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Abstract

In the agri-food sector, food frauds are increasing every year and there is a demand
from the consumer to better understand food products. Furthermore, due to glob-
alization, the supply chain is long and wide so is important to ensure safe and high-
quality food products. A suitable bio-molecular identification and traceability sys-
tem could be used to assess the quality of raw materials up to the finished food
products as well as to guarantee the consumer on the identity of the products pur-
chased. DNA testing is a methodology frequently used in the food field, especially
DNA barcoding methodology. DNA barcoding is a universal tool to identify species,
and it currently allows for routinely supply-chain analysis. However, DNA barcoding
technique has some limits in the complex food products analysis. Industrial treat-
ments could alter DNA quality of raw material, therefore this analysis could be chal-
lenging to apply. Furthermore, DNA barcoding cannot be applied for multispecies
products because is feasible only for monospecies products. Finally, DNA barcoding
is time-consuming and expensive. Starting from these limits, the main objective of
this PhD project was to identify and test innovative biomolecular analyses for the
identity assessment of raw materials and processed food products. Three lines of
research have been developed in this PhD thesis: the first one aim to verify the DNA
barcoding feasibility on processed products (that can have the DNA fragmented or
degraded), the second one was focused on the evaluation of the potential of an
HTS-DNA metabarcoding approach for food products analysis and the third line of
research aim to the development of a rapid kit to offer to companies. The stake-
holders of this project are both companies, who want to guarantee high quality and
safety products and final consumers, who have been increasingly careful about the
food products. For this reason, the proposed methods must be simple, effective

and possibly universal to be applied on a large scale.
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In the first line of research was evaluated whether DNA barcoding can be applied
to trace the plant component in food supplements from the starting raw material
to the finished processed commercial products. DNA barcoding technique analyses
large fragments of DNA, but in case of processed products DNA is fragmented and
therefore small and DNA mini-barcoding could be more successful. In this study we
selected a panel of 64 samples between phytoextracts obtained through three dif-
ferent extraction methods (i.e., maceration, percolation and sonication) with dif-
ferent solvents (i.e., ethanol, deionized water and glycerol) and some intermediates
of the industrial production. We sequenced and analysed the sequence variability
at DNA barcoding (psbA-trnH, 1TS2) and minibarcoding (rbcL 1-B) marker regions.
Phytoextracts obtained through hydroalcoholic treatment, with the lower percent-
age of ethanol (<40%) and aqueous processing had a major rate of DNA amplifica-
tion, sequencing and identification success at the lowest temperature. This study
proves that DNA barcoding is a useful tool for some typology of food supplement
traceability, which would provide consumers with safe and high-quality herbal

products.

A second limit that occurs in the food market is related to multispecies products.
Many products contain a mix of different species, but DNA barcoding does not allow
the analysis of multiple species at the same time. For this reason, the second objec-
tive of this thesis project was to test DNA metabarcoding (High-Throughput Se-
guencing technique in correlation with DNA barcoding). This technique is capable
of analysing several genomes at the same time and distinguishing them thus recog-
nizing the species of the mixture of processed food products. In the second line of
research we wanted to characterize plant declared ingredients or contaminants
(ITS2) in five categories of commercial insect-based products (novel food) with at-

tention to putative elements of allergenic concern belonging, for example to the
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insect rearing substrate. The same approach has been used to assess its sensitivity
to cases of contamination and counterfeits in insect flour with low cost (and poten-
tially allergenic) vegetable flours like wheat and soybean. Moreover, also the bac-
teria profile (16S rRNA) was evaluated. The DNA metabarcoding analysis revealed a
high efficacy as a screening method to identify both plant ingredients and possible
adulteration events, also acting as an early warning strategy for the occurrence of
allergens of human concern. HTS revealed an high sensitivity because we were also
able to identify vegetal traces belonging to insect farming. Concerning the bacteria
profile, our data revealed that a small number of prevalent bacteria formed a “core
microbiome” characterizing the products depending on the insect, suggesting that
a resident microbiota is conserved. Despite different food processing levels rearing
conditions or seller companies, this microbial signature can be recognized. This ap-
proach could support the development of new risk assessment procedures for
novel foods by regulatory authorities to ensure their quality, safety and acceptance
which will become more required in order to face the challenge of feeding the world
population in the next decades. In order to evaluate the application of DNA
metabarcoding also for herbal teas traceability, we analysed fifteen commercial
herbal teas to identify all the species in the products and verify the correspondence
with the label. Furthermore, to verify the quantitative ability of HTS, we created six
mocks mixture with different percentages of five species of different matrices
(leaves, seeds, bark, flowers and aerial parts). These mocks were created both start-
ing from raw material (gr/gr) and genomic DNA (ng/uL). Finally, for all the samples
we tested two different markers (psbA-trnH and ITS2). Results showed that not all
the species declared on the label was found and we also were able to detect some
contaminants. Interestingly, the two markers were able to detect different species:

some species were detected only by psbA-trnH couple of primers, others only by
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ITS2 couple of primers. For future analyses it would be necessary to use both the
markers to obtain better results in traceability. Finally, the mock mixture created in
the laboratory showed that there wasn’t a perfect correlation between the real
percentage of a plant and the feature found in the samples but is possible to have
a relative quantification of all the ingredients. We obtained better results in the
mock mixture created starting by genomic DNA. In conclusion in this line of research
we defined that DNA metabarcoding is a valuable method for supply chain tracea-

bility, both for food products (novel food) and for herbal teas.

The third line of research aimed to create a mock-up for truffle identification using
the LAMP technique, an isothermal nucleic acid amplification technique. We col-
lected five different species of truffle (three brown truffles and two white truffles)
that were morphologically identified. Two couples of primers were specifically de-
signed (ITS2) for Tuber magnatum (the most expensive truffle) and another two
couples as a control for DNA extraction (B-tubulin gene). It was also selected as a
rapid extraction buffer (about 2 minutes for DNA extraction). LAMP reaction could
amplify all truffles with the DNA extraction control, and only . magnatum with the
specific couples of primers. This low-cost kit allows the identification of the white

truffles T. magnatum in a total of 90 minutes.

In conclusion, these studies allowed us to develop innovative methodologies to an-
alyse a wide typology of products on the food market (fresh, processed, multi-
species). Furthermore, we were able to develop a rapid kit for white truffles identi-
fication. This kit has the advantage of being versatile and can be adapted to the

product of interest (fish, meat, oil etc).
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2.1. The food fraud phenomenon

The food fraud phenomenon has existed since the food was bought and sold for
cash or commodities. In ancient Rome and Athens, a law was enacted for the adul-
teration of wine, and in the thirteenth century Europe prohibited food adulteration
(Sumar and Ismail, 1995; Barerre et al., 2020). In recent years, food fraud has be-
come a significant concern for consumers and a growing risk for the food industry.
It is estimated that up to 10% of food products are frauded (Canadian Food Inspec-
tion Agency, 2020). The cost has been estimated to be around $30 to 50 billion
every year (Smith, 2020). Furthermore, the horse-meat scandal of 2013 put the
spotlight on the need to increase food controls. The European Parliament published
on 14 January 2014 a resolution on the food crisis, fraud in the food chain and the
control thereof. The principal aim was to give food fraud the full attention it war-
rants and to take all necessary steps to make the prevention and combating of food
fraud an integral part of EU policy (European Parliament, 2016).

Furthermore, the globalization of food supply chain has extended the distances be-
tween primary producers and consumers resulting in increased complexity in the
supply chain and has probably increased the issue of food fraud (Song et al., 2020).
Recently, the media has drawn consumers' attention to several international cases
of food fraud with an impact on public health. Cases of food fraud have led to con-
fusion and a lack of confidence for consumers. Some recent examples are melamine
in milk, horse meat in beef processed products, and pathogenic bacteria in peanut
butter (Théolier et al, 2020). Operation OPSON, a joint action of Europol and Inter-
pol conducted in 61 countries, has seized thousands of tons of counterfeit and sub-
standard food and drink, for a total of around € 230 million in counterfeit food and
drink. OPSON operations highlight the importance of food fraud around the world

and how this activity affects the food chain (Guntzburger et al., 2020).
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In order to reduce food fraud and protect Italian products, the Council of Ministers

approved new legislation for the offences of "agri-food piracy", such as the sale of

products as "Made in Italy" when they are not, falsely declaring that the food is

organic or counterfeiting. In October 2020, for example, the Italian authorities

seized 7 tons of food products wrongly labelled as "Made in Italy" but imported

from Africa (Food Fraud Summary October, 2020).

2.1.1. The food fraud: one concept, many definitions

Currently, there is not any accepted definition of food fraud. In the table below

there are some definitions from the academic literature (Robson et al., 2021). Gen-

erally, food fraud is defined as an intentional misrepresentation of food for eco-

nomic gain.

Food fraud definition Reference
Food fraud is a collective term used to encompasses the deliberate | Spink and Mo-
and intentional substitution, addition, tampering or misrepresenta- | yer (2011)

tion of food, food ingredients or food packaging: of false or mis-

leading statements made about a product, for economic gain.

The intentional adulteration of food for financial advantage.

Everstine et al.,

(2013)

Committed when food is deliberately placed on the market for fi-
nancial gain, with the intent of deception of consumers. Referred
to in the USA and occasionally elsewhere as economically moti-

vated adulteration (EMA). Two of the main types include: trading

Ellis Muham-
adali et al,

(2015)
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of food which is unfit for consumption or harmful, or deliberately
misdescribing or mislabelling food. The latter can include false
statements regarding geographical origin, ingredients, or substitu-
tion with lower value (i.e. myrtle instead of oregano), or sometimes
even dangerous contents not intended for human consumption
(i.e. industrial dyes). The terms food fraud and food adulteration
can be used to mean the same thing, when adulteration is inten-

tional.

Introduction

An international act with motivation for economic gain.

Spink et al,

(2015)

The deliberate intent to deceive, motivated by the prospect of fi-

nancial gain.

Charlebois et al.,

(2016)

The intentional misrepresentation of fact by one person solely, or
acting on behalf of an organization, in order to encourage another

individual erroneously to part with something of intrinsic value.

Manning (2016)

Food fraud (including the subcategory the US Food and Drug Ad-
ministration (FDA) defined as Economically Motivated Adulteration

(EMA)) is illegal deception for economic gain using food.

Illegal intentional deception for economic gain using food can occur
in all stages of the supply chain and often cross international bor-

ders.

Moyer et al,
(2017)
Spink et al,
(2017)

Food fraud covers cases where there is a violation of EU food law,

which is committed intentionally to pursue an economic or financial

Bouzembrak et

al., (2018)
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gain through consumer deception. Food fraud in the food supply
chain can arise as a result of misrepresentation associated with:
product integrity (e.g. counterfeit product, expiration date), pro-
cess integrity (e.g. diversion of products outside of intended mar-
kets), people integrity (e.g. characterizations such as the cyber
criminals and hacktivist) and data integrity (e.g. improper, expired,
fraudulent or missing common entry documents or health certifi-
cates) of information accompanying the food item throughout the

supply chain.

Introduction

An intentional change in a food product that a consumer is unaware
of with their purpose to deceive consumers whether to cause harm

or to economically benefit.

Cruse (2019)

Intentional modification of food products and/or associated docu-
mentation for economic gain and may lead to issues of food safety,
legality and/or quality depending on the activities undertaken or

the agent(s) used.

Manning  and

Soon (2019)

Long Definition: lllegal deception for economic gain using food en-
compasses deliberate and intentional substitution, addition, tam-
pering, or misrepresentation of food, food ingredients, or food
packaging; or false or misleading statements made about a product
for economic gain. The types of fraud include adulteration, tamper-

ing, product overrun, theft, diversion, simulation, and counterfeit-

ing.

Spink et al,
(2019)
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Introduction

Short Definition: lllegal deception for economic gain using food Spink et al,

(2019)

Table 1. Food fraud definitions from academic literature (Robson et al., 2021).

Due to the vast definition of food fraud, the terms food defence, food safety and
food quality are important for a deep understanding of this expression. Essentially
the difference is about the motivation and the intention. Fraud can be intentional
or unintentional and the goal is usually the economic gain. However, in some cases
the main motivation for food fraud may be related to damaging the public health,
the economy or generating terror (Spink and Moyer, 2011). Spink and Moyer have
illustrated in a risk matrix the correlation between motivation and intention to the

different definitions. The image below is an adaptation of the risk matrix (Figure 1).
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o Food fraud
Food Food
quality defence
I
Food safety ' O(f“’/_/

Figure 1. Graphical representation of the difference of food fraud, food quality, food de-
fence and food safety. When the adulteration is intentional and with an economical gain
there is a case of food fraud, but when the aim is to harm people there is a case of food
defence. In case of unintentional adulteration, there is a food safety issue in the case of a

security problem of the consumer, otherwise there is only a food quality issue.

If a fraud is unintentional, it is a “food safety” issue, because consumer health can
be harmed, otherwise is only a “food quality” issue. When the action is intentional,
we are facing a crime. If the crime aims is to harm people we are in front of “food
defence”, if the intention is an economical gain the action is evaluated as a “food
fraud” (Morin and Lees, 2018). Several typologies of fraud can be found, as it can
be seen in the figure below. The most common typology is Adulteration, which is

referred to as Economically Motivated Adulteration (EMA). In May 2009 FDA
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defined EMA as: “the fraudulent, intentional substitution or addition of a substance
in a product for the purpose of increasing the apparent value of the product or re-
ducing the cost of its production”. Different types of adulteration can occur in food
products, such as dilution, substitution, concealment and unapproved enhance-

ment (Figure 2).

Dilution is “the process of mixing an ingredient with high value with an ingredient
with a lower value”'. Examples include dilution of honey with sugar syrup and the

addition of water to fruit juice and milk.

Substitution is the "process of mixing a nutrient, an ingredient with high value with
an ingredient with a lower value". Examples of substitutions are substituting EVO
oil with seed oil or substituting high-value fish species with lower value fish, espe-

cially in the form of fillets or processed products.

Concealment is the "process of hiding the low quality of food ingredients or prod-
ucts". An example is injecting poultry with hormones to conceal disease (Morin and

Lees, 2018).

Unapproved enhancement is the "process of adding unknown and undeclared com-
pounds to food products in order to enhance their quality attributes". Some exam-
ples are the addition of Sudan dyes in species such as chili powder and the addition

of melamine in milk (Morin and Lees, 2018).

The other types of food frauds are:

14
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Counterfeit: it is an “Infringement of intellectual property rights”. It can be related
to the packaging of a product, an illegal reproduction of a patent but also the cop-
ying of the brand name. A common counterfeit is label “Made in Italy” when the

product is made abroad.

Grey market: this term includes “production, theft, and diversion” and involves un-

authorised sales channels for products.

Mislabelling is defined as “False claims or distortion of the information provided on
the label/packaging”. In the field of seafood this is a common typology of fraud,
where fillets of lower value are sold instead of the species of a higher value. Even if
mislabelling may apply to all forms of food fraud, the expression is mainly used to

indicate false information provided on the label.

p Unapproved
Dilution Substitution C enhancement
Process of mixing an Process of replacing a oce: Process of adding
ingredient with high nutrient, an ingredient, By '- unknown and undeclared
value with an ingredient a food or a part of a yredien compounds to food
with a lower value. food with another one o 8 products in order to
of lower value. - enhance their quality
< : attributes.

Counterfeit Mislabelling Grey market,
Infringements False claims or forgery

distortion of the
information provided
on the label /
packaging.

to intellectual
property rights.

Production, theft,
diversion...

Figure 2. Different typologies of food fraud (https://ec.europa.eu/food/safety/food-

fraud/what-does-it-mean_en).
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2.1.2. Food fraud in modern society

Food fraud has been increasing in the last few years and it is a global business worth
over $50 billion annually (Smith, 2020). The most common fraud in the food field is
the substitution of an animal or plant of high commercial value with a cheaper one.
This phenomenon occurs in all fields, from meat and seafood to dairy products, oils
and juice.

The scientific literature had raised interest in the food fraud phenomenon during
the years. In the figure below (Figure 3) is shown the absolute number of publica-
tions containing the keyword “food fraud” over the years from the database “Pub-
med”. It seems that the 2013 horsemeat scandal has given a boost to scientific pub-

lications in this area.

Keyword: Food fraud

. I |“||
0 --smnnall_mal._1 IIII III|| IlII

[ ok l"' (=] ‘_"'\
\‘j:"’a{h‘" u—.?‘ 3 mé‘-@ \5‘.: o '-\’ ~3"-' _\*ﬂiﬁ)"‘ e .ﬁ_ K\‘* o g*' L\ P S

A

M \,

Figure 3. The absolute number of publications containing the keyword “food fraud” over

the years from the database “Pubmed”.
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More specifically, from Scopus database, using terms such as “fish”, “honey”,
“meat” etc in combination with “fraud” and “adulteration” it is possible to obtain
the figure below (Ulberth, 2020). Also in this case, it is clear the increase of publi-

cations from 2013 (Figure 4).

120

100
-+ Cereals
~&-Coffee
g Fish
—a—Fis|
%
= ——Juice
2
~=—Honey
3
2 60
° ~o-Meat
-
.g ——Milk
3 ——Olive oil
< %
Organic
~+-Spices
-»-Tea

20 Wine

1994 1999 2004 2009 2014 2019

Figure 4. Number of publications related to food fraud retrieved from the Scopus database

(Ulberth, 2020).

The most common fraud includes oil, fish, honey, milk and dairy products, meat
products, grain-based foods, fruit juices, wine and alcoholic beverages, organic
foods, spices, coffee, tea, and some highly processed foods (Hong et al., 2017).

Mislabelling have been frequently reported in the research publications: 57% in

processed meat products (Di Pinto et al., 2015) and 80% in fish fillets sold in Italy
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(Barbuto et al., 2010), up to 35% in meat products (Kane and Hellberg, 2016) and
39% in fish fillets (Liou et al., 2020) sold in the United States and up to 80% in dairy
products (Di Pinto et al., 2017).

Concerning the herbal supplements field, a global survey shows that 27% of the
herbal products commercialized in the global marketplace is adulterated when
their content was tested against their labelled, claimed ingredient species (Figure
5). The most defrauded regions are South America (67% mislabelled products) and

Australia (79% mislabelled products) (Ichim, 2019).

Asia
N 23% 77%
0, 0, (] (]
47 /O 53 ‘/D spurius products authentic products
North America spurius products authentic products
33% 67%
spurius products authentic products
Africa
27% 73%
spurius products authentic products
South America
67% 33%
spurius products authentic products Australia
79% 21%

spurius products authentic products

Figure 5. Percentage of mislabelling of herbal products in the North and South America,

Europe, Africa, Asia and Australia.
Dietary supplements and spices are commonly exposed to fraud through the sub-

stitution of the corresponding plant species (De Mattia et al., 2011; Derz et al.,

2020). The form of powder in which they are sold make authentication challenging.
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Undeclared species substitution in food products might also represent an important
health threat to allergic consumers because of the introduction of food allergens,
such as different kinds of nuts and molluscs (Bbhme et al., 2019) or poisonous
plants (Mezzasalma et al., 2017).

Example of a common adulteration is the case of saffron (Crocus sativus L.). Saffron
is an expensive spice (from 15.000 to 30.000 euro for kilo). This high cost is due to
the harvest methodology. This spice is derived from the dried stigmas of Crocus
sativus, which is harvested by hand. It also has an attractive power to the botanicals
industries, due to its medical proprieties. The most expensive saffron came from
Greek and Italy, followed by Spain and finally Iran. The adulteration of this spice is
very common, and usually it is mixed with lower value products. In 2018, for exam-
ple, in the UK a total of 87kg of saffron, coming from Spain, were seized with an
estimated market value of EUR 783,000 (The EU Food Fraud Network and the Ad-
ministrative Assistance and Cooperation System, 2019 Annual Report).

The European Commission publishes a monthly report on worldwide fraud and sei-
zures carried out. Thirty-one cases of fraud were reported only in the October 2020
report. For example, the Moroccan authorities seized 1.2 million bottles of adulter-
ated wine. These bottles were also imported illegally, expired or unlabelled, and
could have endangered consumer health. Moreover, the Khyber Pakhtunkhwa
Food Authority seized 3 tonnes of spices adulterated with hazardous colours, hay,
and other unhealthy materials. Finally, the Italian Coast Guard, with the operation
“Cephalopoda”, seized almost 1700 kg of seafood products for a total amount of
around 34000 euros. These products were mislabelled or missed the required trace-

ability documentation (Food Fraud Summary October, 2020).
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2.1.3. Food EU regulations and food fraud

Since 1996, in Europe, there have been problems in the food sector (such as BSE
(Bovine Spongiform Encephalopathy), dioxins in food, etc.) which have put the
health of the consumer at risk. For this reason, the European Commission (EC) has
set itself the goal of stipulating rules for food safety and the first step was the pub-

lication of 2 books:

The Green Book (Brussels, 1997) which defines the general principles of food law in

the EU (http://www.salute.gov.it/imgs/C_17_ pubblicazioni_2643_allegato.pdf);

The White Paper (Brussels, 2000) which presents the legislative developments men-
tioned in the story Green Paper for food safety (http://www.sa-

lute.gov.it/imgs/C_17 pubblicazioni_1553_allegato.pdf).

Subsequently, on January 28, 2002, (Reg. (EC) n. 178/2002) the “General Food Law”
was enacted. Has the general principles and requirements of food law and estab-
lishes the European Food Safety authority and the fixed procedure in the field of
food safety (https: //eur-lex.europa. eu /LexUriServ/LexUriS-
erv.do?uri=CONSLEG:2002R0178:20060428:IT:PDF).

Finally, with the UNI EN ISO 22005: 2008 "Traceability in agri-food supply chains"
(https://irp-cdn.multiscreensite.com/8524317a/docs/1.3907234..pdf) the concept

of "traceability system" is definitively specified .

To complete the picture of food safety, on 29 April 2004, the so-called “Hygiene
Package” was published, which came into force on 1 January 2006 and is part of the
“from farm to table” strategy. This package consists of a set of 4 legislative texts
that regulate the hygiene of food production and the controls to which they must

be subjected. The "Hygiene Package" is composed as follows:
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Reg. (CE) n. 852/2004, on food hygiene (https://eur-lex.europa.eu/LexUriServ/Lex-
UriServ.do?uri=0J:L:2004:139:0001:0054:it:PDF);

Reg. (CE) n. 853/2004, on specific hygiene rules for food of animal origin
(https://eur-lex.europa.eu/legal-con-

tent/IT/TXT/PDF/?uri=CELEX:32004R0853&from=HR);

Reg. (CE) n. 854/2004, on specific rules for the organization of official controls on
products of animal origin intended for human consumption (https://eur-lex.eu-

ropa.eu/legal-content/EN/TXT/?uri=CELEX%3A32004R0854);

Reg. (CE) n. 882/2004, on official controls aimed at verifying compliance with feed
and food legislation and with animal health and welfare regulations

(http://www.salute.gov.it/imgs/C_17 normativa_1793_allegato.pdf).

With these 4 legislative texts, the "Hygiene Package" manages to take into consid-
eration all levels of the food chain: from primary production to breeding, from hunt-
ing and fishing to production, from processing to distribution, up to the sale of the

product to consumer. This method of analysis is called the “supply chain approach”.

Finally, the "Hygiene Package" outlines two professionals with the task of supervis-

ing compliance with these 4 regulations:

The Food Sector Operator (FBO), solely responsible for Reg. (EC) no. 852/2004 and
853/2004;

The Competent Authority (CA), for the official controls provided for in Reg. (EC) no.
854/2004 and 882/2004.
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In 2013, to complete the "farm to table" strategy, the EC decided to issue a further
package of five measures on animal and plant health, entitled "Smarter rules for
safer food" (https://eur-lex.europa.eu/legal-con-
tent/it/TXT/PDF/?uri=0J:L:2014:189:FULL&from=EN). It is based on a more risk as-
sessment approach thus focusing on animal diseases and plant pests to provide
safer products for consumers. Food supplements - intended as a concentrated
source of substances with a nutritional or physiological effect but never therapeutic
or preventive of diseases - are subject to the control of the EFSA (European Food
Safety Agency), but the legislation in this field is less developed and restrictive. Only
guidelines are available to ensure the safety of botanicals and derived products in
order to obtain food supplements and it is recommended to follow the directions
of the pharmacopoeia to achieve identification. In addition, there is a continuously
updated list of substances that are reported to influence health when used in the

preparation of foods or supplements.
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2.2. Food traceability: the importance of the supply chain control

2.2.1. Covid-19 outbreaks consequences in the agri-food field

Covid-19 outbreaks have been, and will continue to have, a generic impact on the
likelihood of many food fraud risks (Points and Manning, 2020). As a society, we
need the food and agriculture sector to continue to operate despite the Covid-19
outbreaks (Cauhan et al., 2020). Nevertheless, the companies responsible for activ-
ities such as checking, inspecting, auditing and testing have been minimized and, in
some cases, totally collapsed. Moreover, food companies are much more con-
cerned with trying to guarantee an adequate food supply, instead of controlling the
suppliers and ensure a safe and authentic food. The supply chain control is a key
aspect to consider as part of the food fraud prevention program.

The fraud risk in these months is increased due to the supply chain disruption, the
surplus of specific food commodities regionally, the changes in commodity prices,
the reduction of supervision of regular procedures, the regional labour shortages in
farming and finally the changing consumer purchasing behaviour (e commerce, lo-
cal food) (Laborde et al., 2020).

The Opson 2020 report, an investigation led by Interpol and Europol, which cover
the period from December 2019 to June 2020 (the pandemic period), revealed that
19 organised crime groups were dismantled and over 400 arrests made. The de-
frauded products were cereals and grains, meat, coffee, spices and dairy products
(Elliot, 2020). High value products can be the most endangered. Products such as
botanical ingredients used in food supplements may be particularly at risk due to
the supply chain disruptions. There are some reported cases of food fraud due to
supply chain disruptions. There was a case of mislabelled horsemeat in Europe

(such as the 2013 scandal) (Taylor, 2020) and a case of false endemic strawberry in
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Wien (Fresh Plaza, 2020). In India thousands of kilograms of toxic fish and shrimp
were seized due to a supply chain shortage resulting in the half in fishing caused by
lockdown measures, which “oblige” companies to add non-compliant food.

The supply chain traceability and surveillance are fundamental, especially in this
difficult period. The Acheson Group and The Food Chemicals Codex group recom-

mends increasing supply chain surveillance and testing (Everstine, 2020).

2.2.2. The blockchain technology for supply chain traceability

Blockchain technology emerged in 2008 as a core component of the bitcoin crypto-
currency (Bhardwaj and Kaushik, 2017) and is a shared and immutable data struc-
ture. It is defined as a digital register whose entries are grouped into blocks, con-
catenated in chronological order, and whose integrity is guaranteed using cryptog-
raphy. Although its size is destined to grow over time it isimmutable since, as a rule,
its content once written is no longer modifiable or eliminable unless the entire
structure is invalidated. These technologies are included in the broader family of
Distributed Ledgers, systems that are based on a distributed ledger, which can be
read and modified by multiple nodes on a network. The nodes involved are not re-
quired to know each other's identity or trust each other. In fact, to ensure con-
sistency between the various copies, the addition of a new block is globally gov-
erned by a shared protocol. Once the addition of the new block has been author-
ized, each node updates its own private copy: the very nature of the data structure
guarantees the absence of its future manipulation. Thanks to these characteristics,
the blockchain is therefore considered an alternative in terms of security, reliability,
transparency and costs to databases and registers managed centrally by recognized
and regulated authorities (public administrations, banks, insurance companies,

payment intermediaries, etc.).
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Introduction

The agri-food field gained interest in this technology and applied blockchain to trace
a product “from farm to fork”. The aim is to trace every single product all along the
supply chain. A customer can scan a QR Code using the smartphone and could ob-
tain all the quality and safety information about a product, even all the analysis
results.

The computerisation and molecularization of traceability tools open the oppor-
tunity to use DNA analysis are emerging technologies to address food traceability.
A digital copy of the DNA can then be attached to every item or product a company
creates, which brings traceability to the item level, rather than to an entire batch.
Furthermore, digital DNA can be cross-checked with the blockchain record to en-
sure the product’s authenticity. This process allows producers to create a chain of
custody. With this tool it is possible to prevent fraud, offering total traceability and
guarantee the authenticity of the food.

Despite the great potential of this technology, a complex and long supply chain can
be expensive, difficult to implement and hard to handle a huge volume of data.
Furthermore, is necessary the digitalization of all the documents, because manual
written documents lead to human error and it is difficult to quickly record the data

(Galvez at al., 2018).

Blockchain Technology
LS

Simplified View of the Food Supply Chain Hides Its True Complexity

Figure 6. The blockchain technology applied to the agri-food supply chain.
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In 2017, Walmart implemented a pilot test of blockchain technology developed by
IBM with the aim to track pork in China (Kamath, 2018). It happened that a cus-
tomer became ill, and Walmart thanks to blockchain technology was able to trace
all the supply chain of that specific product.

Carrefour, in collaboration with Crystalchain e Connecting Food, developed in 2018
the first food blockchain technology in Europe. They started with chicken and in a
second time they extended this technology to other
products: the Cauralina tomatoes, the Loué farm eggs
and Rocamadour DOC. All these products have a sim-
ple QR Code placed on the package, thanks to it is pos-

sible to see on a smartphone all the information.

Figure 7. Blockchain’s chicken for Carrefour.

Also Coop Italia and IBM, with the project “Coopchain”, collaborate for the applica-
tion of the blockchain to the food supply chain and specifically to the production of
Coop brand eggs. The solution allows for full transparency and visibility of the vari-
ous actors involved in the Coop-branded egg production chain, involving a total of
2 million hens for over 200 million eggs produced per year.

By scanning the QR Code printed on the new package, like for Carrefour, and typing
the specific code of the batch, the consumer can thus discover the history of the
product and trace back from the point of sale to the farm, to the territory from
which the egg comes and to the incubator from which it was born. In this way, con-
sumers can ascertain that the eggs were produced in full compliance with animal
welfare requirements, never closed in cages, and without the use of antibiotics,

thanks also to the certification of two independent third parties.
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CON COOPCHAIN HAI LA FILIERA
NEL TUO SMARTPHONE.

O 156 8

Figure 8. Blockchain’s egg for Coopltalia.

To measure the satisfaction of this solution in various Coop stores in Italy, more
than a thousand consumers were interviewed and it emerged that all those who
used the QR Code expressed very high levels of satisfaction and interest in both the
scan done in-store and at home.

This trace technology is the future of the food industry because it can store the
history of all transactions ever made and allows to recreate the history and identify

the origin of a product (Galvez et al., 2018).
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2.3. Genomics and Metagenomics approach for Food Quality

2.3.1. DNA analyses for food quality, authentication and traceability

Food authentication is made by a wide typology of analysis. Chemical methods,
such as HPLC, LC-MS, GC-MS, HPTLC, spectroscopic data from an MS, NMR, UV, or
IR experiment are widely used (Pawar et al., 2017). However, in most cases there
are not universal standards especially for processed materials and this is one of the
major limiting factors that prevents the widespread adoption of such chemical
methods for universal traceability (Khan et al., 2012). Moreover, the chemical pro-
file is often subject to phenotypic variables. For example, an aromatic plant can
have different quantitative of aromas and qualitative variations depending on the
cultivation area, harvesting, processing and conservation methods (Abdelmajeed et
al., 2013). There is therefore a risk of not correctly identifying a matrix. Finally, in
many cases the chemical parameters chosen do not necessarily correlate with or-
ganoleptic properties or nutritional values and often different species with different
commercial values have the same markers compound, so chemical analyses cannot
distinguish different species in commercial products (Raclariu et al., 2017).
Nevertheless, DNA is a universal molecule, specific and above all not influenced by
external variables. For this reason, due to the reliability and reproducibility of DNA
testing, is getting one of the most important analytical tools for food authentica-
tion. In the figure below was analysed the keywords used in 4280 publications with
a word cloud generator. The size of the words is correlated with the frequency of
being used as a keyword (Ulberth, 2020). DNA is the bigger word, meaning that DNA

testing is the most used analysis in scientific literature.
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Figure 9. Analysis of analytical technology relevant keywords of 4280 publications with a

word cloud generator (Ulberth, 2020).
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Moreover, in the figure below is shown the absolute number of publications con-

taining the keyword “DNA food” over the years from the database “Pubmed”. There

is a clear increase over the years, especially from 2003, when Paul Hebert presented

for the first time the DNA barcoding analysis (Hebert et al., 2003).
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Figure 10. The absolute number of publications containing the keyword “DNA food” over

the years from the database “Pubmed”.
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In the past were developed several DNA-based methods applied in the agri-food
field, such as randomly amplified polymorphic DNA (RAPD) and microsatellites anal-
ysis (SSR) for variety and cultivar identification (Besnard at al., 2001; Caruso at al.,
2007), quantitative PCR (qPCR), digital droplet PCR (ddPCR), isothermal amplifica-
tion (LAMP, RPA, etc) and DNA barcoding for species identification and adulteration
detection (Druml et al., 2015; De Castro et al., 2017), high resolution melting (HRM)
for mutations and polymorphism detection (Druml and Markl, 2014) and finally
High-Throughput Sequencing (HTS) for multispecies products analysis (Raclariu et
al., 2018).

DNA barcoding DNA metabarcoding
HTS

Species identification
Adulteration detection

Isothermal PCR FOOD Microsatellites

Rapid species
UGS AUTHENTICATION
jond i

Variety/cultivar
identification

HRM

Mutations and

polymorphisms
detection

Figure 11. The most common DNA based analyses for food authentication.
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2.3.2. DNA barcoding
DNA barcoding has been proposed as a standardized method by Paul Hebert in
2003 for species identification (Hebert et al., 2003). This method consists of se-

guencing and comparing orthologous DNA regions (Figure 12).
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Figure 12. Methodological steps of DNA barcoding. The first step consists of DNA extraction

|

X

(1). Subsequently, the region chosen is amplified by PCR (2). After visualization of the am-
plicon by using an agarose gel, the amplicon is sequenced by Sanger sequencing (3). Finally,
the nucleotide sequence is compared to public databases (4) and the species is assigned to

the most similar result (commonly In scientific literature the identity is > 99%) (5).

DNA barcoding has the advantage of innovations: molecularization of identification
processes, standardization of the procedure and computerization (Casiraghi et al.,
2010). DNA barcoding is an important tool in food species identification and the
supply chain traceability. One of the most challenging aspects of this analysis is
searching for the most accurate gene that shows low variability within a certain
taxon and a high level of interspecific variability. The most common regions are the
gene for Cytochrome c oxidase | (COIl) and Cytochrome b (cytb) for animal species
(Hebert et al., 2003, Shen et al., 2013). Concerning the plants, are used the gene for
maturase K (matK) and carboxylase (rbcL), the intergenic spacer of psbA and trnH

genes (psbA-trnH) more recently the internal transcribed species (ITS) (Chen et al.,
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2010; Newmaster and Subramanyam, 2017). The standard-length of amplicons are
around 650 bp, but in processed products (such as canned fish) the amplification is
challenging due to DNA degradation and fragmentation. In this context, a DNA mini-
barcoding approach (100-200 bp) can successfully be applied (Shokralla et al.,
2015).

The global project Barcode of Life System (BOLD) is a public database of barcodes
for all species of life and has been given special attention to plants and fish. Due to
a low intraspecies variability the discrimination between species belonging to the
same genera is thus challenging (B6hme et al., 2019).

Despite this, DNA barcoding has been successfully applied in the agrifood sector for
fraud and mislabelling identification. Seafood field is the most adulterated and DNA
barcoding is a useful tool for fraud identification, in fresh, frozen and processed
products (Delpiani et al., 2020; Xing et al., 2020; Barbosa et al., 2020; Calegari et al.,
2020; Liou et al., 2020; Pardo et al., 2020; Deconinck et al., 2020). Several studies
in the scientific literature show a high percentage of meat mislabelled such as sau-
sage, ground meat and meat balls discovered by DNA barcoding technology (Kane
et al., 2016; D’Amato et al., 2013; Hellberg et al., 2017).

The authenticity of plant-based food additives and supplements is another area of
concern for consumers, highlighting the need for accurate methods to ensure qual-
ity. DNA barcoding has been applied to food authentication for herbal infusion (De
Castro et al., 2017), spices (Parvathy et al., 2014), olive oil (Kumar et al., 2011),
honey (Bruni et al., 2015), food supplements (Mosa et al., 2018) and poisonous

plants (Mezzasalma et al., 2017; Cornara et al., 2018).
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2.3.3. High-Throughput Sequencing (HTS)

High-Throughput Sequencing (HTS) or next generation sequencing (NGS) is a
method that has revolutionized genomic research, because it can sequence millions
of small fragments in parallel (Behjati and Tarpey, 2013). HTS technique can provide
sequence data around a hundred times faster and cheaper than the conventional
Sanger approach (Figure 13). Sequencers such as 454 Life Sciences/Roche (produc-
ing about a million sequences of length 800—1000 base pairs), Solexa/Illumina and
Applied Biosystems SOLID technology (producing over a billion sequences of length
50-500 base pairs) were produced as second-generation technologies and other
competitive instruments appeared on the market such as the lon Torrent and Pac-

Bio.
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Figure 13. Methodological steps of Illumina sequencing process. By PCR, adaptors are
added to the ends of sequence fragments. Single-stranded fragments are randomly bound
to the inside surface of the flow cell channels and bridge PCR reactions amplify each bound

fragment to produce clusters of fragments. During each sequencing cycle, one fluorophore
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attached nucleotide is added to the growing strands. The laser excites the fluorophores in
all the fragments that are being sequenced and an optic scanner collects the signals from
each fragment cluster. Then the sequencing terminator is removed, and the next sequenc-
ing cycle starts. The data are aligned and compared to a reference, and sequencing differ-

ences are identified (Lu et al., 2015).

With the development of HTS, DNA metabarcoding has emerged. This technique
combines DNA barcoding with HTS, a perfect approach for analysing multispecies
products such as complex food matrices (Xing et al., 2019). In the last years, DNA
metabarcoding have been used for food authentication and fraud detection in sea-
food products (De Battisti et al., 2014; Kappel at al., 2017), meat derived products
(Bertolini et al., 2015; Xing et al., 2019), dairy products (Ribani et al., 2017; ), candies
(Munoz-Colmenero et al., 2017), honey (Prosser and Hebert, 2017) and food sup-

plements (Raclariu et al., 2018).

TAGCTACGATCGATCG
ACGATCAGCTAGCATCAGCT

] .
ATGTTCCTGAACGTCA ] .
-
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-

Figure 14. Methodological steps of metabarcoding. The first step consists of DNA extraction
(1). Subsequently, the region chosen is amplified by PCR (2). After sequencing (3) all sample

compositions are defined after bioinformatic analysis (4).
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2.3.4. Isothermal technologies

DNA barcoding is a method used routinely in food authentication. Nevertheless,
there are some critical aspects to consider for its application, including: long time-
scales, use of dedicated and sophisticated tools, since PCR requires sudden temper-
ature changes (thermocyclers), visualization of the result requires DNA electropho-
resis equipment and consequently scientific skills are needed to process the differ-
ent phases.

Therefore, alternative methods have been developed that deal with these criticali-
ties, specifically isothermal methods of DNA amplification such ah Loop-Mediated
Isothermal Amplification (LAMP) and Recombinase Polymerase Amplification
(RPA). These isothermal amplification techniques do not require a thermal cycler
and can produce easily interpretable results, thus becoming accessible and applica-
ble by unskilled personnel, even in the absence of equipped laboratories.

LAMP (loop-mediated isothermal amplification) is a technique that allows rapid am-
plification of DNA with high efficiency and specificity under isothermal conditions.
It was first described in 2000 by Notomi and collaborators (Notomi et al., 2000) and
the technique is based on the use of at least four primers (two pairs) which recog-
nize six different regions of the target DNA. Thanks to the enzymatic activity of Bst
DNA polymerase, the LAMP reactions can be performed in isothermal conditions
and therefore it is enough to have a thermal block or water bath at a controlled
temperature. Furthermore, the results are naked-eye visible, due to the change of

colour of the reagents in case of amplification (see figure 15).
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Figure 15. On the image above: Loop-mediated isothermal amplification (LAMP) uses 4-6
primers recognizing 6-8 distinct regions of target DNA. A strand-displacing DNA polymerase
initiates synthesis and 2 of the primers form loop structures to facilitate subsequent rounds
of amplification (Alhassan et al. 2015), on the image below: example of results visualisation

(Li et al., 2015).
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Recently, LAMP has been used for food authentication. It has been successful in
spices and botanicals identification (Sasaki et al., 2007; Sasaki et al. 2008), and in
allergen detection (Sheu et al., 2018).

The RPA (Recombinase Amplification Polymerase), developed by the biotech com-
pany TwistDx Ltd, uses a recombinase, a protein capable of catalyzing the hybridi-
zation process between small oligonucleotide primers and the homologous target
region (Figure 16). In this way, the enzyme allows specific coupling between the
primers and the double-stranded DNA target, thus directing the polymerase for the
extension of the primers and the amplification of the DNA. During the RPA reaction,
the primer-recombinase complex recognizes the specific site, the enzyme opens the
double helix and allows the attachment of the primer to the target sequence. The
primer is then extended, and the new filament produced undermines the original
filament. The synthesized sequence can act as a template for the next cycle thus
generating an exponential amplification. The reaction progresses rapidly and re-
sults in a detectable amplification of the target DNA in a few minutes (Piepenburg
et al., 2006). The results are naked-eye visible thanks to the use of lateral flow (see
figure 16).

RPA has been successfully applied for food authentication, such as herbal products

(Liu et al., 2018) and spices (Mingming et al., 2019).
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Figure 16. On the left: RPA utilizes a recombinase-primer complex, a strand-displacing pol-
ymerase, and single-stranded DNA binding proteins to amplify DNA (New England Biolabs);

on the right: example of lateral flow visualisation (Dai et al. 2019).

Although isothermal techniques are fast, simple and cheap, the limitation is that
they are not universal. If DNA barcoding allows identifying any unknown plant
through an untargeted analysis, LAMP and RPA only allow a target analysis. Never-

theless, a ready-to-use kit could be a useful method for supply chain control.
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2.4. Project aims and experimental design

Food fraud is an increasing problem and there is a demand from the consumer to
better understand food products. Furthermore, due to globalization, the supply
chain is long and wide. The product, from raw material to market, often undergoes
several steps which need to be tracked. Often there is a correlation between the
identity of a product with its quality and their organoleptic properties. Therefore,
checking the identity of a raw material or a final product can ascertain its purity and
quality. A suitable bio-molecular identification and traceability system could be
used to assess the quality of raw materials up to the finished food products as well
as to guarantee the consumer on the identity of the products purchased.

The main objective of this PhD project was to identify and test innovative biomolec-
ular analyses for the identity assessment of raw materials and processed food prod-
ucts. These methods will be useful for assessing quality and safety in the agri-food
industry from farm to fork. The stakeholders of this project are both companies,
who want to guarantee high quality and safety products and final consumers, who
have been increasingly careful about the food products. For this reason, the pro-
posed methods must be simple, effective and possibly universal to be applied on a
large scale.

FEM2-Ambiente, the company where the thesis project was carried out, currently
offers a genetic identification service of species for food and herbal products: DNA
barcoding. This analysis, although it is currently used as a routine analysis, has some
defects.

Industrial treatments could alter DNA quality of raw material (Pecoraro et al., 2020;
Raclariu et al., 2017; Parveen et al., 2016), therefore DNA barcoding could be chal-
lenging to apply. Examples of such products are canned fish (tuna, mackerel, sar-

dines, etc.), highly processed meats (meat sauce, etc.) and food supplements. DNA
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barcoding technique analyses large fragments of DNA, but in case of processed
products DNA is fragmented and therefore small and DNA mini-barcoding could be
more successful. For this reason, the first technical objective of this project was to
develop a modification of the DNA barcoding approach to analyse highly processed
products. Specifically, we evaluated whether these analyses can be applied to trace
the plant component in food supplements from the starting raw material to the

finished commercial products.

Label’s ingredient identification Fraud detection
Allergen detection Pathogen detection
Quantification accuracy Supply chain traceability
Higly processed products Rapid
Adulteration detection Cheap
Species identification Naked-eye result

Figure 17. Experimental design.

A second limit that occurs in the food market is related to multispecies products.
Many products contain a mix of different species, but DNA barcoding does not allow
the analysis of multiple species at the same time. For this reason, the second objec-

tive of this thesis project was to test DNA metabarcoding (High-Throughput
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Sequencing technique). This technique is capable of analysing several genomes at
the same time and distinguishing them thus recognizing the species of the mixture
of processed food products. Moreover, it was necessary to define bioinformatic
tools to identify the best threshold for this analysis. We tried to answer these ques-
tions: Is it possible to identify all the species in a product? Can we quantify all the
ingredients? Is it possible to identify allergens in low concentrations? Is it possible
to identify pathogens in a product? Can we use the microbiome for supply chain
traceability?

To achieve the first objective, we analysed innovative food complex matrices such
as insect-based novel foods and herbal products like herbal teas. In order to test
the ability of DNA metabarcoding as an early warning method of identifying aller-
gens in processed products, samples with insect flour and different concentrations
of allergens, more specifically gluten and soy, were created. With the aim to evalu-
ate the accuracy of quantification, samples with different concentrations of five
plant species were created. These samples were both created starting from raw
plants (gr/gr) and genomic DNA (ng/ng). Finally, the microbiome of insect-based
novel foods was analysed. The aim was to evaluate both the presence of pathogenic
bacteria and to identify a bacterial pattern for the traceability of novel foods.
Further limitations of DNA barcoding are costs and time-consuming of analysis; it
requires specialized personnel and very expensive tools.

To develop a rapid kit for carrying out on-site species identification analyses, a DNA
amplification isothermal technique (LAMP) was tested on food products (truffle).
Overall, the obtained results allowed to develop innovative analysis to offer to the
stakeholders, with the final goal to guarantee the traceability of the supply chain in

the agri-food sector and assure high quality and safe products.
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In the next chapter are presented scientific papers published in international jour-
nals with the results of the PhD project. Due to the desire to patent the ready-to-
use kits, the results of the last part of the project have not been published.

| published five further works concerning food safety (Frigerio et al., 2019; Cornara
et al., 2018) and food quality (Bruno et al., 2019; Cornara et al., 2020; Frigerio et al.,
2020).
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DNA barcoding to trace Medicinal and Aromatic Plants from the
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Summary

The global market of food supplements is growing, along with consumers demand
for high-quality herbal products. Nevertheless, substitution fraud and adulteration
cases remain a common safety problem of global concern. In the last years, the DNA
barcoding approach has been proposed as a valid identification method and it is

now commonly used in the authentication of herbal and food products. The

44


mailto:massimo.labra@unimib.it

Publications

objective of this study was to evaluate whether DNA barcoding can be applied to
trace the plant species from the starting raw material to the finished commercial
products. We selected a panel of 28 phytoextracts obtained through three different
extraction methods (i.e., maceration, percolation and sonication) with different sol-
vents (i.e., ethanol, deionized water and glycerol). Furthermore, we chose six plant
species for which we collected and analysed all the intermediates of the industrial
production. We sequenced and analyzed the sequence variability at DNA barcoding
(psbA-trnH, ITS) and minibarcoding (rbcL 1-B) marker regions. Phytoextracts ob-
tained through hydroalcoholic treatment, with the lower percentage of ethanol
(<40%), and aqueous processing, at the lowest temperature, had major rate of se-
guencing and identification success. This study proves that DNA barcoding is a use-
ful tool for Medicinal and Aromatic Plants (MAPs) traceability, that would provide

consumers with safe and high-quality herbal products.

Introduction

Medicinal and Aromatic Plants (MAPs) and their preparations are products used in
medicine, cosmetics and food industry, belonging to plants, fungi, algae or lichens
(EFsa, 2009). Such products are prepared using plants or their parts to exploit their
therapeutic and healthy properties (e.g., antioxidant, anti-inflammatory), as well as
their flavor or scent (WH0 1999). According to a report published by the Persistence
Market Research, the global market of herbal supplements had a value of USD 40
billion in the 2017 and is expected to reach a market valuation in excess of USD 65
billion by 2025 (PeRsISTENCE MARKET RESEARCH, 2017). In the last years, the increasing
consumption of natural food supplements and the growing awareness of consum-
ers concerning the healthy benefits of these products have been progressively en-

hancing the market of MAPs (EFsA, 2009). Although most of the herbal products
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used as food ingredients have been available to consumers since decades, the reg-
ulation of these products differs greatly among jurisdictions. While some countries
consider MAPs as reliable ingredients for food production, others regulate them as
healthy products or medicines. For example, in the European Union (EU), most
products containing Medicinal and Aromatic Plants are sold as food supplements
and regulated under the food law (SiLANO et al., 2011); in Australia dietary supple-
ments are considered medicinal products and in Canada they are subjected to the
complex regulation of the Natural Health Products Directorate (NNHPD) of Health
Canada (HEALTH CAN., 2015) as medical products (Low et al., 2017). The lack of a clear
and shared global regulation and the large market demand of high-quality plant-
based items led to safety problems with the increase of substitution, fraud and
adulteration cases. Anyway, more attention is required to guarantee an high quality
level of MAPs which necessitates a stable raw material and its assurance. As a mat-
ter of fact, frequently, valuable plants are substituted with cheaper raw materials,
such as the case of saffron substituted with safflower (Bosmali et al., 2017). How-
ever, adulteration is not necessarily intentional, and herbal products may be altered
due to inadvertent substitution, misidentification or confusion resulting from the
use of different vernacular names in the countries of production.

According to the World Health Organization (WHO), the adulteration of herbal
products is a potential threat to the consumers’ safety. This condition opens two
key issues which refer to the definition of suitable toxicological evaluations to esti-
mate the risks for human health and the setup of an efficient identification system
to trace the herbal products from the field to the traded MAPs items. Usually, mac-
roscopic and microscopic examinations are the classic strategies adopted to verify
the identity of fresh plants or the origin of plant portions. These tools can be used

to trace the herbal products when the plants are processed immediately after being
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harvested. However, when the herbs undergo drying, fragmentation and pulveriza-
tion processes the morphological traits cannot be longer used to reliably assess the
botanic source. Moreover, many herbal ingredients are obtained by infusion, mac-
eration, distillation or pressing. In these cases, only dedicated chemical analyses of
the complex mixtures could permit to achieve a reliable plant identification.

In the last years the DNA barcoding approach was proposed as a valid molecular
identification method to provide species-level resolution and it is now more and
more used in the authentication of taxonomic provenance of herbal and food prod-
ucts (NEWSMASTER et al., 2013; GALIMBERT! et al 2013; MoHAMMED et al., 2017). How-
ever, the most important limit of this molecular tool is that it can preferentially be
adopted on unprocessed material (e.g., dry, fragmented and shredded plant por-
tions) and several difficulties are encountered when dealing with extracts or with
any other process that results in the degradation of the DNA. Recently, some man-
uscripts described the efficacy of minibarcode regions (i.e., the analysis of smaller
genome portions - 100-150 bp - usually associated to the largest DNA barcodes) for
the identification of processed plant extracts (RACLARIU et al., 2017, LiTTLE, 2014). To
date, any study addressed the efficacy of a DNA barcoding-based approach to trace
herbal products along the entire production chain. In this work, we have selected
Medicinal and Aromatic Plants in the form of phytoextracts obtained by several in-
dustrial companies and subjected to different kind of industrial processes and phy-
toextraction strategies. The objective of this survey was to evaluate whether or not
the DNA barcoding approach (using standard barcodes or a minibarcode regions)
could be applied to trace the plant species from the field to the finished commercial
product in the case of food supplements. Therefore, we evaluated which are the

industrial processes mostly affecting the efficacy of DNA analysis such as sample
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pre-treatment methods, solvents used for extraction and which are the most suit-

able DNA markers to achieve a reliable MAPs traceability.
Material and methods

Study design

To test the efficacy of DNA traceability at the different steps of the industrial pro-
duction chain of MAPs, we selected a panel of 28 plant commercial phytoextracts

(Table 1) sold by three main European companies.

SAMPLES Industrial processing DNA Extraction DNA BARCODING

yield MARKERS

Phytoex- Solvent Value Standard psbA- ITS rbcl

traction Deviation  trnH 1-B
Process
ng/ul
Achillea millefolium L. Soni- EtOH< 12.26 1.55 X
cation 40%
Echinacea pallida Soni- 16.29 0.97 X
(Nutt.) Nutt. cation
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Harpagophytum pro-
cumbens (Burch.) DC.

ex Meisn.

Melissa officinalis L.

Mentha x piperita L.

Tilia platyphyllos Scop.

Zingiber officinale Ros-

coe

Arctium lappa L.

Echinacea angustifolia

DC.

Melissa officinalis L.

Soni-

cation

Percola-

tion

Soni-

cation

Soni-

cation

Soni-

cation

Macera-

tion

Macera-

tion

Percola-

tion

12.94

44.63

12.3

9.78

13.16

EtOH> 1.23

40 %

2.83

1.4

1.58

1.32

0.83

1.28

2.13

0.2

0.5

0.44

Publications

X X

X
X X
X X
X X
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Passiflora incarnata L.

Taraxacum officinale

Weber ex F.H. Wigg.

Thymus vulgaris L.

Arctostaphylos uva-ursi

(L.) Spreng.

Cetraria islandica (L.)

Ach.

Echinacea purpurea (L.)

Moench

Epilobium angustifo-

lium L.

Malva sylvestris L.

Macera- 1.74
tion

Macera- 2.47
tion

Macera- 1.78
tion

Percola- WATER 3.1
tion

Percola- 2.27
tion

Percola- 3.47
tion

Percola- 1.88
tion

Percola- 2.34
tion

0.17

0.54

0.38

0.33

0.94

0.71

0.63

0.69

Publications
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Arctostaphylos uva-ursi

(L.) Spreng.

Echinacea purpurea (L.)

Moench

Epilobium angustifo-

lium L.

Melissa officinalis L.

Arctium lappa L.

Echinacea angustifolia

DC.

Melissa officinalis L.

Passiflora incarnata L.

Soni-

cation

Soni-

cation

Soni-

cation

Soni-

cation

Macera-

tion

Macera-

tion

Macera-

tion

Macera-

tion

GLYC-
EROL

13.36

46.41

14.78

12,73

2.69

4.73

2.55

2.09

1.05

0.81

0.97

0,76

0.64

0.85

0.76

0.6

Publications

X
X X
X
X X
X
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Taraxacum officinale Macera- 3.12 0.3
Weber ex F.H. Wigg. tion

Thymus vulgaris L. Macera- 2.71 0.8
tion

Table 1: List of the analysed MAPs samples with details concerning their industrial pro-
cessing to obtain the final phytoextracts. Average yield of DNA extraction (with stand-ard
deviation) and assessment of positive sequencing of DNA barcoding markers (x) are also

reported.

The selected items were obtained starting from 17 plant species (in the initial form
of dried raw material) and were processed by the same companies adopting three
main extraction procedures, namely maceration, sonication and percolation. Mac-
eration consists in the solubilization of the plant material in different solvents like
water and alcohol (e.g., ethanol), while percolation involves the slow descent of a
solvent through the plant raw material until it absorbs the molecules of interest.
Both methods rely on liquid filtration and concentration. Differently, the soni-
cation provokes cellular cavitation and the release of the phytocomplexes in the
used solvent. Three different extraction solvents were considered in this study and
specifically, ethanol (i.e., alcoholic), deionized water (i.e., aqueous) and glycerol.
During maceration the temperature was maintained under the threshold of 55 °C
while in percolation higher temperatures (i.e., > 80 °C) were maintained, and soni-
cation was mainly performed at 30-40 °C. After the percolation process, some phy-
toextracts are dried at very high temperatures (about 200 °C). Processing details for

each tested phytoextract are shown in Table 1.
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To evaluate the efficacy of DNA barcoding to trace the intermediates of industrial

production after different steps of phytoextraction, we selected a panel of six com-

mercial products obtained only by alcoholic and aqueous extraction procedures

(Table 2).

Plant species

Steps of the industrial production

process

Solvent 1 2 3 4 5 6

Achillea millefolium L. 20% Etha- Y Y N Y Y Y
nol

Zingiber officinale Roscoe  30% Etha- Y Y N Y Y Y
nol

Thymus vulgaris L. 60% Etha- Y N Y N N -
nol

Melissa officinalis L. 70% Etha- Y N Y N N -
nol

Echinacea purpurea (L.) Y Y N Y Y -

Moench Water
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Melissa officinalis L. Water Y Y N Y Y Y

Table 2: List of six commercial MAPs (phytoextracts) traced along their entire production
chain. Each sample (intermediates of industrial production) was treated for DNA extraction
and DNA barcoding analysis using the minibarcode region rbcL 1-B. Numbers indicate the
industrial processing step as described in Figure 1. Y= correct plant identification by DNA
barcoding at rbcL 1-B locus, N= DNA extraction or amplification failure, - = Sample was not

collected and analysed.

For these samples, we collected and molecularly analysed through DNA barcoding,

any intermediate of production (Figure 1).
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Plant
raw material

. 4 v v

Maceration: Percolation: Sonication:
plant solubilization in slow descent of a solvent ultrasonic cellular
solvent through the plant raw material cavitation

Solvent extraction (30-80°C):
Ethanol, Glycerol, Water

INTERMEDIATE
Crude
phytoextract

Flltrahon and A 4
Concentration (40-65°C) INTERMEDIATE
Extraction
waste
INTERMEDIATE
Concentrated
product
Drying (200°C)

v

Liquid Dry
phytoextract phytoextract

v

Food
supplement

Figure 1: The industrial flowchart of MAPs production. The numbers indicate the interme-

diate steps of the industrial process for which the DNA barcoding efficacy has been verified

(Table 2).
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DNA Extraction and DNA barcoding analysis

All commercial products of Table 1 were tested for authenticity by sequencing three
candidate markers, namely the standard DNA barcoding plastidial intergenic spacer
psbA—trnH (STEVEN & SUBRAMANYAM, 2009), the nuclear ITS region (primers ITS p5—
ud, CHENG et al., 2016) and the minibarcode region rbcL 1-B (LiTTLE, 2014). Primer

details and size of amplified fragments are provided in Table A.1.

A total of 50 mg of dried plant raw material, 150 pL of phytoextract (and interme-
diate products of phytoextraction, see Table 2) were treated for DNA extraction by
using the EuroGOLD Plant DNA Mini Kit (Euroclone, Pero, Italy). Each commercial
phytoextract product was subjected to DNA extraction in three replicates. Purified
DNA concentration of each sample was estimated fluorometrically by using
NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Scien-
tific™).

A PCR amplification for each candidate marker was performed using puReTaq
Ready-To-Go PCR beads (GE Healthcare Life Sciences, Italy) in a 25 pL reaction ac-
cording to the manufacturer's instructions containing 1 uL 10mM of each primer
and up to 3 uL of DNA template. PCR cycles consisted of an initial denaturation step
for 7 min at 94 °C, followed by 35 cycles of denaturation (45 s at 94 °C), annealing
(30 s at different temperatures; see Table A.1) and extension (1 min at 72 °C), and,
hence, a final extension at 72 °C for 7 min.

In the case of the intermediates of production listed in Table 2, we amplified and
sequenced only the minibarcode locus rbcL 1B.

Amplicons occurrence was assessed by electrophoresis on agarose gel using 1.5%
agarose TAE gel stained with ethidium bromide and amplicon length was measured
by comparison against 100 bp ladder. When a sample did not produce any band or

showed multiple or non-specific amplicons, the reaction was repeated increasing
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the amount of template DNA up to 10 pL.
Purified amplicons were bidirectionally sequenced using an ABI 3730XL automated
sequencing machine at Eurofins Genomics (Ebersberg, Germany). The 3’ and 5’ ter-
minal portions of each sequence were clipped to generate consensus sequences for
each sample. After manual editing, primer removal and pairwise alignment, the ob-
tained sequences for dried raw material were submitted to the international Gen-
Bank through the EMBL platform (see Table A.2 for accession numbers).

For all the tested samples (Tablel and Table 2), the reliability of DNA barcoding
identification was assessed by adopting a standard comparison approach against a
GenBank database with BLASTn. Each barcode sequence was taxonomically as-
signed to the plant species with the nearest matches (maximum identity >99% and
qguery coverage of 100%) according to BRUNI et al. (2015). We performed the iden-

tification separately for the three markers.

Results and discussion

Good DNA quality (i.e., A260/A230 and A260/A280 absorbance ratios within the
range 1.8 - 2.2) and extraction yield (20-40 ng/ul) were obtained from all the 17 raw
material samples. The three candidate genetic markers exhibited high PCR success
and the obtained PCR products were successfully sequenced with high-quality bidi-
rectional sequences. The BLASTn analysis suggested that all the obtained sequences
corresponded with 100% maximum identity to the species declared by each com-
pany.

We are aware that multiple cases of 100% maximum identity within the same plant
genus could occur, especially concerning the DNA minibarcoding rbcL 1B region. For
example, this plastid region failed in discriminating Echinacea purpurea (L.) Moench

from congenerics like Echinacea angustifolia DC. or Echinacea pallida (Nutt.) Nutt.
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Such events suggest that in some conditions, the main limit of DNA minibarcoding
relies on the reduced discrimination power among congenerics but it allows to de-
tect plant contaminations when the adulterant/s belong to genera different from
the target one. Nevertheless, it should be considered that when DNA content is
expected to be low (of or low quality), the use of shorter DNA barcoding regions
offers the best compromise between amplification universality, sequence quality
and taxonomic discrimination (LITTLE, 2014).

Concerning the 17 dry raw material samples, our results agree with the assumptions
of NEWMASTER and co-workers (2013) who suggested that a DNA barcoding ap-
proach could be successfully applied to verify the identity of commercial herbal
products and to reveal cases of contamination or substitution. Therefore, when
herbal products are directly used as ingredients of complex food, medicine or cos-
metics items, they are subjected to “soft” processing actions such as cleaning, dry-
ing and cutting and the DNA barcoding (achieved using long barcode fragments >
300 bp) represents a useful tool to trace plant species during the processing (DE
MATTIA et al., 2011).

As expected, the efficacy of DNA extraction and amplification decreased when we
analyzed the 28 commercial phytoextracts and their intermediates of industrial pro-
cessing. Overall, the DNA amount obtained after extraction processes ranged from
1.5 to more than 40 ng/uL (Table 1). The extracts obtained through hydroalcoholic
treatment, with the lower percentage of ethanol (<40%), and aqueous processing,
at the lowest temperature, contained more DNA than the other samples (Table 1
and Table 2).

In the samples where the DNA barcoding analysis worked well, no contamination
or adulteration (i.e., the occurrence of DNA barcodes of other plant species) were

observed. Unfortunately, in some groups of extracts, the molecular analysis did not
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provide reliable DNA extraction or high-quality sequences. At the technical level,
we hypothesize that in general, the high concentration of ethanol used in the in-
dustrial processing steps lead to DNA precipitation. This was confirmed by the data
reported in Table 2, where samples of Thymus vulgaris L. and Melissa officinalis L.
processed with ethanol at high concentration, showed residual DNA in the extrac-
tion waste rather than in the phytoextract. For this reason, both the DNA extraction
and DNA barcoding authentication failed when applied to the successive interme-
diate products of industrial processing and DNA is no longer available in the final
herbal supplements. In this case, we conclude that for this kind of industrial pro-
duction, a DNA-based approach is not suitable to achieve a reliable traceability of
the initial plant raw material. Similarly, high temperatures of water during aqueous
extraction, followed by a drying step (about 200 °C) probably lead to DNA fragmen-
tation and degradation (KARNI et al., 2013) as observed in five of the samples pro-
cessed with a percolation procedure (Table 1). Conversely, the use of more luke-
warm water (i.e., < 55° C) allows to achieve a successful DNA extraction, amplifica-
tion and sequencing of DNA barcoding markers (Table 1). Moreover, such condi-
tions also allow the traceability of the intermediate products of industrial pro-
cessing as observed for Echinacea purpurea (L.) Moench and Melissa officinalis L.
extracted using water as solvent.

Concerning glycerol extracts, although this solvent does not act directly on DNA
molecules, it usually contains ethylhexylglycerin and phenoxyethanol, which are
typically used as additives. According to Langsrud and co-workers (2016) these an-
tibacterial agents could be responsible for DNA leakage. For this reason, also the
analysis of the DNA minibarcode region did not produce amplicons in glycerine ex-

tracts (Table 1).
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Concerning the industrial treatments, the sonication seems to keep the DNA of raw
materials more intact than the other processes (i.e., maceration and percolation).
Our results also show that sonicated samples contained higher amounts of DNA (i.e.
from 9.73 to 44 ng/ul, Table 1) compared to the other categories, thus allowing a
successful amplification and sequencing of the DNA minibarcode marker.
Concerning the quality of extracted genetic material, the purity of DNA is more im-
portant than the extraction yield to achieve a good amplification and then a reliable
identification (SoNG et al., 2017). It should also be considered that secondary me-
tabolites, like polyphenols and polysaccharides, which are normally extracted along
with DNA, may interfere with PCR amplification (SAHU, THANGARAJ, & KATHIRESAN,
2012). These molecules could bind DNA covalently and make the extraction prod-
ucts impure, with several problems for the successive molecular analysis. For ex-
ample, tannic acids could bind and inactivate Taq polymerase (OPEL, CHUNG, &
McCoRrb, 2010). However, in our analysis we hypothesize that the main amplifica-
tion problem for the phytoextracts is the fragmentation of DNA. In all the tested
cases, the DNA minibarcode locus rbcL1-B was most easily amplified and sequenced
(Table 1) than the other two DNA barcoding markers. This suggests that the DNA
obtained from phytoextracts are richer in small DNA fragments (80-200 bp). Such
condition is in line with the data reported in recent review articles (MOHAMMED et
al., 2017) suggesting that DNA barcoding is a reliable and suitable technique only
for the herbal product that preserve a good quality DNA and with poor fragmenta-
tion. In the other cases DNA minibarcoding is the most efficient and reliable tool for
traceability purposes (SONG et al., 2017).

Nowadays, analytical chemistry methods (TLC, HPLC) represent the most used tools
to verify the quality of MAPs, however, these approaches are usually directed to

define the concentration of specific bioactive molecules or to estimate chemical
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contaminants (e.g., heavy metals) rather than to identify the occurrence of plant
contaminants (SGAMMA et al., 2017). Conversely, the DNA barcoding approach is
globally recognized as one of the most reliable DNA-based approaches to identify
species if a well populated reference dataset of DNA barcode sequences for the
target taxa is available (GALIMBERTI et al., 2013). Moreover, in the case of contami-
nation (or substitution), DNA analyses also tallow to simultaneously identify any
species (i.e., DNA metabarcoding) using High Throughput Sequencing (HTS) se-
guencing systems (GALIMBERTI et al., 2015; MEzzASALMA et al., 2017). For these rea-
sons, the Pharmacopoeia guidelines of some countries such as that of UK (BRITISH
PHARMACOPOEIA COMMISSION, 2017) indicate the DNA barcoding as one of the official
traceability systems in the sector of herbal products. Our data support this proposal
and the ability of DNA minibarcode makers to provide a reliable tracing of the in-
termediate products of industrial production. However, it is important to underline
that some industrial processes demanding high temperatures and the use of sol-
vents, such as a high concentration of ethanol, can induce DNA degradation and
make this molecular tool less effective.

In conclusion, this study leads to two main considerations about the future applica-
tion of DNA barcoding as a quality control tool in the sectors where the Medicinal
and Aromatic Plants constitute relevant ingredients (e.g., food, cosmetics and phar-
macology). First of all, the current industrial trends promote the adoption of extrac-
tion processes from plant raw material, which rely on the reduction of energy con-
sumption (i.e., low temperatures), and on the use of more ‘green’ solvents (e.g.,
water) to obtain exhausted waste products that can be used in other supply chains
(e.g., fertilizers). The adoption and spread of this trend should lead to an increased

integrity and quality of DNA in MAPs (and related intermediate products) and
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therefore to enhance the success of DNA barcoding as a universal traceability sys-
tem.

Secondly, the continuous advances in High Throughput Sequencing and the result-
ing possibility of exploring multiple short genetic regions simultaneously (i.e. 150-
200 bp), could increase the sensitivity of a DNA-based identification.An HTS-DNA
metabarcoding approach would allow to check the presence of several plant con-
taminants in the same sample, even if occurring at low concentrations (NEWMASTER
et al., 2013). SGAMMA and co-workers (2017) proposed the introduction of DNA
metabarcoding to evaluate the quality and authenticate herbal drug material in the
industrial context. The authors proposed a dedicated DNA barcoding flowchart for
industrial traceability purposes. Our results could be taken into account to improve
this flowchart and to also adapt it to the traceability of intermediates of industrial
production. Interestingly, VALENTINI and co-workers (2017) recently proposed an in-
novative nanoparticle-DNA barcoding hybrid system called NanoTracer that could
potentially revolutionize the world of traceability as it allows for rapid and naked-
eye molecular traceability of any food and requires limited instrumentation and
cost-effective reagents.

This and other similar applications (AARTSE et al., 2017) open the opportunity to re-
ally boost the issue of herbal supplements traceability, not only with the industrial

actors as the main stakeholders, but also involving the a wider cicle of specialists.
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Abstract

In the context of novel foods, a category for which the market demand is increasing
worldwide, the consumption of edible insects and related insect-based products is
expected to grow in the next years. Insects represent an important source of energy
for the human diet but there is a lack of scientific knowledge about their processing
to ensure safe food items to the consumer. In this study we adopted a combined
DNA-based approach to verify the identity of the declared species in five categories
of commercial insect-based products (mt COl DNA barcoding) and to characterize
plant declared ingredients or contaminants (nu ITS2 DNA metabarcoding) with par-
ticular attention to putative elements of allergenic concern belonging, for example
to the insect rearing substrate. Moreover, the same approach has been used to as-
sess its sensitivity to cases of contamination and counterfeits to insect flour with
low cost (and potentially allergenic) vegetable flours like wheat and soybean. Re-
sults show the success of insect DNA barcoding authentication even for highly pro-
cessed products. Furthermore, the DNA metabarcoding analysis revealed a high ef-
ficacy as a screening method to identify both plant ingredients and vegetal traces
belonging to insect farming or possible adulteration events, also acting as an early
warning strategy for the occurrence of allergens of human concern. This approach
could support the development of new risk assessment procedures for novel foods
by regulatory authorities to ensure their quality, safety, and acceptance which will
become more required in order to face the challenge of feeding the world popula-
tion in the next decades.

Keywords

DNA barcoding; DNA metabarcoding; High-Throughput Sequencing; Insect flour;

Plant allergens; Processed food
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1. Introduction

Traditionally, edible insects are consumed in large parts of the world like Africa and
Asia. In the last few years, they have increased in popularity as trendy foods in many
Western countries (Sun-Waterhouse et al., 2016). Being rich in essential nutrients,
they represent an important source of energy for human diets (Rumpold, &
Schilter, 2013). Mean estimates show that the energy level of insects is around
400- 500 kcal per 100 g of dry matter, making it comparable with other protein
sources (Payne, Scarborough, Rayner, & Nonaka, 2016). Protein is probably the
most significant component of edible insects, with an average value ranging from
30% to 65% of the total dry matter. However, edible insects are also rich in micro-
nutrients such as iron, zinc, and calcium (Dobermann, Swift, & Field, 2017), and
preliminary studies have shown that insect farming has a lower environmental foot-
print compared to other livestock animals (Oonincx, & de Boer, 2012). Moreover, a
recent study demonstrated that edible insects could represent a potential source
of antioxidants with positive effects on human health (Di Mattia, Battista, Sacchetti
& Serafini, 2019).

In very recent years, the use of insects in food fortification is emerging as a means
of producing nutritious and acceptable food products for human consumption (My-
ers, & Pettigrew, 2018). In many countries a lot of insect-based products have re-
cently become commercialized (e.g. pasta, biscuits, and energy bars based on insect
flour in combination with fruits, nuts, and other ingredients), and their consump-
tion trend is expected to grow steadily.

In Europe, edible insects are placed in the category of novel foods, and since the
beginning of 2018, the Regulation (EU) 2015/2283 entered into force in attempt to
regulate the production and safety of novel foods in Europe. This regulation estab-

lishes the requirements that enable Food Business Operators to bring new foods
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into the EU market, while ensuring high levels of food safety to the consumers.
However, concerning the possible risks for human health caused by insect-based
products, the European Food Safety Authority has published an initial assessment
(EFSA, 2015; SLU 2018), and it concluded that attention should be placed to the
possible occurrence of biological and chemical hazards caused by novel foods.
Insects ingredients may cause allergic symptoms (Mazzucchelli et al., 2018; Pali-
Scholl et al., 2019; Van Der Fels-Klerx, Adamse, Punt, & Van Asselt, 2018), and there
is a cross-reactivity/cosensitisation between edible insects and crustaceans (Ri-
beiro, Cunha, Sousa-Pinto, & Fonseca, 2018). Moreover, at the microbiological
level, the microbiota of insects is highly complex and, apart from the body surface
and the mouthparts, the maximum microorganism diversity is in the mid-gut with
poor or no data about its effect on consumer health (Schliiter et al., 2017; Walia,
Kapoor, & Farber, 2018).

Another element that can negatively impact the safety of insect-based novel foods
is the composition and quality of feed used to raise the insects and their rearing
conditions. In many cases, these feeds are composed of vegetables and very few
ingredients of animal origin, such as fishmeal and egg and milk based-products (EU
No. 2017/ 893). However, to date no analytical systems are available to control the
diet of marketed insects.

In general, according to a recent review (Schliter et al., 2017), there is a lack of
scientific knowledge about insect processing to ensure safe novel foods. Moreover,
most insect-based products are consumed as flour or processed items (e.g. pasta
and bars); therefore the insect morphological traits cannot be used to verify the
product authenticity and consequently its safety. Considering the high price of in-

sect flours, we cannot exclude the occurrence of deliberate or intentional
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counterfeits (i.e. mix with low-cost flours, such as maize) as happens with other
high-value food products, such as saffron (Petrakis, Cagliani, Polissiou, & Consonni,
2015).

Based on these assumptions, in this study we adopted, for the very first time, a
DNA-based approach to analyse commercial novel food products to verify the iden-
tity of declared insect species and characterize trace amounts of plant material oc-
curring in the same products in order to derive the source of the substrate, such as
from insect diets and litter, with particular attention paid to putative elements of
allergenic concern. Particularly, we used a region of the mtDNA COI marker to iden-
tify the insect species (DNA barcoding), and the nuclear ITS2 region to characterize
insect diets and the vegetal composition of the tested products (High-Throughput
Sequencing HTS DNA metabarcoding). Moreover, the same approach can be used
to verify product contamination and counterfeiting insect flour with low cost vege-
table flours. We prepared six mock mixtures composed of wheat and soybean flours
at different concentrations to also verify the limit of detection of our approach in

the context of possible contamination of insect-based novel foods.

2. Materials and methods

2.1. Insect commercial food products

A total of 13 commercial insect-based products, namely flour (n=3), pasta (n=3),
crackers (n=2), protein bars (n=4), and pet food (n=1) were purchased via e-com-
merce from six different companies (Table 1). These categories offer an almost
complete representation of the insect novel foods available in Europe. Based on the
label information, these products contained only one insect species each, for a total
of five species belonging to the orders Orthoptera (Acheta domesticus and Gryl-

lodes sigillatus), Diptera (Hermetia illucens) and Coleoptera (Alphitobius diaperinus
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and Tenebrio molitor). Reference insect samples (RI) for each species were also re-

trieved (Supplementary Table S1) from a certified pet shop (AGRIPETGARDEN S.r.l.,

Conselve, Italy).

Table 1. List of analysed insect-based products. For each sample, information found on

the label about the category, the species of insect, and the plant ingredients are reported.

F (flour); FP (Food Product).

Code Cate- Label Declared Label Declared Ingredients
gory insect
F 001 Flour Tenebrio _
molitor
F_002 Flour  Gryllodes sigil- _
latus
F_003 Flour  Alphitobius di- _
aperinus
FP_004 Pasta  Alphitobius di- Triticum durum, Ocimum basilicum (1.5%);
aperinus (14%) organic powdered egg whites.
FP_005 Pasta  Alphitobius di- Triticum durum; organic powdered egg
aperinus (14%) whites.
FP_006 Pasta Tenebrio Oryza sativa (43); Cicer arietinum (43%);
molitor (10%) organic powdered egg whites (4%).
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Acheta domes- Triticum aestivum; Sesamum indicum (6%);

ticus (14%) Olea europaea.

Tenebrio Triticum aestivum; Cocos nucifera; Avena
molitor (10%)  sativa; Sesamum indicum (12%); Porphyra

sp. (1.2%).

Acheta domes-  Phoenix dactylifera; Prunus dulcis; Musa
ticus (5.2%)  spp. (11%); Theobroma cacao (9%); Vaccin-
ium macrocarpon (8%); Anacardium occi-

dentale; Cannabis sativa.

Acheta domes-  Phoenix dactylifera; Prunus dulcis; Prunus
ticus(5.5%) armeniaca (22%); Pisum sativum; Helian-
thus annuus; Lycium barbarum(4.5%); Sal-

via hispanica (3.5%).

Acheta domes-  Arachis hypogaea (34%); Cannabis sativa;
ticus (20%) Theobroma cacao; Agave sp; Beta vulgaris;

Cinnamomum sp. (1%).

Acheta domes- Ananas comosus (30%); Phoenix dac-
ticus (10%) tylifera; Anacardium occidentale; Cocos nu-

cifera; Plantago sp.; Citrus limon.

Hermetia illu- Ipomoea batatas; Saccharomyces cere-
cens (25%) visiae; Lycium barbarum (1%); Rosmarinus

officinalis; plant base glycerin.
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2.2. Mock mixtures

To test for the efficacy of DNA metabarcoding in characterizing the composition of
the insect-based products at the qualitative and semi-quantitative levels, six mock
mixtures were prepared (Supplementary Table S2). These were composed of insect
flour (T. molitor) mixed with wheat (Triticum aestivum) flour (20 ppm, 200 ppm and
500 ppm of gluten) or soybean (Glycine max) flour (50 ppm, 200 ppm and 500 ppm
of soybean proteins). Wheat and soybean flour concentrations were defined based
on the alert threshold for allergens according to the EU regulation (No. 828/2014)

and to Ballmer-Weber et al. (2017), respectively.

2.3. DNA extraction

For insect-based products and mock mixtures (see Table 1 and Supplementary Ta-
ble S2), purified gDNA was obtained starting from 250 mg of samples by using the
DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) following the manufacturer’s in-
structions. All samples were prepared in three replicates. For reference insects (see
Supplementary Table S1), purified gDNA was obtained starting from 25 mg of sam-
ples by using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) following
the manufacturer’s instructions. Purified DNA was checked for concentration and
purity by using a Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit (Invitrogen,

Carlsbad, California, United States).

2.4. Insect identification by DNA barcoding

The 658 bp mtDNA COI region was used to authenticate the animal component in
the purchased insect-based products. This region was amplified and sequenced for
all 13 samples and for the reference insect by using primer pairs described by

Folmer, Black, Hoeh, Lutz, & Vrijenhoek (1994) (Supplementary Table S3) and the
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protocol described in Bellati et al. (2011). The obtained sequences were submitted
to the international GenBank through the EMBL platform (see Supplementary Table
S1 for accession numbers). Each sequence was taxonomically assigned to the refer-
ence species (or to the declared one in the case of food items) by looking at the
nearest matches with the BLAST algorithm using the following cut-off values/manxi-

mum identity >99% and query coverage of 100%.

2.5. Libraries preparation and sequencing

To characterize the plant composition of the investigated insect-based products
and mock mixtures, the obtained gDNA extracts were sequenced at the DNA bar-
code ITS2 region (Chen et al., 2010). Amplicons were obtained using the same ap-
proach described by Biella et al. (in press) with Illumina adapter (Supplementary
Table S3) using puReTaq Ready-To-Go PCR beads (GE Healthcare Life Sciences, Italy)
following the manufacturer's instructions in a 25 pL reaction containing 1 uL 10 uM
of each primer and up to 50 ng of gDNA. PCR cycles consisted of an initial denatur-
ation step for 5 min at 94 °C, followed by 40 cycles of denaturation (30 s at 94 °C),
annealing (30 s at 56 °C), and elongation (1 min at 72 °C), and, hence, a final elon-
gation at 72 °C for 10 min. Amplicon DNA was checked for concentration by using a
Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, Califor-
nia, United States) (Supplementary Table S4) and amplicon length was measured
by comparison against QX DNA Size Marker using the Qiaxcel Automatic electro-
phoresis system (QIAGEN, Hilden, Germany). Samples were sequenced by the Cen-
ter for Translational Genomics and Biolnformatics (Milan, Italy). The sequencing
was carried out on the MiSeq sequencing platform (lllumina, San Diego, CA, USA)
with a paired-end approach (2 x 300 bp).

2.6. Bioinformatics analysis
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Raw Illumina reads were paired and merged using the PEAR algorithm (Zhang, Ko-
bert, Flouri, & Stamatakis, 2013). Pre-processing was performed using VSEARCH 2.0
algorithm (Rognes, Flouri, Nichols, Quince, & Mahé, 2016): reads were filtered out
if ambiguous bases were detected and lengths were outside the bounds of 100 bp;
moreover, an expected error=1 was used as an indicator of read accuracy. Se-
guences were then dereplicated using --derep_fulllength. In order to decrease the
false positive rate in the sequence population, a chimera detection analysis was
performed on the obtained reference sequences. Since there is no reference data-
base for ITS2 region for chimera detection, we used --uchime_denovo algorithm
that carries out a de novo analysis without a reference. Plant features were ob-
tained using --cluster_fast algorithm with a 100% sequence identity with at least a
depth of 500x for each feature. A random sequence was chosen as the representa-
tive sequence of the cluster. Subsequently, DNA metabarcoding analysis was per-
formed using the plugins of the QIIME2 suite (https://docs.giime2.org/). The taxo-
nomic assignment of the representative sequences was carried out using the clas-
sify-consensus-blast plugin implemented in QIIME2 (Camacho et al., 2009) against
the local database, built with downloaded ITS2 sequences available in NCBI at 29th
of January, 2019, adopting a percent identity > 0.99 and a query coverage > 0.90.
To evaluate the occurrence of contaminants (7. aestivum and G. max) in insect flour
(F_001) and their relative abundance, we generated a heat map representation of
the significant discriminatory features (plant species) obtained with the bioinfor-
matic pipeline. Sample and feature axes were also organized using a clustering ap-
proach. The heat map was generated with the feature-table QIIME2 plugin (McDon-
ald et al., 2012). To evaluate the sensitivity of the approach in detecting species

based on feature depth, we performed a qualitative analysis considering the results
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of the taxonomy assignment described previously, assuming a depth of 500x, 100x,
and 25x for each OTU, respectively.

Python script (v.3; Pandas and NumPy libraries) was used to calculate sequence
abundance weighted OTU and taxa overlap respectively (Wen et al., 2017) among
the technical replicates. To evaluate significative differences among samples be-
longing to mock mixtures, a PERMANOVA test (permutation-based ANOVA, Per-
MANOVA) with 999 permutation-based Bray Curtis distance metrics (Faith,
Minchin, & Belbin, 1987) was performed using the diversity QIIME2 plugin, consid-
ering both OTUs and taxa composition. PerMANOVA Pairwise contrast was per-
formed through the beta-group-significance command of diversity plugin (Ander-

son, 2001).

2.7. ELISA assays

The three flour samples (FO01, FO02, and FO03) and the mock samples prepared
with T. aestivum (MT_20 - MT_500) were also analysed by RIDASCREEN® Gliadin kit
(R-Biopharm AG, Darmstadt, Germany, prod. no. R 7001), a sandwich enzyme-
linked immunosorbent assay (ELISA) kit for gluten detection. The assay is based on
the monoclonal antibody R5 (Méndez, Vela, Immer, & Janssen, 2005; Valdés, Gar-
cia, Llorente, & Méndez, 2003), which is specific for gliadin-fractions from wheat.
The detection limit for gluten is 3 ppm (mg/kg). The manufacturer’s instructions

were followed.

3. Results
3.1. DNA barcoding authentication of insect ingredients
Good DNA vyield (20-40 ng/ul) was obtained from all the replicates of the 13 col-

lected samples and from the reference insect samples as well (see Supplementary
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Table S4). The mt COI DNA barcoding sequencing results indicate that all the tested
insect-based products were correctly labelled concerning insect composition with
the only exclusion of FPO09 and FP010 (protein bars). In both cases, the DNA bar-
coding analysis did not find occurrences of Acheta domestica as expected, but the
sequences matched with the COI of the food parasite species Ectomyelois cera-

toniae (Insecta: Pyralidae).

3.2. DNA metabarcoding characterization of plant composition

The High-Throughput Sequencing step produced a total of 8,142,444 raw reads,
with an average of 126,299 reads (SD = 108,789; range 334 - 482,500) per sample.
After the merging, quality filtering and dereplication steps, we retrieved a total of
868,414 reads, with an average of 13,677 reads (SD = 11,453; range 5 - 45,066) per
sample. Details on the average and standard deviation statistics about raw and fil-
tered reads obtained for each sample, considering replicates, are provided in Sup-
plementary Table S4. After chimera detection and 100% cluster identity, with a
depth of at least 500x for each feature, we obtained 120 OTUs (Operational Taxo-
nomic Units). Negative controls for library sequencing were not included in the
analysis since the very low amount of DNA copies. OTUs and taxa diversity were
analysed separately for technical replicates at each sample. Both OTUs and taxa
overlap (calculated with the weight of reads per OTUs and taxa) maintained a mean
of 90% for all insect-products (with a standard deviation of 0.26).

The obtained taxonomic assignment and the distribution of the assigned taxa
among the sample data

are depicted in Fig. 1. Overall, 120 OTUs were assigned to at least 26 plant species.

Most of the assigned OTUs reached the species taxonomic level, however, in some
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genera, such as Triticum and Brassica, the low interspecific variability did not allow
the species to be identified.

The three flour samples were largely different. Specifically, F_001 is rich in Daucus
carota reads (93.10%) followed by Brassica sp. (1.80%) and Glycine max (0.99%),
F_002 contains mainly Cicer arietinum (43%), Triticum sp. (35%), and Brassica sp.
(4%) reads. Finally, the F_003 flour shows many reads of Glycine max (33%), Triti-
cum sp. (30%), and Cicer arietinum (11%). Moreover, all the flour samples showed
a variable relative read abundance of Cannabis sativa (range 2.18-11%) and Linum
sp. (range 0.76%-6%).

The assigned plant taxa in the 13 samples were grouped in Expected species (E),
that include taxa listed on the product label, Rearing Substrate (RS) which includes
the putative plant used both as feed and litter for insect farming, and Not Expected
(NE) encompassing all the remaining species. Table 2 indicates the distribution of

the assigned species among the above-mentioned categories.
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Fig. 1. Relative abundance of the plant taxa recovered in the 13 insect-based products

through ITS2 metabarcoding sequencing.
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Table 2: List of the detected ingredients based on DNA metabarcoding assignment. For

each insect-based product, the Expected species (E), the taxa belonging to the Rearing

Substrate (RS), and the Not Expected (NE) species are indicated. The percentage values

refer to the relative abundance of HTS ITS2 reads for each recognized ingredient.

Code
Expected (E)

Detected ingredients

Rearing substrate (RS)

Not expected (NE)

F 001 T. molitor

F_002 G. sigillatus

F_003 A. diaperinus

Daucus carota (93.1%);

Cannabis sativa (2.2%);

Brassica (1.8%); Glycine
max (1%); Linum sp. (0.8%);
Cicer arietinum (0.4%); Triti-
cum sp. (0.6%); Helianthus

annuus (0.1%).

Cicer arietinum (43%); Triti-
cum sp. (35%); Cannabis sa-
tiva (11%); Linum sp. (6%);

Brassica (4%).

Glycine max (33%); Triticum
sp. (30%); Cannabis sativa
(11%); Cicer arietinum
(11%); Linum sp. (6%); Heli-
anthus annuus (1%); Pisum

sativum (1%).

Melilotus sp. (0.01%).

Raphanus sp. (4%); Al-

lium cepa (1%).
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FP_004

FP_005

FP_006

FP_007

FP_008

FP_009

FP_010

A. diaperi-
nus; Triticum

sp.(97%).

A. diaperinus;
Triticum sp.

(99%).

T. molitor; Cicer
arietinum

(67%).

A. domesticus;
Triticum sp.

(92.7%).

T. molitor; Triti-

cum sp. (74%).

Cannabis sativa
(87%); Prunus
(12%)

Helianthus an-

nuus (97%);

Triticum sp. (25%); Canna-

bis sativa (8%).

Cicer arietinum (6.5%); Can-
nabis sativa (0.2%); Bras-
sica sp. (0.2%); Helianthus

annuus (0.06%).

Cicer arietinum (1%).

Publications

Raphanus sp. (3%).

Raphanus sp. (1%).

Beta vulgaris (0.01%)
Raphanus sp. (0.2%);

Secale cereale (0.2%)

Melilotus sp. (13%);
Hieracium sp. (9%);
Foeniculum vulgare
(1%); Secale cereale

(1%).

Ectomyelois cera-

toniae

Ectomyelois cera-

toniae

’
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Pisum sativum
(2%); Prunus sp.
(1%).

FP_011 A. domesticus;
Cannabis sativa

(93%); Beta vul-

garis
(7%).
FP_012 A. domesticus; Cannabis sativa (3%). Melilotus sp. (1%);
Plantago ovata Cuminum cyminum
(96%). (1%).
FP_013 H. illucens Helianthus annuus (17%); Cucurbita (11%); Co-
Daucus carota (17%); Pim- riandrum sativum
pinella anisum (12%); Bras- (10%); Foeniculum
sica sp. (12%); Linum sp. vulgare (7%); Cucur-

(8%); Pisum sativum (2%); bita pepo (2%); Plan-

Triticum sp. (2%). tago ovata (1%).

Concerning the processed insect-based products (from FP_004 - FP_013), the plant
composition was clearly different among the tested categories. In the case of pasta,
the first two samples (FP_004 and FP_005) mainly consisted of Triticum sp. (97%
and 99% of reads respectively) according to the label information (Table 1). Inter-

estingly, reads of the NE Raphanus sp. (3% and 1% respectively) were found.
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Regarding the F_005 pasta sample, two out of the three replicates were largely
dominated by reads of the expected species Cicer arietinum (67%). Strangely, no
OTUs belonging to Oryza sativa were found.

In the two cracker products, the reads of Triticum sp. were mainly detected (range
74 - 92.68%), followed by several NE species such as Cicer arietinum (range 1 -
6.5%), Secale cereale (range 0.19 - 1%), and other taxa occurring in traces (see Table
2).

In the four protein bars (belonging to two different companies), very few OTUs
were obtained, and in most cases reads of E species were not found. Finally, the
composition of pet food was very complex, and OTUs belonging to more than 12
species were detected (see Table 2).

Overall, the plant taxa distribution among the five insect-based product categories
is schematized in Fig. 2. The contribution of plant diet is appreciable in the insect
flours which are the purest and least processed products. In Pasta, Crackers, and
Protein bars the HTS analysis reveals the expected ingredient as the most abundant.
Finally, in the pet food we detected the highest percentage of rearing substrate

plant species.
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Fig. 2. Comprehensive graphic summary of the detected plant taxa in the five insect-based
product categories (from left: Flour, Pasta, Crackers, Protein Bars and Pet Food). E: ex-

pected species, RS: Rearing substrate species, NE: Not expected species.
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To better characterize the composition of the processed products (from FP_004 to
FP_013), we tested the identification performance reducing the reads filtering pa-
rameter from 500 to 100 and 25 reads per OTU. Fig. 3 shows the distribution of
plant taxa among the three categories (i.e. E, RS, and NE) at different filtering
thresholds. As expected, the whole number of assigned plant taxa increased with
the decreasing threshold. Furthermore, the number of NE species increases dra-

matically compared to the increase of the Expected species.
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Fig. 3. Numbers of plant taxa recovered in the 13 insect-based products and mocks (E, RS,
and NE) through ITS2 metabarcoding sequencing using different thresholds of numbers of

sequences per OTU (500, 100, and 25, respectively).

E
307 mmm NE
e RS
254
~
P
k
- 20'
=
=
=
= 15
5
=
S 10
=
z
5
0

500 100 25
N° sequences / OTU threshold

3.3. DNA metabarcoding characterization on flour mock mixtures

The results of the HTS DNA metabarcoding analysis performed on the six flour mock
mixtures are shown in the heat map diagram of Fig. 4. Pure insect flours (F_001)
cluster together and show the occurrence of several RS plants, especially D. carota.
In these samples, the two contaminants T. aestivum and G. max are absent. Con-
versely, in both the types of flour mock mixture, the abundance of wheat and soy-
bean reads increases along with the amount of the admixed contaminant flours. In
the case of samples MT_200 and MT_500, the frequency of wheat reads reach the

maximum level.
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The PerMANOVA analysis shows that there is no statistical difference between sam-
ples belonging to the two categories of mock mixtures, both considering OTUs and

taxa composition.

Fig. 4. Heat map diagram showing the abundance of plant taxa in the pure insect flours and
mock mixtures. All the replicates, with the only exception of MT_20A and MS_50A, are
shown. Color shading in the heat map indicates the abundance, expressed as log10 fre-

guency, of each species in the sample.
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3.4. ELISA assays

Flour samples (i.e., F_001, F_002 and F_003) and the mocks prepared with T. ages-
tivum flour (i.e., MT_20, MT_200 and MT_500) were analysed for gluten detection.
Sample F_002, the mock MT_200, and MT_500 were positive to gluten content.

(Details are provided in Table 3).

Table 3. Results of ELISA analyses on insect flours and wheat mock mixtures.

Sample ELISA results (mg/kg) Gluten-free claim

F_001 <3 Yes
F_002 11 No
F 003 >20 Yes
MT_20 15 Yes
MT_200 >20 No
MT_500 >20 No

4. Discussion

The characterization of novel food composition is essential to ensure safety (Patel,
Suleria, & Rauf, 2019) and our results suggest that the mtDNA COI region is useful
for identifying the declared insect species in flours and in almost all the analysed
insect-based products. However, this approach showed some limitations, since in
two protein bars, the COI DNA barcoding analysis identified the parasite Ectomye-

lois ceratoniae instead of the declared Acheta domestica. The occurrence of E.
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ceratoniae is not unexpected as its larvae typically parasitize raw food material, es-
pecially when almond occurs as an ingredient (Mortazavi, Samih, Ghajarieh, &
Jafari, 2015). We cannot exclude that the industrial processing steps fragmented or
degraded the A. domestica DNA in some way, making it not targetable by the used
primer pair. The use of species-specific DNA probes (Tramuta et al., 2018) or an-
other DNA metabarcoding approach targeting at the insect ingredients using short
genetic regions (< 400 bp), would have detected the occurrence of both the moth
and the insect species declared on product label (Frigerio et al., 2019).

Concerning the plant components, the ITS2 region was efficient in providing infor-
mation on species composition including those taxa probably belonging to the in-
sect rearing substrate. There are several open questions about the composition of
the feeds used for insects farming and its influences on the quality and safety of the
final products (Magara et al., 2019; Van Broekhoven, Oonincx, Van Huis, & Van
Loon, 2015). The selection of suitable feeding substrates is very important to en-
hance the nutritional characteristics of the insects (Magara et al., 2019; Oonincx,
Veenenbos, & van Loon, 2019; Oonincx, & de Boer, 2012; Van Broekhoven et al.,
2015) and can also affect the total farming yield (Ganda, Zannou-Boukari, Kenis,
Chrysostome, & Mensah, 2019). To date, the EU regulation (EC no 1069/2009) clar-
ifies that the insect rearing substrate has to contain only products of non-animal
origin. The circular economy strategies support the adoption of bio-waste and by-
products of different agricultural and industrial origins claiming for potential bene-
fits in terms of sustainability (EFSA, 2015). Therefore, the insect feeds are usually
composed of vegetable ingredients derived from different agricultural supply
chains which are likely impossible to be identified using morphological parameters.
This was confirmed by our data which highlighted that the insect feed was almost

completely characterized by horticultural plant sources, such as carrots, cabbages,
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and chickpea (Magara et al., 2019). Therefore, the proposed molecular approach
offers a universal diagnostic system to identify the composition of the rearing sub-
strate and to verify compliance with the current and future regulations.

In agreement with Schliiter and co-workers (Schliter et al., 2017), insects must be
reared under a defined substrate to avoid contamination and possible food borne
outbreak for the consumer (e.g., due to pathogenic microorganisms, toxins, and
antinutrients). Our data suggest that the ITS2 barcode region was also able to iden-
tify the plant-based substrate used for insect rearing. For example, in the analysed
flour samples, we detected DNA from hemp (Cannabis sativa) and linen (Linum sp.),
which are commonly used as litter material (data confirmed by interviewed com-
panies). We underline that Cannabis sativa is also used as an ingredient in some of
the tested protein bars. Unfortunately, our method is not able to distinguish be-
tween the two sources.

In many processed products, we obtained most reads belonging to the expected
highly abundant species, such as wheat and chickpeas, which likely hide the less
represented OTUs. For example, the species that possibly constitute the rearing
substrate are not very evident when compared to the analysed pure flours. There-
fore, the main limitation of our analysis certainly resides in the sensitivity to detect
the less abundant species due to primer bias. This issue has already been discussed
by Bista and colleagues (Bista et al., 2018) and Krehenwinkel and colleagues (Kre-
henwinkel et al., 2019). Both studies agreed that a PCR-free whole genome se-
guencing could permit to avoid this effect. Furthermore, we demonstrated that dif-
ferent thresholds of OTUs size (in terms of number of reads) dramatically affect the
final list of plant taxa recovered in the analysed samples. It isimportant to underline
that in a context of food authentication and traceability, the adopted conservative

criteria (i.e., n° sequences / OTU >500) is essential to preserve information on the
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most representative species. Conversely, a deeper data exploration, using fewer
conservative parameters (i.e., n° sequences / OTU < 500), retrieves information on
trace species but increases the risk of including false positives. Probably, a multi-
marker approach, coupled with a dedicated reference molecular database encom-
passing the expected plants, as well as the most common contaminants (or species
prohibited by law) could improve the plant characterization of insect-based prod-
ucts and could be useful to exclude the false positives. Other authors (e.g., Zhang,
Chain, Abbot, & Cristescu, 2018) demonstrated that the combined use of at least
two barcode markers improves species detection. Another possible limitation of
DNA metabarcoding resides in the completeness and reliability of the reference da-
taset that could lead to incorrect reads assignment (Murali, Bhargava & Wright,
2018). In our study, we chose the ITS2 barcode due to its higher capability of distin-
guishing congeneric plant species due to a higher mutation rate (Yu et al, 2017; Al-
Juhani, 2019). Moreover, in recent years, the ITS2 database is growing exponen-
tially and this improves the suitability of this locus to taxonomically assigning DNA

metabarcoding data.

4.1. DNA metabarcoding to identify and quantify allergens

In our study, we tested the ability of DNA metabarcoding to find plant contaminants
in edible insect flours. The obtained results suggested that we are able to identify
DNA of T. gestivum or G. max in the tested mock mixtures, starting from 20 ppm
and 50 ppm of allergenic proteins, respectively. According to European regulations
(EU No. 828/2014), these concentrations are the maximum limits for commercial
gluten and soybean-protein free products.

Therefore, the HTS DNA metabarcoding analysis detects low amounts of contami-

nant products and allergens, with a limit of detection even lower than the ELISA
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analysis (i.e., 3 ppm). We underline that the three tested insect-based flours are
declared as gluten-free products, but only F_001 and F_003 comply with the limit
established by the European Commission.

Concerning the ability of DNA metabarcoding to quantify the 'putative plant con-
taminants', our study seems to indicate a weak relationship between the dry weight
and the number of reads. However, there is a fervent debate about the effective-
ness of providing quantitative inferences using HTS data. Some recent studies re-
ported their findings in a quantitative manner where the relative read abundance
is interpreted as the relative abundance of biomass (Lamb et al., 2019). Others use
a frequency of occurrence approach, also referred to as weighted occurrence
(Deagle et al., 2019), where the proportion of samples in which a given sequence
was detected is used to infer a different sort of quantitative measure (De Barba et
al., 2014).

As already noticed in our previous paper on processed food (Bruno et al., 2019), the
amplicon DNA metabarcoding efficacy could be biased by the PCR amplification

III

step using “universal” markers. The occurrence of bias during PCR amplification
may cause the inaccurate estimation of quantities, and this was at least partially
demonstrated for metazoans and plants (Balech et al., 2018; Thudi et al., 2012).
This bias generates a variable number of template—primer mismatches across spe-
cies, resulting in a final amplified DNA mixture that does not always reflect the orig-
inal proportion of each species, limiting the quantitative potential of DNA metabar-
coding (Bista et al., 2018; Pifiol, Senar, & Symondson, 2019). Nevertheless, our anal-
ysis suggests that DNA metabarcoding has a relative quantitative ability, as already
demonstrated by Lamb and colleagues (Lamb et al., 2019), and this methodology

can be intended as an early warning method for allergen detection in food prod-

ucts.
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4.2. DNA metabarcoding of insect-based novel food: an overview

DNA metabarcoding is currently used for food authentication (Prosser and Hebert,
2017; Utzeri et al, 2018; Galvin-King, Haughey, & Elliot, 2018). Moreover, Haynes
and colleagues (Haynes, Jimenez, Pardo, & Helyar, 2019) recommend this approach
to enhance the quality control along the food supply chain. In order to present an
overview of DNA metabarcoding applied to insect food authentication and safety,
we developed a SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis
(Fig. 5). The strengths are related to the high efficiency of the technique. DNA
metabarcoding can detect traces of ingredients due to its high sensitivity and allows
to obtain simultaneously different information about food safety and quality. The
main weaknesses are the higher cost compared to the current available analytical
approaches like ELISA tests or target PCR assays. However, we cannot exclude that
in the very next future, the panel of targets required to assess authenticity and
safety of insect-based products will be so wide to make the HTS DNA metabarcod-
ing approach much more convenient than the use of multiple single target tests.
DNA tests indeed are related to DNA quality and quantity, so highly processed in-
sect products like protein bars can be challenging to analyse. Finally, the results
depend on the database which may be incomplete with a subsequent incorrect as-
signment. The opportunities are related to the novelty of insect food products. It is
possible to create new economic opportunities in the analytical field with the goal
to guarantee a safe product, stimulating the insect-based novel food market. HTS
techniques, due to the completeness of the results, could also quickly support the
compliance to forthcoming regulations. Finally, the first threat is information on
insect feed composition is not reported on the product label and this impedes to
compare the detected composition with the declared one. Furthermore, there is

currently no scientific reference to DNA metabarcoding applied to the quality and
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safety control of the new insect-based foods. In addition to that, DNA analyses are
currently not mandatory, so this can interfere with the spread of DNA metabarcod-

ing as a routine analysis.

Fig. 5. Overview of the main strengths, weaknesses, opportunities and threats (SWOT anal-

ysis) related to the use of DNA metabarcoding as tool for insect-based novel food products.
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Higher sensitivity compared to EU-
required analyses (e.g., ELISA)
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Increased food safety (multitarget allergen
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references databases

More expensive compared to EU-required
analyses (e.g., ELISA)

WEAKNESSES

Quickly support the compliance of future

regulations
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the analytical field

Stimulate the insect base novel food
market

DNA authentication control of food
products is not mandatory (e.g., in
Europe)

Insect feed compositions and farming
details are not required on the label

Lack of DNA metabarcoding references
applied to insect-based novel food
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5. Conclusions

Novel foods demand is increasing, and their consumption is expected to grow in
the next years. This condition encourages an increase in the number of ingredient
species and enhances the risk of misidentification, contamination, and counterfeit-
ing. This is well documented in the case of fish, where more new species are avail-
able on the market, and in many countries the DNA barcoding approach is consid-
ered an essential tool to avoid fish frauds (Fox, Mitchell, Dean, Elliot, & Campbell,
2018).

Considering that many food products contain a mixture of species, we strongly en-
courage the adoption of DNA metabarcoding to better elucidate not only the food
composition but also to assess trace elements belonging to different steps of the
food supply chains. Unfortunately, this approach does not accurately estimate the
biomass of the ingredient taxa, and although in our case the HTS DNA metabarcod-
ing approach highlighted the occurrence of allergenic species (even at limit concen-
tration values), we cannot use this method as an alternative to the standard ELISA
test. This is also because the presence of DNA of a species is not necessarily corre-
lated with the occurrence of allergens. However, we proposed the DNA metabar-
coding analysis as a preliminary screening, especially for novel foods, because this
method offers the ability to identify, at the semiquantitative level, several potential
allergenic plants with a single analysis. Therefore, DNA-based analysis can be used
to select which ELISA tests, and in general which of the more reliable toxicological
assays for the detection of plant contaminants to use. In this sense, the DNA
metabarcoding approach offers an opportunity to enhance the food safety of novel

food products, such as those based on insect ingredients.
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Data Statement

The dataset generated for this study will be submitted to the EBI metagenomics
portal (https://www.ebi.ac.uk/metagenomics/) upon paper acceptance. In any
case, we will provide the dataset if required.

Appendix A. Supplementary data

APPENDIX A: Supplementary Material

Table S.1. List of insect samples used as reference for DNA barcoding authentication.

Specimen Species Accession number
RI_001 Acheta domesticus LR585071
RI_002 Alphitobius diaperinus LR585072
RI_003 Gryllodes sigillatus LR585073
RI_004 Hermetia illucens LR585074
RI_005 Tenebrio molitor LR585075
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Table S.2. List of mock mixtures composed of insect flour (T. molitor) admixed with wheat

and soybean contaminant flours.

Code Contaminant species Contaminant concentration (mg/kg)

MT_20 Triticum aestivum 20 ppm
MT_200 Triticum aestivum 200 ppm
MT_500 Triticum aestivum 500 ppm
MS_50 Glycine max 50 ppm
MS_200 Glycine max 200 ppm
MS_500 Glycine max 500 ppm

Table S.3. List of primer pairs used for DNA barcoding and metabarcoding analyses.
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Primer name 5’-3’

Barcode locus Reference
LCO1490 GGTCAACAAATCATAAAGATATTGG col Folmer et al., 1994
HC02198 TAAACTTCAGGGTGACCAAAAAATCA
S2F ATGCGATACTTGGTGTGAAT ITS Chen et al., 2010

S3R GACGCTTCTCCAGACTACAAT

Table S.4. List of analysed specimens with DNA concentration (ng/ul) evaluated by using a
Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit and details about the average num-
ber of reads for each specimen, considering raw and filtered reads (after merging, quality

filtering and dereplication steps) and including replicates.

Speci- DNA concentration Average number of raw Average number of filtered
men (ng/ul) reads reads
F__001A 53 38,186 5,252
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A “core microbiota” characterizes food products depending on the insect
DNA metabarcoding can be a useful tool for insect-based novel food quality assess-

ment

Abstract

Traceability, quality and safety of edible insects are important both for the produc-
ers and the consumers. Today, alongside the burst of edible insects in western
countries, we are facing a gap of knowledge of insect microbiota associated with
the microbial ecosystems of insect-based products. In this context, High-Through-
put DNA Sequencing (HTS) techniques can give insight into the carryover of insect
microbiota into final food products. In this study, we investigated the microbiota
composition of insect-based commercial food products, applying HTS techniques
coupled with bioinformatic analysis. The work aimed to analyse the microbiota var-
iability of different categories of some insect-based commercial food products
made of A. domesticus (house cricket), T. molitor (mealworm beetle), and A. dia-
perinus (lesser mealworm or litter beetle), including commercial raw materials and
processed food items, purchased via e-commerce from different companies. Our
data revealed that samples cluster per insect species based on microbiota profile
and preliminary results suggested that a small number of prevalent bacteria formed
a “core microbiota” characterizing the products depending on the insect. This mi-
crobial signature can be recognized despite the different food processing levels,
rearing conditions and selling companies. Furthermore, differences between raw
and processed food made of the same insect or similar product produced by differ-

ent companies was found.
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These results support the application of HTS analysis for studying the composition
of insect-based commercial food products in a wider perspective, for food tracea-

bility and food quality control.

Keywords: DNA metabarcoding; Microbiota; High-Throughput Sequencing; Insect;

Processed food; DNA barcoding

Introduction

Entomophagy is an emerging and fashionable diet issue in western countries. In-
sects are an important source of energy for human diets, because of their richness
in essential nutrients (Rumpold & Schliter, 2015). They have a protein content av-
erage value ranging from 30% to 65% of the total dry matter, and they are also rich
in micronutrients such as iron, zinc and calcium (Dobermann, Swift & Field, 2017).
Insects like Alphitobius diaperinus and Tenebrio molitor L. can be also used as a
source for the production of fortified foods (Roncolini et al., 2019; Roncolini et al.,
2020) facing the problem of the food demand of the growing world population
(Baiano, 2020). Moreover, preliminary studies of Oonincx & de Boer (Oonincx & de
Boer, 2012) stated that, compared to other livestock animals, insect farming has a
lower environmental footprint.

Safety, traceability and quality of edible insects are of great interest both for the
producers and the consumers, heavily affecting the acceptance of edible insects in
the human diet (House, 2016). New tools for safety controls on these food items
could also benefit institutions like food agencies, customs and health departments
in the evaluation of new product development based on processed insects. In the

European Union, the regulation (Regulation EU 2015/2283) has classified edible
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insects as novel foods, which follow specific rules and require specific authoriza-
tions before allowing them to be distributed (Klunder, Wolkers-Rooijackers, Kor-
pela, & Nout, 2016; Van Huis, 2012; Schllter et al., 2017). Besides, food safety au-
thorities and the scientific community are discussing whether edible insects can be
a reliable solution or a problem to the food security (Belluco et al., 2015; Di Mattia,
Battista, Sacchetti, & Serafini, 2019).

The potential safety risks of edible insects are chemical hazards including pesticides,
heavy metals, allergens, toxins (mycotoxin and bacterial toxins) (Garofalo et al,
2019). There is a risk that harmful insect microbes are transmitted through the con-
sumption of insect products (van der Spiegel, Noordam, & van der Fels-Klerx, 2013).
Most of the insect microbiota are associated with gut (e.g., the intrinsic insect sym-
bionts in the intestinal tract and the proximity of other anatomical compartments)
or related to extrinsic sources, such as environment and rearing conditions (sub-
strates and feed), handling, processing and preservation (ANSES, 2014). Especially,
as stressed recently by the European Food Safety Authority (EFSA, 2015), spore-
forming bacteria in processed edible insects (including freeze-dried, boiled and
dried varieties) can be considered a dangerous source of biological contamination
as well.

Garofalo and colleagues (Garofalo et al., 2017) explored the microbiota of marketed
processed edible insects using culture-based methods and pyrosequencing. They
described, among others, the microbiota of whole dried small crickets (Acheta do-
mesticus) and whole dried mealworm larvae (Tenebrio molitor), revealing a great
bacterial diversity and variability among individual insect species: some of the iden-
tified microbes may act as opportunistic pathogens in humans, such as Listeria spp.,
Staphylococcus spp., Clostridium spp. and Bacillus spp., while others represent food

spoilage bacteria, as well as Spiroplasma spp. in mealworm larvae. The insect diet
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and social behaviour have a great impact on the composition of the gut microbial
community (Tinker & Ottesen, 2013), therefore different insect farm conditions re-
sult in different microbiological ecosystems. Although some authors such as Stoops
and co-workers (Stoops et al., 2017) suggested that the microbial taxonomic com-
position varies mainly with insect species, the additional factors such as the growing
substrates or contact with soil may play an important role in the composition of the
insect gut microbiota (Klunder, Wolkers-Rooijackers, Korpela, & Nout, 2016; EFSA,
2015; Li et al., 2016). Considering the insect production system, industrial prac-
tices, such as post-harvest starvation and rinsing, can affect the microbial quality of
the final insect products too (Wynants et al., 2018). Since all food products, includ-
ing those insect-based, undergo processing, the risk for human safety should be
measured throughout the various stages, from raw materials (i.e. insect flour) to
final food products (Osimani et al., 2018). High-Throughput DNA Sequencing (HTS)
offers a standardized and sensitive method to evaluate the microbial community
changes by analysing a wide range of food products (De Filippis, Parente & Ercolini,
2019). The search for a microbial signature represents an opportunity to verify both
food safety and food traceability strategy, indeed the microbial variation gives in-
sight about rearing and processing products. The microbial variability allows obtain-
ing more information besides the identification of the insect species, like the hy-
gienic and sanitary conditions concerning the rearing systems. Moreover, the insect
microbiota can be used to identify the geographical origin of a food product and
used as a tracing signature, as previously demonstrated by recent studies (Bokulich
et al., 2016; Mezzasalma et al., 2017). The microbial signature can then eventually
be applied to management and control systems (Galimberti et al., 2019).

In this study, we evaluated the microbiota composition of insect-based commercial

food products, applying HTS with complementary bioinformatics analysis. The aim
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of this preliminary study was to analyse the microbiota variability of different cate-
gories of insect-based products made of A. domesticus (house cricket), T. molitor
(mealworm beetle), and A. diaperinus (lesser mealworm or litter beetle) (including
commercial raw materials like flours and processed food items), purchased via e-
commerce from different companies. We sought to define if HTS can be a useful

tool for insect-based novel food quality assessment.

Materials and methods

2.1 Insect food products

A total of 12 commercial insect-based products were purchased via e-commerce
from five different companies. Referring to the label information, these products
contained only one insect species each: Acheta domesticus (Order: Orthoptera),
Alphitobius diaperinus (Order: Coleoptera), and Tenebrio molitor (Order: Coleop-
tera) (S1 Table).

Four out of 12 samples were pure insect flours, belonging to the species A. diaper-
inus (n=1) and T. molitor (n=3), and they have been categorized as insect raw ma-
terial (dried insect product without other ingredients). In the case of T. molitor,
flour samples derived from three different batches of the same product. Eight out
of 12 samples represented processed food products: pasta (n=3), crackers (n=2) and

protein bars (n=3). A detailed description of the samples can be found in Table 1.
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Table 1. List of analysed insect-based products. For each sample, the information found
on the label about the category, the species of insects, the percentage of insects present
in the food product, the other ingredients declared on the label and the company origin
are reported. R (Raw food products); FP (Processed Food product). *Different batches of

the same product of T. molitor flour.

Sample | Code Label de- Label declared ingredi- Com- Com-
type clared in- ents pany pany
sect origin name
Flour R_001 | T. molitor -- Nether- | Com-
(100%)* lands | pany1
R_002 | T. molitor -- Nether- | Com-
(100%)* lands | pany1
R_003 T. molitor -- Nether- | Com-
(100%)* lands | pany1
R_004 | A. diaperi- - Nether- | Com-
nus (100%) lands |pany1l
Pasta | FP_005 | A. diaperi- | Triticum durum, Ocimum | France | Com-
nus (14%) | basilicum (1.5%); organic pany 2
powdered egg whites
FP_006 | A. diaperi- Triticum durum; organic France | Com-
nus (14%) powdered egg whites pany 2
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FP_007 | T.o molitor | Oryza sativa (43%); Cicer | France | Com-
(10%) arietinum (43%); organic pany 3
powdered egg whites
(4%)
Cracker | FP_008 | A. domesti- | Triticum aestivum; Sesa- Great Com-
cus (14%) mum indicum (6%); Olea | Britain | pany4
europaea

FP_009 | T. molitor Triticum aestivum; Cocos France Com-
(10%) nucifera; Avena sativa; pany 3

Sesamum indicum (12%);

Porphyra sp. (1.2%

Protein | FP_010 | A. domesti- Phoenix dactylifera; France | Com-
bar cus (5.2%) | Prunus dulcis; Musa spp. pany 2

(11%); Theobroma cacao

(9%);

Vaccinium macrocarpon

(8%); Anacardium occi-

dentale; Cannabis sativa
FP_011 | A. domesti- Phoenix dactylifera; France | Com-
cus(5.5%) Prunus dulcis; Prunus ar- pany 2

meniaca (22%); Pisum sa-

tivum;
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Helianthus annuus;
Lycium barbarum (4.5%);

Salvia hispanica (3.5%)

FP_012 | A. domesti- | Arachis hypogaea (34%); Great Com-

cus (20%) Cannabis sativa; Theo- Britain | pany 5

broma cacao; Agave sp;
Beta

vulgaris; Cinnamomum

sp. (1%)

2.2 DNA extraction

High-quality genomic DNA was obtained starting from 250 mg of each sample of
Table 1 using DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany), according to man-
ufacturer’s instructions. Three replicates of DNA extraction were generated for
each sample plus a negative control. Purified DNA was checked for concentration
and purity by using a Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit (Invitro-

gen, Carlsbad, California, United States).

2.3 DNA barcoding characterization of insect samples

The 658 bp mtDNA COI region was used to validate the animal species declared on
the label in the sampled insect-based products. This region was amplified and se-
qguenced for all 12 samples according to the primer pairs presented by Folmer and
colleagues (Folmer et al., 1994) and the protocol described in Bellati et al. (Bellati

et al.,, 2014). Each sequence was defined as the nearest match with the BLAST
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algorithm using the following cut-off values: maximum identity >99% and query

coverage of 100%.

2.4 HTS library preparation and sequencing

To characterize the bacterial composition of the investigated insect-based prod-
ucts, 16S rRNA genes (V3 and V4 hypervariable regions) of the obtained gDNA ex-
tracts were sequenced using a High-Throughput DNA Sequencing approach. Ampli-
cons were generated following the protocol described by Caporaso et al. (Caporaso
et al.,, 2012) with Illumina adapters (S2 Table), with minor modifications as de-
scribed in Frigerio et al. (Frigerio et al., 2020): we used PuReTaq Ready-To-Go PCR
beads (GE Healthcare Life Sciences, Italy) according to manufacturer's instructions
in a 25 pl reaction, containing 1 uL 10 mM of each primer and up to 50 ng of gDNA.
The amplification profile consisted of an initial denaturation step for 5 min at 95 °C,
followed by 25 cycles of denaturation (30 s at 95 °C), annealing (30 s at 55 °C), and
elongation (30 s at 72 °C), and finally elongation at 72 °C for 5 min. Amplicon DNA
was checked for concentration by using a Qubit 2.0 Fluorometer and Qubit dsDNA
HS Assay Kit (Invitrogen, Carlsbad, California, United States) and amplicon length
was measured by comparison against QX DNA Size Marker using the Qiaxcel Auto-
matic electrophoresis system (QIAGEN, Hilden, Germany). Samples were se-
guenced by the Center for Translational Genomics and Biolnformatics (Milan, Italy).
The sequencing was performed on the MiSeq sequencing platform (lllumina, San

Diego, CA, USA) with a paired-end approach (MiSeq Reagent Kit v3, 2 x 300 bp).

2.5 Bioinformatics analysis

Illumina reads were analysed with QIIME2, Quantitative Insights Into Microbial

Ecology 2 program (ver. 2019.4; https://qiime2.org/) (Boylen et al., 2018).
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Sequences were demultiplexed with native plugin and DADA2 (Divisive Amplicon
Denoising Algorithm 2) (Callahan et al., 2016) was applied to obtain ASVs sequences
(or features) (Callahan et al., 2017), trimming primers and performing a quality filter
with an expected error of 2.0. Chimeric sequences were removed using the consen-
sus method. Features with at least 10 representatives associated and detected in
at least two samples were kept. The taxonomic assignment of representative se-
guences was carried out using the feature-classifier
(https://github.com/qiime2/q2-feature-classifier) plugin implemented in QIIME2,
using classify-consensus-vsearch method against the SILVA SSU non-redundant da-
tabase (132 release), adopting a consensus confidence threshold of 0.8. Taxa bar
plots were generated with the QIIME2 dedicated plugin taxa
(https://github.com/qiime2/q2-taxa). As ASVs assigned to Cyanobacteria phylum
(Class: Chloroplast) were considered potential plant contaminants, they were re-
moved from the downstream analysis. Reads of mitochondrial or eukaryotic origin
were also excluded. Overlap among technical replicates was calculated considering
taxa at the family level weighted for abundances (Wen et al., 2017). Alpha diversity
was carried out considering the presence/absence of ASVs and Shannon index. Sta-
tistical differences among samples belonging to the same insect species were cal-
culated using alpha-group-significance plugin by QIIME2, performing also a pairwise
contrast (Kruskal and Wallis, 1952). Beta diversity, instead, was carried out consid-
ering qualitative (Jaccard and unweighted UniFrac) and quantitative (Bray-Curtis
and weighted UniFrac) distance metrics (Lozupone et al., 2011), using QIIME2 core-
metrics plugin (https://github.com/qiime2/q2-diversity). Statistical differences
were calculated by permutation based ANOVA (PerMANOVA) functions of beta-
group-significance plugin (Anderson, 2001), with 999 permutations, considering in-

sect species and sample type categories. A PerMANOVA Pairwise contrast was
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performed with beta-group-significance plugin. Principal coordinates plots (PCoA)
method was used to explore the structure of microbial communities. The phyloge-
netic tree necessary to calculate UniFrac distances was built on the alignment of
ASVs representative sequences using align-to-tree-mafft-fasttree method by phy-
logeny plugin (https://github.com/qiime2/q2-phylogeny). Heatmap visualization
was used to explore the abundance of bacteria families among samples and was
generated by QIIME2. Core microbiota among insect samples was calculated con-
sidering the ceiling of the mean of species frequencies among samples and keeping
a core threshold of 0.7 (minimum fraction of samples that a species must be ob-
served in), performed with core-features plugin (https://github.com/qiime2/q2-
feature-table). A Venn diagram was created starting from core microbiota results
setting the threshold = 1, by calculating the number of shared and unique taxa per
insect collapsed at the genus level. ANCOM analysis (Analysis of composition of mi-
crobiomes; Mandal et al., 2015) was performed to test differential abundances
among genera distribution in the dataset, comparing samples with different insect
composition. To avoid false discovery rates, only features shared in at least 25% of

samples were considered.

Results

3.1 Sequencing output

All the replicates of the 12 collected samples showed good DNA quality (i.e.,
A260/A230 and A260/A280 absorbance ratios within the range 1.6 - 2.2) and good
yield (20-40 ng/ul). The DNA barcoding (mt COl) sequencing results indicated that
all the tested samples were composed of insects. Moreover, the BLAST analysis

against reference insect DNA barcoding sequences confirmed that all samples
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corresponded with the declared insect species (i.e., maximum identity > 99% with

the declared species).

HTS analysis produced about 8,571,836 raw reads from the analysed samples, with
an average of 119,053.,28 reads per sample (DS = 62,045.83). After quality filtering,
merging reads, chimaera and contaminants removal, we obtained a total of 590
ASVs (Amplicon Sequence Variants). Negative controls (deriving from DNA extrac-
tion and amplification step) for library sequencing were not included in the analysis

since they encompassed a very low number of DNA reads.

3.2 Microbial diversity analysis

From overlap calculations for technical replicates, family overlap resulted in a mean
of 96%, with a standard deviation of 0.06.

Both considering ASVs and Shannon metric, differences among samples derived
from different insects were observed (H=22.13, p-value<0.01 and H=29.93, p-
value<0.01, for ASVs and Shannon respectively; pairwise comparisons are visible in
Table S3).

Samples belonging to raw material (flour) and food products (crackers, pasta and
protein bars) showed a significant difference, considering both qualitative (Jaccard
and Unweighted UniFrac) and quantitative metrics (Bray-Curtis and Weighted
UniFrac) (p-value<0.01). Overall, we observed a significant difference among sam-
ples belonging to different insects (Jaccard metric: F-statistic=10.59, p-value=0.001;
Unweighted UniFrac metric: F-statistic=10.57, p-value=0.001; Bray-Curtis metric: F-
statistic=16.79, p=0.001; Weighted UniFrac metric: F-statistic=25.38; p-

value=0.001). Results of pairwise comparisons are visible in Table S4.
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3.3 Taxonomic composition analysis

A total of 9 bacterial phyla, 14 classes, 34 orders, and 66 families were identified

(Fig 1, S5 Table).

Fig 1. Relative abundance of bacteria families recovered in the insect-based products
through 16S metabarcoding sequencing. Bacteria families are reported in gradient colors
indicating relative abundances. For each sample, the sample type is reported (pasta: red

square; flour: yellow square; cracker: orange square; protein bar: green square).
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Taxonomic analysis revealed that most of the sequences in all the samples were
associated with the phyla Proteobacteria (47%) and Tenericutes (26%), followed by
Firmicutes (23%). 0.13% resulted in Unassigned taxa. Looking inside the taxonomic
rank of class, the most abundant were Gammaproteobacteria, with 47% of se-
guences, followed by Mollicutes (26%) and Bacilli (22%). Enterobacteriales was the
most abundant order, encompassing 45% of the sequences, distributed across all
the samples, followed by Entomoplasmatales (26%), Lactobacillales (12%), Bacil-
lales (10%), and Bacteroidales (2.6%). On the whole, the remaining 29 orders cov-
ered 4.4% of sequences. The Enterobacteriaceae family accounted for 45% of se-
quences, whereas Spiroplasmataceae represented 26% of sequences.

Considering taxa distribution per insect (Fig 2), we can notice differences in micro-
bial composition, spanning from the phylum level to a deeper taxonomic resolution.
Considering taxonomy per insect species, at the taxonomic level of order, we found
that A. domesticus-based samples were dominated by Bacillales (54%), followed by
Bacteroidales (21.2%), and Lactobacillales (8.9%), representing 84.1% of 28 orders.
However, food products made with A. diaperinus had most of the sequences as-
signed to Enterobacteriales (89.6%), with the remaining 7% and 2.1% assigned to
Lactobacillales and Bacillales, respectively, and 1.3% of sequences distributed in 11
orders. T. molitor-based food products showed 45.4% of sequences corresponding
to Entomoplasmatales order, 29.5% to Enterobacteriales, 14.5% to Lactobacillales,

and the remaining 10.6% to 21 different orders.
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Fig 2. Donut charts of A. domesticus, A. diaperinus, and T. molitor microbial composition.

Phyla in the inner circle and Orders in the outer circle are reported. Abundances are ex-

pressed as log frequency, in order to better show underrepresented taxa.

Flavobacteriales
Bacteroidales

'. Pseudonocardiales

Bacillales
Lactobacillales '
Clostridiales .‘

Erysipelotrichales ~

Selenomonadales

Propionibacteriales
Micrococcales

6 Corynebacteriales
Bifidobacteriales

Fusobacteriales Unassigned

]
Saccharimonadales .~
Acetobacterales 9 Verrucomicrobiales
Rhodobacterales , s Entomoplasmatales
Rhodospirillales /‘ \

Xanthomonadales
Sphingomonadales Vibrionales
Desulfovibrionales

. - Pseudomonadales
Betaproteobacteriales Oceanospirillales
Enterobacteriales

A. domesticus

Bacillales

Nostocales

Lactobacillales

'. Bacteroidales
. ' Micrococcales
Clostridiales '

‘ Corynebacteriales

S unessigned

Erysipelotrichales
Mycoplasmatales

V Entomoplasmatales
Sphingomonadales

Pseudomonadales
Enterobacteriales

A. diaperinus

Legend (Phyla)
@ Actinobacteria
. Bacteroides
. Cyanobacteria
. Firmicutes
\%\ Fusobacteria
Patescibacteria
' Proteobacteria
Tenericutes

. Unassigned

Nostocales
Sphingobacteriales

Flavobacteriales

Bacteroidales

Bacillales

Lactobacillales '
Propionibacteriales
Clostridiales., .~ ‘Micrococcales
Fusobacteriales . Corynebacteriales

.. Unassigned

Entomoplasmatales

“ Xanthomonadales
Pseudomonadales

Pasteurellales
Oceanospirillales

Acetobacterales

Rhizobiales —
Sphingomonadales '

o
Alteromonadales &)
Betaproteobacteriales

Aeromonadales

Enterobacteriales

T. molitor

Focusing on specific features, we observed that the most abundant feature was as-

signed to an uncultured Spiroplasma (25%), reported exclusively in T. molitor sam-

ples. The sixth most abundant feature (3%), assigned to the genus Kurthia (Plano-

coccaceae; Bacillales; Bacilli; Firmicutes) was detected only in A. domesticus protein

bars produced by the British company 5, but not in samples belonging to the British

company 4. Moreover, all and only the food products deriving from British company

5 are characterized by the presence of a specific feature assigned to
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Exiguobacterium (Family XlI; Bacillales; Bacilli; Firmicutes). Considering features
shared between protein bars belonging to British company 5 and French company
2, some of the most abundants were assigned to Tannerellaceae (12,3%) (Bacteroi-
dales; Bacteroidia; Bacteroidetes), followed by Bacteroidaceae (6%) (Enterobacte-
riales; Gammaproteobacteria; Proteobacteria), Enterobacteriaceae family (5%) (En-
terobacteriales; Gammaproteobacteria; Proteobacteria) and Lachnospiraceae (2%)
(Clostridiales; Clostridia; Firmicutes).

A feature assigned to an uncultured Parabacteroides (Tannerellaceae; Bacteroi-
dales; Bacteroidia; Bacteroidetes) is unique for A. domesticus samples, whereas fea-
tures assigned to Enterobacter (Enterobacteriaceae; Enterobacteriales; Gammap-
roteobacteria; Proteobacteria), a different microorganisms belonging to Enterobac-
teriaceae, and Enterococcus (Enterococcaceae; Lactobacillales; Bacilli; Firmicutes)

were highly prevalent in A. diaperinus food products.

To better visualize the microbial variation among different food products, and

which family mostly contribute distinguishing food products, a heatmap based on

relative abundances was generated (Fig 3).
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Fig 3. Heatmap diagram showing the relative abundance of families for each sample.

Color shading in the heatmap indicates the abundance, expressed as log10 frequency, of
each family in the sample. Sample type categories are flour (yellow), pasta (red), cracker
(orange) and protein bar (green). Companies are represented in fuchsia (Company 1), blue

(Company 2), aguamarine (Company 3), pink (Company 4) and light blue (Company 5).
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differentiated raw food products (flour) from processed food products (pasta,
crackers and protein bars): flour made by the two insects of the Coleoptera order
(i.e., T. molitor and A. diaperinus) formed a distinct cluster that separated pasta and
crackers samples based on the same insects. Moreover, the same food products
constituted by different insects can be distinguished by family abundances in the
heatmap: A. diaperinus pasta clustered separately from T. molitor pasta. Con-
versely, protein bars composed by the same insect (A. domesticus), but produced
by different companies, are scattered in two different clusters, as also shown by

microbial diversity analysis represented in the PCoA plot (Table S4).

3.4 Preliminary analysis on microbial signature

The preliminary analysis on core microbiota, defined as a group of shared microbial
taxa or genes (Hamady & Knight, 2009; Turnbaugh et al., 2007), revealed the taxa
shared by at least 70% and the 100% of samples of the category representing the
insect used in the food products. Venn diagram, calculated from core microbiota
results of the most conserved taxa (100% of samples per insect), highlighted the
presence of unique and shared taxa considering insect species used in the food

products analysed (Fig 4).
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Fig 4. Venn diagram and donut charts of A. domesticus, A. diaperinus, and T. molitor core
microbial composition. The Venn diagram in the upper part of the figure shows shared
and unique taxa per insect. Taxa identified through core microbiota analysis are reported
in the lower part of the figure. We considered the taxa found in 100% of the samples. In

the case of A. domesticus and A. diaperinus the first twelve hits are reported, according to

T. molitor
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In the case of T. molitor-based food products, we observed a core microbiota con-
stituted by 21 taxa shared among > 70% of the samples and 10 taxa shared by all
the samples. The 10 most conserved taxa (100% of samples) belonged to uncul-

tured Spiroplasma sp., a taxon from Enterobacteriaceae family, Enterococcus,
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Staphylococcus, Enterobacter, uncultured Lactococcus, Pseudomonas, Bacillus, Ser-
ratia and Pantotea (S6 Table).

On the other hand, A. diaperinus-based food products showed 14 shared taxa, both
subsampling the 70% of samples or considering all the samples, indicating a highly
conserved core microbiota. In contrast to T. molitor-based products, we reported
the presence not only of Enterococcus, Staphylococcus, Enterobacter, Lactococcus,
but also of Enterococcus faecalis, Listeria, Brevibacterium, Corynebacterium,
Brachybacterium, Acinetobacter, and Bacillus pumilus. We reported as well the ab-
sence of Spiroplasma, Pseudomonas, Serratia and Pantotea.

Considering A. domesticus-based food products, all the samples shared 29 taxa, and
44 taxa are shared by 70% of samples. Among these, all the samples reported the
presence of bacteria belonging to the family Lachnospiraceae and the genus
Parabateroides (Family: Tannerellaceae).

Venn diagram analysis showed that, if four genera are shared among all the samples
(a genus belonging to Enterobacteriaceae family, Lactococcus, Enterobacter, Enter-
ococcus), 28 genera were unique considering the insect species. In particular,
twenty genera were exclusively detected in all the samples of A. domesticus-based
food products, and, among them, the three most abundant were Parabacteroides,
Bacteroides, and a genus belonging to Lachnospiraceae family (see S6 Table for the
complete list), thus confirming the explorative analyses described in the previous
section. Brevibacterium, Acinetobacter, Brachybacterium, Listeria, and Corynebac-
terium were the genera unique for A. diaperinus-based food products, whereas T.
molitor-based food products showed as unique genera Spiroplasma, Pantoea, and
Serratia.

In order to explore variations in genera abundances among insect samples, ANCOM

analysis was performed. Considering features shared in at least 25% of the dataset,
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the analysis comprehended a total of 31 genus. ANCOM results showed 16 differ-
ential abundant genera among samples (S7 Table). In particular, ten were detected
as insect-specific genera, according to core microbiome analysis. Further, for T.
molitor samples, Spiroplasma, Lactobacillus, Pediococcus and a genus belonging to
the Clostridiaceae family were identified, with a W-statistic of 30, 30, 24 and 23
respectively. Genera Parabacteroides, two uncultured bacteria belonging to the Ru-
minococcaceae family, Bacteroides, a genus belonging to Lachnospiraceae family
and Citrobacter were peculiar of A. domesticus samples, with a W-statistic of 30,
30, 28, 29, 29, and 27, respectively. Enterobacter (W-statistic=30), Corynebacterium
(W-statistic=25), and Listeria (W-statistic=25) were differentially distributed among
the dataset, characterizing only A. diaperinus and T. molitor samples. Regarding
genera that were shared among all insect species, Lactococcus (W-statistic=25),
Staphylococcus (W-statistic=24), and a genus belonging to the Enterobacteriaceae
family (W-statistic=23) were differentially distributed. Further, median abundances
of Lactococcus were 35.5 in A. domesticus samples, 547.0 in A. diaperinus samples
and 1,917.0in T. molitor samples. Staphylococcus, instead, showed a median abun-
dance of 501.0 in A. diaperinus samples and 1,475.0 in T. molitor samples, while
Enterobacteriaceae medians were 144.0, 2,108 e 11,659, for A. domesticus, A. dia-
perinus and T. molitor samples, respectively (ANCOM results and distribution of

genera among insect samples are visible in details in S7 Table).

Discussion

In this study, we characterized through the application of HTS techniques the mi-
crobial composition of insect-based food products made of A. domesticus, T.

molitor, and A. diaperinus, purchased via e-commerce. We selected both raw and
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processed food products, considering the availability on the market, from different
selling companies.

Our preliminary data revealed that a small number of prevalent bacteria formed a
“core microbiota” for each insect, which can potentially be used as biomarkers to
identify insect ingredient origin in food products.

A recent study (Cambon et al., 2018) showed that a resident microbiota in T. molitor
gut exists, thus supporting our hypothesis tested with core microbiota analysis. In
particular, this study identified a resident T. molitor microbiota consisting of Pseu-
domonas, Serratia and genera belonging to the Enterobacteriaceae family. Note-
worthy, this evidence is in accordance with the data we obtained in our study, as a
further confirmation of our results.

If there was a significant insect component, the core microbiota would reflect the
physiology of the organisms, the diet and rearing conditions. By contrast, if the level
of food processing affected the microbiota, the organism could be difficult to iden-
tify searching for a microbial signature. Nevertheless, we identified shared features
constituting the core microbiota of specific insects. In addition to that, despite the
processing level, we found exclusive taxa in all the samples of specific insects. Note-
worthy, our results showed that in A. domesticus processed food (i.e. protein bars
and crackers) microbiota is composed by a robust core of microorganisms that is
conserved and is similar in composition to what was reported in other studies on
raw food (i.e. fresh crickets): Vandeweyer and colleagues (Vandeweyer, Crauwels,
Lievens, & Van Campenhout, 2017) showed that A. domesticus is abundantly colo-
nised by (Para)bacteroides species (Johnson, Moore, & Moore, 2009), confirming
the first two hits we obtained through core microbiota analysis.

Interestingly, in this study A. domesticus core microbiota harbored bacteria belong-

ing to the Lachnospiraceae family too. This evidence may prove beneficial when
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edible insects will be introduced in the western diet and it is worth further studies:
Lachnospiraceae are found, among others, in our digestive tract and are involved
in fibre digestion. Menni and colleagues indeed discovered the association between
Lachnospiraceae and lower long term weight (Menni et al., 2017). Furthermore,
the exposure to antibiotics (such as B-lactam antibiotics and fluoroquinolones)
eliminates Lachnospiraceae from gut microbiota. This lead to the gut becoming a
prime target for opportunistic infections such as the one caused by Clostridium dif-
ficile, but restoring Lachnospiraceae into the intestines of infected patients has
been shown to help cure C. difficile infections (Lagier et al., 2012; Segata et al.,
2012; Song et al., 2013; Seekatz, 2018). It is conceivable that in the processed food
we found only DNA and not viable cells and more investigations are needed, also
focusing on prebiotic effects. In a recent study, the impact of an insect-based diet
(cricket) on the human gut microbiota revealed increased levels of Bifidobacterium
animalis. This could be due to cricket chitin which may function as a prebiotic (Stull
et al., 2018). T. molitor flour in in vitro fecal models promoted the growth of Bac-
teroidaceae and Prevotellaceae, but not of Clostridium histolyticum group or Desul-

fovibrionales and Desulfuromonales (Carvallo et al., 2019).

On the other hand, exclusively all the samples based on T. molitor source are dom-
inated by Spiroplasmataceae family (Phylum: Tenericutes; Class: Mollicutes), in par-
ticular bacteria belonging to Spiroplasma genus. Spiroplasma are found in the gut
or hemolymph of insects where they can act as endosymbionts, impacting on host
reproduction or host defence system. These findings are consistent with studies on
fresh mealworm larvae (Vandeweyer, Crauwels, Lievens, & Van Campenhout, 2017)

deriving from different companies.
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A. diaperinus samples are dominated by Enterobacter, both flour and pasta, pro-
duced by different companies. These findings are in agreement with previous stud-
ies on fresh larvae (Wynants et al., 2017) and minced meat-like products (Stoops et
al., 2016). A. diaperinus-based pasta clustered separately from flour samples made
of the same insect, but in the same main cluster including food products belonging
to Coleoptera. A similar behaviour can be seen in the case of T. molitor pasta and
flour samples.

Concerning food safety, it is worth mentioning the presence, considering the 20
most abundant bacteria classified at the genus level, of sequences assigned to Ba-
cillus in most of the samples (80%). The capacity to form endospore, resistant to
heat and desiccation, deserve attention even if there is no confirmation of viability
assay. There are currently no regulations for microbiological criteria of edible in-
sects or their products in Europe, but a 5 Log10 (CFU/g) was defined as a safety
threshold. Fasolato and colleagues found the presence of vital Bacillus in edible
processed insects. Even if median values were lower than 4 Log10 CFU/g, some
products showed higher lever (maximum 6.6 log10 CFU/g) (Fasolato et al., 2018).
Considering differential abundances of shared genera among samples, such as gen-
era belonging to Enterobacteriaceae family or Lactococcus, differences may be
caused by matrix peculiarities. In particular, food treatments as freezing or boiling
processes can cause cell lysis and DNA degradation, thus affecting High-Throughput
DNA Sequencing (HTS) output (De Filippis, Parente & Ercolini, 2019; Osimani et al,
2018). Further, high abundances of features were found in T. molitor and A. diaper-
inus samples, where we have a predominance of flour samples, a matrix obtained
from only grinding treatment.

With the increasing availability of insect-based processed food products in the mar-

ket, including a higher number of samples in the analyses will help in disentangling
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the microbial dynamics behind food processing, and allowing the food products
traceability at a finer scale.

Overall, our results showed that insect-based food products cluster based on their
microbial signature. Even in the case of processed food in which there is more than
one constituent (i.e., plant ingredients, see Table 1) that could interfere with its
microbial contribution in the clustering process, we identified a shared pattern
highlighted by core microbiota analysis and unique taxa that can be used as bi-
omarkers. We also showed that differences exist in comparing raw vs processed
food considering both qualitative and quantitative metrics. Recent studies (Bruno
et al., 2019) reported the possibility to track the composition of plant processed
food despite critical issues mostly deriving from the starting composition (i.e., vari-
able complexity in taxa composition) of the sample itself and the different pro-
cessing level (i.e., high or low DNA degradation). Other studies (Garofalo et al.,
2017), investigating the microbial composition of commercial food products based
on insects, never explored if any variability can be correlated with highly processed
food such as pasta, crackers or protein bars. Our data clearly showed that processed
food can be analysed searching for a microbial signature and that raw food products
(i.e., flours) had a significant different microbiota compared to the processed ones
(i.e., pasta, crackers and protein bars), even if maintaining unchanged a core of bac-
teria.

Highly processed food products represent one of the challenges of food traceability
because of DNA degradation during food processing and, as a consequence, the
limits in applying the common DNA barcoding techniques. Thus, DNA metabarcod-
ing, based on HTS techniques combined with powerful tools for data analysis, can

provide new perspectives for unveiling the composition of processed food, to
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retrace food origin and food quality control (Bruno et al., 2019; Parente et al., 2019;
De Filippis, Parente & Ercolini, 2019).

The identification of a microbial signature for traceability purposes was suggested
also by forensic scientists as a natural consequence of the application of HTS tech-
nologies in a wider perspective (Bishop, 2019): with the globalisation of trade, food
traceability is a hot topic and identifying a microbial signature in these products can
provide a deeper insight into the “food ecosystem” (Galimberti et al., 2015; Boku-
lich, Lewis, Boundy-Mills, & Mills, 2016; Galimberti et al., 2019; Parente et al.,
2019).

Conclusions and future perspectives

The application of high-throughput molecular techniques coupled with bioinfor-
matic analyses allowed us to detect and identify the diversity of microbial commu-
nities in some raw and processed novel food products available on e-commerce.
This study shows the value of the application of HTS analysis for unveiling the com-
position of microbiota in processed food containing insect ingredients. We were
able to identify with our preliminary analysis a microbial signature, depending on
the insect, suggesting that a resident microbiota is conserved despite the different
food processing levels, rearing conditions, and selling companies. We are now fac-
ing a striking imbalance between available technologies and knowledge gaps on
“food ecosystem”: especially in the case of insect flour and insect-based products,
as a future perspective we should consider the whole food production chain, taking
into consideration that the microbial communities inhabiting surfaces, interacting
with foods and being part of food themselves are influenced all along the supply
chain, from rearing, in the case of insects, to the final processed product. HTS ap-

proach is a valuable tool to protect food safety as routine monitoring analysis, from
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the identification of insect microbiota along the food production processing chain
and characterization of the raw ingredients to the final processed food products.
This tool can be applied to a wider range of food products to improve food source
traceability too. Further studies are needed to improve our knowledge on the influ-
ence of rearing conditions and processing on the edible insect associated with the

microbiota.
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Appendix A. Supplementary data

S1 Table. Insects used in the processed food analysed in this study.

Southwest Asia, wide-
spread in tropical and

temperate zones. Species

Scientific Acheta domesticus Tenebrio molitor Alphitobius diaperinus
name
(Linnaeus, 1758) (Linnaeus, 1758) (Panzer, 1797)
Taxonomy Order: Orthoptera Order: Coleoptera Order: Coleoptera
Family Gryllidae Family: Tenebrio- Family: Tenebrionidae
nidae.
Description House cricket, native to Known as meal- Known as lesser mealworm or litter

worm. It has a cos-
mopolitan distribu-

tion, being common

beetle. It has a cosmopolitan distribu-
tion, being common in Europe, as a
pest of grain storages and poultry

farms.
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is native to most of the

European countries.

in Europe, as a pest

of grain storages.

Growth Adults grow up to 20-22 The adult beetles The adult beetles are 6 mm long, oval.
mm, both sexes are fully are up to 15-18 mm | It is shiny black or brown with reddish
winged. Adult females are | long. It is shiny black | brown elytra. Color is variable among
slightly bigger with promi- | or brown with red- individuals and subpopulations and
nent ovipositor protrud- dish brown elytra. changing with age. The antennae are
ing from the abdomen. paler at the tips and are covered in
Crickets are greyish yel- The eggs are oval, tiny, yellowish hairs. The elytra have
low in color. whitish, about 1.5 shallow longitudinal grooves.
mm long.
The eggs are narrow, whitish, about
The larvae resemble 1.5 mm long.
larvae of other
mealworms, at the The larvae resemble larvae of other
final stage measur- | mealwormes, at the final stage measur-
ing up to 25 mm in ing up to 11 mm in length.
length.
Incubation 11 10-12 10-12
period (days
from egg-
laying to
hatch)
Time to ma- 32-49 280-400 280-400
turity (days
from hatch
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to max body

weight)

Resistance

Species is resistant to en-

vironmental conditions,
and is very productive in

mass culture, tolerating

The species is however
very susceptible to the

Cricket Paralysis Virus.

high population densities.

Species is resistant
to environmental
conditions, and is
very productive in
mass culture, toler-
ating high popula-

tion densities.

Species is resistant to environmental
conditions and is very productive in

mass culture.

Protein and

fat content

Protein content in larvae
and imagines varies from
60 to 70% (d.m.), with a
fat content of 20-25 %
(d.m.)

Protein content in
larvae varies from
50 to 65% (d.m.),
with a fat content of
30-40 % (d.m.)
highly depending on
the feed and rearing

conditions.

Protein content in larvae varies from
50 to 65% (d.m.), with fat content of
30-40 % (d.m.) highly depending on

the feed and rearing conditions.

Adapted

from

http://ipiff.org/wp-content/up-

loads/2019/03/IPIFF_Guide_A4 2019-v5-separate.pdf
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S2 Table. List of primer pairs used for DNA barcoding and metabarcoding analyses.

Primer name 5’-3’ Barcode locus | Reference

LCO1490 GGTCAACAAATCATAAAGATATTGG col [17]

HC02198 TAAACTTCAGGGTGACCAAAAAATCA

340F CTACGGGNGGCWGCAG 16S [19]

806R GACTACHVGGGTATCTAATCC

S3 Table. Results of alpha microbial diversity.

Pairwise comparison of ASVs counts between samples among to the same insect

(A. domesticus n=12; A. diaperinus n=9; T. molitor n=15)

Group 1 Group 2 H P-value | Q-value

A. domesticus | A. diaperinus | 14.76 | <0.01 |<0.01

A. domesticus | T. molitor 5.60 [0.018 0.018

A. diaperinus | T. molitor 14.83 1<0.01 |<0.01
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Pairwise comparison of Shannon index between samples among to the same in-

sect (A. domesticus n=12; A. diaperinus n=9; T. molitor n=15)

Group 1 Group 2 H P-value | Q-value
A. domesticus | A. diaperinus | 14.72 | <0.01 |<0.01
A. domesticus | T. molitor 18.02 | <0.01 [<0.01
A. diaperinus | T. molitor 16.201<0.01 |<0.01

S4 Table. Results of beta microbial diversity.

PCoA Emperor plots based on the Bray-Curtis metric. Food samples were compared

based on insect order (red: Coleoptera; blue: Orthoptera) and insect species (sphere: A.

domesticus; triangle: T. molitor; square: A. diaperinus).

Raw materials (flour, n=12) vs food products (crackers, | Pseudo- | P-

pasta, protein bars; n=24) F value
Jaccard 5.84 0.001
Unweighted UniFrac 5.73 0.001
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Bray-Curtis 6.31 0.001
Weighted UniFrac 8.00 0.002
Differences among samples belong to different insects (A. | Pseudo- | P-

domesticus n=12; A. diaperinus n=9; T. molitor n=15) F value
Jaccard 10.39 0.001
Unweighted UniFrac 11.37 0.001
Bray-Curtis 16.87 0.001
Weighted UniFrac 25.63 0.001

Pairwise comparisons to test differences among samples belong to different insects

(A.domesticus n=12; A.diaperinus n=9; T.molitor n=15).

Insects Group 1 Group 2 Pseudo-

value

value
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Jaccard A. domesti- | A. diaperi- 11.99 0.001 |0.001
cus nus
A. domesti- T. molitor 8.47 0.001 |0.001
cus
A. diaperinus | T. molitor 12.60 0.001 |0.001
Unweighted A. domesti- | A. diaperi- 13.68 0.001 |0.001
UniFrac cus nus
A. domesti- T. molitor 11.07 0.001 |0.001
cus
A. diaperinus | T. molitor 7.31 0.001 |0.001
Bray-Curtis A. domesti- | A. diaperi- 16.36 0.001 |0.001
cus nus
A. domesti- | T. molitor 12.36 0.001 |0.001
cus
A. diaperinus | T. molitor 25.76 0.001 |0.001
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Weighted UniFrac | A. domesti- | A. diaperi- 29.01 0.001 |0.001

cus nus

A. domesti- T. molitor 24.83 0.001 0.001

cus

A. diaperinus | T. molitor 20.90 0.001 |0.001
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Abstract

Medicinal plants have been widely used in traditional medicine due to their thera-
peutic properties. Although they are mostly used as herbal infusion and tincture,
the employment as ingredients of herbal and food supplements is increasing. De-
spite this, fraud and adulteration are a widespread problem in the herbal and food
industry. In our study, we aim at evaluating DNA metabarcoding as a extensive and
sensitive tool to identify product composition, regardless of the number of taxa and
their quantity. In order to accomplish this, we analysed fifteen commercial products

with DNA metabarcoding, using two barcode regions: psbA-trnH and ITS2. Our
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results show that on average, 70% of the declared ingredients have been identified.
Concerning the use of two barcode markers, the ITS2 marker appears to identify
more species (n=60) than psbA-trnH (n=35), with an ingredients identification rate
of 49% for ITS2 versus 42% for psbA-trnH. However, the use of both markers has
made it possible to almost double the capacity for identifying and assigning species,
reaching for some samples to identify 100% of the declared species on the label.
Some species (n=12) are identified only by one marker rather than the other. Addi-
tionally, in order to evaluate the quantitative ability of HTS to compare the plant
component to the corresponding assigned reads, we created in laboratory six mock
mixtures of plants both in biomass and gDNA. Our analysis suggests that DNA
metabarcoding has a relative quantitative ability. These results support the appli-
cation of HTS analysis for studying the composition of herbal teas from a wider per-

spective, for botanicals traceability and quality control.

Introduction

Medicinal plants have been used in traditional medicine for centuries due to their
therapeutic properties. Although they are mostly consumed as herbal infusions and
tinctures, employment as ingredients of herbal and food supplements is increasing
worldwide (Lu et al., 2018). Consumers' awareness about healthy diets and their
benefits is expanding the botanical and herbal supplements market (Lu et al., 2018).
In the United States, the market of herbal supplements worth over USS 7.4 billion
per year (Smith et al., 2018) and the EU market accounts for a value of € 1.8 billion
(Marieschi et al., 2009). Despite this, fraud and adulteration are a widespread issue
in the herbal and food industry (Lupien, 2005). Medicinal plants are usually sold as
herbal tea or as an ingredient, and fraud and adulteration are difficult to identify

(Anthoons et al., 2021). The substitution of high-value plants with cheaper ones has
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been widely reported in the literature (Nithaniyal et al., 2016; Mosa et al., 2018;
Grazina et al., 2020). Moreover, adulteration with toxic plants has also been rec-
orded and may lead to severe health risks (Cornara et al., 2017; Garzo et al., 2002)
(eg. pyrrolizidine alkaloids (PA) are toxic for humans). These compounds are in high
concentration in plants that can be accidentally in herbal teas (Wiedenfeld, 2010).
Detecting adulteration and identifying the botanicals species present in herbal mix-
tures is fundamental to guarantee the consumers safety. Multiple methods, mainly
based on morphological and chemical characterization, have been proposed in
plant pharmacopoeia. However, these methods fail when the morphological fea-
tures are lost or when the chemical profiles are shared among congenerics (Liu et
al., 2018, Raclariu et al., 2017).

In the last decade, the use of molecular tools for the authentication of food prod-
ucts has drastically increased (Shaw et al., 2018). In this context, the biomolecular
analysis of DNA barcoding has become more and more important over time (Gal-
imberti et al., 2019). Although food authentication using DNA barcoding is well sup-
ported and validated when used to identify single species (De Mattia et al. 2011;
Hellberg et al., 2017; Galimberti et al., 2014), the characterization of plant complex
mixtures and/or processed products is still a challenge. DNA could undergo degra-
dation processes due to industrial treatments. As a consequence, in several pro-
cessed foods DNA could be highly degraded and fragmented (Bruno et al., 2019).
To analyse these complex matrices, the DNA barcoding approach was combined
with High-Throughput DNA Sequencing Technologies (HTS) which offers the oppor-
tunity to simultaneously sequencing multiple DNA amplicons (Haynes et al., 2019).
Nevertheless, DNA metabarcoding still has some limitations such as amplification
biases, accidental laboratory contamination when DNA is in low concentration and

the difficulty of ingredients quantification (Shokralla et al., 2012; Elbrecht and
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Leese, 2015; Bruno et al., 2018). In our study, we wanted to (i) evaluate if DNA
metabarcoding can be a universal and sensitive tool to identify all the species in a
product. In order to accomplish this, we analysed fifteen commercial products with
DNA metabarcoding analysing two barcode regions, the nuclear ITS2 and for the
very first time (in a DNA metabarcoding context), the plastidial intergenic spacer
psbA-trnH. Additionally, in order to (ii) evaluate the quantitative ability of HTS, we
compared the declared occurrence and abundance of plant components in a com-
mercial herbal product to the corresponding assigned reads, creating in laboratory
six mock mixtures of plants both starting from raw plants (biomass) and genomic

DNA (gDNA).

Material and Methods
Sampling of herbal teas and assembling of mock mixtures
Fifteen samples of commercial herbal teas (Table 1) from five different companies

were collected from supermarkets.

ID LAB Company Sample typology

HT_001 Company 1 Purifying Herbal Tea
HT_002 Company 1 Digestive Herbal Tea
HT_003 Company 1 Slimming Herbal Tea
HT_004 Company 2 Laxative Herbal Tea
HT_005 Company 2 Aromatic Herbal Tea
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HT_006 Company 2 Purifying Herbal Tea
HT 007 Company 3 Aromatic Herbal Tea
HT_008 Company 3 Aromatic Herbal Tea
HT_009 Company 3 Depurative Herbal Tea
HT_010 Company 4 Relaxing Herbal Tea
HT_011 Company 4 Digestion Herbal Tea
HT_012 Company 4 Flat Stomach Herbal Tea
HT_013 Company 5 Laxative Herbal Tea
HT_014 Company 5 Sleep Herbal Tea

HT 015 Company 5 Draining Herbal Tea

Table 1. In the table are shown the ID specimen for all samples, the company of production

and the sample typology.

In order to evaluate the ability of DNA metabarcoding to quantify the ingredients
in herbal products, we set up an assay composed both by biomasses and genomic
DNA of five plants in different proportions (Table 2). For these mock mixtures, com-
mon medicinal plant species were chosen: Althaea officinalis (roots), Arnica mon-
tana (flowers), llex paraguariensis (leaves), Paullinia Capuana (seeds) and Solidago

virgaurea (aerial parts). As reported in several studies (Paranaiba et al., 2020; Lu et
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al., 2020), the isolation of DNA can be challenging from some tissue such as wood
and roots. For this reason, different parts of the plant were collected: roots, flow-
ers, leaves, seeds and aerial parts. To test for the difference of quantification of
plants in correlation to the features obtained before or after the extraction and to
identify any bias, these mock mixtures were created with both plant sample quan-
tities expressed as weight of dry material and with different concentrations of ge-
nomic DNA. In detail, for mock mixtures created by raw samples (QR_016, QR_017
and QR_018), plants were weighed and mixed in order to obtain the percentage
expressed in Table 1. The weights and proportions chosen are consistent with the
normal formulation of herbal teas, also in correlation with possible contaminants.

Concerning mocks mixture created by gDNA (QG_019, QG_020 and QG_021), DNA
was individually extracted from each dry plant as indicated in the next paragraph
and individually quantified using Qubit Fluorometer 4.0 (Thermofisher). Each plant
species was identified by DNA barcoding analysis. Finally, we prepared different di-
lutions according to the percentage described in Table 2 of each DNA extract and

we composed the artificial mixtures starting from the DNA extracts.
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Species Plant QR_016 | QR_017 | QR_018 | QG_019 | QG_020 | QG_021
section
Althaea officinalis Roots 20% 6% 35% 20% 6% 35%
Arnica montana Flowers 20% 6% 6% 20% 6% 6%
llex paraguariensis Leaves 20% 75% 20% 20% 75% 20%
Paullinia Capuana Seeds 20% 6% 30% 20% 6% 30%
Solidago virgaurea Aerial 20% 6% 9% 20% 6% 9%
parts

Table 2. In the table are shown the percentage of the plants used for the mock mixture
creation. Samples QR_016, QR_017 and QR_018 were created starting from the raw plants,
samples QG_019, QG_020 and QG_021 were created starting from the genomic DNA.

DNA extraction and quantification

DNA extractions for herbal teas, positive control and mocks mixture were carried
out using the commercial kit DNeasy PowerPlant (QIAGEN), following the manufac-
turer’s instructions. We started from 50 mg of dry sample material that was homog-
enized via a mortar and liquid nitrogen; after lysis and wash steps, DNA was eluted
in 50 uL of elution buffer and samples were stored at -20 °C. Three technical repli-
cates of DNA extraction were created for each sample and negative controls of ex-
traction were created. Genomic DNA concentration was evaluated by Qubit 4.0 Flu-
orometer (Thermofisher). DNA concentration (ng/ul) for all samples are indicated

in Supplementary Table 1.
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Libraries preparation and sequencing

In order to improve the ability to identify all the ingredients at the species level,
two universal markers of DNA barcoding were analysed in this study: psbA-trnH and
ITS2.1TS2 was selected as it was used in many DNA metabarcoding studies on plants
and herbal teas (Biella et al., 2019; Richardson et al., 2015, Raclariu et al., 2017)
while psbA-trnH was selected because it has a high intraspecific variability (Bolson
etal., 2015). Amplicons were obtained using the same approach described by Bruno
et al. (Bruno et al., 2019) with Illlumina adapter (Supplementary Table S2) using pu-
ReTaq Ready-To-Go PCR beads (GE Healthcare Life Sciences, Italy), following the
manufacturer's instructions in a 25 pL reaction containing 1 pL 10 uM of each pri-
mer and up to 30 ng of gDNA. PCR cycles consisted of an initial denaturation step
for 5 min at 94 °C, followed by 40 cycles of denaturation (30 s at 94 °C), annealing
(30 s at 56 °C), and elongation (1 min at 72 °C), and, hence, a final elongation at 72
°C for 10 min. Amplicon DNA was checked for concentration by using a Qubit dsDNA
HS Assay Kit (Invitrogen, Carlsbad, California, United States) (Supplementary Table
S1) and amplicon length was measured by comparison against QX DNA Size Marker
using the Qiaxcel Automatic electrophoresis system (QIAGEN, Hilden, Germany).
Samples were sequenced by IGA Technology Services (Udine, Italy). The sequencing
was carried out on the MiSeq sequencing platform (lllumina, San Diego, CA, USA)

with a paired-end approach (2x300 bp).

Bioinformatic analysis

llumina reads were analysed with QIIME2 (ver. 2020.8; https://qiime2.org/)
(Boylen et al., 2018). After demultiplexing, primers were trimmed; ITS2 sequences
were filtered with a minimum length of 100. Sequences were merged, dereplicated

and chimaeras were removed via de-novo method (Rognes et al., 2016). A

167



Publications

clustering with a 1.0 of similarity threshold was applied. Sequences shared in at
least two samples and with at least 250 representatives were kept. The taxonomic
assignment of representative sequences was carried out via BLAST (Altschul et al.,
1990), considering only reference sequences belonging to Viridiplantae rank (TaxID:
33090), adopting an identity of 97% and a coverage of 90%. Taxa bar plots were
generated with the QIIME2 dedicated plugin taxa (https://github.com/qgiime2/q2-

taxa).

Statistical analysis

To identify the similarity existing between gDNA and plant mock samples, a PCoA
analysis through the vegan package on R (version 3.3.3) was performed. A Bray-
Curtis distance was applied to define the similarity matrix. Furthermore, a Linear
Mixed Effect Model (LME) was performed on Bray-Curtis distances to compare the
level of similarity to real samples posed by the different sample origins (gDNA or
raw plant extracts). A random effect was posed on the replicates since each plant
composition was tested three times and replicates were found to significantly affect
the distance occurring with real samples. Packages exploited were nlme and Ime4.

Graphs were produced with ggplot2 package.

Results

DNA metabarcoding characterization of commercial herbal teas

HTS analysis produced about 12,358,533 raw pair reads from the analysed samples,
with an average of 111,338.13 reads per sample (min=14,165; max=502,912). After
quality filtering, merging reads, chimaera and clustering, we obtained a total of 508

ITS2 and 235 psbA-trnH features. Negative controls for library sequencing were not
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included in the analysis since the very low amount of DNA reads. Overall, a total of
83 taxa were identified, of which 35 were found only by the psbA-trnH marker and
60 by the ITS2 marker. Considering the species declared on the label, only 12 spe-
cies were identified by both markers (Arctium lappa, Arnica montana, Betula sp.,
Camellia sinensis, Glycyrrhiza sp., llex paraguariensis, Matricaria chamomilla,
Melissa officinalis, Passiflora incarnata, Paullinia cupana, Raphanus sativus and
Senna alexandrina) (Figure 1). Most of the features were assigned to the species
taxonomic level, however, in some genera, such as Glycyrrhiza and Mentha, the low
interspecific variability did not allow the species to be identified. On average, 70%
of the declared ingredients have been identified in the analysed products (see Table
3). Despite this, some products belonging to the same companies have a higher
percentage of ingredients identification (e.g. company 5, n=100%) than others (e.g.
company 3, n=44%) as can be seen in Figure 2. Overall, our data reported a mixed
composition reflecting, at least in part, the complexity of the herbal teas. DNA
metabarcoding results suggested that in most cases the declared species were de-
tected. In all samples, except for HT_013, we also detected undeclared elements.
For example, in the HT_001 sample, we found a high percentage (n=17%) of Pimp-
inella anisum, a plant typically used in herbal teas but not declared on the label. It
is interesting to note that in the sample HT_002, coming from the same company
(Company 1), the presence of Pimpinella anisum is declared on the label and we
found the presence of this ingredient. Also in the HT_012 sample a high percentage

(n=21%) of a species commonly used for botanicals, Melilotus albus, was found.
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ID LAB Declared species Assigned species Assigned species
(psbA-trnH) (ITS2)
HT_001 Agropyron Repens Melissa officinalis Melissa officinalis
Beauv. 20%, Taraxacum 52%, Arctium 51%, Pimpinella ani-
officinale Weber 20%, lappa 46%, Rei- | sum 17%, Althaea offi-
Arctium lappa L. 15%, chardia ligulata cinalis 10%, Arctium
Cichorium intybus L. 2% lappa 8%, Helmin-
15%, Melissa officinalis thotheca echioides 5%,
L. 15%, Cynara scoly- Arctium tomentosum
mus L. 15% 2%, Cynodon dactylon
3%, Taraxacum offici-
nale 3%
HT 002 Foeniculum vulgare Glycyrrhiza sp. Foeniculum vulgare

Mill. 20%, Glycyrrhiza
glabra L. 20%, Pimpi-
nella anisum L. 20%,
Mentha piperita L. 20%,
Citrus sinensis L. var.
dulcis 15%, Matricaria

chamomilla L. 5%

69%, Mentha sp.
26%, Matricaria
chamomilla 4%,
Aloysia citrodora

1%.

54%, Pimpinella ani-
sum 37%, Glycyrrhiza
glabra 7%, Matricaria

chamomilla 2%
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HT_003

Camelia sinensis (L.)
Kuntze 20%, Prunus
Cerasus L. 20%, Citrus
limon Burm. F. 20%,
Betula pendula Roth
15%, Agropyron Repens
Beauv. 15%, Vitis vini-

fera L. 10%

Betula sp. 49%, Ca-
mellia sinensis
30%, Vitis vinifera
21%

Betula sp. 90%, Camel-
lia sinensis 2%, Cheno-
podium album 1%, Cy-
nodon dactylon 2%, Fi-
lipendula ulmaria 3%,
Polyspora axillaris 1%,

Tilia platyphyllos 1%.

HT_004

Senna alexandrina 40%,
Rhamnus frangula 20%,
Matricaria camomilla,
Foeniculum vulgare

Mill.

Senna alexandrina
97%, Rhamnus
frangula 1%, Ma-
tricaria chamo-

milla 2%

Foeniculum vulgare
52%, Matricaria cha-
momilla 21%, Senna

alexandrina 23%, Cap-
sella bursa-pastoris
2%, Chrozophora tinc-

toria 2%,

HT_005

Echinacea angustifolia
30%, Citrus x limon, Al-
thaea officinalis, Rosa
canina, Hibiscus sabda-
riffa, Sambucus nigra

10%

Echinacea angusti-
folia 94%, Mon-
stera deliciosa 4%,
Portulaca oleracea
1%, Rumex obtusi-

folius 1%

Althaea officinalis
74%, Echinacea angu-

stifolia 26%.
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HT_006 | Urtica dioica 30%, Arc- Arctium lappa Urtica dioica 43%,
tium lappa L. 20%, Ta- 62%, Senna ale- Malva sp. 35%, Tara-
raxacum officinalis We- | xandrina 24%, Ga- | xacum officinale 19%,
ber, Citrus x limon, lium sp. 4%, Foeniculum vulgare
Malva officinalis Lathyrus pratensis | 2%, Matricaria chamo-
2%, Mentha sp. milla 1%
4%, Rumex obtusi-
folius 4%.
HT 007 | Camellia sinensis (L.) Mentha sp. 74%, Glycyrrhiza glabra
51%, Mentha 29%, Gly- | Camellia sinensis 84%, Amaranthus vi-
cyrrhiza glabra L. 17%, Glycyrrhiza ridis 2%, Camellia
8,25%, Mentha piperita sp. 9% sinensis 5%, Convolvu-
3,9%, Aloe vera lus arvensis 5%, Ipo-
moea sp. 1%, Morus
alba 2%, Polyspora ax-
illaris 1%
HT 008 Camellia sinensis Camelia sinensis | Camellia sinensis 30%,

(L.) 62,9%, Zingiber of-
ficinalis 22%, Peach 1%,

Ginseng 1%, Aloe vera.

100%

Zingiber officinale
23%, Eleutherococcus
senticosus 1%, Oci-
mum sp. 25%, Poly-
spora sp. 10%, Ipo-

moea sp. 7%,
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Achyranthes aspera
1%, Erechtites hieracii-

folius 1%, Setaria pal-

mifolia 1%
HT _009 | Zingiber officinale Ros- | Glycyrrhiza glabra | Malva sylvestris 94%,
coe, Citrus limon L., L. 100% Glycyrrhiza glabra 3%,
Malva sylvestris Ocimum sp. 2%, Zingi-
L., Cymbopogon citra- ber officinale 1%.
tus Stapf, Glycyrrhiza
glabra L.
HT_010 | Matricaria chamomilla | Matricaria chamo- | Matricaria chamomilla
L. 44,4%, Melissa offici- | milla 51%, Lavan- | 93%, Melilotus offici-
nalis L. 22,2%, Betula | dula sp. 14%, Meli- | nalis 1%, Melissa offi-
pendula Roth. /pube- lotus albus 11%, cinalis 2%, Passiflora
scens Ehrh, Passiflora Melissa officinalis | incarnata 1%, Rapha-
incarnata L., Lavandula | 6%, Passiflora sp. nus sativus 3%.
officinalis chaix var 16%, Raphanus sa-
56% tivus 2%.
HT 011 | llicium verum - frutto | Glycyrrhiza glabra Glycyrrhiza glabra

27%, Mentha piperita
25%, Melissa officinalis,

Glycyrrhiza glabra,

60%, Lavandula sp.
25%, Mentha sp.

7%, Illlicium verum

90%, Melissa officina-
lis 8%, Lavandula sp.

2%
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Lavandula officinalis,
Cinchona officinalis,

Gentiana lutea 2%.

7%, Melissa offici-

nalis 1%

HT_012

Foeniculum vulgare
40%, Illicium verum
40%, Carum carvi, Men-

tha piperita 9%.

Mentha sp. 41%,
Eschscholzia cali-
fornica 20%, Meli-
lotus albus 21%,
Melissa officinalis

18%,

Foeniculum vulgare

73%, Carum carvi 27%

HT 013

Senna alexandrina 40%;

Rhamnus frangula 15%;

Matricaria chamomilla

L. 15%; Foeniculum vul-

gare 15%; Malva offici-
nalis 15%

Senna alexandrina
98%, Rhamnus
frangula 1%, Ma-
tricaria chamo-

milla 1%.

Foeniculum vulgare
38%, Malva sp. 34%,
Matricaria chamomilla
16%, Senna alexan-

drina 12%

HT 014

Fassiflora incarnata L.,
Escholtzia californica
Cham., Matricaria cha-
momilla L., Tilia pla-
typhyllos Scop., Oci-

mum basilicum L.

Eschscholzia cali-
fornica 53%, Passi-
flora incarnata
30%, Matricaria

chamomilla 4%,

Matricaria chamomilla
83%, Passiflora incar-
nata 7%, Panicum mi-
liaceum 2%, Papaver

rhoeas 1%, Tilia sp.

4%, Vicia villosa 1%,
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Ocimum basilicum

13%

Capsella bursa-pasto-

ris 2%

HT_015 | Camellia sinensis K., Fili-
pendula ulmaria Max,
Foeniculum vulgare

Mill, Mentha spicata L.

Mentha sp. 69%,
Portulaca oleracea
17%, Camellia si-
nensis 12%, Esch-
scholzia californica

2%

Filipendula ulmaria
50%, Foeniculum vul-
gare 47%, Digitaria ci-

liaris 2%

Table 3. List of the detected ingredients in market samples, based on DNA metabarcoding

assignment. For each sample, the declared species, assigned species for the DNA barcode

marker psbA-trnH and ITS2 and the company are indicated. The percentage values refer to

the relative abundance of HTS reads for each recognized ingredient.

Common infesting herbaceous species such as Cynodon dactylon, Helminthotheca

echioides, Chenopodium album, Digitaria ciliaris, Panicum miliaceum, and Lathyrus

pratensis were found in several samples in a range of percentage of 2-5%. The pres-

ence of such plants could be harmful, as some species could be poisonous (Cornara

et al., 2018) or cause allergies (Frigerio et al., 2019).
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Figure 1. Relative abundance of the plant taxa recovered in the 15 herbal tea products

through psbA-trnH (left) and ITS2 (right) metabarcoding sequencing.

The ITS2 marker appears to identify more species (n=60) than psbA-trnH (n=35),
with an ingredient identification rate of 49% for ITS2 versus 42% for psbA-trnH.
However, the use of both markers has made it possible to almost double the capac-
ity for identifying and assigning species, reaching for some samples (HT_013-
HT_015) to identify 100% of the declared species on the label. Only 12 species have
been identified by both markers. It has been noticed that some species are identi-
fied only by one marker rather than the other. Specifically, the species Eschscholzia
californica, Mentha sp., Vitis vinifera, lllicium verum and Rhamnus frangula species
were identified only with the psbA-trnH marker, while the species Althea officinalis,
Epilobium angustifolium, Foeniculum vulgare, Malva sp., Pimpinella anisum, Soli-
dago virgaurea, Taraxacum officinale, Urtica dioica and Zingiber officinale were

identified only with the ITS2 marker. This result appears to be reproducible
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between different samples from different companies. Furthermore, it was also con-
firmed by the fact that Althea officinalis and Solidago virgaurea species were pre-
sent in the mock created by us in the laboratory and were never recognized by the
psbA-trnH marker. In order to exclude the absence of ingredient identification due
to a lack in the database, for each species the presence of sequences deposited in

the NCBI database (https://www.ncbi.nlm.nih.gov/) was verified.

Assigned taxa Unique assigned taxa

_— 5
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Figure 2. On the left) In the graphic are shown in orange the percentage of assigned taxa
declared in the label for the barcode marker psbA-trnH, in light-blue percentage of assigned
taxa declared in the label for the barcode marker ITS2 and in blue the total percentage
using both markers for all the companies. On the right) The pie chart shows the unique

assigned taxa for the markers ITS2 in light blue (n=9) and for psbA-trnH in orange (n=5).

DNA metabarcoding for mock mixture quantification

The following species were used for mock mixture creation: Althaea officinalis
(roots), Arnica montana (flowers), llex paraguariensis (leaves), Paullinia capuana
(seeds) and Solidago virgaurea (aerial parts). As shown in Figure 3, by analysing
both DNA barcode regions (i.e., psbA-trnH and ITS2), we were able to identify and

correctly assign each plant used for the mock mixture preparation. Nevertheless,
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through the analysis of the barcode region psbA-trnH we were not able to identify
the species Althaea officinalis and Solidago virgaurea, both in the biomass mixture
and in the genomic DNA mixture. Similarly, with the analysis of ITS2 barcode region
we did not find the species Paullinia cupana in the mock mixture created from raw
plant. Probably this was due to the low yield of genomic DNA (see Supplementary
Table 1). Because Paullinia cupana was found in the gDNA mixture, this result con-
firms the bias due to the DNA extraction phase. To verify if a mock mixture created
from gDNA is more effective in quantification than the raw plant’s mock mixture, a
PCoA analysis with Bray-Curtis distance was performed. As shown in Figure 3, gDNA
samples (red points) are closer to the real samples (in blue), compared to the mock
mixture obtained starting from the raw plants (in green), considering their compo-
sition obtained both with psbA-trnH and ITS2. Furthermore, a linear mixed-effect
model was performed to compare the distance between the gDNA mocks mixture
and the corresponding real samples (Fig. 3) with that occurring between the mocks
mixture and the real samples. The distance of the gDNA group from real samples is
significantly lower compared with that of raw plant mock mixture (p < 0.001), con-
firming that gDNA samples are significantly closer to the corresponding real sam-

ples.
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Figure 3. The figure above is a graph showing the expected percentages and the percent-
ages obtained after HTS sequencing for the psbA-trnH and ITS2 barcode markers both for
the mock mixture created starting from raw plants and genomic DNA. The figures below
show the results of the ordination analyses. In the PCoA graph, the blue dots represent the
real samples, the green ones indicate the mock mixture created starting from the raw
plants and with the red ones samples from the mock mixture of genomic DNA are reported.
On the right, the boxplots show the Bray-Curtis distance between the gDNA mocks mixture
and the corresponding real samples (in red) and the distance between the mocks mixture

starting from the plants and the real samples (in green).
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Discussion

A multi-marker approach

In this study it was chosen to proceed with a multimarker approach. Previous stud-
ies have used a multimarker approach for mesozooplankton DNA analysis (Stefanni
et al., 2018), for dietary analysis of animal (da Silva et al., 2018) and for traditional
medicine (Arulandhua et al., 2019). As plants have low intraspecific variability, the
use of more than one DNA barcoding marker increases the chance of identifying
ingredients at the species level. Our analyses confirm our hypothesis, for example,
in the sample HT_007: only by using psbA-trnH we were able to assign the genera
Glycyrrhiza sp., but with the addition of the ITS2 marker we were able to arrive at
the species level of Glycyrrhiza glabra. Additionally, our result showed that psbA-
trnH and ITS2 markers have a complementary output, with 12 shared taxa, but 5
and 9 unique taxa for psbA-trnH and ITS2, respectively. A similar result was shown
by Arulandhua and colleagues (Arulandhua et al., 2019) that demonstrate that a

multi-marker approach increases the resolution and the quality results.

Since the assignment of different species for the two markers also occurred in the
mock created in the laboratory, in which we are sure that the declared species are
present, one of the problems could be related to the absence of sequences in the
database. However, the presence of these sequences in the NCBI database was
checked, and they are present for almost all the species under analysis and for both
markers. For species where the sequence deposited in the database was not pre-
sent, as in the case of Paullinia cupana, we used sequences from our private data-
bases. Nevertheless, further studies are needed to verify whether this phenomenon

is reproducible.
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Since using the ITS2 marker analysis we were able to identify a greater number of
taxa (60 vs 35) and given its extensive use in the literature it is probably the best
marker. This is in line with Chen et al. (2010) research, who proposed that ITS2 can
be a universal barcode to identify plants at species level, especially for botanicals
plants. However, this result could be due to the type of sample matrix or to the taxa
present in the sample analysed. Future studies could expand the number of taxa
and analyze different parts of the plant for each taxa, to evaluate whether the ma-
trix can actually affect the amplification preferences of one marker rather than an-

other.

As regards the contaminants detected in the products, since many of them are
unique to that product, we can deduce that it is possible that contamination oc-
curred along the supply chain of the manufacturing company. For this reason, HTS
analysis can be a method for controlling not only raw materials but also any con-

tamination, which can be both a quality and food safety problem.

Quantitative ability of High-Throughput Sequencing

In the scientific literature, there is a debate about the ability of HTS to provide quan-
titative identification. Lamb and colleagues (Lamb et al., 2019) interpreted the rel-
ative features abundance as the relative abundance of biomass (Lamb et al., 2019).
The main obstacle concerns all the biases that occur during the analysis such as DNA
extraction, PCR and bioinformatics analysis (Pifiol et al., 2019). In our previous study
(Bruno et al., 2019), we noticed that amplicon DNA metabarcoding efficacy could
be biased by the PCR amplification step using “universal” markers and the occur-
rence of bias during PCR amplification may cause the inaccurate estimation of quan-
tities. Also Krehenwinkel and colleagues found bias in differential amplification due

to priming efficiency during PCR. They suggest using degenerate primers and/or
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target amplicons with high priming site conservation (Krehenwinkel et al., 2017).
Our analysis suggests that DNA metabarcoding has a relative quantitative ability,
even if there are some biases in the identification of all species. Moreover, starting
from a mixture of gDNA a more accurate quantification compared to the raw plant
mixture is obtained, thus demonstrating the presence of a bias in the DNA extrac-
tion phase. Nevertheless, using two DNA barcode regions allows overcoming one

of the identified biases.

In future works, it may be useful to test different parts of the same plant, to verify
whether extraction bias can affect the amplification of DNA by one marker rather
than the other, both quantitatively and qualitatively. Furthermore, it would be ad-
visable to test different processing levels of a food product, to evaluate the integrity

of the DNA and assess whether it can affect the amplification capacity.

Conclusions

The authenticity of a herbal product is a major concern for consumers, producers,
processors and food authorities. The substitution of raw materials with others of
lower value can reduce and sometimes eliminate the therapeutic efficacy of the
herbal product, thus causing a loss of consumer confidence. Furthermore, botani-
cals fraud can represent potential health risks to consumers (Grazina et al., 2020).
In this context, biomolecular analysis has become more important year after year
(Galimberti et al., 2019). High-Throughput DNA Sequencing Technologies (HTS) of-
fered the opportunity to analyse multiple DNA amplicons by sequencing them in
parallel (Haynes et al., 2019). The application of HTS allowed us to detect and iden-
tify the plant composition of herbal commercial teas. Although HTS technology has
some critical aspects such as the quality of the extracted DNA (Grazina et al., 2020)

or the relative ability to quantify all the ingredients, this study shows the value of
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the application of HTS analysis for a quality control tool and routine monitoring
analysis, from the characterization of the raw ingredients to the final processed
products. Furthermore, the use of a multimarker approach has allowed identifying
a greater number of species within a sample and it is therefore advisable, for future
work, to use more than one marker to increase the identification rate. In conclu-
sion, this tool can be applied to a wider range of botanicals to improve the tracea-
bility of all products. HTS analysis has such a sensitivity that it can find even small
guantities of plants that can be potentially poisonous or harmful to health, so this
tool has great potential in quality and safety control in the field of herbal teas. For
this reason, it is desirable to implement this analysis by EFSA or other control agen-
cies. As these agencies take long periods to implement analysis, it may be appropri-
ate for companies to start using these tools for preventive control of their supply

chain and their products before it becomes mandatory.

Supplementary

ID LAB | ng/ul

HT 001 | [5-7]

HT 002 | [4-11]

HT 003 | [4-5]
HT 004 | [2-8]
HT 005 | [2-5]
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HT_006 | [2-4]
HT_007 | [10-14]
HT_008 | [10-22]
HT_009 | [3-6]
HT_010 | [3-5]
HT_011 | [4-5]
HT_012 | [7-27]
HT_013 | [2-4]
HT_014 | [5-11]
HT_015 | [11-15]
QR_016 | [6-9]
QR_017 | [3-5]
QR_018 | [6-8]
QG_019| [31]
QG_020| [23]
QG_021| [36]
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Supplementary table 1. In the table are indicated the concentration of genomic DNA

(ng/ul)

Primer 5'-3' Reference
name
S2_F ATG CGA TAC TTG GTG TGA AT Chen et al., 2010
S2_R GGA CGC TTC TCC AGA CTA CAAT
pPSbA GTT ATG CAT GAA CGT AATGCT C Newmaster and Subramanyam,
2017
trnH GCG CGC ATG GTG GAT TCA CAA TCC

Supplementary table 2. In the table are indicated the primer sequences for psbA-

trnH and ITS2 amplification. To every primer was added the lllumina adaptor.
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Due to the desire to patent the ready-to-use kits, the results of the project have not been published

Ready-to-use kit for food authentication: the cases of truffle

Introduction

Truffle is a product with high added value, and processed products such as sauces
and gravies can be cases of fraud or adulteration (Segelke et al., 2020). Truffle is the
common name given to underground mushrooms, belonging to the genus Tuber
and consequently to the Tuberceae family. The species of truffles are different, in-
cluding for example, Tuber magnatum (white truffle), Tuber melanosporum, Tuber
brumale, Tuber aestivum, Tuber albidum pico, Tuber uncinatum, Tuber mesenter-
icum etc. The T. magnatum (white truffle) is considered the most valuable and has
a high economic value of about 220 € / 100 gr. To morphologically distinguish truf-
fles from each other or to identify possible fraud, an expert morphologist in the
field is required, which often results in a waste of money and time. The use of rapid
DNA-based analyses could give cheaper and more accurate results. The purpose of
this project is to develop a rapid and reliable analyses for the evaluation of quality
and safety in the agri-food sector. The main goal is to develop diagnostic kits to be
internalized and used in the quality control of companies without the need for ded-
icated equipment or qualified personnel and reducing costs and time. These kits
consist in the development of a rapid extraction method that can replace the stand-
ard extraction kits and in the replacement of the classic PCR with the LAMP tech-

nique.
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Material and Methods

Samples collection

A total of seven fresh truffles of different species (see table 1) were collected after

morphological identification by an expert.

Sample Species

DIF 65 | Tuber aestivum

DIF 66 | Tuber albidum pico

DIF 83 | Tuber uncinatum

DIF 123 | Tuber magnatum

DIF 124 | Tuber melanosporum

DIF 125 | Tuber mesentericum

DIF 163 | Tuber brumale

Table 1. List of truffles collected for this project

DNA Barcoding analysis

In order to confirm the species declared, all samples were tested by DNA barcoding.
Genomic DNA was extracted from the samples using the Plant Genomic DNA Ex-

traction Kit (Fisher Molecular Biology), according to the manufacturer's
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instructions. The amplification of the DNA barcode region was carried out using the
PCR Mix Plus kit (A&A BIOTECHNOLOGY). The reaction mix contains a total volume
of 25 ul of which: 12.5 ul of PCR Mix Plus which contains 0.1 U / ul Tag DNA poly-
merase, 4 mM MgCl2, 0.5 mM of each dNTPs, anti-DNase; 1 ul of each primer at a
concentration of 10 mM, 7.5 ul of sterile H20 and finally 3 pl of 30-50 ng of genomic
DNA. For amplification, an "Eppendorf Mastercycler ep gradient" thermal cycler
was used according to the following thermal program: Preliminary denaturation at
95°Cfor5"', 35 cycles of denaturation at 95 ° C for 45 ', annealing at a temperature
dependent on the primer pair for 45, extension to 72 ° C for 60 " and a final exten-

sionat72°Cfor7"'.

The primers used are described in the following table.

Regione marker | Sequenza 5’-3’ TA (temp di annealing)
ITS KYO GATGAAGAACGYAGYRAA 60°C
ITS ud RGTTTCTTTTCCTCCGCTTA 60°C

Table 2. Primer used for DNA barcoding analysis

The amplifiers were visualized into a 1.5% agarose gel stained with ethidium bro-
mide. Purified amplicons were bidirectionally sequenced using an ABI 3730XL auto-
mated sequencing machine at Eurofins Genomics (Ebersberg, Germany). The 3' and
5' terminal portions of each sequence were clipped to generate consensus se-
guences for each sample. For all the tested samples, the reliability of DNA barcoding
identification was assessed by adopting a standard comparison approach against a
GenBank database with BLASTn. Each sequence was taxonomically assigned to the
plant species with the nearest matches (maximum identity >99% and query cover-

age of 100%).
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Methods of rapid DNA extraction

One of the goals of this work is to develop a rapid DNA extraction method. Several
quick methods have been tested outlined below. Only two truffles (DIF 065 and DIF

83) were tested for all methods.

e Method 1: Rapid extraction with commercial saline lysis buffer
A small amount of truffle is added to each 2 mL tube (a tip of about 3 mm).
Add 50 pl of commercial lysis buffer and incubate for 20" at 65 ° C.

e Method 2: Rapid extraction with 50 mM NaOH caustic soda. A small amount
of truffle (a tip of about 3 mm) and 25 pul of 50mM NaOH is added to each 2
mL tube. After stirring by vortexing the tubes are left at room temperature
for 10 '. After incubation, 25 ul of Tris-HCl are added.

e Method 3: Rapid extraction using a microwave oven (Ramya et at., 2018).
Add 200 pul of physiological water to a small amount of truffle (a tip of about
3 mm). After stirring by vortexing the 2 mL tubes are left in the microwave
for 1'30 "at 750 W. Add another 100 pl of physiological water and repeat
the procedure as above.

e Method 4: Extraction with CTAB swab. The extraction method described by
Doyle & Doyle (1990) is based on the use of Hexadecyltrimethylammonium
Bromide (CTAB), a detergent that in the presence of high saline concentra-
tions binds to DNA forming a stable and water-soluble complex. Small quan-
tities of white truffle are added to 5 2 mL tubes. Mechanical shredding is
carried out using a tip. 200 ul of the CTAB solution (CTAB 2%, NaCl 1.4 M,
EDTA 20 mM, TRIS-HCI 100 mM pH 8) are taken and placed in each tube.

These samples are then incubated at 65 ° C in 5 different times: 15, 30" 1 h,
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1h and 30 'and 2 h. After the rapid extraction procedure, the DNA of the 5
samples were quantified using the Qubit fluorometer.

Method 5: Buffer A + Buffer B (Edwards et al., 1991). Buffer A is prepared
which contains: 200 mM TRIS-HCI, 250 mM NaCl, 25 mM EDTA, 0.5% SDS,
pH 7.5 and a Buffer B which contains: 10 mM TRIS-HCI, 1 mM EDTA, pH 8.9
parts of Buffer B and 1 part of Buffer A are placed in a 2 mL tube. The truffle
is divided into 5 different 2 mL tubes, in which an increasing amount of
buffer A + B has been placed, specifically 20 / 50/75/100/200 pl.

Method 6: Buffer A + Buffer B + PVP. This method consists of using the buff-
ers of method 5 with the addition of Polyvinylpyrrolidone (PVP). Polyvi-
nylpyrrolidone is a water-soluble polymer of formula (C6HINO) n, consisting
of monomers of 1-vinyl-2-pyrrolidone. PVP is added into the extraction
buffer mixture to form hydrogen bonds with polyphenolic compounds that
can be separated by DNA (Maliyakal et al., 1992). To prepare the rapid ex-
traction mixture, 1% of PVP, 9 parts of Buffer B and one part of Buffer A are
added. For example, a solution with 10 mg of PVP, 900 ul of Buffer B and
100 ul of Buffer A is prepared. The mixture is homogenized for 5 " in vortex.
50 mg of truffle and 200 ul of the extraction mixture are placed in a new 2

mL test tube. The DNA of each sample is then diluted 1:10.

The DNA of all samples was amplified by PCR under the conditions illustrated pre-

viously. After testing rapid extraction methods, the DNA of the samples was quan-

tified using the Qubit fluorometer

Bioinformatic analysis for primer design for LAMP

To carry out the DNA amplification, four specific primers are required, two external

(F3 and B3) and two internal (BIP and FIP) which recognize a total of six target DNA
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regions and a thermostable DNA polymerase obtained from Bacillus stearother-
mophilus (Bst) which it maintains the polymerase activity in the 5'-3 'direction but
lacks the exonuclease activity in the 5'-3' direction. The primers were designed us-
ing the online Primer Explorer program (http://primerexplorer.jp/elamp4.0.0/in-
dex.html) which, depending on the target nucleotide sequence entered by the user,
generates a series of effective primer combinations for the amplification with LAMP
technique of the sequence itself. Then the different combinations of primers were
analysed to select the one (s) that show the greatest specificity towards the target.
The ITS2 nuclear region was chose as a possible candidate to distinguish the white
truffle from other truffles, and the region that codes for B-tubulin, being very con-
served, for the design of universal primers that amplify all the species of the genus

Tuber.

LAMP technique

The mix of the original LAMP reaction has a volume of 25 pl total and is made up as
follows: 12.5 ul of Warm Start Colorimetric LAMP 2x Master Mix (New England Bi-
olab) which contains phenol red, which serves as an indicator dye sensitive to pH
change (from an initial alkaline pH to a final acid pH) capable of giving a color change
(from red to orange / yellow), 4 pl 10 mM of BIP and FIP primers, 0.5 pl 10 mM of
primers B3 and F3, 0.5 ul of sterile Milliq water and 3 ul of 30-50 ng of genomic
DNA. All analysis was made under a biological hood to limit cross-contamination
events. The amplification can be seen with the naked eye, through the color change
from pink to yellow. To verify that the color change was due to the actual amplifi-
cation of the DNA, the amplicons were visualized on agarose gel. A negative sample
containing millig water in place of DNA was analyzed for each amplification reac-

tion.
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Results

DNA barcoding

Amplification by PCR (ITS2 region) produced only one band on agarose gel. After
Sanger sequencing, the sequences obtained from the electropherogram were com-
pared using the BLAST algorithm and showed 100% identity with the species indi-

cated in Table 3. The obtained DNA barcoding results are showed in the table be-

low.
Samples ID | Declared species Detected species
DIF 65 Tuber aestivum* Tuber aestivum*
DIF 66 Tuber albidum pico Tuber albidum pico
DIF 83 Tuber uncinatum* Tuber uncinatum*
DIF 123 Tuber magnatum Tuber magnatum
DIF 124 Tuber melanosporum | Tuber melanosporum
DIF 125 Tuber mesentericum | Tuber mesentericum
DIF 163 Tuber brumale Tuber brumale

Table 3: Name of the detected species of the truffle samples analyzed with the DNA bar-
coding approach Note *: The analyzed regions of Tuber aestivum and T. uncinatum have
the same nucleotide sequence therefore they belong to the same species. The soil and cli-
mate conditions can induce T. gestivum to bear fruit under different conditions, which in

turn could affect the flavor, aroma and morphology of the truffle, thus giving rise to two
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morphotypes (T. aestivum and T. uncinatum) (Paolocci et al., 2004). A greater discriminat-
ing factor between the two morphotypes derives from the fact that they are harvested in
different seasons: T. aestivum from 1st June to 31st August and T. uncinatum from 21st
September to 31st December (data taken from the National Center for Truffle Studies

https: //www.tuber .it /).

Methods of rapid DNA extraction

Two samples of truffles (DIF 065 and 083) were selected to test the rapid extraction
of DNA using three different methods: lysis buffer, NaOH and microwave. The DIF
123 sample was chosen to test the rapid extraction using the CTAB buffer per-
formed at an incubation at 65 ° C in 5 different times: 15 ', 30", 1 h, 1.5 h and 2 h.
Finally, the rapid extraction method using Buffer A + B + PVP (Method 6 of para-
graph 2.3) and by kit were used on all the tubers found for this study. PCR and aga-
rose gel electrophoresis were performed on all selected samples and the results

obtained are shown in Table 4.

Sample ID Species Extraction DNA Posi- Sanger
method quantifi- | tivity | identifica-
cation on tion
(ng/ml) aga-
rose
gel
DIF 65 Tuber aestivum Lysis buffer 11.2 X /
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DIF 65 Tuber aestivum NaOH 3.62 /
Microwave 0.42 /

DIF 83 Tuber uncinatum | Lysis buffer 17.9 /
NaOH 7.47 /
Microwave 3.23 /

DIF 123 Tuber magnatum | CTAB 15’ 0.18 /
CTAB 30’ 0.24 /
CTAB 1h 0.21 /
CTAB15h 0.21 /
CTAB 2 h 0.27 /

DIF 65 Tuber aestivum Buffer A+ B+ | 2.3 X
PVP
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DIF 66 Tuber albidum | Buffer A+ B+ | 14.7 X
pico PVP
DIF 83 Tuber uncinatum | Buffer A+ B+ | 3.2 X
PVP
DIF 123 Tuber magnatum | Buffer A+ B+ | 0.7 X
PVP
DIF 124 Tuber melano- | Buffer A+ B+ | 0.2 X
sporum PVP
DIF 125 Tuber mesenter- | Buffer A+ B+ | 0.5 X
icum PVP
DIF 163 Tuber brumale Buffer A+ B+ | 4.5 X
PVP
DIF 65 Tuber aestivum Commercial kit | 96.4 X
DIF 66 Tuber albidum | Commercial kit | 20.9 X
pico
DIF 83 Tuber uncinatum | Commercial kit | 26.9 X
DIF 123 Tuber magnatum | Commercial kit | 29.8 X
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DIF 124 Tuber melano- | Commercial kit | 47.8 X X
sporum

DIF 125 Tuber mesen- | Commercial kit | 25.4 X X
terium

DIF 163 Tuber brumale Commercial kit | 28.7 X X

Table 4. In the table are represented the sample ID, the species, the extraction method
used, the DNA guantification (ng/ul), the positivity showed on agarose gel and finally

Sanger identification.

Lysis buffer: For both samples chosen this method was unsuccessful, as Sanger se-
guencing produced an unreadable electropherogram.

Sodium hydroxide: This method was discarded because similar results to the lysis
buffer method were obtained.

Microwave: For both selected samples it was not possible to obtain well-defined
DNA bands by agarose gel electrophoresis.

The CTAB buffer: This extraction method was eliminated as results similar to the
microwave method were obtained.

Buffer A + B + PVP: Success is achieved with the extraction method through Buffer
A + B + PVP compared to other methods regarding the identification of the species.
For all the truffle samples analysed the presence of a well-defined band in agarose
gel electrophoresis was visualized and the electropherogram obtained by the

Sanger sequencing method was readable. It was possible to identify the species by
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the BLAST platform. The declared species was confirmed for all the samples ana-

lysed. This extraction method was chosen as the best for our work for a few rea-

sons: It is very fast (once the buffers are prepared it only takes a few minutes to

perform the extraction), it has a low cost (no expensive reagents or tools are used),

it does not require specialized personnel and finally the presence of PVP retains

polyphenols (which can inhibit PCR) which are separated from DNA.

Couples of primer design

Universal primers which amplify all the species belonging to the genus Tuber were

designed. These primers were designed on the gene that codes for Beta tubulin.

The expected result is the amplification of all the samples.

Primer Sequence 5’-3’ Incubation Incubation

name temperature time

BIP Tuber | AGC TAA GGA CGT TIT GGA GCG
TACCGG AACGACCGACAAT

FIP Tuber | TTGGTC GACAAG TTCAGCACCCTT | 65°C 1 hand 30’
CGT CTT TGG ACA ATC CGG

B3 Tuber CCATACCAGCACCAGTG

F3 Tuber GAA ACCTCT TCA GGC CAG AT

Table 5. In the table are represented the universal couples of primers designed for LAMP

for Tuber sp. amplification.
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All species of Tuber spp. Have been amplified as it can be possible to see in the
figures below. The order of the samples: DIF 65, DIF 66, DIF 83, DIF 123, DIF 124 and

the negative control.

DIF 65, DIF 66, DIF 83, DIF 123, DIF 124, negative control

l After 90 minutes

DIF 65, DIF 66, DIF 83, DIF 123, DIF 124, negative control

Figure 1. Demonstrative figure before and after the amplification of Tuber spp. After 90
minutes in incubation at 65 ° C all the samples were amplified, except for the negative

control.

To test the specificity of the primers towards the Tuber genus and not towards
other species of fungi or plants, we did an experiment on different samples includ-
ing fungi and plants present in our databases. The samples are renamed as follows:
FEM 917, FEM 918, FEM 466, FEM 504, DIF 83 (T. uncinatum positive control) and

the negative control. The expected result is the amplification of the DIF 83 sample.
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Samples analyzed:

ID sample

Species

FEM 917

Colletotrichum coccodes

FEM 918

Aspergillus spp.

FEM 466

Cetraria islandica

FEM 504

Betula pendula

DIF 83

Tuber uncinatum

Publications

Figure 6. List of samples analysed for test the specificity of primers for Tuber sp.
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The order of samplesis: FEM 917, FEM 918, FEM 466, FEM 504, DIF 83 and negative

control.

FEM 917, FEM 918, FEM 466, FEM 504, DIF 83, negative control

After 90 minutes

FEM 917, FEM 918, FEM 466, FEM 504, DIF 83, negative control

Figure 2. Demonstrative figures before and after amplification. As can be seen in the fig-
ures, the result confirms the specificity of the primers, as after 90 minutes in incubation at

65 ° C only the Dif 83 sample (T. uncinatum) was amplified.

In order to develop a method for identifying the white truffle (Tuber ma-gnatum),
four primers were designed to carry out the LAMP amplification reaction in a spe-

cies-specific way.
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Primer Sequence 5’-3’ Incubation tem- | Incubation time
name perature
BIP Tmag GCG AGA GCC AAG AGATCCGTT
GCC CAT CAG GCCTGA CAAAC
FIP Tmag ATG AAG AAC GCA GCG AAATGC | 65°C 45’
GGC GCAATG TGC GTT CAA AG
B3 Tmag ATG CCC TGA GGA ATG CCA
F3 Tmag TCC TAC CAG CAG TCT GAG AA

Table 6. In the table are represented the species-specific couples of primers designed for

LAMP for Tuber magnatum amplification.

All the truffle species in analysis were tested. In order to increase the specificity of

the reaction, 1% of DMSO was added. After 45 minutes in incubation at 65 ° C the

only amplified sample was Tuber magnatum (sample DIF 123). Prolonging the reac-

tion seems to have amplified the DIF 83 and DIF 124 samples. To ensure that the

amplification reaction stops, simply bring the sample to room temperature.

The order of the samples: DIF 65, DIF 66, DIF 83, DIF 123, DIF 124 and the negative

control.
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DIF 65, DIF 66, DIF 83, DIF 123, DIF 124, negative control

After 45 minutes

DIF 65, DIF 66, DIF 83, DIF 123, DIF 124, negative control

After 15 minutes

DIF 65, DIF 66, DIF 83, DIF 123, DIF 124, negative control

Figure 3. Demonstrative figures before and after amplification. After 45 minutes
there is a color change only in the desired sample (DIF 83) but after another 15'

also on other samples (DIF 83 and DIF 124) change color.
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The primer set specific for Tuber sp. and T. magnatum were also tested with sam-
ples extracted with the rapid method. The results obtained are the same as those

shown previously.
Discussion and conclusion

The aim of this project was the development of rapid and reliable analyses for the
assessment of quality and safety in the agri-food sector. The main objective was to
develop diagnostic kits to be used in the quality control of companies. More specif-
ically, this work focused on identification of high commercial value truffles. Truffles
was collected and morphologically identified by an expert, but it was necessary to
verify the species using DNA barcoding. This approach was successful in all the steps
and showed a 100% identity of the sequences obtained with those of the expected

species.

In order to obtain a rapid and low-cost kit, one of the objectives of this work was to
develop a rapid DNA extraction method that can replace commercial extraction kits.
In the preliminary phase of the study, several rapid methods were tested on truffle
samples. Rapid methods such as rapid extraction with commercial saline lysis
buffer, caustic soda, microwaves or the CTAB buffer were discarded as none of
them were successful in identifying the species of truffles analysed. PCR performed
on truffle samples extracted with lysis buffer or NaOH produced visible bands on
agarose gel, however Sanger sequencing did not yield a readable electrophero-
gram. Regarding the microwave extraction method or CTAB buffer, the PCR per-
formed on the DNA samples of the analysed truffles did not produce a well-defined
DNA band in agarose gel electrophoresis. These extraction methods have produced

reduced amounts of non-pure DNA and these characteristics may have inhibited
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amplification by PCR and produce an electropherogram that cannot be read after
sequencing. The only rapid extraction method that has shown success in identifying
the species was Buffer A+ B + PVP. For all the truffle samples analysed the presence
of a well-defined band in agarose gel electrophoresis was visualized and the elec-
tropherogram obtained from the Sanger sequencing was readable, and it was pos-
sible to identify the species using the BLAST platform. The declared species was
confirmed for all the samples analysed. This method was, therefore, chosen as the
best as it showed several advantages: the extraction takes a few, no reagent is used
or expensive tool and finally does not require specialized personnel. A comparison
was made between extraction using the standard Plant Genomic DNA kit (Fisher
Molecular Biology) and rapid extraction using Buffer A + B + PVP. Extraction using
the standard kit produced a greater amount of DNA than rapid extraction, however,
with both methods it was possible to identify the species. The rapid method was
therefore chosen as the method of choice for the development of a quick and inex-

pensive kit.

Subsequently, an analysis based on the LAMP technique was developed for the
identification of white truffle. Regarding the couples of primers design, different
combinations were analysed to select the one (s) that show greater specificity to-
wards the target. To identify the different truffle species, the primer design for the
LAMP was performed on the standard barcode regions. The ITS2 nuclear region was
chosen as a possible candidate to distinguish the white truffle (Tuber magnatum)
from other truffles, and the region that codes for B-tubulin, being very conserved,

for the design of universal primers that amplify all species of the genus Tuber sp..

In order to set up the method, initially the analyses were performed under a bio-
logical hood to limit cross-contamination events. The LAMP was developed to dis-

criminate the species of Tuber spp from other species of fungi or plants and to

208



Publications

identify the white truffle. The primer sets for Tuber sp. and T. magnatum were also
tested with samples extracted with the rapid method and the results obtained were

the same.

Since the main objective of this study was to develop diagnostic kits to be used in
the quality control of companies without requiring specialized personnel, most of

the analyses were carried out outside the biological hood.

In conclusion this project allowed us to validate a rapid method of DNA extraction
and to develop rapid PCRs (LAMP) for the identification of white truffles. To develop
a commercial kit, however, it will be necessary to validate the test with numerous

tests and on processed products such as creams and sauces.
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4.1. DNA based analyses: new frontiers of food traceability

Food authenticity is a major concern for consumers, producers, processors and
food authorities as incorrect food labelling and other types of fraudulent practices
have been shown to adversely affect confidence in final consumers (Barnett et al.,
2016). In the last decade, the use of molecular tools for the authentication of food
products has drastically increased (Lo and Shaw et al., 2018). The need for better
traceability is mainly due to current legislation and the desire to have better and
more uniform control of the entire food chain from the field to the market (Barcac-
cia et al., 2016). In this context, the biomolecular analysis of DNA barcoding has
become more important year after year (Galimberti et al., 2019). Although food
authentication using DNA barcoding is well supported and validated when directed
to single raw material identification (De Mattia et al., 2011; Hellberg et al., 2017,
Galimberti et al., 2014) the characterization of complex food matrices and pro-
cessed foods is still a challenge. These food matrices are mixtures of different spe-
cies that form elements such as vegetable soups, sauces and meat mixes and the
degradation of DNA due to the industrial processing of food raw materials (e.g.
physical and chemical treatments) is a problem to be addressed. To analyse these
complex matrices, the DNA barcode approach was combined with High-Throughput
DNA Sequencing technologies (HTS) which offered the opportunity to analyse mul-
tiple DNA amplicons by sequencing them in parallel (Haynes et al., 2019). The goal
of the PhD project was to evaluate different DNA-based analyses to offer compa-

nies full product traceability and ensure a safe and high-quality product.
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4.2. DNA mini-barcoding: a tool for highly processed products identification

Although authentication using DNA is more reliable than a protein-based method
because DNA is more stable during processing (Lo and Shaw, 2017), several studies
show that industrial processing treatments can lead to DNA degradation and frag-
mentation (Lu et al., 2018; Pecoraro et al., 2020). For this reason, DNA barcoding is
not suitable to identify highly processed products such as canned food, soup and
food supplements. Conversely, DNA mini-barcoding, using a smaller region of DNA
compared with the standard ones, may help overcome the limits associated with

DNA barcoding (Gao et al., 2019).

The first aim of this thesis project was to identify the typology of products in the
botanicals field that is suitable for DNA barcoding and mini-barcoding analysis. We
collected a total of 90 samples between raw materials, intermediate products and
final products such as food supplements and botanical extracts. We found out that,
concerning the raw material samples, our results are consistent with the assump-
tions of Newmaster and co-workers (2013) who suggested that a DNA barcoding
approach could be successfully applied to check the identity of commercial herbal
products and to find cases of contamination or substitution. As we expected, the
efficacy of DNA extraction and amplification decreased when we analysed the com-
mercial phytoextracts and their intermediates of industrial processing. The phyto-
extracts obtained through hydroalcoholic treatment, with the lower percentage of
ethanol (<40%), and aqueous processing, at the lowest temperature, contained
more DNA than the other samples. We generally assumed that the high concentra-
tion of ethanol used in the industrial processing steps lead to DNA precipitation. For
this reason, both the DNA extraction and DNA barcoding authentication failed when

applied to the successive intermediate products of industrial processing and DNA is
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no longer available in the final botanicals. In this case, we conclude that a DNA-
based approach is not adoptable to achieve a reliable traceability from the initial
plant raw material to the final product for this kind of industrial production. In all
the tested cases, the DNA mini-barcode locus rbcL1-B was most easily amplified and
sequenced than the other two DNA barcoding markers. This suggests that the DNA
obtained from phytoextracts are richer in small DNA fragments (80-200 bp). Our
data support the ability of DNA mini-barcode makers to provide a reliable tracing
of the intermediate products of industrial production. Anyway, it is important to
highlight that some industrial processes need high temperatures and the use of sol-
vents (such as a high concentration of ethanol) can induce DNA degradation and

make this molecular tool less effective.

4.3. DNA metabarcoding: a pragmatic analysis for supply chain traceability

Many studies showed that DNA barcoding has a high potential for species differen-
tiation in food (Delpiani et al., 2020; Xing et al., 2020; Barbosa et al., 2020; Kane et
al., 2016; D’Amato et al., 2013; Hellberg et al., 2017) however this is not suitable
for complex multispecies food products. DNA metabarcoding allows to identify mul-
tiple genomes in a single sample, and it is currently used for food authentication
(Prosser and Hebert, 2017; Utzeri et al, 2018). Haynes and colleagues (Haynes et
al., 2019) recommend this approach for improving quality control along the food
supply chain. Although huge developments in HTS technology and the use of
cheaper benchtop instruments have drastically reduced sequencing costs com-
pared to a few years ago, DNA metabarcoding studies are still scarce to detect food
adulteration (Dobrovolny, 2019). For this reason, the second aim of this thesis pro-
ject was to test the HTS technique on processed food products. Highly processed
food products are one of the current challenges of food traceability as food under-

goes DNA degradation during industrial processing. Therefore, DNA metabarcoding
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can be a valuable tool for tracing food origin and food quality control and can pro-
vide new perspectives to identify the composition of processed foods (Bruno et al.,
2019).

In order to test the metabarcoding ability of DNA to check all ingredients declared
on the label, different types of insect-based novel food products were analysed in
this thesis project. On plant components, the ITS2 region was efficient in providing
information on species composition, including those taxa that were likely related to
the insect breeding substrate (plant diet). In several processed products, we ob-
tained most of the reads belonging to the predicted highly abundant species. DNA
tests are related to the quality and quantity of DNA, so highly transformed insect
products can be very difficult to analyse. The main limitation of this analysis lies in
the sensitivity of detecting less abundant species due to primer bias. This problem
has already been discussed previously in the literature by Bista and colleagues (Bi-
sta et al., 2018), who stated that whole-genome sequencing without PCR could help
avoid this effect. In conclusion, the proposed molecular approach offers a universal
diagnostic system to identify the composition of the breeding substrate and to ver-
ify compliance with current and future regulations.

In order to improve the identification of ingredients in a food compound and ex-
clude false positives, a coupled multi-marker approach could be useful. For this pur-
pose, we analysed the commercial herbal teas collected by different companies us-
ing two markers: psbA-trnH and ITS2. The results showed that the psbA-trnH marker
had a recognition rate of the species declared on the label of 42%, while ITS2 was
49%. By combining the species identified by both markers, the recognition rate
reaches 70%. However, this percentage is not indicative of the identification suc-
cess rate, as we are unsure of the composition of commercial products. The identi-

fication success rate of samples created in the laboratory is different. In this case
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the success rate of the psbA-trnH marker was 70% and of the ITS2 87%, with a total
of 100% in the case of using both markers. What was highlighted by this study is
that some species were recognized only by one marker and not by the other and
vice versa. The peculiarity of this result is that the same species present in different
samples had the same behaviour. This may indicate a bias in the PCR, which prefers
one species over another. This study shows the ability of HTS technique as a trace-
ability system and the importance of using two markers to increase the species
identification.

In recent years, the DNA metabarcoding approach has been proposed as a semi-
guantitative tool (Bruno et al., 2019). This application is often limited by both bio-
logical and technical biases affecting the number of reads. A bias in the PCR phase
can lead to an inaccurate estimation of quantities, this has been partially demon-
strated in plants (Elbrecht and Leese, 2015). This bias results in a final mix of ampli-
fied DNA that does not always reflect the original proportion of each species, limit-
ing the quantitative potential of DNA metabarcoding (Galimberti et al., 2019). With
the aim of evaluating the accuracy of the quantification, samples with different con-
centrations of five plant species were created in the laboratory, both from raw ma-
trices and from gDNA. The results are consistent with the theory presented by EI-
brecht and Leese, showing that the quantification of species is inaccurate. Our re-
sults clearly show that the mocks created with genomic DNA are statistically closer
to the predicted percentage. This result could be caused by the biases of the extrac-
tion phase (including the different starting matrix). Different matrices have a differ-
ent yield of DNA. Starting samples such as seeds or roots have a lower extraction
efficiency than flowers and leaves. This study demonstrated the presence of bias in

the extraction phase, due probably to the different DNA vyield of the analysed
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samples. We showed that this tool does not have a high quantification accuracy, so

it is recommended to evaluate only the relative quantification capacity.

In order to test the ability of HTS technique to identify the pathogen and use micro-
biome as a tool for supply chain traceability, we investigated the microbiome com-
position of insect-based commercial food products. In this context, High-Through-
put DNA Sequencing (HTS) techniques can give insight into the carryover of insect
microbiota into final food products. This study aimed to analyse the microbiota var-
iability of different categories of some commercial insect-based food products, in-
cluding commercial raw materials and processed food products, purchased through
e-commerce from different companies.

Overall, our results showed that insect-based food products cluster based on their
microbial signature. Even in the case of processed foods in which more than one
constituent could interfere with its microbial contribution, we have identified a
core microbiota and unique taxa that can be used as biomarkers.

The identification of a microbial signature for traceability purposes has also been
suggested by forensic scientists as a natural consequence of the application of HTS
technologies (Bishop, 2019): with the globalization of trade, food traceability is a
hot topic and identification of a microbial signature in these products can provide
a deeper insight into the "food ecosystem"(Parente et al., 2019).

Regarding food safety, some potentially harmful bacteria have been found, but only
with viability tests would we be able to define the dangerousness of a product.

In conclusion, the application of HTS has allowed to detect and identify the diversity
of microbial communities in some raw and processed food products. The HTS ap-
proach is a valuable tool to protect food safety as routine monitoring analysis and

characterization of raw materials up to final processed products.
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4.4. Globalization and Covid-19 outbreaks: how they had changed the food indus-
try?

People migrate to urban cities and no longer live in places where food is grown. As
the physical distance from farm to plate increased, food supply chains have length-
ened, and the consumption of processed and packaged foods has increased. Food
is produced, processed and distributed to the world population thanks to globaliza-
tion, the help of technological progress and the availability of transport. For exam-
ple, unlike in the past when food was difficult to store, modern food is hygienically
packaged and lasts longer. This means that people can consume packaged food
without any worries regarding the health implications of poor sanitation. In general,
the transformation of the food industry and supply chain has greatly facilitated peo-
ple's lifestyle by allowing them to get the food they want, differently from the past
where people had to live within the place farm or go to farmers' markets to acquire
food. The transformation of the food industry adapts to changing lifestyles, de-
mographics, rising incomes and education levels, which trigger an increase in con-
sumer demands for quality, variety and food safety. Thus, the diversification of peo-
ple across different demographic locations has led the food industry to find ways to
produce, process and distribute valuable and hygienically packaged foods that meet
consumer needs. The food industry has adapted to globalization by making food
availability an easy task. However, globalization has created security gaps in the
food supply chain and, as a result, recalls are increasing. The technology of food
production, storage, transportation and supply chain has evolved to fill these gaps.
But the supply chain took some time to identify all its vulnerabilities and to keep up
with the tools introduced (Ukessays, 2018). Although the globalization of the food
supply chain has improved many aspects of consumers' lives, diseases such as obe-

sity are increasingly being promoted due to fast foods that are cheap and available

217



Discussion and Conclusion

but full of unhealthy fats and sugar (Inglis and Gimlin, 2009). However, persistent
and widespread hunger and malnutrition remain a huge challenge in many parts of
the world. The lengthening of food chains and changes in food patterns necessarily
require greater use of resources, energy and emissions. These items threaten the
sustainability of food systems and the ability to meet food needs around the world.
Although the future implications of climate change on agriculture are difficult to
predict, the impacts are imagined to be of varying degrees and different nature in

each ecological zone, region and production system (FAO, 2017).

The transport and stretched supply chains have been one of the causes of the rapid
spread of Covid-19 around the world. In this context, Covid-19 had a direct impact
on access to food. These impacts were also due to interruptions in availability, shifts
in consumer demand towards cheaper and less nutritious foods, and instability in
food prices. The pandemic is affecting all four pillars of food security: Is the supply
of food adequate (Availability)? Can people access to the food they need (Access)?
Can people obtain all the intake of nutrients that they need (Stability)? And finally,

can people access to food whenever they want (Utilization)? (Laborde et al., 2020).
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The Four Main Components of Food Security

1. AVAILABILITY 2. ACCESS

There is a reliable and People have
consistent source of sufficient resources

quality food. to produce and/or
purchase food.
¥
FOOD SECURITY
AND NUTRITION
4. STABILITY 3. UTILIZATION

People have the
knowledge and
basic sanitary
conditions to choose,
prepare, and
distribute food in a
way that results in
good nutrition.

People's ability
to access and

utilize food that
remains stable and
sustained over time.

Figure 18. The four main components of Food Security: Availability, Access, Stability and

Utilization (Laborde et al., 2020).

Despite this, the main threats of Covid-19 refer to food security and it is important
that this global health crisis does not also become a global food crisis (Laborde et
al, 2020). Currently, global poverty and food insecurity due to the pandemic have
been estimated at 90-150 million people, who could fall into poverty by increasing
global poverty by 15-24%, especially in sub-Saharan Africa and South Africa. This
factor has a large impact on food security and nutrition, because people in poverty
do not have enough money to buy food with the right amount of nutrient, prefer-
ring cheaper and low-quality food. This factor will have a major impact on children

that would tend to be affected by undernutrition (Gerszon Mahler et al., 2020).

The Covid-19 pandemic crisis has affected all types of food supply chains, starting
from fresh vegetables and fruit, baked goods, cereals to perishable products

(lvanov and Dolgui 2020). Much of the logistical supply activities have been
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disrupted, and therefore food shortages were inevitable. In addition, some areas
declared red or containment areas due to the high infection were another issue of
facility failure. Due to labour shortages and the uncertainty of vehicle availability,
difficulties have been developed in achieving the desired purpose of the supply

chain (Singh et al., 2020).

Consumers reacted by stockpiling products and anticipated food shortages (Hall et
al., 2020). They have drastically changed their buying behaviour towards online de-
livery, hampering the supply chain's ability to satisfy the requests (Dunkley, 2020;
Smith, 2020).

Poverty is increasing and therefore more and more consumers are struggling to af-
ford food, due to the sudden loss of jobs and the shift in demand towards food
pantries (Charles, 2020). Within the supply chain, sudden changes in health demand
and regulations have caused profound disruptions such as the unavailability of ag-
ricultural workers, the collapse of the restaurant sector and the change in working

conditions (Cagle, 2020; Corkery and Yaffe-Bellany, 2020).

The Covid-19 crisis has provided an opportunity for transformation in the food sup-
ply chain. Much of what is known about the food crisis comes from media reports
and has been divided into four themes (see figure 19): changing consumer behav-
iours, labour mismatch, changing health and safety behaviours and finally demand

and supply mismatch.
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2

* Online shoppers endure long cycle times due to
insufficient capacity to fill/deliver orders

* Websites and consumer interfaces overloaded, providing
poor customer experiences

+ Change in consumer buying patterns creates huge
demand for labour in distribution facilities to
pick/pack/deliver orders

* Food pantries overwhelmed with demand but lack

volunteers to process due to safety concerns

« Demand shifts from food service to grocery channels and
food pantry channels

« Consumer stockpiling creates retail stockouts

« Shift in demand creates lot-size problems of adjustment
- packaging/transport/warehousing challenges to meet
consumer demand

* Online shopping shifts distribution and logistics patterns
(home-delivery; click & collect/BOPIS)

* Supply chains shorten as consumers deal directly with Changing

farmers, local co-ops, farm markets

Consumer

Behaviours

5

« Consumers no longer feel safe
visiting retail stores, minimizing store
experience & store visits

6

* Food waste occurs as channel
demands shift; labour shortages at
processing and distribution; farm

Demand

+ Contactless delivery 1 Labour labour unavailable due to lack of

* Contactless payment & W I S, — " migrant workers

* Higher use of self-service, self- r Mismatch « Oversupply from food service
checkouts in stores Mi h ! channels can’t easily be shifted to

* Retailers educating consumers about ismatc : food pantries (for both financial and
in-store health and safety 1 lot-size reasons)

rocedures

Changing
4 Health & Safety 3
« Increased security in retail stores to ensure health/safety Behaviours « Sick workers must stay home (this also affects

standards as well as to control shopper behaviour that productivity in Demand/Supply mismatch)
could create unsafe situations * Increased awareness of worker safety, worker value,
* Channel members must equip employees with protective social needs (paid sick-leave, scheduling flexibility, health
equipment; training and space requirements reduce care benefits)
productivity in processing/picking/packing operations

Figure 19. Supply chain themes identified during the coronavirus disease of 2019 pan-

demic (Diane et al., 2020).

The new normal of food supply chains has yet to be achieved, but it can be imagined
by evaluating these key issues in relation to the current situation (Mollenkopf et al.,

2020).

4.5. New frontiers in supply chain control

As the authenticity and safety of food products are increasing attention, food in-
dustries and control laboratories must use all available techniques to verify prod-
ucts and control suppliers. Food safety and authenticity regulations are increasingly
stringent, so the importance of routine control techniques are becoming more and

more important.
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Discussion and Conclusion

HTS is a candidate to become the technology of choice for food analysis and food

fraud protection, particularly for highly complex food matrices.

The costs of HTS platforms are decreasing, allowing public laboratories to use these
technologies. However, HTS currently requires highly specialized equipment and
skilled personnel to analyse data, and future developments are likely to aim at ease
of application and data extraction, allowing a widespread application for less spe-

cialized personnel.

In the next future, as HTS will become an established technique, both methodolo-
gies and analysis pipelines should be harmonized across testing laboratories
(Endrullat et al., 2016, Gargis et al., 2016). Technological advances and increased
competition will continue to push the field towards lower costs (Goodwin et al.,
2016), higher productivity and more user-friendly analysis options (Haynes et al.,
2019). HTS analysis has the weakness of being a long analysis (sequencing service
requires 1-2 months to provide the results) and these times are not compliant to
the quality control required by companies. In this context, Nanopore MinlON could
be successful in the next years. This tool allows to sequence multiple genomes in a
few hours and does not require large machinery, but simply a tool as large as a USB
stick. Nanopore MinlON has already been tested in extreme environments such as
deserts, glaciers and even space (Edwards et al., 2019; Castro-Wallace et al., 2016).
Although the scientific literature has not explored much of the application of Na-
nopore MinlON in the food field, it could be the future of safety and quality control.
Voorhuijzen-Harink and colleagues tested the Nanopore MinlON on fish analysis
and assessed that the MinlON sequencing is as accurate as the lllumina MiSeq plat-

form. In conclusion, the high accuracy, practicability, low cost and time-safer of the
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MinlON sequencer make MinlON-based DNA metabarcoding promising for fast

analysis of complex food and feed mixtures. (Voorhuijzen-Harink et al., 2019).

In addition to this tool, cost-effective and rapid technologies have been developing
in recent years that can speed up the quality control of the supply chain. LAMP
technology is currently used in food safety quality control, to identify, for example,
the presence of pathogens such as Salmonella sp. (Vichaibun and Kanchanaphum,
2020). Vichaibun and Kanchanaphum also tested the quantitative capacity of LAMP
technology (qLAMP) evaluating that both LAMP and qLAMP are more dominants
than PCR and gPCR in many aspects. They have more specificity, they are more
rapid, they have more sensitivity and finally they are less complex. This methodol-
ogy has increasingly broad applications in the food field, since it is used both to
detect allergens (Allgéwer et al., 2020; Guevara et al., 2016), bacterial contamina-
tion (Wang et al., 2017) but also for quality control (Mao et al., 2020; Li et al., 2017).
The FDA has also developed the LAMP technique to identify the presence of Salmo-
nella sp. in pet food (Yang et al., 2018). In the future, new platforms for food detec-
tion will be more and more common. Some companies are already developing and

selling portable kits for food safety based on the LAMP technique (Hu et al., 2017).

To conclude, quality and safety control of products and supply chain traceability are
necessary and required by both companies and consumers. The main objective is
to obtain simple, fast and efficient technologies that require less specialized per-
sonnel. Although it is difficoult to think a complete replacement of analysis labora-
tories, the trend of the future is to develop targeted and more immediate kits and

analyses, perhaps making it possible to analyse food even by the consumer.
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