation recorded in the
pyloric caeca and hindgut of fish fed insect meal diet in the intestinal alkaline phosphatase, that
have an important role in maintaining the intestinal homeostasis (Lallés, 2010). Intestinal
alkaline phosphatase can be subjective to nutritional modulation by protein content and
composition or by fat source and type of dietary fatty acid at both gene and enzymatic level
(Lalles, 2020) but it is difficult to make a comparison of our results and those previous published
since the differences in trials source and composition of protein and fat, treatment duration, fish
species and stage of development. However, the up-regulation observed in seabream fed insect
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meal may be considered consistent and similar to what has been previously recorded at gene level
by using probiotic (Reyes-Becerril et al,, 2013) or bioactive compounds from olive oil (Gisbert et
al,, 2017) in the diet. In addition by considering the role of alkaline phosphatase as an enhancer
gut mucosal defense factor (Chen et al, 2011) it is clear its potential beneficial effect in fish
welfare (Rimoldi etal., 2019; Terova etal., 2019).

5. Conclusions

In conclusion, the present study unveiled a major adverse effect in the stomach of fish fed the
vegetable diet even during a short-term feeding period, verified mostly by a modulation of the
Hsp70 that acts as hallmarks of fundamental gastric mucosal defense, as supported by the
histological evaluation. Whereas no clear dose dependent response was detected in the gene
expression induction of chitin hydrolysis related genes, for the first time we have demonstrated,
that sea bream has and express its own sets of chitinolitic genes, and that these are distributed
along the entire gastrointestinal tract. The modulation of the response of some biomarkers
involved in oxidative stress deserved to be further investigated moreover, understanding the
potential nutraceutical role of insect meal on fish intestinal alkaline phosphatase at
gastrointestinal level will allow to better optimize fish performance and health in aquaculture
programmes (Lalles, 2019).
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5 Conclusion

Insects are part of the natural diet of both freshwater and marine fish and thanks to the fact that they are
rich in protein, lipids, vitamins and minerals and have a low ecological footprint, they have been
considered as potential candidate ingredients and alternatives to fish meal and fish oil, in diets for reared
fish. Their ability to renewal waste and their potential usage as feed in livestock and aquaculture
production has recently attracted the attention of the European Council. An official EU document (EU
Regulation 2017/893) has defined seven breeding insect species that are at present allowed in
aquafeeds: Hermetia illucens, Musca domestica, Tenebrio molitor, Alphitobius diaperinus, Acheta
domesticus, Gryllodes sigillatus and Gryllus assimilis. Their use has resulted in the need to find
innovative and practical methods for identifying these new ingredients in complex matrices such as
feeds and food.

To achieve this goal, the possible ability of species-specific primers to selectively amplify the target
DNA segment in complex matrices by RT-PCR technology has been evaluated. Primers have been
designed for the identification of Gryllodes sigillatus (GS), their efficiency was subsequently evaluated
and it was tested whether the pair of primers amplified any non-target DNA segments using other insect
species and raw materials commonly used in the formulation of common feeds. Subsequently, the
primers were used to verify the presence of GS DNA in various complex matrices different commercial
products: crunchy roasted sam-ples (RoGS), insect meal mixtures (ACGS) and energetic snacks
containing GS (GSS). Data on sequencing were aligned with the reference gene to confirm the PCR
products. The regression curve (y=-3.394 x +42.521; R2=0.994, d.f. 14) between Ct values and Log
DNA concentrations of Gryllodes sigillatus resulted in an efficiency of 96.4%. The severity of the
technological processing treatments and the matrix structure affected the intensity of the PCR signal
with the same amount of insect DNA as observed by different y-intercepts of the three-regression lines
for RoGS, ACGS, and GSS. Results indicate that the real-time PCR method produced robust and
sensitive results capable of detecting small amounts of GS DNA (5 g/ 100 g) in complex matrices,
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making it suitable to detect the presence or absence of GS material labeled in both feeds and food.

With the same strategy a pair of primers specific for Hermetia illicens (HI) mitochondrial DNA were
identified and their efficiency was evaluated. A linear relationship (y=-3.360x +24.42, R2=0.998; d.f.
14) between thermal cycles Ct values and Log DNA concentrations was obtained within the dilution
range (from 10 ng/pl to 100 fg/pl) and considering that the angular coefficient of the measured standard
curve was -3.360, a primers efficiency of 99.8 % was obtained. The PCR performance of the designed
primers was tested with commercial aquafeed samples as representative of practical complete mixtures
and processing methods. In general the Ct numbers required to detect a positive signal for all the
practical samples was higher than expected from the calibration curve when considering aquafeeds
within a range of HI meal from 5-50 g/100g of the total ingredients due to the partial DNA degradation
of the raw material including the insect target species as a consequence of the mechanical and physical
process adopted for feed production. Subsequently, the primers were used to design probes utilised for
the construction of a DNA-based biosensor based on the detection of a fluorescent signal, excited by an
organic light emitting diode (OLED) source coupled with a high sensitivity image sensor (CMOS). The
results obtained by the biosensor were validated with the “golden standard” technology of RT-PCR.
Both the RT-PCR and the biosensor were able to detect the presence of HI DNA in all the samples that
contained the target DNA by clearly discriminating them from the negative samples. The biosensor and
of the RT-PCR specificity was evaluated using DNA of different species of arthropods, mammals and
ingredients used in aquaculture and no cross reactivity was detected. Subsequently, the DNA extracted
from seven commercial feeds that had a variable inclusion of HI flour and a negative control were
analyzed using the innovative method and the data obtained had matched with the ones obtained from
RT-PCR. The innovative biosensor was capable to detect the presence of the target with a concentration
of 5g/100g without amplification.

Another topic studied during the PhD period was the physiological response of fish fed HI meal
including diets using histological and molecular investigations. Specifically, the expression of genes
involved in both digestive processes and animal welfare was evaluated in vivo along the gastrointestinal
tract of gilthead seabream (Sparus aurata) as animal model. In particular were considered: genes
involved in the hydrolysis of the exoskeletal components of arthropods (chitinase and chitobiase); genes
involved in the synthesis of some carboxypeptidases that regulate numerous physiological processes
(cathepsin B and Z); biomarkers involved in oxidative stress (superoxide dismutase (Sodl and Sod2)
and glutathione S transferase (GST3)) as well as those involved in protein synthesis (heat shock proteins
(Hsp70) crucial for maintaining cell integrity); genes involved in the synthesis of mucins that play a
protective role in the gastrointestinal mucosa (I-Muc and Muc13) and finally a marker involved in the
synthesis of intestinal alkaline phosphatase involved in maintaining intestinal homeostasis. Fish were
fed a control diet, consisting of vegetable ingredients, free from fish meal (CV), from which two other
formulations (Hi20 and Hi40) were prepared including 20 and 40% of partially defatted larvae of the
black soldier fly (HI), respectively, to replace the protein plant content of the CV. At the end of the
feeding test, liver, pyloric blind stomach, upper, middle and posterior portions of the intestine were
analysed. The results of the gene expression revealed that although both dietary formulations
guaranteed similar growth performance of the animals, the presence of insect meal attenuated the
pathological picture in the intestine observed in fish fed the plant-based diet (CV). For the first time, the
expression of genes involved in the hydrolysis of chitin was demonstrated along the gastrointestinal
tract of sea bream juveniles, although this was not influenced by the dose of insect provided.
Furthermore, the expression of the genes involved in oxidative stress, with a dose-response effect at the
hepatic level and the expression of the alkaline phosphatase involved in the maintenance of intestinal
homeostasis was significantly higher in animals fed the insect-based diets (P<0.05). So feeding diets
including (16%) HI meal stimulated genes related to oxidative stress and mitigated the negative effects
of plant-based diets in the stomach of gilthead seabream.
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