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Editorial

Techniques for Food Authentication: Trends and
Emerging Approaches

Margit Cichna-Markl 1 and Isabel Mafra 2,*

1 Department of Analytical Chemistry, Faculty of Chemistry, University of Vienna, Währinger Straße 38,
1090 Vienna, Austria

2 REQUIMTE-LAQV, Faculdade de Farmácia, Universidade do Porto, Rua de Jorge Viterbo Ferreira, 228,
4050-313 Porto, Portugal

* Correspondence: isabel.mafra@ff.up.pt

Food producers and retailers are obliged to provide correct food information to con-
sumers; however, despite national and international legislation, food labels frequently
contain false or misleading statements regarding food composition, quality, geographic
origin, and/or processing. Food authentication is very challenging, requiring highly selec-
tive, sensitive, accurate, reproducible, and robust analytical methods. This Special Issue of
Foods, comprising ten research and two review articles, highlights recent advances in food
authentication and clearly demonstrates that no single method is suitable for covering all
aspects of food authenticity.

Undoubtedly, DNA-based methods that target nuclear or mitochondrial (mt) markers
have played a key role in the identification and differentiation of species and/or cultivars
in food. Real-time PCR continues to be the technique of choice for the authentication of
diversified food commodities, owing to its high specificity, sensitivity, and reproducibility.
This is also the case for species authentication in meat products, for which real-time PCR has
been one of the most widely applied DNA-based techniques, mainly targeting mtDNA [1];
however, the quantification of meat species, or any other food, using real-time PCR is
challenged by the accurate preparation of reference mixtures as calibrants for method
development. The choice of DNA marker is also challenging, especially when the purpose
is quantitative analysis. Despite the advantages of mtDNA regarding sensitivity and
specificity, its variable copy number is a drawback for quantitative approaches. Accordingly,
a TaqMan real-time PCR assay targeting the lactoferrin gene of roe deer was developed for
its quantitative determination in meat products [2]. The assay was validated in-house by
determining the roe deer content in model meat mixtures and a model sausage, after which
it was applied to the analysis of commercial meat products [2]. Nevertheless, method
standardization requires assessment through interlaboratory trials [3]. Therefore, the
real-time PCR assay for roe deer was tested in an interlaboratory ring trial, including
14 laboratories from Austria, Germany, and Switzerland. The assay proved its applicability
to detect and quantify roe deer in raw meat samples to detect food adulteration, though
further trials are still needed to validate its application to thermally treated model foods [4].

The application of real-time PCR was also demonstrated in plant species authenti-
cation in a particularly challenging matrix—vegetable oil. For the first time, new qual-
itative and quantitative PCR assays were proposed to authenticate argan oil [5]. Ar-
gan oil is a premium product, commercialized worldwide as cosmetic- and food-grade,
which is potentially adulterated with other vegetable oils. To address this problem,
two real-time PCR calibration models were developed by using the normalized ΔCq method
to estimate potential adulterations of argan oil with olive or soybean oils, after which it
was validated in-house with blind mixtures [5].

DNA barcoding targeting the cytochrome c oxidase subunit I (COI) gene, as a rela-
tively conserved region with sufficient variation among species, has been widely applied
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in the species authentication of seafood [6]. COI barcoding was employed to analyze sushi
samples collected by means of the citizen science approach, involving people from eighteen
different Italian cities (Northern, Central, and Southern Italy). Data indicated a substantial
rate of species substitution—between 31.8% in Northern Italy and 40% in Central Italy.
Thunnus thynnus was the species most frequently replaced, followed by flying fish roe
substituted with the eggs of Mallotus villosus [7]. DNA metabarcoding, a combination of
DNA barcoding with next-generation sequencing (NGS), is an emerging approach that
allows for the detection of multiple species in complex and processed foods, overcoming
the drawbacks of Sanger sequencing [6]. Bivalve species belonging to the Mytilidae (mus-
sels), Pectinidae (scallops), and Ostreidae (oysters) families were successfully identified in
foodstuffs via DNA metabarcoding using fragments as small as 150 bp of mitochondrial 16S
rDNA [8]. The feasibility of DNA metabarcoding using 16S rDNA was also demonstrated
in an analysis of mammalian and poultry species in food and pet food [9].

The varietal authentication of foods is another challenging task that has been success-
fully overcome by using DNA markers, namely microsatellites or simple sequence repeats
(SSR). This was demonstrated in the case of olive species. Microsatellite markers have
been employed in cultivar identification, characterization of autochthonous olives (ancient
olive trees and oleasters), management of olive germplasm banks, phylogenetics, diversity
analysis, and mapping, as reviewed by Yadav et al. [10].

In recent years, several studies have demonstrated the feasibility of using spectroscopy
for food authentication purposes, taking advantage of its non-destructive character, simple
sample preparation, and possibility of being operated by non-expert technicians. Neverthe-
less, the effective application of spectroscopic approaches in food authentication relies on
the construction of suitable spectral databases and multivariate analysis. The combined
techniques of Raman, near-infrared (NIR), and fluorescence spectroscopy were applied to
the analysis of chia oils adulterated with sunflower oil [11]. Fourier transform mid-infrared
spectroscopy with attenuated total reflection (ATR-FTMIR), coupled to multivariate analy-
sis, was applied to discriminate doughs and 3D-printed baked snacks, enriched with edible
insect (Alphitobius diaperinus and Locusta migratoria) powders [12].

Chromatographic techniques, particularly those hyphenated with mass spectrometry
(MS), have provided some of the most powerful tools for the detection and identification of
chemical markers for food authentication. Aiming at authenticating hay milk, a traditional
dairy product recently launched on the market and protected as “traditional specialty
guaranteed” (TSG), two chromatographic techniques were proposed. Gas chromatography
with MS detection was used as a targeted approach to detect the cyclopropane fatty acid
(dihydrosterculic acid, DHSA), a marker of the bacterial strains found in silage since hay
milk should be obtained from a cow’s feed ration free from silage. The detection of DHSA
could be related to the presence of maize silage in feed, though it was ambiguous in the
case of grass silage [13]. High-performance liquid chromatography (HPLC) coupled to
high-resolution mass spectrometry (HRMS) was then used as an untargeted approach to
characterize the lipidic profile, resulting in the identification of 14 triacylglycerol biomark-
ers in milk. The biomarker profiles, combined with a multivariate analysis, allowed to
predict the use of maize and grass silage in a cow’s diet with 100% recognition [13]. Com-
prehensive two-dimensional gas chromatography (GC×GC) is an advanced approach with
high potential to characterize complex volatile fractions of foods, including enantiomeric
recognition for authentication purposes, owing to its improved separation capacity, in-
creased number of identified compounds, structured chromatograms, and significant signal
enhancement [14]. Vyviurska et al. [15] exploited an enantioselective GC×GC analysis to
assess botrytized wines in comparison to the corresponding varietal grape wines, selected
essences, and varietal wines fermented with grape skins. After a hierarchic cluster analysis,
the data showed that the varietal wines were successfully separated from the other types,
and a correlation between the botrytized wines and the varietal wines fermented with
grape skins could be observed [15].
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The multi-element composition of an animal’s tissues can reflect, to some extent, its
diet, while in the case of plants it reflects the soil composition of the location where they
grow. Therefore, direct information about the geographical origin of foods can be pro-
vided by the bioavailable nutrients underlying the soils [16]. Conversely, elements found
in the tissues of aquatic animals, such as fish, are recognized as being derived from the
elemental composition of the overall surrounding environment, the aquatic habitat to the
production premises, which is particularly useful when intending to identify the country of
origin of wild specimens [17]. The application of element profiling approaches to fish and
seafood products has been gaining force due to the advances in the optimization of existing
instrumentations for multi-elemental analysis, but also due to improved algorithms for
statistical analysis. From the review of Varrà et al. [17], the discrimination of geographical
origin has been the most frequently reported authenticity topic, while other aspects, such
as farming systems, have been overlooked. From the available methodologies, inductively
coupled plasma mass spectrometry (ICP-MS) for elemental speciation and ICP-MS/MS
for interference-free determination as well as isotope ratio measurement are anticipated
as turning points for the high-throughput analytical characterization of complex matri-
ces, such as food [17]. Accordingly, the multi-elemental profiles of 237 walnut samples
from 10 countries and 3 years of harvest were analyzed via ICP-MS, and the data were
evaluated with chemometrics, including machine learning methods. The results showed
that walnut cultivar and harvest year had no observable influence on origin differentiation
and highlighted the high potential of element profiling for the origin authentication of
walnuts [18].
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Abstract: The demand for fish and seafood is growing worldwide. Meanwhile, problems related
to the integrity and safety of the fishery sector are increasing, leading legislators, producers, and
consumers to search for ways to effectively protect themselves from fraud and health hazards related
to fish consumption. What is urgently required now is the availability of reliable, truthful, and
reproducible methods assuring the correspondence between the real nature of the product and label
declarations accompanying the same product during its market life. The evaluation of the inorganic
composition of fish and seafood appears to be one of the most promising strategies to be exploited in
the near future to assist routine and official monitoring operations along the supply chain. The present
review article focuses on exploring the latest scientific achievements of using the multi-elemental
composition of fish and seafood as an imprint of their authenticity and traceability, especially with
regards to the geographical origin. The scientific literature of the last 10 years focusing on the
analytical determination and statistical elaboration of elemental data (alone or in combination with
methodologies targeting other compounds) to verify the identity of fishery products is summarized
and discussed.

Keywords: fraud; authentication; traceability; fish; geographical origin; multi-elemental profile;
stable isotopes; ICP-MS; ICP-OES; chemometrics

1. Introduction

The verification of food authenticity and integrity is a complex topic which has become
a matter of public interest in recent years. This issue involves many different aspects, from
the identification of mislabeling and misrepresentation to adulteration and contamination
of the product.

Today, the traceability of fish and seafood and detection of intentional and uninten-
tional fraud is a challenging task, as the supply chain of fishery products is among the
most diversified and globalized. As a matter of fact, fish is currently among the most
frequently misdescribed foodstuffs worldwide, to a point that almost 20% of fish in the
sail and restaurant sectors of 55 countries has been recently found to be misdescribed [1].
Specifically, the major economic losses affecting the sector derive from the substitution
of highly valuable fish and seafood species for morphologically similar but lower-quality
ones and from the increasingly common falsification in relation to the geographical origin.
Albeit these fraudulent practices seem to have a negative impact only from an economical
point of view, some health implications may arise, for example, from the replacement of
certain fish species with cheaper but potentially poisonous ones [2], or from the sale of
illegally caught fish originating from polluted areas [3].

In order to prevent fraud, protect producers and consumers, and promote high-quality
fish products, the reinforcement of the international food monitoring program is not
sufficient. Indeed, control measures are required to be undertaken in synergy with the

Foods 2021, 10, 270. https://doi.org/10.3390/foods10020270 https://www.mdpi.com/journal/foods5
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implementation of proper vulnerability assessment systems and the development of rapid
analytical tools, so as to confidently verify whether a product is genuine or counterfeit and
to guarantee the integrity of the whole production chain.

Many different biological and chemical methods have been developed over the years
to ascertain the authentic nature of a wide range of foodstuffs. These methods focus on the
evaluation of the organic (DNA, proteins, lipids, sugars, and/or metabolites) and inorganic
(elements, isotope ratios) fractions of food and exploit the principles of chromatography,
mass spectrometry, and spectroscopy to identify, in a targeted way, few or multiple com-
pounds acting as secondary markers of authenticity [4]. In this sense, the determination of
the inorganic multi-elemental signatures (in terms of major, trace, and ultra-trace elements),
accompanied by multivariate statistics, is increasingly applied to authenticate different
foods of animal origin such as honey [5], pork meat [6], and cheese [7], especially in relation
to the geographical origin and the method of production. In this context, the evaluation
of the elemental content of fish and seafood is particularly advantageous, since it may
allow for the simultaneously monitoring of mislabeling and of the maximum acceptable
regulation limits for certain toxic elements established at the European level [8], thus
pursuing both integrity and safety objectives.

Elements found in fish tissue are scientifically recognized to be a reflection of the
elemental composition of the overall surrounding environment, from the aquatic habitat
to the production premises, and this is particularly advantageous when the country of
origin of wild specimens is thought to be identified. On the contrary, the elemental content
of farmed specimens is inevitably affected by feeding stuffs, both from a qualitative and
a quantitative point of view. Thus, using the elemental profile of the tissues of farmed
specimens to trace back to the country of origin may be problematic by virtue of the fact
that the same feed can be traded internationally and given to fish cultured in different parts
of the world.

When working with the element composition of fish for authentication purposes, it
should be taken into consideration that the presence of elements in the aquatic environment
explored by the fish during life is not only dependent on the specific geochemical character-
istics of the habitat, but it may be significantly influenced by other environmental factors
either of natural (such as climate, water temperature, salinity, age, and sexual maturity of
the animal) or anthropic (i.e., the exogenous pollution) origin [9]. In addition, after catch,
fishery products are more frequently handled and enlivened compared to other foodstuffs.
Therefore, the likelihood of unwanted and misleading elements being incorporated as
contaminants throughout the whole production cycle increases significantly.

For these reasons, the overall elemental signature needs to be strictly evaluated before
being used as a tool to address authenticity problems of fish and seafood. In this regard,
chemometrics and machine learning have now become an essential support for increasing
the strength and reliability of high-throughput analytical techniques. As a matter of fact,
the advanced statistical elaboration of elemental data has already been proven to be a
straightforward and effective means to study elements’ behavior; identify common but
hidden compositional characteristics among similar food samples; separate complementary,
opposite, or redundant information enclosed into elemental data; define classification rules;
and simplify the overall methodology by extracting the effectively significant elemental
markers for classification [10].

The present review article was aimed at discussing the applications and advances in
data mining of the multi-elemental profile of fish, mollusks, echinoderms, and crustaceans
from the last 10 years as a strategy to verify whether mandatory labelling information
matches the identity of these products. The survey took into consideration the elemental
measurements performed only on edible tissues of fishery products, which, albeit being
more rapidly subjected to variations induced by environment compared to hard structures
such as otoliths, statoliths, skeleton, and scales, are retained in the final traded products and
hence potentially monitorable in every phase of the production chain. As evidenced below,
only raw products were discussed, since, as far as we know, no considerable breakthroughs

6



Foods 2021, 10, 270

in tracing and authenticating transformed (e.g., salted, smoked, marinated) fish and seafood
products have been achieved.

2. Analytical and Chemometric Methodologies for Element and Stable-Isotope
Analysis of Fish and Seafood

Various analytical techniques have been used for the determination of the elemental
content of fish and seafood throughout the last years [9,11–13]. Among these, atomic spec-
troscopic methods, such as atomic absorption spectrometry (AAS) [14–20] with
flame [16,19,20] or electrothermal atomization [16–18], atomic fluorescence spectrometry
(AFS) [21] inductively coupled optical emission spectrometry (ICP-OES) [16,22], inductively
coupled plasma mass spectrometry (ICP-MS) [23,24], and X-ray fluorescence (XRF) [19,25],
have been the most frequently employed. On the contrary, electroanalytical [26] or neutron-
activation-based techniques, such as neutron activation analysis (NAA), have been used to
a lesser extent [27–29].

These techniques offer specific advantages and, at the same time, present some limita-
tions which make their application preferable in some cases but not in others. The main
characteristics and performances of the analytical methods that can be used for comparing
the multi-element or stable-isotope composition of fish and seafood samples are examined
in the text below, while a comprehensive and detailed overview of the main benefits and
drawbacks is outlined in the Supplementary File (Table S1).

In the case of major and some minor elements, AAS and OES with flames (flame
atomic absorption spectroscopy, FAAS, and flame optical emission spectroscopy, FOES), are
still valuable and well-established techniques that are routinely and customarily applied
in the area of fish and seafood analysis due to their robustness in relation to interferences
and sample introduction problems, selectivity, straightforward application, and lower
cost [16,19,20,30]. On the other hand, these methods still present limitations related
to sensitivity. Thus, electrothermal AAS (ET-AAS) [16,17,28], hydride generation AAS
(HG-AAS) [31], and cold vapor AAS (CV-AAS) [15,28] or direct thermal decomposition
AAS [19,32] are employed in the lower concentration range. However, the main disadvan-
tage is that AAS is primarily limited to the determination of metallic elements and is a
single-element technique with a linear range typically less than two orders of magnitude.
Despite being used in only in a very limited number of cases [18], high-resolution contin-
uum source AAS (HR-CS-AAS) is overcoming some of the limitations of AAS, as it allows
for the simultaneous evaluation of several absorption lines in the selected spectral range,
accurate background correction, and the determination of nonmetals.

ICP-OES is by far the most commonly applied technique for the analysis of food
samples [16,18,22,33] because it offers simultaneous multi-element measurement, capabili-
ties for sensitive determination of refractory elements, quantification of nonmetals, and
high analytical throughput. Microwave induced plasma optical emission spectrometry
(MIP-OES) using the magnetically excited microwave plasma source has also been recently
applied to fish and seafood [34,35], mainly because it is characterized by detection limits
down to sub-ppb levels, significant cost reduction, and simpler spectra than ICP-OES.
However, at present, both ICP-OES and MIP-OES fail to meet the needs required in routine
applications when the determination of elements at trace or ultra-trace concentrations is
in demand.

ICP-MS is better suited to meet this task and is currently a frontline technology,
rapidly replacing other methods in many fields of food science. Unsurpassed advantages,
such as high sensitivity, selectivity, wide dynamic concentration range up to 11 orders of
magnitude, high sample throughput, and multi-analyte capabilities, make this method an
ideal candidate for food authentication studies, since it might facilitate the discrimination
and classification of samples [23,36,37].

More detailed technical aspects of the abovementioned methodologies can be retrieved
from literature [37,38].

The analysis of biologic matrices such as foodstuffs by atomic and mass spectrometry
methods, especially at trace and ultra-trace levels, is often a difficult and challenging task.
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As a matter of fact, a quite complex biological matrix poses problems related not only to
sample heterogeneity, the selection of proper sample treatment, and decomposition, but
also matrix interferences.

In the ICP-MS analysis of fish and seafood samples, both spectral and non-spectral
interferences are expected to be encountered [18,23,39]. Whereas non-spectral effects can
be easily overcome using a proper calibration strategy, including the use of an internal
standard [18,23], standard additions, and/or the isotope dilution, spectral effects due to
the overlaps by different polyatomic ions (formed from the combination of species derived
from the matrix elements, plasma gas and sample solvents) are more serious and difficult
to handle [40].

High-resolution mass spectrometers with a sector field mass analyzer could be the
ideal solution to bypass most of these problems [40]. However, owing to their high price,
these instruments are not easily accessible for most laboratories.

Time-of-flight (TOF)-ICP-MS instruments have several advantages, such as fast si-
multaneous multi-elemental analysis, improved precision of measurements of the isotope
ratios, very low volume of the sample needed for the analysis, and tolerance to higher
salinity of samples. However, they do not have the adequate resolution to eliminate the
spectral interferences typically encountered when analyzing biological samples. As a
result, mathematical corrections must be employed, but this approach is less effective
when performing trace analysis [41]. The absence for effective solutions related to the
control of problematic spectral effects, which were not accessible to users until recently, has
limited the widespread diffusion of this technique in routine practice. Nevertheless, there
is an increasing trend in resorting to the use of collision cell technology for interference
management during sample analysis in the current TOF-ICP-MS instrumentation [42]. At
present, the quadrupole-based ICP-MS equipped with a collision/reaction cell (CRC) for
the elimination of spectral interferences is the most popular ICP-MS instrumentation on the
market. In the reaction cell mode, interfering ions are removed by the transformation into
different species or uncharged atoms or molecules through specific chemical reactions with
a supplementary reaction gas (H2, NH3, O2, N2O, or CH4) [40]. Although this approach is
more efficient for the removal of known spectral interferences, it may lead to a formation of
new unwanted interfering polyatomic ions. The collision cell mode is instead more suitable
for the multi-elemental analysis of unknown samples. For this purpose, He is widely used
as a collision gas to slow down polyatomic interfering ions to a larger extent than the
atomic analyte ions, such that the former could be selectively discriminated against on the
basis of their lower kinetic energy.

With the introduction of an ICP-tandem mass spectrometer (MS/MS, often referred
to as triple quadrupole ICP-MS or ICP-QQQ), the CRC technology in quadrupole-based
ICP-MS has greatly improved [43]. This instrumentation, equipped with CRC located
between two quadrupole mass filters, provides an elegant approach via a precursor ion
and/or product ion scanning to solve even the most challenging cases of spectral overlap
and interference. Moreover, it can determine a wider range of analytes at much lower
concentrations with greater reliability and higher confidence [43].

In addition to total element determinations, the current ICP-MS instrumentation is
suited also to isotope ratio analysis, even if the isotope ratio precision is strictly dependent
on the type and the design of the instrument used. Considering that the simultaneous
measurement of multiple isotopes provides a better precision in isotope ratio measurement,
the use of TOF-ICP-MS or multi-collector mass spectrometer with a plasma source for
ionization (MC-ICP-MS) is considerably more advantageous than the use of a single
quadrupole ICP-MS for isotope analysis. However, the commonly used mass spectrometers
typically do not provide the sensitivity and precision required for the determination of
light isotopes ratios. In addition, they are susceptible to isotopic fractionation (mass bias).
Therefore, isotope ratio mass spectrometry (IRMS) [44,45], nuclear magnetic resonance
(NMR) [46,47], and thermal ionization mass spectrometry (TIMS) [12] are more suitable for
this purpose.
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Atomic fluorescence spectrometry (AFS) may represent an alternative to the other
atomic and mass spectrometric techniques, as it provides low detection limits, wide linear
calibration range, simplicity, and lower acquisition and running costs. These analytical
features make AFS superior to AAS and equal to ICP-MS or ICP-OES [22,48], especially in
speciation studies, as long as single element speciation studies are considered [36].

Recently, there has been an increase in the application of nondestructive multielement
methods for analysis of seafood samples [25,49]. Methods based on X-ray spectrometry
such as X-ray fluorescence (XRF) [19,25,49], energy dispersion-XRF (ED-XRF) [19], proton
induced X-ray emission (PIXE), total reflection X-ray fluorescence spectrometry (TXRF), and
synchrotron X-ray fluorescence (SXRF), as well as methods based on X-ray microanalysis,
offer several benefits [50]. Among these, the selective detection and sensitivity (about mg
kg−1 and below) for most of the elements [12,49], minimal sample preparation, high sample
throughputs, and accuracy in quantification are worth mentioning [50]. In addition, field
portable-XRF analyzers are becoming increasingly popular for a wide variety of elemental
analysis applications [50].

Laser-based techniques also play an important role for the direct analysis of solid
samples and, in the last years, they have become increasingly present in the food industry.
Laser-induced breakdown spectrometry (LIBS) is considered a promising micro-destructive
food analysis tool for rapid qualitative and quantitative chemical analysis [50,51]. However,
the direct analysis of samples with complex organic matrices such as fresh food products is
not easy [50]. As a matter of fact, it is often not possible to analyze the sample without any
preparation, since the results might be misleadingly affected by any inhomogeneity of the
material. On the other hand, the sample preparation for LIBS analysis is minimal when
compared to reference methods such as AAS or ICP-MS. The major limitation of LIBS for
practical applications results from its reduced sensitivity for minor mineral elements and
heavy metals, with very low concentrations in a complex organic matrix.

The connection of laser ablation (LA) with ICP-MS [52–54] represents a quite versatile
analytical tool, offering the fastest analytical speed compared to all the other techniques,
favorable limits of detection (approaching ppb levels), capability for performing bulk
analysis, depth profiling, and elemental/isotope mapping [12]. Nevertheless, LA-ICP-
MS still lacks sufficiently matrix-matched reference materials for each considered matrix
type, and the analysis accuracy is restricted by several factors, such as sensitivity drift,
elemental/isotopic fractionation, and matrix effects [50,55].

Electrothermal vaporization (ETV) is also an efficient and powerful approach for a
bulk analysis where solid samples can be directly turned into aerosols [50,55]. This strategy
significantly boosts ICP-MS quantitative applications in desired field [56].

2.1. Sample Digestion Procedures for Elemental Analysis

The market of most of the abovementioned analytical apparatus, such as AAS, AFS,
and those which make use of a plasma source for ionization, offers mainly instrumentation
dedicated to the analysis of liquid samples. Consequently, digestion procedures for solid
samples are necessarily required. Furthermore, sample preparation is a crucial issue for
food products due to their inhomogeneity and matrix complexity.

Nowadays, the most used and useful digestion technique for a wide range of ana-
lytes and sample matrices is the high-pressure digestion using a closed-vessel microwave
system [15–18,20,24,34,36,41,49,57]. This technique increases the sample throughput, mini-
mizes analyte losses during the decomposition, reduces both contamination risk (especially
for trace analytes) and consumption of reagents, and is more effective, resulting in low
residual carbon content of digested samples [57]. In addition to high-pressure closed-vessel
microwave digestion, digestion involving opened vessels or classical dry-ashing digestion
is generally performed. In wet-acid digestion, HNO3 alone [15,16,20,24] or combined with
H2O2 [17,18,28,34,36,41,49] and, occasionally, HCl [35] or HClO4 [22,23,33], is the most
commonly used reagent. However, several novel approaches or adaptations to established
procedures for sample preparation have been recently introduced. In particular, a growing
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interest toward the use of diluted and nonhazardous analytical reagents is now emerging,
in accordance with green chemistry and the need to reduce the negative impact of chemical
analyses on the environment [24,57]. From this standpoint, ultrasound-assisted extraction
and microwave-assisted extraction [31,36,57] seem to be very promising approaches for
sample preparation in the near future, allowing for the optimization of working times and
consumption of analytical reagents.

2.2. Multivariate Data Analysis and Machine Learning

The growing interest in high-throughput element-based methods to characterize
foodstuffs may be partly justified by the efforts in the field of multivariate data analysis
and machine learning, which have significantly simplified data handling and improved
the identification of food fraud. Multivariate qualitative methods are well established
in the field of analytical chemistry oriented toward the authenticity and adulteration
verification of foodstuffs, and the development of new algorithms for classification is
continuously increasing [10]. Despite this, analysis of the literature revealed that the
statistical analysis of the multi-elemental profile of fish has been mostly limited to the
classical use of principal component analysis (PCA) and cluster analysis (CA) as exploratory
(unsupervised) tools. As for sample classification purposes, hard modelling of data based
on linear discriminant analysis (LDA) and canonical discriminant analysis (CDA) has been
more frequently employed (see Table 1). This is probably due to the fact that the theoretical
background of these data elaboration techniques is more consolidated among the scientific
community compared to other more modern hard-modelling discriminant techniques such
as partial least square discriminant analysis (PLS-DA) and soft-modelling techniques such
as soft independent modelling of class-analogy (SIMCA) [58]. In addition, the applied
methodologies appear to lack of proper validation protocols to be followed, which are
necessary for the development of reliable and transferable multivariate-based models for
foods classification [59].

Various techniques, including K-nearest neighbors (KNN), K-mean clustering, and
artificial neural network (ANN), are crucial for future successful development of prediction
models to food authentication solutions.

Further details on chemometrics and machine learning techniques applied to food
science can be found in the literature [10,60].
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3. Authentic Elemental Signature of Fish and Seafood

As discussed below, authentication and traceability studies have often been performed
by coupling elemental analysis (major, trace, and/or ultra-trace elements) with other
techniques targeting other compounds, with the objective to increase the specificity of
discrimination and obtain better results.

The merging of data from the isotopic analysis and elemental analysis of light (H,
C, N, O, and S) and heavy elements (Sr, Pb) has been the most frequently investigated
analytical strategy to approach traceability problems of fish and seafood.

The rationale behind this research trend over the years lies in the strong correla-
tion between any variation in isotope fractionation (ratio between isotopes of a specific
elements) and the geological, pedological, and wheatear characteristics of a given geograph-
ical area [71]. Among these, the isotopic distribution of light elements such as O (δ18O,
18O/16O), and H (δ1H, 1H/2H) in fishery products is influenced by the original isotopic
distribution of the same elements in the water basin from which the fish come from, which,
in turn, is the reflection of the isotopic distribution in the rainfall of the specific area [72].
More, the isotope ratio of C (δ13C, 13C/12C) in fish tissues may be related to the type of
vegetation eaten by the fish during its life. In particular, the plants are characterized by a C3,
C4, or Crassulacean Acid Metabolism (CAM) photosynthetic metabolism. Considering that
each type of these plants typically grows at certain latitudes, the isotopic distribution of C
may be, at first instance, indirectly exploited as a marker of origin. Since fractionation of C
is expected to vary between the artificial feed used to rare aquaculture fish and the natural
food of wild fish, its isotopic ratio may also be exploited to distinguish the production
method of fish [72]. Indeed, isotopes of N are good indicators of the feeding regime of fish
and of the position occupied by the fish in the food chain, thus being ideal markers of the
production methods. Wild fish at higher trophic levels is in fact characterized by a greater
enrichment in δ15N (15N/14N), and δ15N enrichment in artificial feeding given to farmed
fish is expected to be significantly different compared to those present into the natural food
eaten by wild fish [72].

In the present review, recent research in the field of multi-elemental analysis applied
to edible tissues of fish and seafood was taken into consideration and reviewed. The
scientific literature herein includes research articles pertinent to the topic of the present
review and published between 2010 and 2020. Articles were retrieved from the Web of
Science and Scopus databases (search terms: ‘fish,’ ‘seafood,’ ‘authentication,’ ‘elemental
analysis,’ ‘elemental profile,’ ‘elemental fingerprinting,’ ‘chemometrics’).

For the sake of clarity, the next paragraphs are structured to enclose the same type
of product. Therefore fish, mollusks (both bivalve and cephalopods), crustaceans, and
echinoderms are discussed separately. The most frequently measured elemental markers of
both geographical origin and method of production, retrieved from the reviewed scientific
literature discussed below, are graphically shown in the radial bar chart reported in Figure
1. For a quick comparison, a summary overview of the methodological and technical
aspects of the published works is given in Table 1. The concentrations of the elements
measured in each work were deepened and provided in the Supplementary File (Table S2).
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Figure 1. Radial bar chart showing the most widely used elemental markers in the works from the
last 10 years dealing with authenticity and traceability of fish and seafood products. Data were
elaborated from the scientific literature (published in 2010–2020) and collected from the Scopus and
Web of Science search engines, using ‘fish,’ ‘seafood,’ ‘authentication,’ ‘elemental analysis,’ ‘elemental
profile,’ ‘elemental fingerprinting,’ and/or ‘chemometrics’ as search terms.

3.1. Fish

The maximum guarantee of transparency about the method of production, intended
as catching wild fish or raising aquaculture fish, is of extreme importance, given that the
two products have a differing economic value. In addition, certain farmed fish such as
salmonids are reported to be more prone to accumulate environmental toxic substances,
especially of organic nature [73], thus questioning the overall wholesomeness of these
products. Tracing the geographical origin of aquaculture products may be, in some ways,
more complicated than tracing that of wild-caught products. In fact, despite the fact
that the feeding habits and prey availability for wild fish are highly variable and cannot
be controlled, it should be emphasized that feeds used in aquaculture practices (which
significantly affect mineral and trace element contents of fish tissues) are not only extremely
variable in terms of composition but are frequently used worldwide to raise fish of different
geographical origin [74], thus masking any discriminant potential of the elemental profile.

Despite these hurdles, different species of both wild and farmed salmons correspond-
ing to king salmon (Oncorhynchus tshawytscha), coho salmon (Oncorhynchus kysutch), and
Atlantic salmon (Salmo salar) were analyzed for their major and trace elemental content
and isotope ratio profile of carbon (δ13C) and nitrogen (δ15N) in order to develop a model
suited for their classification [61]. As for the type of employed tracers, it was verified that
using elements or isotope ratios has no bearing on the overall performances of salmon
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classification, but on the contrary, the outcomes are strongly influenced by the number of
samples employed to train the classification model as well as by the chosen classification
algorithm. On that note, using machine learning algorithms as artificial neural networks
(ANNs) and neural network bagging (NNB) gave a 94% and 92% correct classification rate,
respectively, when applied to elements only, and 94% and 87% when using stable isotope
ratios only [61].

The possibility of using rare earth elemental profile and/or light stable isotope ratios
to identify fish production methods was also recently investigated for European sea bass
(Dicentrarchus labrax, L.) samples [62]. In this case, the concentrations of lanthanum, eu-
ropium, holmium, erbium, lutetium, and terbium elaborated by PCA and orthogonal
partial least square discriminant analysis (OPLS-DA) did not impact the differentiation of
wild from farmed specimens in contrast to light isotope ratios of carbon (δ13C) and nitrogen
(δ15N), which had a higher influence. However, the authors verified that holmium and
lanthanum, due to their natural variability in the marine environment, had a significant in-
fluence on the discrimination of the same samples by geographic origin. As a matter of fact,
almost 89% of unlabeled samples from three different fishing areas in the Mediterranean
Sea (used to test the validity of the developed model) were correctly discriminated [62].

The truthfulness of the label description of European seabass (Dicentrarchus labrax, L.)
was also analyzed in another study which took into consideration the outputs obtained
through the measurement of several parameters, corresponding to the biometric indices,
fatty acids profile, analysis of 18 elements, and stable isotope ratios of carbon and nitro-
gen [48]. The method of production, the intensity of farming system, and the geographical
provenance of sea bass were better discriminated using the fatty acids composition, while
the use of elements alone outperformed compared to the other analytical data. Only the
concentrations of Ca were in found to be significantly affected by feeding system and geo-
graphical origin, but the differences in fish tissues were not sufficient to achieve satisfying
discrimination results, which settled around 79% for production method and 57% for the
origin. On the contrary, stable isotope ratio data performed well in discriminating the
production method of samples due to the strong influence of the feeding inputs on these
parameters, but they were not able to classify samples according to provenance [48].

The merging of the results of multi-elemental and stable isotope ratios analyses has
been successful also for the discrimination by origin and production method of Asian sea
bass (Lates calcarifer) [49] and, when adding proximate composition, for the discrimination
by origin of croaker [19]. Unlike the previously reported studies, XFR was the chosen
technique to determine the elemental content of fish samples, mainly offering advantages
in terms of the speed of operation. In this case, although the origin discriminant models
for sea bass created by applying LDA or RF to stable isotope data were more accurate than
those computed using elemental data only, isotopic analysis was less performant when
used alone to predict both the origin and the production method of unknown samples,
thus suggesting that information provided by elements is essential to achieve satisfying
discrimination accuracy for the identification of geographical provenances [49].

One single attempt to discriminate the origin of freshwater cultured fish was found in
the literature. In this case, fillets of channel catfish (Ictalurus punctatus) and hybrid catfish
(Ictalurus furcatus) from 3 geographic areas were subjected to ICP-OES to measure a total
of 11 elements [33]. Although the authors did not find a direct influence of water and
feed used to raise the catfish on the final elemental composition of the fillets, the products
were separated by origin, with 100% accuracy whether canonical discriminant analysis or
K-nearest-neighbor analysis were used. Despite this, it should be noted that provenances
considered in this study are of geopolitical rather than of geochemical nature. Therefore,
the validity of the discrimination is limited by the fact that aquaculture catfish can be raised
elsewhere in waters with an equivalent elemental composition [33].
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3.2. Echinoderms and Crustaceans

Mislabeling of echinoderms has been poorly treated by the scientific community, prob-
ably because the consumption of these products, however high, is mainly limited to Asian
countries. Two applications regarding the authentication of sea cucumber (Apostichopus
japonicus) through elemental profiles have aimed at classifying the samples according
to three [23] and five [63] sampling areas in China. However, these applications used a
different number of elements, with 15 elements in the first case and to 39 in the second one.
In both works, a stepwise-LDA was used to concomitantly sort elements by their relative
importance in discrimination and build classification models. Concentrations of Al, Mn, Fe,
Co, Ni, Cu, As, Se, Cd, and Hg were found to be appropriate to differentiate 100% of sea
cucumbers in relation to the three sampling areas [23], while concentrations of Li, Na, Al,
K, Co, Cu, Cd, and Sc made it possible to achieve 88% accuracy in differentiating samples
originating from the five areas [63]. So, despite the higher number of elements measured in
the second study, measuring a higher number of elements is not always a straightforward
matter to achieve better discrimination results. If redundant or noise elements are not
strictly evaluated and removed by proper statistics, models built using many elements
as variables are likely to outperform, especially with an increasing number of origins to
be identified.

Reviewing the literature, crustaceans emerged as the most frequently analyzed cat-
egory of seafood products intended to be authenticated by their elemental composition
(see Table 1). More specifically, six out of seven works analyzing the multi-elemental
profile of crustaceans and taken into consideration in the present review dealt with the
authentication of the origin of shrimps or prawns [22,25,64–66,68]. Among these, only two
works concurrently investigated the possibility of using the same profile to address other
problems, such as the production method and the species identifications [25,65].

The use of the elemental profile alone was demonstrated to be an optimal strategy
to accurately assess the traceability of Pacific white shrimps (Litopenaeus vannamei) from
different sampling sites in the USA [64] to differentiate shrimps obtained from Vietnam,
Thailand, and India, which represent the biggest producing countries in the world [22].
When used in combination with light stable isotope ratios of carbon and nitrogen, the
elemental profile was able to discriminate shrimps according to different sampling areas
in China [64]. In general, despite the combination of major, minor, and trace elements
(especially K, Mg, Na, P, Ca, Ba, Cr, Pb, Se, Si Cd, Co, and Zr), the elemental profile was
successful in solving the origin discrimination problems in all cases. When concentrations
of REEs were determined and used as discriminant variables, it was found that these
elements had a greater analytical significance in determining the provenance of shrimps
compared to other variables [64].

To some extent, the superiority of the element composition over stable isotope ratios
of C and N to assess the traceability of shrimps was also demonstrated when farmed and
wild samples of seven different biological species, obtained from nine sampling zones,
were investigated [65]. Stable isotope analysis alone yielded to 100%, 71%, and 58% of
samples to be correctly classified using LDA by production method, origin, and biological
species, respectively. However, with an increasing number of samples into the models,
the origin discrimination accuracy decreased or did not significantly increase. On the
contrary, As, Cd, Pb, P and S concentrations alone showed greater accuracy in classifying
samples by origin (94%) and species (74%) and, when merged with stable isotopes ratios,
the two techniques showed the maximum discrimination power [65]. Similarly, both the
production method and the origin traceability of prawn (Penaeus monodon) were assessed,
with 100% accuracy when the multi-elemental profile and stable isotopes ratios were used
complementarily [25].

Advantages of coupling elements and light stable isotope ratio analyses outputs
to verify the exact provenances of high-value crustaceans are even more evident when
powerful classification machine learning techniques are applied. The contents of Na, Mg,
Al, K, Ca, Mn, Cu, Zn, Sr, and Ba, plus δ13C and δ15N measured on limited sample material
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and elaborated by means of SVM, allowed for the tracing of Chinese mitten crabs (Eriocheir
sinensis) according to eight different geographical origins around China, with 100% and
97% accuracy in cross-validation and external validation, respectively [67].

3.3. Mollusks

To date, mollusks have appeared to be the least frequently studied aquatic products
in terms of the evaluation of authenticity and fraud verification. This is particularly
remarkable considering that, according to the latest available data, the worldwide supply of
cephalopods and other mollusks has reached values of 3,535,732 tons and of 17,500,801 tons
per year, respectively [75].

Historically, the elemental profiles of bivalve or cephalopods mollusks were employed
to assess their geographical authenticity but performing such analyses on nonedible hard
parts of the animals (e.g., shells, statoliths, beaks) [76,77] does not guarantee the possibility
to apply the same methods to ready-to-cook products (eviscerated, beheaded, shelled),
which are rising in popularity in international markets.

An interesting study used ICP-MS in combination with LDA, SIMCA, and ANNs to
quantify and elaborate a total of forty elements in order to authenticate Galician mussels
(Mytilus galloprovincialis) under the European Protected Designation of Origin (PDO) and
protect the products from similar but lower-quality mussels [24]. A strong relation between
element composition of PDO mussels and the geomorphology and lithology of the specific
production zone, as well as with external contamination sources, was found. Whereas
the Se, Zn, Pb, Co, Mo, Ag, and Ba elemental signature was attributed to the metabolic
activity of the animals, the Ga, Zr, Eu, Lu, Th, and U signature was specifically related
to mineralogical sources of the area, and the V, Cd, and Sb signature was related to the
anthropogenic pollutant activities characterizing the area [24]. Keeping the complementary
information provided by all these elements, PDO from non-PDO products were 100%
accurately classified by LDA and SIMCA. On the contrary, the use of ANNs was found to
be more effective in discriminating the five different sampling zones from which the PDO
mussels were obtained.

In another work, particular attention was paid toward any effect that the seasonality
had on the elemental composition of bivalves [69]. Since season variations were mislead-
ingly reflected on the Mg, Rb, Pd, Cd, Sn, Ba, La, and Ce distribution into the mollusks, the
authors were able to authenticate samples of Manila clams (Ruditapes philippinarum) using
a different pattern of elements composed by Mg, Rb, Pd, Cd, Sn, Ba, La, and Ce, which, in
contrast, was found to be more strongly linked to the geographical origin of clams [69].

As far as we know, no works oriented toward the evaluation of cephalopods misla-
beling by measuring element composition of edible tissues such as mantles and fins are
available. Nevertheless, the inorganic composition of ink derived from cuttlefish (com-
monly used in the Mediterranean and Japanese gastronomy) showed some potential ability
to enclose geographical-related information [70]. Although no classification analysis was
performed, some elements, such as Cr, Ni, V, Cd, Pb, As, and Hg, were significantly dif-
ferent among ink samples of cuttlefish (Sepia officinalis) of different sampling sites in the
central Mediterranean Sea, suggesting that the contribution of the environmental pollution
should be further investigated in these kind of studies to verify whether it can reveal
actionable insights.

4. Why Are Aquatic Animals Ideal Candidates for Multi-Elemental Analysis?

The evaluation of the organic composition of foodstuffs continues to be the first choice
when the identification of individual markers or patterns of markers for authenticity and
traceability of fishery products is the main research goal. Nevertheless, measuring of a
high number of organic components without carefully considering their origin, signifi-
cance, sources of variations, and the general framework within which they are evaluated
frequently puts their outright specificity as markers of origin into question. Indeed, the
concentration and distribution of certain classes of organic compounds, such as fatty acids,
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peptides, and enzymes, are concurrently affected by so many aspects and circumstances
that it is often challenging to univocally relate them to the sole species and geographic
and/or farming origin. Pre-catch conditions, such as seasonality, climatic conditions, fish-
ing period, fish size, fish physiology and metabolism, and fishing gear, as well as human’s
post-catch manipulation and storage operations (storage temperature, packaging, lifetime
of the product, and so forth), are just a few examples of factors affecting the organic com-
position of fish [9]. Similar considerations are valid also for inorganic constituents, but the
correlation between the elemental compositions of fish tissues and the surrounding aquatic
environment has been demonstrated to be more stable and consistent over time. Therefore,
the probability that inorganic markers of fish origin are hidden by misleading factors may
be considered lower compared to organic markers. Based on the concentrations found in
the matrix, elements are normally categorized as major and minor (trace and ultra-trace)
elements. A detailed definition has been reported only for trace elements, defined as those
elements whose concentrations in the matrix are lower than 100 mg kg − 1 [78], and which
are mainly represented in food by B, Al, Fe, Mn, Ni, Cu, Zn, As, Se, Sr, and sometimes La
and Ce. Consequently, major elements have mass fractions above 100 mg kg − 1 (Na, Mg, P,
K, Ca, Mg), while ultra-trace elements have mass fractions generally below 1 mg kg − 1 [37]
(Li, V, Cr, Co, Rb, Y, Zr, Mo, Ru, Pd, Cd, Sn, Ag, Cd, Sn, Sb, Cs, Ba, lanthanides, Hf, Re, Pt,
Bi, Hg, Th, U, Hg). Rare earth elements (REEs), usually including Y, La, and lanthanides
(Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) [79], are emerging as very
promising inorganic markers of fish authenticity, despite the fact that their quantification
into foodstuffs is still limited to the very low abundance and consequent obstacles in
quantification by modern instrumentations. Concentrations of REEs in both surface water
and groundwater were found to vary significantly in relation to the geographical areas,
with the Asiatic continent (and, in particular, China) showing the highest levels, followed
by Europe, Africa, USA, and Australia [80]. These variations may be attributed both to the
natural release of REEs from the parental soil (weathering of black shale is a common cause
of increasing REEs composition in water) and to some anthropic activities (metallurgy,
glass and ceramic industry, electronics) responsible for the REEs release into the aquatic
environment and the consequent uptake by the aquatic fauna [81].

The overall major and minor elemental composition of fish is largely related to the
elemental content of the eaten preys, vegetation, or fodder. In turn, the content of elements
in animal and vegetable feeds is the result of the bioavailable elements which have been
mobilized from the soil and which reflect the overall characteristics of the geographical
area [12,82]. For example, as some alkaline metals (e.g., Rb and Cs) can be easily mobi-
lized from the underlying soils, the probability that their incorporation into fish tissues is
variable according to the geographical site is very high [83]. Other trace elements, such as
B and As, naturally enter the aquatic environment from volcanic and geothermal activi-
ties [84,85]. Therefore, their concentrations in fish and seafood tissues may be exploited to
discriminate animals from marine areas with specific geochemical characteristics. More-
over, concentrations of some major and trace elements, such as Li, Mg, Ca, Sr, Zn, Mn,
and Cu, are strictly regulated by the salinity of the marine basin, and this characteristic
makes them suitable to be potentially used for marine fish-tracing purposes [86]. In this
setting, it is not unexpected that traceability studies concerning marine fish species are, to
some extent, more standardizable, and thus more reliable compared to those dealing with
freshwater species. Along with some concern deriving from the closeness to the anthropic
environment, this aspect is attributable to the higher degree of dynamism of the marine
systems compared to freshwater ones. Since this dynamism is biologically, chemically,
and physically controlled, a more uniform element concentration from both a temporal
and spatial point of view can therefore be found in the marine environment, especially in
open ocean waters. Nevertheless, when performing authentication studies, consideration
must be given to the fact that the distribution ratio of certain elements between fish tissues
and seawater is altered by the metabolic activity of animals [74]. Specifically, the uptake
of many essential elements, such as Na, K, Mg, and Ca, is metabolically regulated by the
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same fish, since it is necessary for regulating physiological functions. Hence, the potential
for variation of these elements in relation to origin is masked by physiological ‘noise’ [87].
Consequently, they are hardly ever used in fish authentication studies.

Finally, a greater compositional heterogeneity is encountered in waters of coastal areas
compared to deep seawaters, where the proximity of anthropic releasing sources leads
some trace and ultra-trace elements to be variably introduced into the marine environment.
Nickel, zinc, arsenic, lead, mercury, and cadmium are well known for their higher concen-
trations along shorelines [88], since they are derived from certain agricultural practices
or industrial activities. On the other side, fish and seafood are not able to physiologi-
cally regulate the concentration of these nonessential (and often toxic) elements, which,
consequently, are passively accumulated into the animal’s tissues. If properly evaluated,
anthropic elements can also be used for origin authentication purposes [89].

To conclude, although introduced through different sources, elements can be success-
fully employed as authenticity markers of fish and seafood if the same introduction sources
are systematic, identifiable, manageable, and suggestive of the geographical origin or
production process [74]. In this context, when dealing with authentication of transformed
fish products, particular attention should be paid against the introduction of elements from
the production chain. These obstacles may be often overcome by comparing the effective
concentrations of elements in the final products with those found along as many stages
as possible of the transformation process, so as to be able to verify whether distribution
trends are retained along the production stages [74].

5. Final Remarks and Conclusions

The application of element profiling approaches to fish and seafood products has been
gaining momentum, and the scientific community has been working on the optimization
of both existing instrumentations for multi-elemental analysis and algorithms for statistical
analysis. The greater thrust has come from advances in chemometrics and machine learning
techniques, which now provide great support to the identification of maximum relevant
chemical information from large datasets not otherwise accessible.

From the analysis of the literature presented in this review, it is clear that the discrim-
ination of the geographical origin has been the most frequently discussed authenticity
topic, while other aspects, such as the farming systems, have been overlooked. In addition,
crustaceans have emerged as the most frequently investigated category of products, while
less emphasis has been placed on fish, echinoderms, and mollusks, especially cephalopods,
probably due to difficulties in drawing up an adequate sampling plan to build represen-
tative datasets. Regarding the statistical data treatment, PCA and LDA have been more
widely used, while machine learning algorithms have been neglected, despite their great
potential in discovering hidden discriminant patterns among data.

As for the selected methodologies, ICP-MS, followed by ICP-OES, has been the first
choice, accounting for the vast majority of the published research. Especially in the last
years, ICP-MS has been gaining popularity within the scientific community because it is
less complicated, less expensive, and undoubtedly the fastest and most universal trace
element technique commercially available today. This is mainly due to the advances
in collision/reaction cell technology, which offers an effective way to reduce spectral
effects from different polyatomic ions. Quadrupole mass spectrometers, in particular, are
increasingly being used and, until recently, it seemed impossible that a single technique
would fit perfectly to the needs of all the laboratories. For this reason, these instruments
are expected to supersede most of the ICP-OES and AAS applications in the near future. In
addition, it may be expected that various solid-sampling techniques, such as ETV-ICP-MS,
LA-ICP-MS, and XRF, may succeed more in the field of food authentication, with the
advantage of a reduced sample preparation.

Another peculiarity emerging from the published literature is the tendency to cou-
ple element profiles of fish and seafood with other analytical parameters, especially sta-
ble isotopes of carbon, hydrogen, and nitrogen, which has probably been motivated by
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the need to increase the accuracy of discrimination. Despite the benefits deriving from
the fusion of complementary or synergistic information, it is worth highlighting that
multi-elemental analysis may be sufficient to achieve equivalent results with an optimal
cost-performance ratio.

Looking forward, the increased use of ICP-MS-hyphenated techniques for elemental
speciation and ICP-MS/MS for interference-free determination and isotope ratio measure-
ment would represent a turning point for the high-throughput analytical characterization of
complex matrices such as food. Nevertheless, the reduction of the cost of the equipment for
multi-elemental analysis would certainly be desirable to further encourage the spreading
of multi-elemental analytical approaches in a different context from that of the specialized
laboratories dealing with food surveillance. Before getting to this point, the validity and ro-
bustness of elemental markers to ascertain fish and seafood authenticity must be increased.
Further work on these issues is therefore encouraged in order to integrate information
relating to any possible variable influencing the inorganic profile of fishery products with
the elemental information relating to the origin into adequately defined reference databases.
At the same time, continuous technological improvements, as well as the shift toward a
progressive miniaturization of the instruments, may be a major turning point, helping to
concomitantly monitor health risks associated with the occurrence of toxic metals such
as cadmium, lead, mercury, and arsenic, and to meet the demand for cost-effective and
energy- and reagent-saving instruments.
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studies.
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Abstract: The olive fruit, a symbol of Mediterranean diets, is a rich source of antioxidants and oleic
acid (55–83%). Olive genetic resources, including cultivated olives (cultivars), wild olives as well
as related subspecies, are distributed widely across the Mediterranean region and other countries.
Certain cultivars have a high commercial demand and economical value due to the differentiating
organoleptic characteristics. This might result in economically motivated fraudulent practices and
adulteration. Hence, tools to ensure the authenticity of constituent olive cultivars are crucial, and
this can be achieved accurately through DNA-based methods. The present review outlines the
applications of microsatellite markers, one of the most extensively used types of molecular markers
in olive species, particularly referring to the use of these DNA-based markers in cataloging the vast
olive germplasm, leading to identification and authentication of the cultivars. Emphasis has been
given on the need to adopt a uniform platform where global molecular information pertaining to the
details of available markers, cultivar-specific genotyping profiles (their synonyms or homonyms) and
the comparative profiles of oil and reference leaf samples is accessible to researchers. The challenges
of working with microsatellite markers and efforts underway, mainly advancements in genotyping
methods which can be effectively incorporated in olive oil varietal testing, are also provided. Such
efforts will pave the way for the development of more robust microsatellite marker-based olive
agri-food authentication platforms.

Keywords: authentication; cultivar identification; Olea europaea; olive oil; simple sequence repeats;
traceability; table olive

1. Introduction

The olive tree has been cultivated for approximately 6000 years in Mediterranean
countries, where 95% of olive germplasm is located. Its habitat is determined by the
Mediterranean climate, and it stands as the most highly cultivated fruit crop among
temperate crops in the world. According to data published by International Olive Council
(IOC) (www.international.oliveoil.org (accessed on 10 February 2021)), in the last 25 years,
olive oil production and consumption has increased by 1 million tons. The olive crop is
mainly located in the Mediterranean Basin (the leading producers being Spain, Italy and
Greece). Moreover, the olive is also a crop under increasing cultivation in non-traditional
countries such as Argentina, Australia, Chile, China, Japan and the United States.

Both olive oil and fruits have been found to be a rich source of antioxidants and
various other secondary metabolites (phenolics, carotenoids, tocopherols, anthocyanins
and oleosides). Olive oil in particular has an unique lipid fatty acid composition and health
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benefits such as defense against chronic degenerative diseases, and reduced cardiovascular
risks are attributed to the consumption of olive oils and table olives [1–3]. The increased
demand of nutritionally superior olive oil such as extra virgin olive oil (EVOO) and virgin
olive oil (VOO) and table olives has also led to increased adulteration of premium quality
oils and fruits. Hence, regulations and certifications such as protected designation of origin
(PDO) and protected geographical indication (PGI) (EC Regulation no. 510/2006) have
been laid out to check product authenticity and traceability.

The exchange of germplasm in ancient times and increased commerce among olive
growing nations has established complex genetic relationships among different olive gene
pools [4]. The cultivation of cultivars in new climatic conditions and the adoption of
local names for new introduced material have led to confusion in the denominations of
varieties [5,6]. More than 1200 cultivars of olive spread across the Mediterranean region,
with around 600 olive cultivars under cultivation in Italy itself, have been described in the
olive germplasm database [7]. The characterization and recognition of many other cultivars
and ancient and wild forms is still an ongoing process, and several studies have been
undertaken in this direction using morphological as well as molecular tools [8]. Germplasm
banks have been established to ensure ex situ conservation of olive genetic resources, and
emphasis is being given to the use of microsatellite markers or simple sequence repeats
(SSRs) as tools to better inventory these valuable repositories. Molecular characterization
or genotypic profiling of available germplasm will not only provide unique identification
keys but also help in the development of molecular authentication platforms, wherein these
cultivars, wild forms or related species can easily and accurately be identified. Ever since
being developed, SSRs or microsatellites are among the most frequently used molecular
markers in olives. This is also evident from the large number of publications available
pertaining to the use of SSRs in olive research. The characteristic features such as the
multiallelic nature, wide genomic distribution, codominant inheritance, locus specificity,
high mutation rates, utility as functional markers (present in transcribed regions), cross-
transferability, amenability to automation, easy in silico mining and primer design have
established SSRs as the markers of choice in most species [9,10]. Detailed reviews are
already available, explaining the development, uses and advantages of SSR markers in
plants [11–13], and these can be consulted for more elaborate information.

In olives, microsatellite markers have been used in various applications such as
cultivar identification, characterization of autochthonous olives (ancient olive trees and
oleasters), the management of olive germplasm banks, phylogenetics, diversity analysis
and mapping. Moreover, these have also been widely utilized in the authentication and
traceability of cultivars in olive agri-food products. Most of the studies involved the use
of nuclear genomic SSRs, and recently expressed sequence tag (EST)-based SSRs or the
EST-SSRs are also being exploited in several olive genetic studies. Olive SSRs have also
been used in combination with other marker systems such as amplified fragment length
polymorphisms (AFLPs), inter simple sequence repeats (ISSRs), single nucleotide polymor-
phisms (SNPs) and random amplified polymorphic DNA (RAPD) in various studies related
to mapping, cultivar discrimination and genetic relationships [14–24]. Microsatellites, be-
ing so extensively applied in olive germplasm cataloging, authentication and traceability
studies, need to be reviewed in detail, and therefore, the present review aims to elaborate
on the development of SSRs in olives and specifically targets their use in olive cultivar
identification, cataloging of germplasm and the traceability of oils and table olives. Infor-
mation generated through such studies has been thoroughly compiled and presented in
this review through extensive literature searching, mainly using Google (www.google.com
accessed on 26 July 2021) and Google Scholar (scholar.google.com, accessed on 26 July
2021). Research articles and reviews covering a wide timeframe and encompassing in-
formation about olive distribution, the development of SSR markers and databases on
olives and their vast applications were referred. Since the aim of the review is to mainly
highlight the utility of SSR markers in the characterization of germplasm banks and local,
wild and centennial olive germplasm, thereby leading to proper cultivar identification
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and cataloging and utilization of such information in olive agri-food authentication and
traceability, articles pertaining to these fields were mainly included in this review. The
review should be useful to researchers working in the above-mentioned areas. Key factors
that affect the applicability and usefulness of microsatellites in olive varietal identification
are also emphasized and discussed in the manuscript.

2. The Olive Germplasm

The olive (Olea europaea L.) belongs to the family Oleaceae, which comprises around
30 genera and over 600 species. The genus Olea has some 35 species, including both
O. europaea subsp. europaea var. sativa (cultivated olive) and Olea europaea subsp. europaea
var. sylvestris (wild olive or oleasters). In addition, the wild olive includes feral forms
which are seedlings of the cultivated olives or the result of hybridizations between the
oleasters and cultivars [25,26]. Additionally, five subspecies, namely laperrinei (Saharan
massifs), cuspidata (Afro-Asiatic), guanchica (Canary Islands), maroccana (Morocco) and
cerasiformis (Madeira), comprise the Olea europaea complex.

The olive was probably domesticated in the Middle East about 6000 years ago [27].
Afterward, commercial shipping spread this crop westward across the Mediterranean
Basin, leading to complex genetic relationships among cultivars [4]. The empiric selection
of outstanding individuals within wild olives, crosses between the previous selected or
introduced cultivars and other local cultivars or wild olives in all growing areas have
yielded a huge number of local cultivars. The easy vegetative propagation of the olive
cultivars has allowed for maintaining the characteristics by which they were selected,
such as greater productivity, fruit size, oil production and environmental adaptation. It is
estimated that there are more than 2000 olive varieties worldwide [28]. The denomination
of olive cultivars is usually a process synchronous to their diffusion. Initially, olive cultivars
were named using generic criteria, like their outstanding morphological traits, utility
of production or the locality of origin of the propagated material, or based on other
characteristics [8]. Consequently, in olives, the existence of synonymy (different names for
the same cultivar) and homonymy (same name for different cultivars) among and within
olive-growing countries is very frequent [5–8].

Germplasm banks are facilities that permit us to ensure “ex situ” conservation of
genetic resources. Clonally propagated fruit crops such as olives are typically conserved in
“live collections”, which are suitable selected field plantations where the crop can fulfill
its normal biological cycle [29]. Prospecting surveys of olive cultivars in many countries
and the exchanges of cultivars between countries have contributed to the high number of
conserved accessions in “ex situ” collections. Bartolini et al. [7,30] reviewed for the FAO the
accessions conserved in approximately 100 regional and national collections in 54 countries,
which include more than 4000 accessions supposedly belonging to 1250 cultivars [31]. Most
of these cultivars come from major producer countries like Italy (538 cultivars), Spain (183),
France (88) and Greece (52) [32]. Since 1994, the IOC has been promoting a network of
banks to preserve the heritage of olive varieties grown in countries around the world. The
network presently includes a total of 23 germplasm banks, housing over 1700 varieties
andis composed of 3 international banks—Cordoba (Spain), Marrakech (Morocco) and
Izmir (Turkey)—and 20 national banks (Albania, Algeria, Argentina, Croatia, Cyprus,
Egypt, France, Greece, Iran, Israel, Italy, Jordan, Lebanon, Libya, Montenegro, State of
Palestine, Portugal, Slovenia, Tunisia and Uruguay) (https://www.internationaloliveoil.
org/the-ioc-network-of-germplasm-banks/, accessed on 5 February 2021). The Olive
World Olive Germplasm Bank of Cordoba (Spain) (WOGBC) was established in 1970,
and it is one of the largest with more than 1000 accessions from 29 countries [33,34]. The
second international bank (WOGBM) was established in 2003 in Marrakech (Morocco)
and contains around 560 accessions from 14 countries (mainly from the Mediterranean
region) [35]. The third international bank was recently established (2017) in Izmir (Turkey),
including 274 accessions [36]. The national olive banks preserve the local as well as
important international cultivars.
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Despite these efforts, the exploration and conservation of the genetic patrimony of
olives is still incomplete. In recent years, numerous initiatives have been promoted to
explore, preserve and exploit unknown material, including minority local varieties, cen-
tenary trees and wild olive populations (see Section 4.1). It is indeed very clear from
the above information that a vast collection of olive cultivars is presently available, but
challenges related to correct denominations, geographical origin and proper cataloging
of these germplasm still persist, and molecular tools such as SSR markers can be a pre-
ferred choice for addressing these aspects, contributing to the proper authentication of
agro-food products.

3. Microsatellites in Olives

3.1. Development and Available SSRs

The earliest reports of the development of microsatellites in olives are from the year
2000 by two independent groups. Rallo et al. [37] developed 13 SSR loci (prefixed as
IAS-oli) by sequencing 43 clones screened as positive on a GA-enriched olive genomic
library of the cultivar “Arbequina”. Among these, only five were found to be polymorphic
when analyzed for polymorphism in 46 olive cultivars. The occurrence of repeats, other
than the enriched “GA” repeats, was found in the form of compound microsatellites and
presumed to be common in the olive genome. Sefc et al. [38] screened a size-selected
olive genomic library for GA and CA repeats and designed primers (prefixed as ssrOeUA-
DCA or DCA) for 28 microsatellite loci. Among these 15 loci, amplified specific products
were polymorphic across a set of 47 olive trees from Iberian Peninsula and Italy. In the
year 2002, other groups simultaneously reported the genomic library-based development
of microsatellites in olives. Carriero et al. [39] screened a (GA/CT)n-enriched genomic
library and characterized 20 SSR primer pairs (prefixed as GAPU) in 6 olive cultivars and
finally reported 10 polymorphic SSR loci after testing on a set of 20 olive accessions. An
average of 5.7 alleles per SSR loci was obtained with these markers. Although enriched for
dinucleotide repeats, clones in the library also possessed “CCT” and “TTC” trinucleotide
repeat motifs. Cipriani et al. [40] also reported the selection and sequencing of 52 SSRs from
(AC/GT) and (AG/CT) repeat-enriched genomic libraries of the olive cultivar “Frantoio”.
Out of these, a set of 30 SSR primers (prefixed as UDO99) were screened for polymorphism
in 13 olive Italian cultivars. GA and CA repeat-enriched libraries were also developed
by De La Rosa et al. [41] from the cultivar “Picual” and designed 13 primer pairs (EMO
prefixed), out of which only 6 were found to be polymorphic in a set of 23 olive cultivars
and were also tested for cross-species transferability.

To further expand the arsenal, the olive cultivar “Arbequina” was used in genomic
library preparation and enrichment for GA, GT and ACT repeats by Diaz et al. [42]. How-
ever, inserts with the “ACT” repeat motif were not obtained even after the enrichment
step. Specific primers (prefixed as IAS-oli) could be designed from 10 of the sequences
containing repeats and an additional 14 sequences available from an earlier report. Gil
et al. [43] also employed similar techniques of genomic library enrichment, screening and
sequencing with the olive cultivar “Lezzo”, and they reported 12 polymorphic SSR primers
(prefixed as ssrOeIGP) when amplified in a set of 33 olive cultivars. All these genomic SSRs
have been extensively used in the characterization of olive cultivars and molecular genetic
studies in olives, as reviewed in the sections below. Series DCA-, GAPU- and UDO have
been very used; nevertheless, others (e.g., the EMO and IAS-oli series) have been scarcely
used. Most of these attempts involved dinucleotide repeat-containing sequences for the
primer design, and the GA/CT motif was commonly used. An olive genome is presumed
to have a relatively frequent occurrence of compound microsatellite motifs, as found in
most of the SSR development studies described above. Multiple amplification products
were also reported in some genotyping experiments and probably occurred due to, for
example, priming at more than one site, ploidy of the species, the presence of compound
microsatellites and genome duplication events [37,40].
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EST-SSRs have gained interest in recent years, owing to their easy development
through user-friendly bioinformatics tools, higher cross-transferability across species and
ability to be used as functional markers in marker-assisted breeding [10]. With the begin-
ning of sequencing projects and advanced sequencing technologies, genomic resources
in the form of whole genome sequences and transcriptomes have been made available in
public databases for olives. These are a rich source for the in silico development of SSR
markers in olives. The availability of different transcriptomes has given researchers the
opportunity to screen and design primers for microsatellite repeats present in the coding
regions of the genome, thus allowing association of marker variability with phenotypic
traits in olives. Data from cDNA libraries sequenced as a part of the OLEAGEN project, an
olive genomic project in Spain [44] was used to extract sequences with core hexanucleotide
repeats, and a set of eight EST SSR primers were designed (prefixed as OLEAGEN-H)
which were successfully tested for genotyping as well as paternity testing in olives and
were found to be comparable to dinucleotide-based genomic SSRs reported in earlier
studies [45].

Adawy et al. [46] identified 8295 SSR repeat motifs after in silico mining of the EST
sequences available in the NCBI database and described 1801 EST SSR primers (prefixed as
Oe-ESSR) that could be amplified in different genes. Among the set of ESTs, the highest
percentage (77.6%) for mononucleotide repeats and lowest for tetranucleotide repeats
(0.29%) were reported, with the AAG/CTT repeat dominating among trinucleotide types
and AG/CT dominant in the dinucleotide repeats. Twenty-five primers randomly chosen
for amplification in a set of 9 cultivars were able to amplify, and 10 of these were found
to be polymorphic. Tissue-specific transcriptomes [47–49] were utilized for the in silico
mining of microsatellite repeats in transcripts in [50]. Trinucleotide and longer repeat motifs
containing sequences were BLAST aligned to available olive genome data (oleagenome.org),
and after screening for locus redundancy, 80 SSR sequences were targeted for primer design.
From a prescreening of 5 olive cultivars for amplifiable loci and expected product size, a set
of 26 EST SSRs were finalized (prefixed as OLEST). The authors described a set of the 10 best
OLEST SSRs after allele sequencing and validation on a larger set of olive cultivars and
related species as potential functional markers in olives. EST SSRs (prefixed as OeUP) were
also identified in [51] from a transcriptome of developing fruits of the olive variety “Istrska
belica” [52]. Dinucleotide repeats appeared to be abundantly present (36%), with “GA” as
a common repeat motif and trinucleotides showing a presence of 33% and “GAA” as a
common motif. Out of the 110 EST SSRs chosen for primer designing, 46 showed positive
amplification and polymorphism when validated on a set of 8 cultivars and analyzed for
diversity among 24 olive varieties. A final set of 27 EST SSRs was recommended on the
basis of a low null allele frequency and no deviation from the Hardy–Weinberg equilibrium
for diversity and population genetics in olives. Dervishi et al. [53] also performed in
silico mining of developing fruit transcriptome of the variety “Istrska belica” for tri- and
tetranucleotide repeats and reported 12 primers (prefixed SNB and SiBi) out of 35 EST SSRs
for olive genetic studies. Gene annotation for sequences carrying microsatellite repeats
was also performed, and genes for disease resistance were reported. Similar to earlier
reports, the “AAG” motif was found to be most prevalent among the trinucleotide repeats
which were found in 0.18% of the sequences. In the case of tetranucleotides, “AAAT” was
most frequent, and the number of repeat units in a sequence ranged from 6 to 21 in the
case of trinucleotides and 4–14 for the tetranucleotides. SSRs were also found to exist in
compound form in a few of the cases.

More recently, genomic SSRs based on trinucleotide repeats (with at least five core
repeats) were retrieved from the whole genome sequence information in olives, and
SSR primers were developed (prefixed as BFU), covering most of the chromosomes.
Twenty-one SSRs were found to be highly polymorphic and effectively discriminated
among a panel of 53 accessions of olives [54]. EST SSRs have also been developed by
Gómez-Rodríguez et al. [55], where tetra-, penta- and hexa-nucleotide repeats were re-
trieved from cDNA sequences, and primers were designed (prefixed as Olea). These newly
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developed markers could successfully discriminate the cultivars present in the core col-
lection of olives available at the Worldwide Olive Germplasm Bank of Cordoba, Spain.
Moreover, both the genomic and EST SSRs in olives have shown transferability across
oleasters as well as cultivated olives [41,53,56]. Table 1 depicts the key genetic indices as
observed while developing different microsatellite resources in olives. These SSRs are a
valuable resource and can be utilized in various studies related to germplasm characteriza-
tion, cataloging, cultivar identification and authetication in food products as discussed in
the sections below.

Table 1. Key genetic indices as reported for SSR markers developed in olives using enriched genomic libraries and
EST sequences.

Reference
Naming of
SSR Loci
(Prefixes)

Type of SSR

No. of
Polymorphic

SSRs
Reported

No. of Cultivars
Used in

Characterization
of SSRs

Na Ho He

[37] IAS-oli Genomic 05 46 3–9 - 0.460–0.710
[38] DCA Genomic 15 47 4–15 0.283–0.979 0.357–0.859
[41] EMO Genomic 13 23 6–9 0.391–0.913 0.620–0.811
[39] GAPU Genomic 10 20 3–9 - -
[40] UDO99 Genomic 28 13 1–5 - 0.000–0.770
[43] ssrOeIGP Genomic 12 33 2–14 0.188–0.813 0.417–0.895
[42] IAS-oli Genomic 12 51 1–13

[45] OLEAGEN-
H EST-SSR 08 15 2–7 0.380–1.000 0.490–0.850

[46] Oe-ESSR EST-SSR 1801; 25 of
these used 09 - - -

[51] OeUP EST-SSR 46 24 2–8 0.042–1.000 0.042–0.869
[50] OLEST EST-SSR 26 32 2–10 0.219–0.813 0.195–0.839
[53] SNB, SiBi EST-SSR - - - 0.357–0.932 0.294–0.790
[54] BFU EST-SSR 21 53 3–10 0.140–0.910 0.520–0.810
[55] Olea EST-SSR 08 36 4–7 0.350–0.710 0.540–0.750

(Na) Average number of alleles per locus. (Ho) Observed heterozygosity. (He) Expected heterozygosity or gene diversity.

3.2. SSR Protocols for Cultivar Genotyping

Allele size discrepancies found while comparing the same set of SSRs across different
samples and laboratories make the task of fingerprinting cultivars quite challenging, and
thus, the utility of SSRs in cultivar authentication or in food traceability is also hampered.
SSR protocols for the genotyping of olive cultivars and consensus sets of microsatellites
have been proposed by various research groups for uniform data analysis and comparison.
With an aim to standardize a set of SSR markers for olive genotyping, Doveri et al. [57]
found that among 17 SSR markers, 6 (DCA3, DCA8, DCA11, DCA13, DCA14 and DCA15)
showed maximum concordance between data points scored from all partner laboratories.
Emphasis was made toward harmonization of SSR profiles for better resolution of the alleles.
Baldoni et al. [58] performed an exhaustive exercise across four independent laboratories
and proposed a consensus set of 11 SSRs (UDO-043, DCA9, GAPU103A, DCA18, DCA16,
GAPU101, DCA3, GAPU71B, DCA5, DCA14 and EMO90) for olive genetic studies. SSRs
were ranked according to the peak intensity, stuttering, null alleles, number of amplified
loci and allelic error rate, which were calculated to determine the concordance of the SSRs
being tested. Allelic ladders were constructed using a set of genotypes which carried
true-sized alleles as confirmed by sequencing to identify the corresponding alleles between
labs and to reduce the chance of mistyping alleles. The generation of allelic ladders using
known profiled cultivars will allow univocal allele binning and assigning correct sizes to
the new alleles. The SSRs present in the consensus list have been used in several genotyping
and diversity studies of olives since then.

A protocol was also proposed by Trujillo et al. [8] using a nested set of 5, 10 and 17 SSR
markers that allowed for quick characterization, authentication and identification of olive

30



Foods 2021, 10, 1907

cultivars present in the WOGB in Cordoba, Spain and which could be used for management
of germplasm resources in any olive gene banks. A molecular key for the identification of
cultivars was also proposed by Aksehirli-Pakyurek et al. [59], where a classification binary
tree (CBT) was developed and provided sorting of unknown new material that could be
originating from any of the cultivars being analyzed. Hence, well-accepted SSR allelic
profiles for specific cultivars are absolutely essential in order to avoid any confusion during
molecular genotyping by different laboratories. This will also help in adopting a more
uniform and application-worthy traceability and authenticity protocol based on SSRs.

3.3. Genotyping Methods

Over the years, genotyping methods used for SSR analysis have advanced to a great
extent. When the aim is to specifically use SSRs for food authenticity and traceability,
the genotyping methods being used are of the utmost importance, as any discrepancy
in allele identification may lead to wrong cultivar identification and hamper the results.
Earlier research mainly involved the use of agarose gel electrophoretic separation of SSR
amplification products, and the resolution of alleles with 2–4 bp (base pair) differences
in size was quite difficult. Denaturing polyacrylamide gels (4–8%) were also used for
fragment separation [39,40,60], as these allow for better resolution compared with agarose
gels when small base pair differences are to be identified, but these are more cumbersome to
prepare, use toxic chemicals like acrylamide and involve silver staining for visualization of
the separated bands. Development of more precise separation matrices in the form of high-
resolution agarose have been used in amplicon separation in olive SSR analyses to resolve
amplicons that differ in size by as little as 2% [37]. With more and more advancement
in amplicon resolution and separation methods, matrices such as polyacrylamide and
agarose are becoming obsolete and being replaced with automated capillary electrophoresis
techniques and sequencing-based instruments which could achieve more sensitive allele
separation and base pair calling. These advanced technologies reduced the separation
time; hence, results could be obtained faster, and working with a huge sample size became
easier. Moreover, integrated data analysis software, multiplexing, better reproducibility
and elimination of staining procedures makes automated sequencers quite advantageous
over the conventional methods of genotyping. This becomes very important when SSRs
are to be used as a potential tool in olive authentication and traceability. Robust allele
separation and detection is very crucial in such cases and thus requires high-throughput
techniques. One of the major limitations while using microsatellites is the allele calling
differences that may emerge due to polymerase slippage, DNA quantity or quality and the
use of different instruments and reagents by different laboratories. Additionally, variations
in results may arise due to post-PCR handling of samples in the case of gel-based platforms.
These factors may cause problems in accurate determination of cultivar-specific SSR profiles
and hence need to be taken into consideration while comparing genotyping results across
laboratories and identifying correct cultivars [58].

High-resolution melting (HRM) analysis, an advanced method that compares the
melting curve profiles of double-stranded DNA products and detects polymorphism, has
recently been used as an alternative to gel-based polymorphism detection methods in
olives and other species [61,62]. HRM shows greater resolving power compared with
conventional melting curves, which are based on only the value of the melting temperature
(Tm) and may not give better discrimination between different genotypes [63,64]. More
nucleotide variations associated with the flanking regions of repeat sequences, such as
single-nucleotide polymorphisms (SNPs), can be detected through this method and hence
expand the applicability and potential of SSR marker systems. Refinements in the method
are still going on so as to overcome challenges like specificity of the PCR, multilocus
markers, and a high number of alleles [64]. Thus, continuous advancements are being
made toward achieving more effective and accurate genotyping of the samples. This would
help adopt a uniform method for olive genotyping, and hence information could be easily
communicated and transferred between laboratories.
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3.4. SSR Databases

It is indeed very clear that large-scale SSR genotyping projects have generated a vast
amount of molecular data for different cultivars across the olive-growing regions of world.
Nevertheless, this remains unutilized and inaccessible most of the time. A database is a
necessary tool to correctly catalog any germplasm bank and optimize its management.
Moreover, the database is the keystone to guarantee that a commercial edible product (oils
or table olives) matches the cultivar specified on the label. For these reasons, the data
from such independent studies need to be available on uniform platforms for easy access
and use of the information. Attempts have been made to develop informative databases
for olive trees, such as the Istrian olive database (http://old.iptpo.hr/iod, accessed on
20 January 2021), formed by assembling information about the morphological and molec-
ular profiles of Istrian olive cultivars. This was an outcome of the DNA fingerprinting
study of olive varieties of Istria conducted by Poljuha et al. [65]. The OLEA database
(http://www.oleadb.it/, accessed on 20 January 2021) was yet another olive molecular
database established in 2007 by researchers in Italy, and it comprised SSR marker data of a
broad set of olive cultivars. Users could search for cultivars corresponding to a particular
data type and variety identity and also look for cultivar information across different olive
collection facilities.

With the generation of more and more EST information in public databases and the
development of EST SSRs in olives, genetic studies have also been conducted using these
SSRs. ReprOlive (http://reprolive.eez.csic.es, accessed on 20 January 2021) is a freely
available database that gives access to the reproductive transcriptomes of olive trees, where
information can be retrieved about tentative transcripts containing SSR units and suitable
primers can be designed [66]. Another comprehensive olive database, the Olive Genetics
Diversity Database (OGDD) pertaining to SSR molecular data, was generated by Ben Ayed
et al. [67], and it is reported to contain morphological, chemical as well as molecular genetic
(SSR) information about several olive varieties and oils. However, it is emphasized that
the regular addition of newly generated information, updated software and easy access
of these databases are required so that users can access the webpages and information
smoothly. Public databases would make comparative studies much easier and more useful
in the identification and authentication of cultivars and their products, and the information
could be used by breeders, population geneticists and researchers across laboratories.

4. Applications of SSRs: Cataloging of Olive Germplasm, Food Authenticity and
Traceability Studies

4.1. Cataloging Olive Germplasm

The varietal cataloging process implies (1) characterization or description of the culti-
vars at different levels (e.g., morphological, molecular or agronomical); (2) identification, a
process that allows us to classify or differentiate one cultivar from the rest; (3) authentica-
tion, a process that guarantees that a cultivar corresponds to the original cultivar from its
natural area of cultivation or origin; and (4) assigning the correct name to the cultivar once
identified and authenticated and defining its synonyms and homonyms [68]. Therefore, the
cataloging of any bank should be an essential requisite before using plant material for con-
servation, propagation and breeding purposes. Varietal information is also a key identifier
in quality control for high-value virgin olive oils and table olives in the food industry.

In species like the olive, this task becomes particularly challenging. There are several
factors that contribute to this, such as the vast number of olive cultivars, the use of generic
criteria to name them and the misunderstanding around basic concepts that has led to a
confusing scenario. In addition, the heterogeneity of criteria and methodologies applied
for cataloging has hampered the completion of varietal cataloging in most traditional
olive-growing countries. In this regard, the integration of molecular markers, particularly
the microsatellites with the pomological scheme defined by Barranco et al. [69], has allowed
for important advancements in the cataloging of olive germplasm [8]. In this work, the
challenges of the incorporation of SSR markers both for the cataloging of germplasm and
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traceability studies in olive oil and table olives are highlighted. Figure 1 summarizes the
microsatellites available in olives, the genotyping process and their applications in the
cataloging and management of olive germplasm.

 

Figure 1. Microsatellite resources and applications in olive germplasm cataloging, authenticity and traceability.

4.1.1. Cataloging of Germplasm Banks

Collections in a germplasm bank are a proper source of confirming the true identity
of the cultivar in question. Hence, proper identification and cataloging of plant material
becomes a prerequisite for efficient management of germplasm banks. The cataloging
(characterization, identification, authentication and naming of the cultivar) of the acces-
sions of any olive germplasm bank should be compulsory before distribution of any plant
material from that bank. Only the diffusion of true-to-type cultivars will avoid world-
wide confusion between the denominations and cultivars existing in almost any world
germplasm collection [30]. Aside from that, the SSR profiles of correctly identified and
authenticated material can be used as a reference when dealing with the authenticity and
traceability of olive products. In this direction, Trujillo et al. [8] exhaustively characterized,
identified and authenticated the 499 accessions (824 trees in total) present in the WOGBC in
Córdoba, Spain, representing samples from 21 countries using both phenotypic characters
and molecular profiles generated by 33 available SSR markers. Several cases of synonyms
and homonyms were detected and rectified, along with the identification of unique geno-
types. The WOGBC has now become one of the most characterized olive germplasm banks
and has paved way for other worldwide collections to also be well cataloged.

Trujillo et al. [68] also proposed and presented a guide in the international seminar
“The IOC Network of Germplasm Banks and The True Healthy Olive Cultivars Project” held
in Cordoba (Spain) in 2019. In this guide, the successive necessary steps and methodologies
for accomplishing these goals are described, from the arrival of the vegetal material to the
bank to the establishment of the plants in the field collection once identified, authenticated
and free of pathogens. The molecular protocol is based on a set of 17 previously selected
SSRs. All of them are robust and extremely polymorphic, with almost a limitless capability
to catalog olive cultivars [8]. Aside from that, in most of the IOC Network collections, there
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is a considerable amount of information generated with SSR markers. These exhaustive
studies establish the potential of microsatellites as robust markers for the characterization
and identification of cultivars in rich olive germplasm. Better management of ex situ
collections would in turn facilitate the easy exchange of germplasm material even at
international levels, eliminate any mislabeling or misinterpretation of cultivars and ensure
a reliable supply of cultivars to research labs, breeders and markets. These are indeed
very useful resources in developing olive authentication and traceability studies, where
the genotypic profile of any cultivar in question can essentially be matched with its true
representative maintained in these worldwide collections.

4.1.2. Local Cultivars and Centennial Trees

In the last 25 years, important socioeconomic changes in many Mediterranean coun-
tries have driven significant technological improvements in olive cultivation. These changes
are increasing the risk of genetic erosion of olive germplasm because local traditional culti-
vars are being replaced by a few cultivars that are suitable for new mechanically harvested
plantations. Therefore, the identification and conservation of traditional olive cultivars
are currently high-priority tasks that are needed to ensure the sustainable use of those
cultivars in the future [70]. Microsatellite markers have been proven to be immensely
useful in describing olive cultivars cultivated locally in certain regions [71–76]. Genotypic
data about these local cultivars are useful information when authenticating commercial
products coming out of these areas and certifying the origins of cultivars.

In Montenegro, when characterized using 10 SSR markers from the consensus set
described by Baldoni et al. [58], the genotypic profile of the oldest olive tree, “Stara
Maslina”, was found to be quite distinct from other ancient trees and main varieties,
including the most diffused “Zutica Bar” variety. In addition, all locally grown and
ancient germplasm of Montenegro were grouped together into a separate cluster when
analyzed with other foreign cultivars [77]. Similarly, the autochthonous olive germplasm in
Crete, Greece, represented by three cultivars (“Koroneiki”, “Mastoidis” and “Throubolia”)
were characterized, along with two cultivars from Turkey and some representative wild
genotypes from Crete, using seven informative SSR markers (from the DCA, UDO99
and IAS-oli series). The autochthonous cultivars were grouped into separate clusters
showing their distinctness, and the cultivar “Throubolia” was found to be close to Turkish
cultivars, indicating possible exchange or movement of the germplasm in the past [59].
Such studies supported by SSR-based genotypic information highlight the uniqueness of
local germplasm and point toward more targeted genetic evaluation and conservation of
such germplasm in olive-growing regions. Additionally, the information thus generated
can also be utilized in developing SSR-based cultivar identification keys to be used in any
future authentication of agri-food products based on such cultivars.

Since antiquity, olives have been grown and cultivated in the Mediterranean region of
the world, and to date, many such centennial olive trees can be found growing in different
regions. Microsatellites have been the molecular marker of choice for the characterization
and identification of monumental or centennial olives from different olive-growing regions
and proved helpful in generating valuable information with respect to the genotypic iden-
tities of trees. These studies supported the hypothesis that ancient olive trees might be
unknown traditional cultivars that remained uncharacterized. Rotondi et al. [78] reported
that most of the 206 ancient olive trees growing across the Emilia-Romagna region in Italy
belonged to 10 cultivars that were already characterized, and the origins of the remaining
genotypes remained unknown. In yet another study, 4526 ancient olive trees were sur-
veyed in the “Taula del Sénia” (M-TdS) area (northeast Iberian Peninsula), and a subset of
293 trees was molecularly characterized using eight SSR markers, which revealed 43 differ-
ent genotypic profiles, with 98% of the trees belonging to the local cultivar “Farga” [79].
Erre et al. [80] genotyped 21 wild and 57 cultivated olives in Sardinia using 13 SSR markers,
where novel genotypes were identified and cluster analysis grouped the trees into distinct
“wild” and “local” gene pools. Hence, valuable information could be deciphered with

34



Foods 2021, 10, 1907

reference to the cultivar identity and existence of these trees using molecular as well as
phenotypic tools. This would also be helpful in devising strategies for the cataloging,
conservation and protection of such a rich ancient resource. The molecular information
in the form of SSR profiles generated through such genetic studies can be very useful in
cases where local cultivars are blended with commercial ones or when any high-value local
cultivars are being adulterated.

4.1.3. Characterization of Wild Olive Populations

Wild germplasm in olives, also known as oleasters, can be exploited in breeding
and genetic improvement programs as a rich source of variation in the development of
varieties with improved traits, such as biotic and abiotic resistance and increased growth
and yields. Microsatellite marker-based diversity studies and the estimation of genetic
relationships within wild olive populations and between cultivated and wild forms were
reported [80–90]. This would give better insights into the history of the domestication of
olives, the regional distribution of genetic diversity and any gene flow between oleasters,
feral forms and cultivated types. This topic has been recently reviewed by Belaj et al. [91].
Therefore, to obtain more detailed information, the reader is referred to this review.

In summary, Table 2 provides a list of studies highlighting the various applications
of microsatellites in the characterization of olive genetic resources. These studies actually
provide useful information about the various microsatellite markers used, and the different
genetic indices thus generated can help in the selection of the most appropriate set of SSRs
for any future work related to characterization or cultivar authentication. High genetic
variability can be utilized in selecting superior genotypes and cultivars for future breeding
programs and cultivation. Broad genetic diversity in olive germplasm is also reflected by
high heterozygosity levels (both expected and observed heterozygosity) obtained through
SSR analysis. For the most part, the expected heterozygosity (He) values were lower than
the observed heterozygosity (Ho) in olives, as represented in Table 2. Another informative
genetic index for SSR usefulness is the polymorphic information content value (PIC value),
which in the case of olive SSRs was >0.5 in most of the cases for different SSR loci and
reported to be as high as 0.95 by Omrani-Sabbaghi et al. [92].

4.2. Agri-Food Traceability: Olive Oil and Table Olives

Two of the essential components of Mediterranean cuisine, table olives and olive oil,
are among the most valuable agri-food products, especially in European markets. Their rich
nutritional value and antioxidant properties have also attracted customers from non-olive
oil producing areas such as the U.S. and Asia. Increasing demands and market value
have tempted certain groups toward fraud and adulteration of high-quality extra virgin
olive oils as well as table olives, with the mixing of cheaper low-quality oils such as other
vegetable oils [105] and mislabeling of products produced from high-value cultivars or
olive-growing regions being among the identified adulterations [106]. To prevent such
fraudulent practices, the European Union (EU) has enacted regulations and introduced
certifications (European Council Regulation EEC/2081/1992) in the form of “protected
designation of origin” (PDO) and “protected geographical indication” (PGI) and launched
a consortium-led project called “OLIV-TRACK” to work on olive oil traceability. Ad-
ditionally, recent projects such as the OLEUM project (http://www.oleumproject.eu/,
accessed 20 June 2021) and the Food Integrity Project (https://secure.fera.defra.gov.uk/
foodintegrity/index.cfm?sectionid=21, accessed 20 June 2021) have also presented strate-
gies to tackle olive oil fraud. Apart from the geographical origin of the cultivar and
processing methods, the cultivar genotype is one of the key determinants in defining
these designations. Therefore, methods are needed that can ascertain the authenticity of
cultivars present in a particular batch of olive oil. The concept of cultivar authentication
has primarily been used in the context of modern food technology to guarantee that the
commercial edible product matches the cultivar specified on the label [107–109]. The au-
thenticity of olive oil and table olives has been assessed through conventional methods,
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including chemical analyses where the presence of the key metabolites responsible for a
peculiar flavor and taste is examined. These mainly include the HPLC-based identification
of distinct metabolites [110,111]. Several other techniques such as lipid profiling, stable
isotope analysis and chromatography-based metabolite analysis have also been used in
olive product authentication and traceability [112,113]. Although these methods allow the
identification of cultivars and their origins, complex multivariate analyses and statistical
procedures are generally needed, which makes these challenging tasks. Additionally, many
of these methods are affected by the environment and physiological conditions during
the growth of plants, and hence variations in compositions may be seen. Therefore, DNA-
based detection methods have gained interest in recent years, as DNA is unaffected by
environmental conditions, and thus more specific, accurate and sensitive results could be
obtained regarding the origin and identity of a cultivar. Various DNA-based molecular
markers have been used in the authentication of olive trees and oil [114,115]. As already
detailed in this review, SSRs possess a high power of discrimination and are among the
most widely employed molecular marker systems in olives. Difference in SSR profiles
between olive oil-producing cultivars can be used to identify their presence in monova-
rietal oils as well as mixtures of olive oils. The isolation of DNA in adequate amounts
and quality from difficult matrices like olive oil is a challenging task, and the success and
reproducibility of PCR amplification and marker analysis largely depends on this. Over
the last decade, different isolation protocols and kits have been tested and modified for
better DNA extraction from fruits and oils, and these studies highlight the importance of
DNA quality and its impact on molecular marker-based tests [116–120]. Recently, Piarulli
et al. [121] compared four DNA isolation methods referenced in the literature and came
up with a modified method based on the work of Consolandi et al. [122] for the extraction
of DNA from extra virgin olive oil in a much smaller time frame (4 h as compared with
the 30 h reported) and involving low-cost options. A washable and reusable miniaturized
device has been developed as well and tested for highly efficient DNA purification from
olive oil, providing an increased surface-area-to-volume ratio when compared with other
approaches, allowing highly efficient DNA purification and concentration from samples
with minute DNA contents [123]. Molecular markers that amplify shorter fragments are
supposed to work efficiently with low-quality or fragmented DNA isolated from oil, and
SSRs and SNPs are the favored choice in such cases. Here, key achievements in the field of
olive oil and table olive traceability using microsatellite or SSR markers are reviewed and
summarized in Table 3 with details of the SSR markers and sample types used.

Breton et al. [116] used magnetic beads for DNA purification and amplified SSR alleles
from leaves as well oil DNA. The SSR patterns were verified in virgin oil samples of
known origins, either in separate cultivars or in mixtures, as well as in commercial virgin
oil samples available from markets. Virgin olive oil originating from 10 different olive
cultivars were also identified by Pasqualone et al. [124], and a set of three primers (DCA4,
DCA17 and GAPU89) was used to describe an identification key for olive cultivars and
oil traceability. Testolin and Lain [117] reported DNA extraction from olive oil, comparing
different protocols and commercial kits and utilizing conventional and nested SSR-PCR to
identify specific cultivar DNA in oil. Similarly, Muzzalupo et al. [118] performed SSR-based
authentication of virgin olive oil from “Ogliarola salentina” and Pasqualone et al. [125]
identified a PDO-designated extra virgin olive oil (Collina di Brindisi) which contained
aminimum of 70% oil from the cultivar “Ogliarola salentina”.These studies established the
utility of microsatellites in authenticating a cultivar in a mixture of oils as well.
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The use of principal component analysis (PCA) was emphasized in a study with
23 olive oil samples of Portuguese origin (11 monovarietal and 12 commercial oils), which
were fingerprinted using 4 SSR loci in combination with 2 RAPD and 4 ISSR markers. No
correlation among the common denominations was revealed and commercial samples from
the same olive oil brand as well as the samples from the PDO olive oil Tras-os-Montes
were found to be distributed in different PCA quadrants. The use of a larger set of markers
was therefore required in order to cluster the cultivars and identify each denomination.
The study found PCA analysis to be useful in the categorization of samples according to
the regions of origin [126]. While dealing with oil traceability through genetic markers,
the presence of alleles from pollinators also needs to be distinguished in order to infer
denominations correctly, as observed by Ben-Ayed et al. [119] and Alba et al. [127], where
parental contributions are assessed while comparing the microsatellite profiles generated
from the DNA of the leaves and oil of certain cultivars. The utility of microsatellites in the
genetic traceability of oil in agro-food chains was also established when DNA isolated from
the drupes or leaves samples of three olive oil cultivars, namely “Pisciottana”, “Frantoio”
and “Leccino”, were genotyped using six SSRs, and similar genetic profiles were obtained
with their monovarietal oils. A 1:1 DNA mixture from two extra virgin monovarietal oils
was also tested and could detect the expected alleles in the mixture [99].

Microsatellites have also been used in traceability analyses for PDO table olives. Three
Italian PDO olives could be reliably identified among a set of 10 olive cultivars using 16 SSR
primer pairs. A power of discrimination as high as 0.9 was obtained in the microsatellite
set used for analysis [130]. A combination of genetic and biochemical tools in olive oil
traceability studies can add to the accuracy of the experiments. Correlation between the
SSR genetic data from cultivars and chemical and sensory profiles of nine monovarietal
oils was observed by Rotondi et al. [137]. However, no correlation was obtained between
genetic and pleasant flavor profiles. A bunch of parameters could play a role in the success
of a traceability system based on genetic markers like microsatellites. An evaluation of such
parameters was conducted by Vietina et al. [128] through the genotyping of 21 monovarietal
oils obtained from 16 cultivars using 11 microsatellite markers. Each marker was assessed
for its amplification ability over different oil DNA, reproducibility across a set of replicates
in an experiment and correspondence of alleles in oil as well as leaf DNA. Significant
correlation was found between the amplification ability and DNA yield, indicating the
role of the extraction method. SSR marker GAPU89 gave a total correspondence and
amplification ability value of 49.32%, and marker DCA5 was found to have the highest
reproducibility, being 71.43 ± 21.82%. The high standard deviation values were attributed
to variations within the samples caused by DNA extraction. Microsatellites were also
successfully used by Ben-Ayed et al. [129] in the authenticity and traceability of virgin
olive oils, and they also reported the non-correspondence of SSR profiles between oil and
leaf DNA in some cases, thereby further strengthening the importance of distinguishing
the pollinator and maternal alleles. Figure 2 summarizes the process and the main factors
that may potentially affect the molecular traceability of olive oils and table olives when
using SSR markers. As depicted in the figure, during DNA isolation, DNA that is too
fragmented and very low yields may not always provide sufficient target templates and
hence do not amplify the correct alleles. Similarly, the presence of inhibitor compounds
from DNA extracts may lead to poor PCR amplification. Amplificability of the markers
is also required to be checked for different SSRs in DNA isolated by different methods.
Only those markers which give a consistent result in one or two methods should be used
further. For the genotyping methods, the resolution of alleles needs to be highly precise for
using SSRs in traceability and authenticity testing. Methods like capillary electrophoresis
and high-resolution melting have proven to be useful. The correspondence of alleles is yet
another important factor, where any microsatellite that generate similar profiles in a target
oil and corresponding leaf sample of the cultivar in question can be used as a traceability
marker. Ideally, the allelic pattern should be similar, but knowledge of the pollinating
behavior of the cultivar is beneficial for result interpretation. As for reproducibility, an ideal
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SSR used for traceability should be highly reproducible irrespective of the laboratories,
instruments and reagents used.

 

Figure 2. Process and main factors influencing the applicability of a microsatellite marker in the authentication and
traceability of olive oils and table olives.

Concerns with respect to the presence of traces of pollinator DNA in extractions made
out of oil matrices leading to differences in the allelic profiling of oil and leaf samples
also attracted researchers toward the applicability of plastid-based markers. However,
chloroplast DNA (cpDNA) among cultivars has shown low levels of variation, which has
limited its use in authenticity testing or traceability analyses.

Pérez-Jiménez et al. [131] utilized nine cpDNA loci that consisted of microsatellites and
small insertion–deletions (indels) to identify the olive cultivar in leaves and corresponding
oil DNA. Six haplotypes could be fingerprinted, and a rare haplotype was identified in
genotypes producing regionally high-valued commercial oil. The available olive plastid
genome can therefore be analyzed for the presence of more such microsatellite regions. In
order to overcome the challenges of DNA isolation from oil matrices, Muzzalupo et al. [132]
reported a direct DNA amplification method which avoided the routine extraction step
and instead used KAPA3G plant DNA polymerase (an engineered DNA polymerase which
could tolerate plant PCR inhibitors) for SSR amplification of membrane-filtered DNA
molecules. DNA isolated from this method was used to check the traceability of three
distinct types of virgin olive oil. The diagnostics power of microsatellite markers was
further proven in the analysis of processed olives by Crawford et al. [138], where a panel
of 5 SSRs was selected out of the 15 tested to authenticate California-style olive cultivars,
widely marketed as packed forms. Based on the differences in allele combinations gener-
ated through these markers, any two samples could be differentiated. While comparing
the genotyping method based on SSR alongside fatty acid analysis, phenolic content and
nuclear magnetic resonance (NMR) analysis, Crawford et al. [139] found NMR to be able
to discriminate all four tested cultivars in their processed forms. However, the five SSR
markers could still detect genetic similarity between Sevillano and Gordal cultivars and
indicated possible synonymy between the two.

More recently, techniques like high-resolution melting (HRM) have been reported to
be coupled to SSR genotyping for the identification of target cultivars in commercial olive
oil samples. HRM gives an additional advantage of closed-tube analysis post-PCR and is
a sensitive and cost-effective method. Montemurro et al. [133] identified the constituent
cultivars of PDO, designated “Terra di Bari” extra virgin olive oil, using HRM curve
analysis of the SSR marker DCA18, and Gomes et al. [135] also applied this method for
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varietal identification in monovarietal PDO as well as blended olive oils using three SSRs
from the UDO99 series (UDO99-011, UDO99-039 and UDO99-024) and one SSR from the
DCA series (ssrOeUA-DCA16). In addition, Pasqualone et al. [134] evaluated the effect of
talc addition during olive oil processing on DNA by comparing the SSR-HRM profiles of
treated as well as control samples. Similarly, Pasqualone et al. [136] carried out varietal
authentication in samples from crude olive pomace oil and corresponding virgin olive oil.
Chedid et al. [140] performed both SSR-HRM and SNP-HRM for authentication and trace
adulteration in olive oils and found that the discrimination power of SSRs was greater in
the case of monovarietal olive oils, while SNPs were the marker of choice when the oils
were blended together or adulterated.

Overall, microsatellites present a desirable system for formulating olive oil and table
olive traceability studies, and key parameters like DNA extraction efficiency, reproducibility
of the SSR profiles, knowledge about the breeding and pollinating behavior of the cultivars
in question and correspondence levels between the oil and reference leaf SSR profiles
should be focused on in order to utilize the method as a successful detection tool.

5. Concluding Remarks

A vast amount of genetic information about olive populations, wild relatives, local
cultivars and germplasm banks around the world is now available to researchers, which
can be utilized for developing cultivar breeding programs and better management of
global olive genetic resources. However, organizing this valuable information in the form
of easy-to-access and routinely updated databases is essential for the smooth transfer and
sharing of scientific knowledge to the olive research community and control laboratories
for the olive industry. Olives and olive oil have been an essential part of the diets for many
populations, especially the Mediterranean region, with a notable presence nowadays in
the non-olive growing nations of the world as well. Therefore, genetic characterization of
the available unexplored germplasm is an important step for the introduction of new and
improved cultivars. There are challenges associated with use of SSRs as tools to identify
olive cultivars and obtain reproducible DNA profiles extracted from its oils.

One of the main limitations in implementing a traceability system based on microsatel-
lites or any of the marker systems is the reproducibility of genotypic profiles across different
laboratories. There can be variations due to the quality of the DNA extracted and the geno-
typing method used, and therefore, results need to be carefully interpreted while using
the same set of cultivars and markers under different conditions. Additionally, identifying
pollinator origin alleles while comparing olive oil and corresponding leaf DNA is crucial
for correct result interpretation. A set of reference cultivars and their respective SSR profiles
should be defined globally, and this can be used as a set of controls during experiments
by all the laboratories working in cultivar identification and traceability of oil and table
olives in order to maintain the authenticity of the data. Olive oil and table olive quality
and authenticity is a topic of concern nowadays, and continuous efforts are being made to
develop traceability tools based on chemical as well as molecular methods. The available
literature indicates that microsatellites are a potential marker system with excellent utility
in cultivar identification and coupling with high-throughput platforms, like automated
sequencers, and high-resolution melting provides much faster and more sensitive and ac-
curate results. As developments are being made in sophisticated techniques of genotyping,
the problems associated with microsatellite profiling, such as mis-scoring of alleles or poor
resolution of the electrophoresis gels, are being overcome, allowing users to obtain robust
and reliable molecular profiles from samples of commercial olive oil and table olives.

With the use of next-generation sequencing (NGS) technologies in olive trees, more
and more genomic information is being added and can be used as a rich source for the
development of new sets of long core repeats containing microsatellite markers to overcome
limitations while using dinucleotide repeat-rich SSRs. The increasing number of available
genomic as well as EST SSRs will not only escalate the existing molecular arsenal but
also pave the way for their application in the development of functional markers and
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linkage, as well as association mapping, map-based cloning and marker-assisted selection
in the future, in addition to variety identification in high-quality food products such as
table olives and olive oil. The use of techniques like HRM has opened new ways of
analyzing microsatellites and exploring their potential beyond length polymorphisms. The
development and applications of SNP markers in olives have also gained attention in recent
years, but SSRs still remain a marker of choice to initiate preliminary genetic studies in a
collection of cultivars, especially in resource-limited laboratories.
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Abstract: To counteract food fraud, this study aimed at the differentiation of walnuts on a global and
regional level using an isotopolomics approach. Thus, the multi-elemental profiles of 237 walnut
samples from ten countries and three years of harvest were analyzed with inductively coupled plasma
mass spectrometry (ICP-MS), and the resulting element profiles were evaluated with chemometrics.
Using support vector machine (SVM) for classification, validated by stratified nested cross validation,
a prediction accuracy of 73% could be achieved. Leave-one-out cross validation was also applied
for comparison and led to less satisfactory results because of the higher variations in sensitivity for
distinct classes. Prediction was still possible using only elemental ratios instead of the absolute
element concentrations; consequently, a drying step is not mandatory. In addition, the isotopolomics
approach provided the classification of walnut samples on a regional level in France, Germany,
and Italy, with accuracies of 91%, 77%, and 94%, respectively. The ratio of the model’s accuracy to
a random sample distribution was calculated, providing a new parameter with which to evaluate
and compare the performance of classification models. The walnut cultivar and harvest year had no
observable influence on the origin differentiation. Our results show the high potential of element
profiling for the origin authentication of walnuts.

Keywords: walnut; Juglans regia; origin authentication; element profiling; inductively coupled plasma
mass spectrometry; ICP-MS; chemometrics; isotopolomics

1. Introduction

Walnuts are the seeds of the Juglans tree, particularly of the English or Persian walnut tree
Juglans regia. They are appreciated for their high level of polyunsaturated fatty acids as well as their
high tocopherol and potassium content. There are different walnut cultivars that are commercially
grown—e.g., “Lara” and “Chandler” [1–3]. Nowadays, consumers are increasingly interested in
products made with selected ingredients. The interest in sustainable and regional food is growing
correspondingly. As a result, consumers are willing to accept higher prices for products with a specific
geographical origin [4]. The annual financial damage by food fraud is estimated at 40 billion dollars,
and there are also health risks with lethal consequences [5]. The omics disciplines are suitable for
authentication by creating a fingerprint of the examined food to prevent food fraud [4]. DNA-based
methods for food authentication, which are only able to determine the genotype, are inevitably limited
to the determination of the biological identity [6,7]. Only in exceptional cases where only certain
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varieties are grown in certain regions can indications of geographical origin be obtained. Furthermore,
the presence of the analyte DNA is the essential prerequisite for carrying out molecular biological
analyses. This is usually not the case with fats and oils [4,8].

Isotopolomics is particularly applicable for origin analysis, as it reflects the influence of the soil
and thus the geographical origin [9,10]. Inductively coupled plasma mass spectrometry (ICP-MS) has
become a routine application in the field of isotopolomics for the generation of the elemental profiles of
food by the quantitative determination of the elemental composition of the sample in a wide dynamic
range (ng/kg to mg/kg) [11–14].

Walnuts have been analyzed before with regard to their origin, partly by determining the elemental
content. Esteki et al. used chromatographic fatty acid fingerprint analysis to differentiate walnuts
from six Iranian regions [15]. Gu et al. analyzed Chinese walnut samples with inductively coupled
plasma optical emission spectrometry and near-infrared and mid-infrared spectroscopy from three
production areas in Xinjiang [16]. Krauß et al. evaluated stable isotope signatures from different
regions in Germany [17]. In a preliminary but international study by Popescu et al., the authors used
nuclear magnetic resonance spectroscopy to investigate the differences between walnuts varieties from
five countries and two years of harvest [18].

To our knowledge, however, there has been no large-scale international walnut study based on the
analysis of elementary patterns comparing several geographical origins from at least three harvesting
years [19]. The element pattern is considered particularly suitable for determining the geographical
origin of walnuts, since walnut kernels grow inside the shell and are therefore protected from the
environment—i.e., practically unaffected by perturbations such as anthropogenic aerosols and soil
dust [2,20]. As a consequence, the exclusive elemental characteristics of the soil should be recognized
in the walnut kernels. Still, the analysis may be challenging from an analytical point of view, since only
small quantities of elements are to be expected in the fat-rich walnut kernels [20], requiring sensitive
analytical methods. ICP-MS offers limits of detection into the parts per trillion (ng/L) range [10,13],
and is therefore even more sensitive than inductively coupled plasma optical emission spectrometry
(ICP-OES), as applied in previous analyses of walnuts [3,21–23].

Therefore, the aim of this study was to develop a reliable chemometric model using ICP-MS in
combination with machine learning methods for the worldwide and regional origin authentication of
walnuts, independent from harvest year and cultivar.

In this context, we focused on the Juglans regia walnut species, as it is grown and consumed all over
the world and is generally considered to be of the highest quality and has the highest demand [15,17].

In 2018, about 3.6 million tons of walnuts were harvested. China (approx. 1.6 million tons) and
the USA (approx. 0.6 million tons) have the largest contribution to the worldwide walnut harvest.
In the context of walnut authentication for the west European market, however, not only is the total
harvest quantity important but also the quantity of exported and imported goods. Chile, for example,
is a significant contributor, exporting more than 10,000 tons to Germany, France, Italy, and Switzerland
combined. Turkey, Hungary, and Pakistan also play an important role [1,17,24].

Consequently, 237 walnut reference samples from three harvest years and originating from ten
countries were analyzed with high-resolution ICP-MS. Principal component analysis (PCA) [25] and
t-distributed stochastic neighbor embedding (t-SNE) [26] were carried out to visualize the data. Then,
machine learning methods were applied to develop classification models for the authentication of
walnuts from ten countries on a worldwide scale. Since a high number of authentic walnut samples
(>30) could be obtained from France, Germany, and Italy, classification models were also developed on
a regional level.
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2. Materials and Methods

2.1. Reagents and Materials

The elemental analyses of walnuts were based on a previous study [13]. In Table S1 (supporting
information), the reagents and materials used in this study are listed.

2.2. Sample Preparation

A total of 237 reference samples of relevant, market-available walnuts from three years of harvest
(2017, 2018, and 2019) were collected and analyzed in this study. The walnut samples originated
from ten countries and were purchased as shelled or in-shell goods. Thanks to the cooperation with
regional producers and project partners who work according to our internal guidelines to ensure
the authenticity of the reference material (e.g., by applying the HACCP guidelines, FSSC 22,000,
or providing the structure meta date), authentic walnut samples could be acquired. See Table S2
(Supporting Information) for detailed information and Figure 1 for a visual illustration. On arrival,
walnut samples were frozen and stored at −80 ◦C until further processing could take place. Element
patterns are less influenced by storage than other profiling levels, such as the metabolome [27]. At the
applied storage conditions of−80 ◦C, enzyme activities are inhibited—i.e., cell lysis is also inhibited [28].
One German walnut sample (harvest year 2018, Hesse) was selected as a quality control (QC) sample.

Figure 1. Overview of the 237 walnut samples with regard to their origin and harvest year.

2.3. Sample Preparation and Digestion

For each walnut sample, 100 g of walnut kernels were milled using a knife mill (Grindomix
GM 300, Retsch, Haan, Germany) with the addition of dry ice. If necessary, in-shell walnuts were
shelled before. Homogenized samples were freeze-dried for 48 h (Beta 1–8 LDplus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), including a stirring step after 24 h.

The sample digestion of 500 mg of homogenized and lyophilized walnut material was performed
using an Ethos.lab microwave (MLS GmbH, Leutkirch, Germany), as described in reference [13] and in
Table S3 (Supporting Information). For each digestion run, one vessel was selected for the QC sample
and one vessel for a blank. The QC sample was later used for quality assurance and the calculation of
the method’s precision (see Section 3.2).
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2.4. Analytical Procedure and Instrumentation

Multi-elemental analyses were performed on an HR-ICP-MS Element2 (ThermoFisher Inc.,
Waltham, MA, USA) coupled with an SC-E4 Autosampler (Elemental Scientific Inc., Omaha, NE, USA),
following a method validated in a previous study [13].

The multi-element method included 47 isotopes: Li, Be, B, Na, Mg, Al, K, Ca, Sc, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Mo, Ag, Cd, Te, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Tl, Pb, Bi, Th, U. The calculated limit of detection and limit of quantitation are given in Table S4
(Supporting Information). Here, also the respective element used for internal standardization is given.

Quantitation was conducted by external calibration. Instrument optimization, mass calibration,
and mass offset were performed daily. For further instrumental conditions and method validation, refer
to Table S5 (Supplementary Materials) and reference no. [13]. Tubes and pipette tips were pre-cleaned
by soaking in 3% (v/v) nitric acid overnight and subsequently rinsed with ultrapure water and dried.

2.5. Multivariate Data Analysis and Classification Models

Multi-element data were visualized and interpreted with one-way analysis of variance [29]
(ANOVA) tests using Matlab R2019a (The Mathworks Inc., Natick, MA, USA). Bonferroni post-hoc
tests [30] were calculated to determine inter-class differences using Microsoft Excel 2016 (Microsoft
Corporation, Redmond, WA, USA).

Boxplots for the data visualization of certain elements, including outlier detection, were created
using Matlab’s boxplot-function [31]. Furthermore, t-SNE (Barnes–Hut algorithm, cosine distance,
perplexity = 18) and PCA plots were calculated using Matlab. For interpretation, 95% confidence
ellipses were added to the score plots [32].

For the calculation of classification models, Matlab was applied; different settings of the
data pre-treatment, classification method, and validation were compared for each sub-issue
(the differentiation of all walnuts or the differentiation of only French walnuts, etc., as described in
the following sections). The settings for the data pre-treatments, the classification methods, and the
validation are stated in Table 1. For classification methods, we chose linear discriminant analysis,
support vector machine [33], subspace discriminant [34,35], and random forest [36]. Following a design
of experiments approach, the results of every combination were compared and the settings of the best
results were chosen [37].

Table 1. Overview of the settings for data pre-treatment, classification methods with hyperparameters,
and validation for the calculation of the classification models.

Data Pre-Treatment Classification Method Validation

(i) no pre-treatment
(1) linear discriminant analysis,
LDA
γ = 0

(a) stratified nested cross
validation

(ii) log10

(2) support vector machine, SVM
polynomial order = 2
box constraint level = 1
coding: one vs. one

(b) leave-one-out cross validation

(iii) center (mean) and scale
(standard deviation)

(3) subspace discriminant, SSD
number learning cycles = 30

(iv) center (median) and scale
(standard deviation)

(4) random forest, RF
split criterion: Gini’s diversity
index
max. number of splits = 100
min leaf size = 1
surrogate: off

(v) center (median) and scale (range)

(vi) center (median) and scale
(interquartile range)
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For obtaining an unbiased estimate of the model’s performance, the models were validated using
(a) leave-one-out cross validation or (b) stratified nested cross validation [38,39]. Since the former
validation method is more widespread in the scientific community, we would like to explain the
procedure of the latter validation method briefly: The whole data set was split into five parts, whereby
the samples were not fully randomly divided but stratified by the origins. Hence, all five parts contained
a preferably equal number of samples with respect to the walnuts’ origins, ensuring a representative
and balanced training (four fifth) and test (one fifth) set. For the training set, 10-fold cross validation
was applied to select the optimal model parameters (i.e., inner cross validation). The performance of
the calculated model was evaluated by predicting the independent test set. The described procedure
was repeated for all five parts, so every part of the 5-fold outer cross validation was once used as the
test set (i.e., outer cross validation). Finally, since the results by a single nested cross validation can
vary, the entire cross validation was repeated 20 times. By repeating this process, a standard deviation
of the accuracy was calculated [13].

For the geographical origin authentication, 17 elemental concentrations and 78 ratios of element
concentrations were considered (cp. Section 3.3), resulting in a total of 95 variables:

Al, B, Ba, Ca, Co, Cu, Fe, Ga, Mg, Mn, Mo, Ni, Rb, Sr, Te, Tl, Zn, Rb/B, Sr/B, Mo/B, Ba/B, Co/B, Ni/B,
Sr/Rb, Mo/Rb, Ba/Rb, Co/Rb, Ni/Rb, Mo/Sr, Ba/Sr, Co/Sr, Ni/Sr, Co/Mo, Mo/Ba, Co/Ba, B/Mg, Rb/Mg,
Sr/Mg, Mo/Mg, Ba/Mg, Ca/Mg, Mn/Mg, Fe/Mg, Co/Mg, Ni/Mg, Cu/Mg, Zn/Mg, B/Ca, Rb/Ca, Sr/Ca,
Mo/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Co/Ca, Ni/Ca, Cu/Ca, Zn/Ca, B/Mn, Rb/Mn, Sr/Mn, Mo/Mn, Ba/Mn,
Fe/Mn, Co/Mn, Ni/Mn, Cu/Mn, Zn/Mn, B/Fe, Rb/Fe, Sr/Fe, Mo/Fe, Ba/Fe, Co/Fe, Ni/Fe, Cu/Fe, Zn/Fe,
Mo/Ni, Ba/Ni, Co/Ni, Cu/B, Rb/Cu, Sr/Cu, Mo/Cu, Ba/Cu, Co/Cu, Ni/Cu, B/Zn, Rb/Zn, Sr/Zn, Mo/Zn,
Ba/Zn, Co/Zn, Ni/Zn, and Cu/Zn.

3. Results and Discussion

3.1. Explanation for the Usage of Walnut Kernels

Theoretically, both walnut shell and walnut kernel could be usable for an authentication study.
It is reasonable to assume that both parts reflect the elemental pattern of the soil and, thus, the origin.

However, walnuts are mostly traded as shelled goods: in 2018, the percentages of shelled walnuts
imported to Europe and Germany were 62% and 81%, respectively [40]. An analytical method
developed solely based on the shell would only be applicable to 38% or 19% of potential food fraud,
respectively. Additionally, as stated earlier, walnut kernels grow inside the shell and are therefore
virtually unaffected by perturbations such as anthropogenic aerosols and soil dust [20]. For these
reasons, we decided to use the walnut kernels, as is also practiced in other studies [15–17]. Whenever
mentioning walnuts samples henceforth, we are referring to walnut kernels.

3.2. Selection of Variables for the Chemometric Analysis of 237 Walnut Kernel Samples

From the 47 elements acquired, not all elements were considered for chemometric analysis.
Concentrations below the LOQ were obtained for some elements: if the content of those samples
exceeded 20%, the respective element was not used for evaluation (this was the case for Ag (22%),
Pr (25%), Sm (27%), Dy (32%), Na (36%), Y (42%), Er (53%), Yb (56%), Pb (64%), As (73%), V (75%),
Th (78%), Se (78%), Eu (81%), U (85%), Tb (89%), Ho (89%), Cd (91%), Bi (95%), Sc (97%), Li (99%),
Tm (99%), Lu (99%), and Be (100%)). Otherwise, the concentration was set to the LOQ level instead
of zero, ensuring logarithmic functions to be applicable. For K, the concentrations were over the
calibration range for all of the samples; thus, K concentrations were not used for chemometric modeling.

The long-term stability (reproducibility) evaluated by the QC sample deviated between 5.2% (Co)
and 27% (Al) (median: 9.2%), except for Te, Tl, Gd, Nd, Ce, and La (54–107%), which were at very low
concentrations in the chosen QC sample.

One-way ANOVA tests indicated that Al, Ba, Co, Cu, Fe, Mo, Ni, and Sr were highly significant
(99% confidence level) for the walnut origins. The corresponding boxplots are shown in Figure 2.
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B, Ga, Mg, Mn, Rb, Te, Tl, and Zn were significant (95% confidence level). Ce, Cr, Gd, La, and Nd,
however, showed no significance and were not used for chemometric modeling, also because of the
high deviations for the QC sample.

One can observe an increasing tendency where elemental concentration ratios, especially the
rare earth elements (REE) among these, are considered for chemometric evaluation besides absolute
concentrations [13,14,41,42]. In this way, the model can become more robust [41]. We recently evaluated
the benefit of considering concentration ratios in addition to elemental concentrations. Furthermore,
we see the possibility of foregoing a drying step for the samples; the water content is no longer
important if only elemental ratios are used for chemometric modeling [13]. The concentrations of B,
Ba, Ca, Co, Cu, Fe, Mg, Mn, Mo, Ni, Rb, Sr, and Zn were >LOQ for all 237 samples, and for these
13 elements the concentration ratios were calculated. In order to reduce redundant data, duplicate
ratios with an interchangeable nominator and denominator were rejected, resulting in 78 element ratios
(see Section 2.5).
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3.3. Chemometric Analysis of the Walnut Samples

3.3.1. Data Investigation and Visualization

PCA plots after centering (mean) and scaling (standard deviation) are shown in Figure 3. In the
principal component 1 (PC1) vs. PC2 plane, samples from the USA tend to have higher PC1 values
and differ most strongly compared to the rest of the samples. In the PC2 vs. PC4 plane, a better visual
differentiation can be achieved: Chinese and Pakistani samples are located in the lower right of the
scores plot. Swiss and German samples are located in the upper half, while Italian samples tend to
have lower PC4 values and French samples tend to have lower PC2 values.

Figure 3. Unsupervised visualization of the multielement data of 237 walnut samples after mean
centering and standard deviation scaling using PCA and t-SNE. Scores are colored by the origin in the
PC1 vs. PC2 plane (A) with the corresponding loadings plot (B), and the PC2 vs. PC4 plane (C) with
the corresponding loadings plot (D). 95% confidence ellipses were added to the scores plots in (A) and
(C). t-SNE plot colored by the origin (E).

The usage of PCA models for data investigation and visualization is very common for
authentication studies; however, it is not always the best choice for visualizing big data sets.
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The non-linear iterative partial least squares (NIPALS) algorithm focuses on the largest differences in
the data set and sets the axis towards the greatest variance [25,43]. Few samples of a minor sample
population may get lost in the shuffle [44]. Therefore, we chose t-SNE as an additional approach
to visualize the data. This can be described as a complementary method, since it focuses on the
similarities between two data points rather than the differences [26]. Like PCA, it is an unsupervised
model, and the closer two data points the more similar they are. As seen from Figure 3E, the samples
tend to cluster according to their origins. In this plot, the clusters seem to be more distinguishable
for all sample populations, though the clusters still do overlap and supervised models are needed to
determine the origin. However, the boxplots in Figure 2 have already proven that the differentiation of
origin is possible; the eight elements presented here show a visual distinction, and for some countries
of origin a marker element can already be identified visually. Most apparent is that walnut samples
from China and USA contain higher concentrations of Ba and Sr compared with the other walnut
samples. The Chinese and US-American samples can be distinguished by Cu, with it being increased
for Chinese samples compared to the US ones. Pakistani samples have a higher Mo content. Walnut
samples from Chile contain more Fe, and, like Hungarian walnuts, contain more Al.

3.3.2. Influence of the Harvest Year

The fact that the year of harvest has no significant influence on the elemental pattern is recognized in
many isotopolomics studies and is considered an advantage of ICP-MS analysis [12,45]. This also applies
for walnuts, as examined in a previous study, where the harvesting year and the climatic conditions
showed no significant influence on the element pattern [3]. On the other hand, when analyzing
the metabolome/proteome the harvest year affected the fatty acid saturation degree and the protein
amount [18]. Even for stable isotope analysis, annual differences in the δ2H-values occur [17]. However,
to verify the potential influence of the harvest year for our own data set, French, German, and Italian
samples were examined for their potential influence, since most of the walnut samples originated
from these three countries and were evenly distributed for three harvest years (see Figure 1). ANOVA
tests were calculated, and the highest F-value (2.92) was found for Mn for French walnuts; however,
this value was smaller than the critical F-value of 3.15 (0.05 significance level). Thus, none of the
17 elements showed a significant influence with regard to the harvest years.

Additionally, the PCA score plot of all ten origins (Figure 3A) was colored by the respective
harvest years and is shown in Figure S1A (Supplementary Materials). For a better visual comparison,
both score plots are shown in Figure S1B for direct comparison. While the scores tend to cluster
according to their origins, as discussed above, no clustering according to the harvest years is noticeable.
Consequently, the origin has a higher influence on the data than the harvest year. This might enable this
study to be suitable for the prediction of new samples without the necessity of new reference samples in
future years. In fact, this is a further advantage of this method, since the origin of walnut samples can
be predicted at the beginning of the next harvest season without any need for new reference samples.

3.3.3. Influence of the Cultivar

Besides the harvest year, the cultivar—in other words, the genotype—may have an influence
on the walnut’s isotopolome and may cause an unwanted bias in this origin authentication study.
In previous studies, a dependency of element uptake for different walnut cultivars was found for Cu,
K, Fe, Mn, and Zn [3,46]. However, these studies mainly concerned a physiological-nutritional analysis
of walnuts, and the number of samples was relatively small, with 24 and 9, respectively. Considering
K, its potential influence can be considered as irrelevant anyway, since the signal intensity of K, as the
element with the highest concentration in the walnut kernel, was above the calibration range and,
therefore, K was not taken into account for statistical evaluation (see Section 3.2).

Another study implies that the genotype solely has only a secondary effect on the isotopolome:
Juranović Cindrić et al. analyzed the elemental composition of Juglans nigra walnut samples, which are
another species compared to Juglans regia, as investigated in this study. The authors compared the
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elemental concentrations to the literature values of Juglans regia and found similar results [21]. Thus,
when the elemental concentrations of different Juglans species are similar, the elemental concentrations
of different cultivars, a taxonomic rank below the species, should be similar as well.

It should be emphasized that the potential influence of the cultivar would be problematic for the
origin authentication when all samples from one country consisted of a cultivar which would reversely
originate solely from this country. This is not the case for the present data set as presented in Table S2.
Considering two major cultivars, for example, 47 walnut “Lara” samples originate from Switzerland
(2), Germany (2), France (30), and Italy (13). Twenty walnut “Chandler” samples originate from
Switzerland (2), Chile (1), China (2), Italy (11), Turkey (1), and the USA (3) (number in brackets indicates
the sample size per origin). Consequently, no origin or cultivar was overrepresented. Additionally,
PCA plots were calculated for 120 walnut samples, for which the information of the cultivar was
available and there were at least three samples of the respective cultivar. The scores plots are shown
in Figure S2 (Supplementary Materials), and the scores are colored by origin and cultivar for direct
comparison. As seen from Figure S2, the samples do not cluster with respect to the cultivar; thus,
the cultivar has a secondary effect on the isotopolome.

3.3.4. Classification of the Geographical Origin

For the origin differentiation, 237 samples from ten origins were considered. Mean concentrations
with standard deviations are given in Table S6 (supporting information). For all combinations stated in
Table 1, a model was calculated to find the best suited settings. As the response variable, the overall
accuracy was investigated, and the overall accuracies are stated in Tables S7 and S8 (Supplementary
Materials). As seen from the results, the choice of the classification method has a major impact on the
model’s performance compared to the data pre-treatment. Especially for the different center and scale
approaches, the accuracies only differ in the second decimal. Using stratified nested cross validation,
the best accuracy of 72.9% ± 1.6% was found after center (mean) and scale (standard deviation) using
SVM. For leave-one-out cross validation, the best accuracy was reached at an improved level of 75.5%,
also achieved after center (mean), scale (standard deviation), and SVM. The corresponding confusion
matrices are shown in Tables 2 and 3, respectively. To compare these two models, both classification
models were evaluated by calculating the sensitivity and the specificity per class to examine the type I
and type II errors [47,48]. For the stratified nested cross validation sensitivity, the scores ranged from
20.0% to 84.6%, and the specificity ranged from 25.5% to 87.8%. Meanwhile, for the leave-one-out
cross validation, the sensitivity ranged from 16.7% to 86.7%, and the specificity ranged from 20.0%
to 100%. The Turkish walnuts are the blind spot for both classification models, with comparably
low sensitivity scores of 20.0% (stratified nested cross validation) and 16.7% (leave-one-out cross
validation), respectively. In the future, the prediction accuracy of Turkish walnuts may be improved by
data fusion—i.e., combining our data set with other omics-disciplines or isotope ratio analysis [9,49].
When comparing the sensitivities per class, the values of the nested cross validation do show less
variation or, in other words, the standard deviation is lower. Particularly for the two origins with
the fewest number of samples (Chile and Turkey), the accuracies are superior by 3 and 6 percentage
points. The stratified approach (see Section 2.5) used for the calculation of the test and training of the
nested cross validation set may positively influence the sample’s distribution and lead to more evenly
distributed accuracies. Therefore, we prefer the classification model validated by stratified nested cross
validation, despite the slightly reduced accuracy of 2.7 percentage points. To our knowledge, in the
literature authors only seldom comment on their choice of which validation method to apply [15,47].
Although it is mentioned that, via stratified nested cross validation, a generally valid model can be
calculated which does not lack overfitting, while leave-one-out cross validation is more prone to this
issue [12,38,39,50], we would like to encourage the reader to apply both validation strategies and
compare the results.
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The current sample preparation includes a drying step that is both time and energy consuming
and could be optimized for environmental reasons [51]. Without a drying step, this method would be
applicable in the food industry where the incoming goods inspection should be carried out as fast
as possible. Without drying though, the element contents cannot be expressed in relation to the dry
matter, which makes it difficult to evaluate the walnut samples chemometrically. When considering
only elemental concentration ratios, however, a comparison is possible. Therefore, the calculation
of the classification model (SVM, stratified nested cross validation) was repeated using only the
78 elemental ratios listed in Section 2.5. The prediction accuracy dropped as expected, but only
marginally: an overall accuracy of 72.2% ± 1.6% was achieved using stratified nested cross validation
(before: 72.9% ± 1.6%). For the sake of completeness, leave-one-out cross validation led to 74.7%
(before: 75.5%). The respective loss of accuracy is not significant, and, in this way, fresh walnut samples
can also be analyzed in the future without an obligatory drying step

3.3.5. Classification of the Regional Origin of French, German and Italian Walnuts

For France, Germany, and Italy, more than 30 samples could be acquired and, thanks to our
project partners, highly authentic samples with detailed and reliable information regarding the origin
on a regional level were available (see Table S2). Therefore, the potential of the analytical method
to predict the origin even on a regional level was investigated. Mean concentrations with standard
deviations for the regions are given in Tables S9–S11 (Supporting Information).

For France, the data set existed of 53 samples from the four regions Auvergne-Rhône-Alpes
(ten samples), Nouvelle-Aquitaine (26 samples), Occitanie (11 samples), and Pays de la Loire (six
samples). A PCA was calculated for these samples, and clusters can already be recognized for the
origin, as seen in the scores and loadings plot shown in Figure S3A,B (Supplementary Materials),
respectively. Classification models were calculated for this issue with all combinations stated in Table 1,
except leave-one-out cross validation, because of the results in the previous section. The best accuracy
of 91.4% ± 2.1% was found after a log10 transformation and an SVM classification model (Table S12,
supporting information). The corresponding confusion matrix is shown in Table 4. The separation of
samples from Pays de la Loire succeeded almost without error with a sensitivity of 99%. To identify
the elements causing the separation, an ANOVA test was calculated. The boxplots of the elements
with the highest F-values are shown in Figure S4A (Supplementary Materials). As can be seen here,
the Pays de la Loire can be well distinguished from any other French region because of the significant
higher concentrations of Co. Ba and Sr are also important for the regional differentiation.

Not yet considered was the Noix de Grenoble, the only walnut with a geographical indication
(in French: appellation d’origine protégée (AOP)). These are walnuts originating from certain
municipalities in the départments of Isère, Drôme, and Savoie [52]. The three départements are
located in Auvergne-Rhône-Alpes; thus, it would be rather challenging to conduct a sub-regional
authentication study. However, the promising results obtained so far give the possibility to follow up
this classification issue in the future.

For Germany and Italy, the data set was analogously analyzed: PCA scores plots are shown in
Figure S3, and the confusion matrices are shown in Tables 5 and 6, respectively.
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The German data set existed of 48 samples from the four German federal states Baden-Württemberg
(9 samples), Hesse (16 samples), Lower Saxony (14 samples), and North Rhine-Westphalia (9 samples).
The best accuracy of 77.4%± 2.5% was achieved after center (median) and scale (standard deviation) with
an SVM model (Table S13, Supporting Information). Compared to the French samples, the prediction
is not as good; here, especially, the samples from Lower Saxony are likely to be misclassified. Again,
ANOVA was applied to identify the elements showing significant differences, and the boxplots of
the three elements with the highest F-values are shown in Figure S4B. The calculated classification
model tends to confuse walnut samples from North Rhine-Westphalia and Lower Saxony, and this
is also observable in the boxplots showing similar distributions for Fe and Rb for these regions.
Cu shows significant differences between the four regions, but the distributions overlap, making the
differentiation difficult.

From Italy, 32 samples could be acquired from Campania, Napoli (four samples); Piedmont,
Cuneo (13 samples); Veneto, Padova (five samples); and Veneto, Rovigo (ten samples). An overall
accuracy of 94.2% ± 2.8% can be achieved after log10 transformation with an SVM model (Table S14,
supporting information). The three Italian regions examined are geographically separated, which
may explain the good predictive power, but even within the Veneto region, accurate classification
is possible. Most importantly, Fe, Sr, and Zn are relevant marker elements for the differentiation as
outlined by an ANOVA test and shown in the corresponding boxplots in Figure S4C.

It should be pointed out that an entirely unknown walnut sample would have to be predicted by
the multiclass model first before applying the regional models presented in this section. Mathematically,
when applying the classification models one after the other, the prediction accuracies would have
to be multiplied (e.g., the chance that a walnut sample will be correctly be predicted as Italian and
originating from Napoli would be 0.685 · 0.975 ≡ 66.8%). Furthermore, it should be noted that, due to
the comparably lower number of samples for the regional classification models, a potential over-fitting
is more likely to occur. Thus, more reference samples should be acquired and measured in the future
to confirm and enhance the model’s reliability.

3.3.6. Further Evaluation of the Classification Models’ Performance

Classification models are usually evaluated based on their accuracy, sensitivity, and
specificity [47,48,50]. Especially the accuracy is the most important parameter, and of course higher
accuracies are desirable. At the same time, the sole expressive power of the accuracy should not be
exaggerated. Regarding the classification models of this study, the model for all origins reached 73%,
and that for the regional levels in Italy 94%. Both classification issues were validated using nested
cross validation; hence, the potential risk of overfitting could be reduced [38,39].

At first glance, 94% seems to be better than 73%, and this appears to be almost paradoxical when
considering that the differentiation on a regional level is better than on a worldwide level, although the
geographical distances shrunk and, thus, the soil should be more similar. However, it is unreasonable
to make a statement about which model is better, because the models are hardly possible to compare
with each other—they deal with different issues, and the input data and the classification models’ sizes
are different.

To our knowledge, there is no additional parameter to evaluate the model’s performance and
allow us to compare different classification models. Hence, we examined a quotient similar to
the signal-to-noise ratio. This parameter is commonly used in analytical chemistry to evaluate
a measurement signal. The sole signal’s intensity does not allow a meaningful assessment of the
signal’s quality; instead, the noise has to be considered as well. Then, the higher the signal-to-noise
ratio, the more reliable the measurements, and the more robust the results. Regarding the classification
models, the signal corresponds to the model’s accuracy. The noise is the theoretical accuracy when
distributing the samples at random. Mathematically, this value equates to the reciprocal number
of classes. Hence, this value correlates to the model’s size, and since models with more classes
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are more challenging to calculate, it accounts for the classification model’s difficulty. With the
accuracy-to-random ratio, the classification models can be further evaluated:

In Table 7, the characteristics of the classification models discussed in Sections 3.3.4 and 3.3.5 are
stated. For comparison, four additional binary classification models were calculated and included in this
table: on the one hand, three issues targeting the distinction between Germany and an exporting country
(Chile, China, and the USA, respectively); on the other hand, Europe (combining Switzerland, France,
Germany, Hungary, and Italy) vs. not-Europe (combining Chile, China, Pakistan, Turkey, and the USA).
The very high percentages (>95%) for these binary models should be noted; however, it is maximally
possible to be twice as good compared to a random distribution. On the contrary, the classification
models on the regional level outperform the random distribution by three times, and the worldwide
classification model outperforms the random distribution even by seven, emphasizing the high
performance of this model. For the sake of completeness, we also calculated all binary 1-vs.-1
classification models—i.e., all possible two-paired combinations of the ten countries of origins.
The results are given in Table S15 (Supplementary Materials), and the accuracies range from 81.7% to
99.0%. Now, also Hungarian and Turkish samples reach fairly good accuracies (>80%), emphasizing
again that the calculated accuracies always have to be set in relation to the complexity of the model—i.e.,
the number of classes. The sole expressive power of the accuracy has limited information value.

Table 7. Evaluation of different classification models for the authentication of walnuts.

Parameter
Accuracy

[%]
Number of

Classes
Random

Distribution [%]
Accuracy-to-Random

Ratio

Variables and Equations a n r = 100%/n a/r

global differentiation all countries
of origin 72.9 10 10 7.29

regional
differentiations

FR 91.4 4 25 3.66

DE 77.4 4 25 3.10

IT 94.2 4 25 3.77

binary classification
models

CN vs. DE 99.5 2 50 1.99

US vs. DE 96.6 2 50 1.93

CL vs. DE 98.2 2 50 1.96

Europe vs.
not-Europe 92.4 2 50 1.85

It should therefore be pointed out that the model’s accuracy possesses a limited expressive power.
However, this is not a generic criticism of the usage of binary classification models; such binary issues
often match the authentication problems in practice—e.g., the differentiation of the most expensive
white truffle from its cheaper counterfeit [53], or the distinction of a regional product with a protected
geographical indication from foreign samples [42].

For walnuts, however, we do not see any options to simplify the multiclass models to binary
models, since global trade and/or import to Europe is strongly interlinked, and therefore only the
multiclass approach is reasonable for worldwide differentiation.

4. Conclusions

The elemental analysis of walnut with ICP-MS in combination with chemometrics proved to
be a powerful technique for geographical origin differentiation on a worldwide and regional level.
Although the REE were not considered to be due to too-low concentrations, the worldwide origin was
successfully predicted with an overall accuracy of 73%. The most important variables were Al, Ba,
Co, Cu, Fe, Mo, Ni, and Sr. No significant loss of accuracy was observed when only the elemental
ratios were considered, so fresh walnut samples can be analyzed without the need for a drying step.
On a regional level in France, Germany, and Italy, the differentiation of walnut samples was possible,
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with overall accuracies of 91%, 77%, and 94%, respectively. In the future, we want to broaden walnut
authentication with the Noix de Grenoble. Harvest year and cultivar showed no observable influence,
which makes this method suitable for predicting new samples without the need for reference samples
in future years.

Supplementary Materials: The following figures and tables are available online at http://www.mdpi.com/2304-
8158/9/11/1708/s1: Figure S1: PCA plots for the comparison on the influence of harvest year vs. origin; Figure S2:
PCA plots for the comparison on the influence of cultivar vs. origin; Figure S3: PCA plots for the regional
differentiation of walnut samples within France, Germany and Italy; Figure S4: Boxplots for the significant
elements for the walnuts’ origins authentication on a regional level in France, Germany and Italy after one-way
ANOVA testing. Data expressed as mg/kg in walnut lyophilizate; Table S1: Reagents and materials used in this
study; Table S2: Detailed information of all walnut samples analyzed in this study with cultivar, origin and harvest
year; Table S3: Microwave digestion procedure; Table S4: Limit of detection (LOD) and limit of quantitation
(LOQ) for the measured isotopes for the HR-ICP-MS instrument. Additionally, the respective internal standard
element is given; Table S5: Instrumental conditions and measurement parameters for HR-ICP-MS; Table S6: Mean
elemental concentrations for the walnut countries of origin in mg/kg; Table S7: Overall accuracy with standard
deviation for different data pre-treatment and classification methods for the predictions of all walnut samples
using stratified nested cross validation; Table S8: Overall accuracy with standard deviation for different data
pre-treatment and classification methods for the predictions of all walnut samples using leave-one-out cross
validation; Tables S9–S11: Mean elemental concentrations for the French, German, and Italian walnut regions;
Tables S12–S14: Overall accuracy with standard deviation for different data pre-treatment and classification
methods for the French, German, and Italian walnut samples using stratified nested cross validation; Table S15:
Overall accuracies of binary classification using stratified nested cross-validation of 20 repetitions (classification
method: quadratic SVM; data pre-treatment: log10 transformation).
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Abstract: The food safety of sushi and the health of consumers are currently of high concern for
food safety agencies across the world due to the globally widespread consumption of these products.
The microbiological and toxicological risks derived from the consumption of raw fish and seafood
have been highlighted worldwide, while the practice of species substitution in sushi products has
attracted the interest of researchers more than food safety agencies. In this study, samples of sushi
were processed for species authentication using the Cytochrome Oxidase I (COI) gene as a DNA
barcode. The approach of Citizen Science was used to obtain the sushi samples by involving people
from eighteen different Italian cities (Northern, Central and Southern Italy). The results indicate
that a considerable rate of species substitution exists with a percentage of misdescription ranging
from 31.8% in Northern Italy to 40% in Central Italy. The species most affected by replacement was
Thunnus thynnus followed by the flying fish roe substituted by eggs of Mallotus villosus. These results
indicate that a standardization of fish market names should be realized at the international level
and that the indication of the scientific names of species should be mandatory for all products of the
seafood supply chain.

Keywords: sushi restaurants; COI barcoding; molecular traceability; teleosts

1. Introduction

In part I of Food Business Regulation (Cap. 132X) of the Government of the Hong
Kong Special Administrative Region, the meanings of the terms sushi and sashimi are
made explicit. In particular, sushi is described as “food consisting of cooked and pressed
rice flavoured with vinegar and garnished with other food ingredients including raw or
cooked or vinegared seafood, marine fish or shellfish roe, vegetable, cooked meat or egg
on top or in the middle which may or may not be wrapped with seaweed and usually
served in pieces”, while sashimi is described as “food consisting of fillets of marine fish,
molluscs, crustaceans, fish roe or other seafood to be eaten in raw state”. Although sushi
and sashimi are perceived by consumers as healthy foods, the biological and chemical
hazards for human health, derived from the consumption of raw fish and seafood, have
been highlighted worldwide, such as the risk of parasitic and/or pathogenic microorgan-
ism infection [1–7]; the potential risk arising from a lack of proper control of temperature
of these perishable foods [8]; the risk of exposure to toxicants, such as heavy metals and
polychlorinated biphenyls (PCBs); polycyclic aromatic hydrocarbons (PAHs) and other
contaminants [4,7,9,10]. The food safety of sushi and sashimi and the health of consumers
are currently of high concern given that the consumption of these products is now globally
widespread [11,12]. As a result, the most important food safety agencies in the world,
such as the European Food Safety Authority [13], the Food and Drug Administration [14],
the Hong Kong Food and Environmental Hygiene Department’s and the World Health
Organization, have implemented regulations and guidelines to face all issue related to
the consumption of raw fish and seafood. In this context, another important issue that
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has attracted the interest of researchers is the molecular authentication of fish and seafood
species in transformed products, because the processing procedure generally removes
the specific diagnostic morphological traits useful to assign the product to a particular
species through only morphological inspection. Indeed, the voluntary or involuntary
practices of substitution of valuable species with species of less value for economic profit
have been detected worldwide in the last decades by using DNA sequencing, which
proved to be the most useful method to unveil these frauds. For example, DNA-based
surveys carried out in European and non-European countries have highlighted a high
rate of food frauds in the fishery sector [15–18]. Among the most used molecular mark-
ers, mitochondrial genes, such as Cytochrome b (Cytb), 16S rRNA (16S), Cytochrome
Oxidase I (COI) and mtDNA Control Region (CR), have proven to be optimal tools for
seafood species authentication. However, while the CR and Cytb have been success-
fully and widely used to study the genetic population structure [19–26] rather than to
authenticate fish species [27–29], COI has become the optimal DNA barcode for the identi-
fication of animal species [30–35] and particularly for fish species authentication in seafood
products [15,36–41]. Furthermore, researchers have been also encouraged to look for rapid
and low-cost molecular strategies to tackle substitution species frauds by large scale screen-
ing both using classic and new technologies [42–49]. COI DNA barcoding has been used
to unveil the misdescription of sushi products in the United States of America [50], the
United Kingdom [11], South-Korea [17], Malaysia [51,52] and Canada [53]. In Italy, the
study by Armani et al. [54] performed a molecular-based authentication of the seafood
species used in sushi preparations in four provinces of Tuscany. However, when designing
a food fraud investigation, the sampling plan is pivotal to ensure that as many products
as possible are sampled over a large area. In this context, the contribution of consumers
is crucial, and the citizen science (CS) approach, based on involving a large number of
people, normally including the local population of a region or a state, with the aim of
collecting scientific data, could prove to be of fundamental help. This strategy permits the
collection of a vast quantity of data information or samples that cannot be collected by
only one researcher or a small research team. The quality of a study is not undermined
by the citizen science approach if the work planning includes comprehensible protocols,
effective training before starting and accurate oversight during the studying period [55,56].
Based on these premises, in this study, we involved many people from eighteen different
cities throughout the Italian territory (North, Central and South Italy) to obtain samples of
sushi to be processed for species authentication by using the COI gene as the DNA barcode.
To the best of our knowledge, this is the first study on sushi authentication extended to
the Italian territory by using the approach of citizen sciences. The aim was to analyze
the compliance of the fish names of marketed products with the list of Italian names of
fish species of commercial interest included in the Italian Ministerial Decree (MD) n.19105
22 September 2017 of the Italian Ministry of Agricultural, Food and Forestry Policies and
then to verify if the information the consumers obtain from the menu meet the transparency
requirements established by the European regulations.

2. Materials and Methods

2.1. Sample Collection and Survey

Between January 2018 and January 2019, we collected sushi products sold in restau-
rants and takeaways in different cities of Northern, Central and Southern Italy (Figure 1).
Samples were obtained using a “citizen science” strategy involving people who responded
to the invitation to participate in the “sushi survey”. People living in various Italian regions
were chosen among relatives and friends of our research team and colleagues at the Univer-
sity of Catania. This allowed us to establish a direct contact with them to better program
the sampling. Prior to the start of the study, people received a letter from us where we
explained our research project and asked them about their willingness to participate. After
receiving their consent, we contacted them by phone and also via skype (i) to respond to
all queries they would ask us; (ii) to explain how to proceed for sampling sushi products;
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and (iii) how to fill in the documents that they would receive by us. In particular, we
advised them to focus the sampling on white fish, tuna and eggs. By mail, we provided
participants with a step-by-step guide for sampling, including a sample collection table
(Figure S1: sushi sampling guide) together with a 1.5 mL eppendorf tube to be used to
preserve small pieces of sampled sushi in 95% ethanol. A stamped envelope to be used to
send us the samples and the collection table was also included. In the table, participants
indicated the sushi venue (restaurant or takeaway) they visited; the name on the menu of
the product they consumed; and how many samples among white fish, tuna and/or eggs
they collected.

Figure 1. Collection sites of the sushi survey in Northern (green), Central (light yellow) and Southern
(pink) Italy.

2.2. DNA Barcoding Analysis

A total of 180 samples were processed for DNA analysis. For each sushi product,
3 DNA extractions were replicated to investigate the presence of multiple fish species
in the product. Total genomic DNA was extracted using a DNeasy tissue kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions and with some modifications.
DNA concentration was measured with a NanoDrop One spectrophotometer (Thermo
Scientific, Waltham, MA, USA). A portion of about 650 bases of the COI gene was amplified
following the Polymerase Chain Reaction (PCR) conditions reported by [38] in a 50 μL
reaction mixture also containing the M13 tailed primers (VF2_t1 and FishR2_t1) described
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in Ivanova et al. [57] to improve the sequencing quality of the PCR products. Negative
controls were included in all PCR runs to check for cross-contamination. Amplicons
successfully obtained were verified by electrophoresis on a 0.8% agarose gel and displayed
through a Safe Imager TM 2.0 Blue Light Transilluminator (Thermo Fisher, Waltham, MA,
USA) using the SYBR® Safe dye (Thermo Fisher, Waltham, MA USA). The QIAquick
PCR purification kit (Qiagen, Hilden, Germany) was used to purify all amplicons, which
were then bidirectionally sequenced with M13 sequencing primers using an ABI 3730
automated sequencing machine at Genechron Biotech Company (https://www.genechron.
com accessed on 30 January 2021).

2.3. Data Analysis

The chromatograms were checked for the quality of peaks and assembled using
ChromasPro 2.6.6 software (https://technelysium.com.au/wp/chromaspro/ accessed on
30 January 2021). Barcode multiple-sequence alignment was carried out using the online
version of MAFFT v.7 [58]. Sequences were trimmed when the errors occurred near the be-
ginning and again at the end of any sequence. Primer sequences were manually removed by
using BioEdit 7.2 (https://bioedit.software.informer.com/versions/ accessed on 30 January
2021). The obtained sequences were carefully checked for the presence of nuclear mitochon-
drial pseudogenes or nuclear mitochondrial DNA sequences (NUMTs), which could be
easily coamplified with orthologous mtDNA sequences [59]. The translation of nucleotide
sequences to amino acids was performed by the EMBOSS Transeq tool (https://www.ebi.
ac.uk/Tools/st/emboss_transeq accessed on 30 January 2021January) in order to check for
premature stop codons and to verify that the open reading frames were maintained in the
protein-coding locus. To confirm the identity of the amplified sequences, we conducted Ba-
sic Local Alignment Searches (BLAST) (https://blast.ncbi.nlm.nih.gov accessed on 30 Jan-
uary 2021) against GenBank without “Uncultured/environmental sample sequences” with
megablast and default parameters (https://www.ncbi.nlm.nih.gov/genbank/ accessed
on 30 January 2021) and also used the BOLD database (https://www.boldsystems.org/
accessed on 30 January 2021) to validate our sequences. For species assignment, the highest
values of percent identity found between the query sequence and the BLAST matched se-
quences were selected. If multiple BLAST matches had identical percent identity values, it
was confirmed that all matches belonged to the same species. All sequences obtained from
the present study were published in the National Center for Biotechnology Information
database (NCBI), and their GenBank accession numbers are reported in Tables 1–3.
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3. Results

3.1. Sampling

A total of 61 sushi samples consisting of 45 fish samples, white fish and tuna, and
16 roe samples were collected from 15 restaurants and 14 takeaways from people living
in 18 Italian cities who responded to the invitation to participate in the “sushi survey”
(Figure 1). For each sushi venue, participants collected from 1 to 3 samples; in the latter
case, “white fish”, “tuna” and “fish roe” were sampled. The initial instructions provided
by us to the participants in the survey allowed us to obtain a homogeneous, high-quality
sampling plan throughout the territory. In Tables 1–3, the names found on the menu/label
for each sample were reported, as well the corresponding scientific names of the declared
species found in the list of the Italian names of fish species of commercial interest included
in the Italian ministerial decree (MD) 21 September 2017. Misdescription was marked up
when no match was found among the name on the menu, the scientific name in the list of
the MD and the fish species identified by DNA barcoding.

3.2. DNA Barcoding

Three samples of each sushi product for a total of 180 samples were processed; how-
ever, DNA extraction was unsuccessful for 17 samples, and a total of 163 COI DNA
sequences were obtained. The presence of multiple fish species was not detected after
the COI sequencing of three samples for each examined product. The sequence length
was between 636 and 655 bp. In these functional mitochondrial COI sequences, no inser-
tions, deletions or stop codons were observed, and NUMTs were not sequenced given that
vertebrate NUMTS are generally smaller than 600 bp [59]. A total of 16 fish species were
identified in all examined sushi products. The percent identity between the COI query
sequences and their top-match sequences ranged from 98.17 to 99.85 with 100% of sequence
coverage (Tables 1–3).

3.3. Geographic Pattern of Sushi Product Misdescription
3.3.1. Northern Italy

Red tuna, Thunnus thynnus, was substituted by yellowfin tuna, T. albacares, in three
cases and by bigeye tuna, T. obesus, in one case; sea bream, Sparus aurata, was substituted
in one case by yellowtail amberjack, Seriola lalandi. Concerning fish roe, only in one case,
under the name tobiko or flying fish roe, the eggs of Mallotus villosus were found in place
of the eggs of species of the genus Hirundichthys (Table 1).

3.3.2. Central Italy

In five cases, T. thynnus was substituted by T. albacares and in one case by T. orientalis,
while tobiko or flying fish eggs were substituted by M. villosus eggs (Table 2).

3.3.3. Southern Italy

In all cases, red tuna, T. thynnus, was substituted by T. albacares. Sea bream was
substituted in one case by Xiphias gladius and in another case by the bluefish, Pomatomus
saltatrix. Tobiko or flying fish eggs in one case were substituted by the eggs of M. villosus.

Based on the names of the products chosen by consumers on the menu, a total of
17 species should have been detected, but we found a total of 29 species (Table 3).

4. Discussion

The results of the survey on the authentication of fish species used for sushi products
sold in restaurants and takeaways in Italy indicate that a considerable rate of species
substitution exists throughout the territory and that it is focused on certain species. The
percentage of misdescription ranges from 31.8% in Northern Italy to 40% in Central Italy.
The rate of misdescription affecting takeaways ranges from 25% of cases in Northern Italy
to 50% in Southern Italy, while the percentage of misdescription in restaurants ranges from
33.3% in Southern Italy to 50% in Central Italy. The species most affected by replacement
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was Thunnus thynnus, which was substituted in 67% of cases in Northern Italy and 100%
of cases in Central and Southern Italy. The so-called “white fish” usually represented by
S. aurata and D. labrax was affected by a low rate of substitution ranging from 11% in
Northern Italy to 22% in Southern Italy. Finally, tobiko or flying fish roe was affected by a
medium rate of substitution ranging from 20% in Central Italy to 33% in Northern Italy.
Before discussing our results, it should be noted that i) we compared them with those
obtained from a similar survey carried out in Italy and in European and non-European
countries, and ii) the cases of misdescription detected in the present study were based on
the incongruence found between the scientific or common names of the species declared on
the menu at the retailers (sushi restaurant and takeaway), the specific molecular diagnosis
obtained through the COI DNA barcoding and the corresponding denomination in Italian
language to be attributed to the detected fish species, as indicated in the decree of the
Ministry of Agricultural, Food and Forestry Policies (MD n. 19105 22 September 2017)
dealing with the Italian names of fishes of commercial interest. In particular, the MD
clearly states that to correctly inform consumers, the name to be used to indicate T. thynnus
is “tuna” or “red tuna”, while the name “yellowfin tuna” must be used to indicate T.
albacares, and the names, “orientalis or oceanic tuna” and “bigeye tuna”, should be used to
indicate the species T. orientalis and T. obesus, respectively. Based on this premise, the high
percentage of misdescription found for T. thynnus is shown by the fact that only in two cases
out of 16, consumers really ate red tuna as declared on the menu, while in 87.5% of cases,
they consumed yellowfin tuna (12 cases), orientalis tuna (1 case) and bigeye tuna (1 case)
in place of red tuna. The survey carried out in Italy by Armani et al. [54] on misdescription
in sushi products sold in Tuscany revealed a generally low rate of misdescription (3.4%),
which in any case did not concern tuna-based products. However, the authors identified the
products sold as tuna only at the genus level and then as belonging to the genus Thunnus,
because EU regulations (1379/2013 and 1169/2011) require only the name of the seafood
category and not the name of the species at the catering level. Similarly, a moderate level
of species substitution (10%) was detected by Vandamme et al. [11] during a screening
of seafood labelling accuracy in sushi bars and restaurants across England. The low rate
of substitution detected for tuna products was imputed to the United Kingdom labelling
regulations allowing the inclusion of all Thunnus species under the umbrella term “tuna”.
Interestingly, high levels of mislabeling (83.3%) for Bluefin tuna, T. thynnus, like those
detected by us, were detected in French sushi restaurants, compared with the low general
substitution rate (3.6%) observed over the whole sampling [15]. An intermediate level of
species substitution was detected by Oceana [60] in a survey carried out in sushi restaurants
in Brussels, where a 54.5% level of fraud was found, mainly due to the frequent substitution
of T. thynnus by others cheaper tropical tuna species (T. albacares and T. obesus). Both in the
United States of America and in China, the species of the genus Thunnus are sold under
the umbrella terms “tuna” according to the Food and Drug Administration and the Food
and Drugs (Composition and Labelling) Regulations (Cap. 132W), respectively [50,61].
However, the molecular screening carried out by Lowenstein et al. [50] in the United States
of America led to the identification of sushi tuna samples up to the level of species by
highlighting the substitution of bluefin tuna by different species in 40% of samples. A
case of the substitution of T. obesus by T. thinnus has also been observed in sushi products
in Canada, which could raise suspicion of illegal, unreported and unregulated fishing
issue [53]. Instead, the investigation carried out by However et al. [61] in Honk Kong stated
that tuna samples, identified only at the genus level, were correctly labeled.

Focusing our attention on the other cases of species substitution observed in our study,
three species, S. lalandi (Yellowtail amberjack named oceanic amberjack in the Italian list
of the species), X. gladius (swordfish) and P. saltatrix (bluefish), were found in place of
S. aurata declared on the menu. In this case, there is no doubt that the species substitution
was deliberate, although the economic profit may not be the incentive to defraud, but
rather the ease of finding the species. The Yellowtail amberjack is an aquaculture species
often consumed as sashimi reared in Japan, Australia and New Zealand. In recent decades,
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the bluefish has undergone a rapid northern range expansion within the Mediterranean
from the southern and eastern sectors of the basin. This geographical expansion has been
demonstrated to be a result of increasing water temperature [62] and is having an important
socio-economic impact due to the voracious behavior of this predator [63]. However, the
presence of X. gladius in place of S. aurata is of major concern, as swordfish is a species
of greater economic value than seabream, and in this case, substitution could launder
illegally caught swordfish. Another frequent case of species substitution observed by us
was the substitution of flying-fish eggs or tobiko by eggs of capelin, M. villosus. Flying
fish are all included within the family Exocoetidae, and the term tobiko indicates the
roe of flying fish of the genera Cheilopogon and Hyrundichthys generally used in sushi
preparation. Tobiko is made of small eggs of 2 mm or less in size, which are crisp and of
golden orange color. Due to the small supply of flying fish roe, tobiko are often prepared
by using immature roe of capelin or other fish which might be also colored and sold
as imitation [64,65]. The Italian MD n. 19105 22 September 2017 includes the names of
only two taxa of flying fish: the “oceanic flying-fish”, which is an umbrella name for the
species of Cypselurus spp., and “Indopacific flying-fish”, which is used to indicate the
species Cheilopogon atrisignis. Therefore, we considered only the above cases of substitution
concerning M. villosus as misdescriptions, which was also reported by Armani et al. [54] in
Tuscany and by Wallstrom et al. [66] in sushi bars in Honolulu. The results obtained from
the molecular survey carried out in Italy indicate the effectiveness of COI barcoding for
fish authentication in sushi products and highlight two main issues: (i) it is evident that a
revision of the regulations by making the use of the scientific names of species mandatory
for all products of the seafood supply chain is the only way to protect consumers from
frauds, to guarantee their health, to protect the threatened species from illegal fishing and
to restore the depleted fish stocks; (ii) to achieve these goals, a standardization of fish
market names, avoiding using the same trade name to indicate multiple species, should be
realized at the international level given that the fish market is now globalized.

Finally, the results of our study were obtained using the approach of Citizen Science,
which allowed us to cover a wide portion of the Italian territory for the sushi survey. This
relatively new approach was used by Bernard-Capelle et al. [15] to detect the rate of fish
mislabeling in France and by Pardo et al. [67] to carry out a survey on seafood mislabeling in
restaurants of 23 states across Europe. The most important benefit for researchers engaging
citizens to obtain information for scientific investigations is the possibility to collect a high
number of samples covering a wide geographical area controlling costs resulting from
sampling. On the other hand, citizens, as consumers, will become aware of food safety
concerns, which could be difficult to perceive by the end users of the food chain.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10040756/s1, Figure S1: sushi sampling guide.
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Abstract: The enantiomeric ratio of chiral compounds is known as a useful tool to estimate wine
quality as well as observe an influence of wine-producing technology. The incorporation of flow-
modulated comprehensive two-dimensional gas chromatography in this type of analysis provides
a possibility to improve the quality of results due to the enhancement of separation capacity and
resolution. In this study, flow-modulated comprehensive two-dimensional gas chromatography was
incorporated in enantioselective analysis to determine the influence of winemaking technology on
specific features of botrytized wines. The samples included Tokaj essences (high-sugar wines), Tokaj
botrytized wines and varietal wines (Furmint, Muscat Lunel, Lipovina) and wines maturated on
grape peels. The obtained data was processed with hierarchic cluster analysis to reveal variations in
composition and assess classification ability for botrytized wines. A significant difference between the
samples was observed for the enantiomeric distribution of ethyl lactate and presence of monoterpene
alcohols. The varietal wines were successfully separated from the other types, which showed more
similar results and could be divided with additional parameters. We observed a correlation between
the botrytized wines and the varietal wines fermented with grape skins. As to the essences produced
from juice of botrytized grapes, the results were quite similar to those of the botrytized wines, even
though monoterpenes were not detected in the extracts.

Keywords: enantioselective analysis; flow-modulated comprehensive two-dimensional gas chro-
matography; botrytized wines; Tokaj wine region

1. Introduction

The pleasant honey-like taste and unique fruit flavor of botrytized (noble rot) wines
are the result of a specific winemaking technology, which includes overripe grapes in-
fected by Botrytis cinerea. The fungus induces increased content of sugar and fatty acid
aroma precursors, and the formation of new compounds in grapes [1]. According to
Schmitt-Kopplin et al. [2], Botrytis infection initiates fermentation retardation of the yeast
metabolomics activity during alcoholic fermentation of wine. The distinctive climate
condition of Tokaj wine region (soil slopes of volcanic origin and surrounding wetlands)
supports growth of Botrytis cinerea on grapes [3]. Furmint, Muscat Lunel and Lipovina
are the main grape varieties in the region for production of wine specialities and dry
white wines. For example, Tokaj essence is made as juice of botrytized berries obtained by
gravitation during harvest season [4]. High sugar content (65 to 752 g/L) supports long
term-fermentation resulting in 5–7% alcohol [5]. At the same time, aging of the essence
increases the concentration of polyphenols and its antioxidant properties [6]. In the case of
the botrytized wines, infected berries are picked up and macerated in grape must for one
or two days. A ratio of noble-rotten grape to grape (tub, “putňa” in Slovak, “puttonyos”
in Hungarian) determines the sweet, smooth taste, and pleasant aroma of the wine. One
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“putňa” includes one barrel of noble-rotten grape berries (20–25 kg) per 136–140 L of
one-year-old young wine. Tokaj botrytized wines are commonly aged from 3 to 5 years in
oak barrels. A more detailed description of winemaking technologies and classification
of botrytized wines from Tokaj wine region is reported by [7]. As for the volatile organic
compounds, significant difference in volatile ethyl esters, fatty acids and sherry lactones,
was revealed for botrytized Amarone wine in comparison to the same wine produced from
healthy grapes [8]. Furthermore, an increase in 3-sulfanylhexan-1-ol was reported for in the
botrytized wines produced from Sauvignon blanc and Semillon grapes [9]. A dominance
of S-3-sulfanylhexan-1-ol was typical for these botrytized wines, whereas a racemic ratio
was observed for dry white Sauvignon blanc and Semillon wines [10].

Chirality is one of the most important properties of organic compounds included
in the composition of food products [11]. The importance of determining enantiomers
and their ratio lies on the fact that enantiomers volatile molecules have different aroma
characteristics and odor detection threshold [12]. Changes in enantiomeric ratio could yield
information about product quality, technical processing, different biological activity, and
contamination [13]. In some cases, discrimination of samples can be problematic due to an
additional racemization of chiral compounds through fermentation or distillation processes.
Thus, a complex approach with a number of enantiomeric data and chemometric modelling
has been demonstrated in the recent studies. For example, the enantiomeric concentrations
of terpenes and (1R, 2R)-methyl jasmonate were exploited in statistics discrimination of
22 tea cultivars according to their geographical origin [14]. Influence of different storage
conditions and manufacturing process on green tea was shown with a total distribution of
catechins and methylxanthines [15]. The PCA analysis was included in the metabolomics
profiling of chiral amino acids for classification of cheese depending ripening period (6, 18,
26 months) [16]. Castells et al. [17] proposed to discriminate honey origin with the enan-
tiomeric ratio of dintitrophenyl amino acids. The authors [18] developed a chemometric
method based on the composition of triacylglycerols and volatiles for varietal classification
of extra virgin olive oils. Comprehensive two-dimensional gas chromatography (GC×GC)
shows clear advantages for the analysis of complex samples, such as improved separa-
tion capacity, increased number of identified compounds, structured chromatograms and
significant signal enhancement [19]. Enantioselective GC×GC analysis was successfully
used for the evaluation of essential oils [20,21] and herbal products [22]. Flow-modulated
comprehensive two-dimensional gas chromatography proposed more available equipment
as well gives a possibility to adjust amount of sample directed to the second column. In our
study, we tried to exploit enantioselective GC×GC analysis for the evaluation of botrytized
wines in comparison to the corresponding varietal grape wines, selected essences, and the
varietal wines fermented with grape skins.

2. Materials and Methods

2.1. Chemicals

n-Hexane and standards of enantiomers were supplied from Sigma Aldrich (St. Louis,
MO, USA), and sodium chloride was obtained from Chemapol (Prague, Czech Republic).
A mixture of n-alkanes (C7-C30) used for the calculation of retention indices was purchased
from Supelco (Belleforte, PA, USA).

2.2. Samples

The samples included Tokaj essences (ES), wine maturated on grape peel (GP30 for 30
and GP90 for 90 days), botrytized wines (2, 3, 4, 5 and 6 putňove, 2P1-6P8) and varietal
wines (Furmint, Muscat Lunel and Lipovina variety, F1-L5). More detailed information
about the used samples is presented in Table 1.
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Table 1. The samples used for investigation.

Code Year Producer Code Year Producer

ES1 1999 TOKAJ & CO. 5P7 2000 Zlatý Strapec
ES2 2000 J & J OSTROŽOVIČ 5P8 2003 J & J OSTROŽOVIČ

GP30 2016 J & J OSTROŽOVIČ 5P9 2003 J & J OSTROŽOVIČ
GP90 2016 J & J OSTROŽOVIČ 5P10 2004 J & J OSTROŽOVIČ
2P1 1989 TOKAJ & CO. 6P1 1977 Zlatý Strapec
2P2 1990 TOKAJ & CO. 6P2 1983 Zlatý Strapec
3P1 1988 Zlatý Strapec 6P3 1989 J & J OSTROŽOVIČ
3P2 1990 TOKAJ & CO. 6P4 1989 TOKAJ & CO.
3P3 1995 J & J OSTROŽOVIČ 6P5 1999 J & J OSTROŽOVIČ
3P4 1995 Zlatý Strapec 6P6 2002 J & J OSTROŽOVIČ
3P5 1999 J & J OSTROŽOVIČ 6P7 2003 J & J OSTROŽOVIČ
3P6 2000 Zlatý Strapec 6P8 2006 TOKAJ & CO.
3P7 2009 TOKAJ & CO. F1 2014 J & J OSTROŽOVIČ
4P1 1993 Zlatý Strapec F2 2015 TOKAJ & CO.
4P2 1995 TOKAJ & CO. F3 2015 J & J OSTROŽOVIČ
4P3 2000 Zlatý Strapec M1 2016 J & J OSTROŽOVIČ
4P4 2002 J & J OSTROŽOVIČ M2 2016 J & J OSTROŽOVIČ
4P5 2004 J & J OSTROŽOVIČ M4 2015 J & J OSTROŽOVIČ
4P6 2009 TOKAJ & CO. M5 2015 TOKAJ & CO.
5P1 1959 Zlatý Strapec L1 2015 J & J OSTROŽOVIČ
5P2 1972 Zlatý Strapec L2 2015 TOKAJ & CO.
5P3 1989 J & J OSTROŽOVIČ L3 2015 TOKAJ & CO.
5P4 1990 TOKAJ & CO. L4 2015 J & J OSTROŽOVIČ
5P5 1993 J & J OSTROŽOVIČ L5 2015 J & J OSTROŽOVIČ
5P6 1993 Zlatý Strapec - - -

2P, 3P, 4P, 5P and 6P are shortcut for “puttony” wines with the corresponding number of tubs was added.

2.3. Sample Preparation

The studied samples were prepared by liquid-liquid extraction procedure using n-
hexane. First, 2.0 g of sodium chloride was added into a 20 mL aliquot of wine. Then,
the mixture was transferred to a separatory funnel in order to facilitate extraction. Next,
5 mL of n-hexane was added to the funnel, the mixture was shaken by hand for 5 min and
extraction was repeated two more times under the same conditions. The combined extracts
were centrifuged at 3600 rpm for 10 min. The resulting organic extract was evaporated
to 1 mL under nitrogen flow in a 55 ◦C water bath. The development of the method is
described in detail in [23].

2.4. Instrumentation

Agilent 7890A gas chromatograph (Wilmington, DE, USA) coupled with a reverse
fill/flush (RFF) flow modulator (Agilent G3486A CFT Modulator, Folsom, CA, USA),
flame-ionization detector (FID) and quadrupole mass spectrometer (qMS) were used to
determine an enantiomer ratio in the wine samples. The GC column setup contains
30 m × 0.25 mm × 0.25 μm Rt-ßDEXse (Restek, Bellefonte, PA, USA) in the first dimension
and 5 m × 0.25 mm × 0.15 μm INNOWax (Agilent Technologies, Folsom, CA, USA) in
the second dimension. A supplementary restrictor (5 m × 250 μm ID) facilitates a switch
of the carrier gas direction in the modulator between loading and injection mode. The
modulation period was set to 6 s and included a 0.11 s sampling time. The second column
effluent is directed to a splitter connected to qMS and FID detectors. Such approach is
connected to compatibility of the detectors with elevated second flow of carrier gas and
high acquisition frequency required for GC×GC analysis. A 0.5 m × 100 μm ID restrictor
and a 1.2 m × 250 μm ID restrictor were installed to qMS and FID, respectively.

An initial temperature of the oven program was 40 ◦C and kept for 10 min. Further,
temperature was increased with a rate 2 ◦C/min to 220 ◦C and maintained for 25 min. A
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total analysis time was 125 min. 1 μL of the sample extract was injected in splitless mode
into 250 ◦C heated inlet. Helium (99.999% purity) in constant flow mode was used as the
carrier gas. 0.7 mL/min flow rate was set in the first dimension and 23 mL/min for the
second dimension. Flow rates to FID and MS detectors were determined with parameters of
the restrictors and set as 23.3 mL/min and 2.1 mL/min, respectively. The flame-ionization
detector was operated at 250 ◦C with a hydrogen flow rate of 30 mL/min, an air flow rate
of 450 mL/min, and a makeup flow rate of 25 mL/min. A data acquisition rate of 100 Hz
was used for FID detector. A transfer line to MS detector was kept at 250 ◦C for whole run
time. Ion source temperature and quadrupole temperature were maintained at 180 ◦C and
300 ◦C, respectively. The MS signal acquisition rate was 21.43 spectra/s (40–400 m/z range).
The primary processing of the obtained chromatograms was performed using GC Image
software version v. 2.1. (Zoex Corporation, Houston, TX, USA), and MSD ChemStation
software (version F.01.01.2317, Agilent Technologies, Santa Clara, CA, USA) with NIST14,
FFNSC2, MPW2007 and W9N11 databases. GC×GC-MS identification of compounds was
also supported with injection of standard compounds.

3. Results

A chiral column with the stationary phase based on 2,3-di-O-ethyl-6-O-tert-butyl
dimethylsilyl-β-cyclodextrin, was used in the first dimension for GC×GC analysis. A polar
INNOWax column was selected for the second dimension to separate analytes according
to polarity. GC×GC-MS data was used to determine chiral volatile compounds presented
in the samples. Due to higher acquisition rate of flame-ionization detector and narrower
peaks, GC×GC-FID data was preferred for calculation of enantiomeric ratio. GC×GC-
MS and GC×GC-FID chromatograms of Furmint varietal wine (2015) are represented in
Figure 1. More detailed information about volatile organic compounds composition of
Tokaj varietal wines and Tokaj selection wines can be found in the previous studies [23,24].
The target chiral compounds include ethyl lactate, linalool, α-terpineol, γ-nonalactone
and whiskey lactone. Retention times and retention indices of stereoisomers are shown
in Table 2. Enantiomeric ratio of the chiral compounds was estimated according to:

ER =
AR

AR + AS
× 100

where AR is obtained peak area of R enantiomer and AS is obtained peak area of the
following S configuration [25]. RSD values of enantiomeric ratios based on GC×GC-FID
were less than 10%.

Table 2. Target chiral compounds.

Compounds RT1, min RT2, s RI Resolution

R-(+)-ethyl lactate 44.288 1.491 972 -
S-(-)-ethyl lactate 44.988 1.491 979 3.29

R-(-)-linalool 60.388 1.177 1204 -
S-(+)-linalool 60.688 1.177 1210 1.56

R-(+)-α-terpineol 68.288 1.491 1322 -
S-(-)-α-terpineol 68.588 1.491 1328 2.59

cis-whiskey lactone 78.788 1.648 1506 -
trans-whiskey lactone 81.488 1.805 1543 11.00

R-γ-nonalactone 84.388 1.833 1592 -
S-γ-nonalactone 84.588 1.833 1595 8.20

RT1 corresponds to retention time of compounds eluted from first dimension and RT2 corresponds to retention
time of compounds eluted from second dimension, RI—retention index for the 1st column.
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Figure 1. GC×GC-MS (A) and GC×GC-FID (B) chromatogram of Furmint varietal wine (2015).

3.1. Ethyl Lactate

Ethyl lactate is an important aroma compound which contributes to the “broader”,
“fuller” taste of wine and could be used for the determination of the microbiological
infection of wine [26]. Enantiomers of ethyl lactate are obtained through different fer-
mentation processes that are typical for winemaking. R-(+)-ethyl lactate is a product of
sugar fermentation by yeast, whereas presence of S-(-)-ethyl lactate is caused by activity
of lactic acid bacteria during malolactic fermentation [27]. Lactic bacteria (Lactobacillus,
Pediococcus, and Oenococcus) support conversion of L-malic acid to L-lactic acid and
additional biosynthesis of aroma compounds [28]. Table 3 shows that both of R- and S-
enantiomers were detected in 46 from 49 samples. The exception was observed for varietal
wine produced from Muscat Lunel (2016) and Lipovina (2015). Overall, R-(+)-ethyl lactate
was dominant for Tokaj varietal wines in comparison to the other types. The highest value
of R-(+)-ethyl lactate (91%) was detected in Furmint (2015). The excess of S-(-)-ethyl lactate
over R-(+)-ethyl lactate varied from 2 times (4P-1993, 4P-2009) to 6 times (2P-1990, 3P-1999)
in the botrytized wines. A few samples like 3P-2009, and 6P-2006 showed a reverse ten-
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dency with the R:S ratio as 70:30, 81:19, respectively. It is worthy to remark that higher
excess of S-enantiomer (nearly 8 times) was recorded in the wine fermented with grape
skins for 30 days. A content of R-enantiomer increased almost double in after 90 days of
fermentation with grape skins. Mills et al. [29] showed a presence of atypical lactic acid
bacteria community in botrytized wines (Leuconostoc and Lactococcus), which could be
connected to Botrytis colonization on the grape berry. Increased content of S-enantiomer
was shown for the other types of wine [27,30] after malolactic fermentation. For example,
Freitas et al. [31] claimed a decrease of R-(+)-ethyl lactate by 50–68%, and an increase of
85–75% for S-(-)-ethyl lactate as a result of activity of lactic acid bacteria.

3.2. Terpenes

A majority of terpenes are bonded to sugar molecules and occurs in grapes in non-
volatile form. Their concentration increases during grape ripening and wine ageing [32]
and become important components of wine flavor and aroma [33]. A racemic mixture
of terpenes is commonly observed in raw fruits or as a product of fermentation process.
In our case, linalool was mostly presented in the varietal Tokaj wines (ten out of twelve
samples). For the botrytized wines, linalool was detected only in two samples, whereas
other types of samples did not contain linalool at all. In particularly, only 3 and 4 “puttony”
wines (both from 2009) were reported to contain linalool enantiomers. It is worthy to note
that a racemic mixture was obtained in almost half of total samples, e.g., Furmint–2015
(48:52), Muscat Lunel–2015 (49:51). A slight dominance of S-stereoisomer (59–63%) was
observed for some Muscat Lunel and Lipovina samples. In botrytized wines, linalool
generally metabolizes to (E)-2,6-dimethyl-2,7-octadiene-l,6-diol (>95%) (Figure 2) [34]. The
other biotransformation by-products include (Z)-2,6-dimethyl-2,7-octadiene-l,6-diol, 3,9-
epoxy-p-meth-1-ene, furanoid (Z)- and (E)-linalool oxides, pyranoid (Z)- and (E)-linalool
oxides, and 2-vinyl-2-methyl-tetrahydrofuran-5-one. Overall, linalool level tends to reduce
with prolonged wine aging due to conversion to α-terpineol and furan linalool oxides [35].
For example, concentration of linalool decreased by 3.3 and 71.6 times for Alvarinho and
Loureiro wines after 20 months of maturation [36].

Figure 2. Transformation of linalool (modified [34]).
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α-Terpineol is another monoterpene alcohol which concentration correlates with
ageing period of wine. Ferreira et al. [35] showed a significant increase in α-terpineol
content after one week of accelerated aging, and the further decrease at the end of aging
period (nine weeks). A positive effect of Botrytis cinerea on α-terpineol concentration in
wine was found in comparison with sweet Chardonnay wines [37]. In contrast to linalool,
α-terpineol was more typical for botrytized wine samples. However, the GC×GC-MS
analysis did not confirm the presence of α-terpineol stereoisomers in Tokaj essences and
fermented with grape skins. Interestingly, α-terpineol mostly occurs in the samples with
higher “putňa” number, e.g., four samples for 6P wines vs. one sample for 3P wines.
Almost racemic ratio was found in those samples and slightly higher enantiomeric ratio
(64%) was obtained for S-enantiomer in 6P wine (2002). As to the varietal wines, the
majority of samples contained α-terpineol as racemate. Two samples of Muscat wine
showed small dominance (>60%) of R-(+)-α-terpineol. Unfortunately, the results of α-
terpineol enantiomers cannot be used for the differentiation of wines according to grape
variety or “putňa” number.

3.3. Lactones

γ-Lactones are commonly identified in wine, where they play an important role as
aroma active compounds. Organoleptic properties of lactones are mainly determined by
carbon chain attached to a carbon ring [38]. In winemaking, formation of lactone could
occur in grapes, through fermentation or during aging processes by their extraction from
oak wood [39]. Azpilicueta et al. [39] reported that accumulation of γ-nonalactone from
American oak barrels did not dependent on wine type (Merlot or Cabernet Sauvignon), and
constant concentration could be achieved after two months of aging. Aroma characteristics
of γ-nonalactone enantiomers are slightly different, e.g., soft coconut and sweet taste is
typical for R-stereoisomer, whilst weak coconut is observed for S-stereoisomer [40]. As can
be seen from Table 3, both R and S configurations could be found in all wine categories.
However, γ-nonalactone was observed in less samples than ethyl lactate. In case of 3P
wines, γ-nonalactone was detected in 6 out of 7 samples. Whereas for the other botrytized
wines, this compound was presented in a half of the samples. The similar results were
observed for the varietal wines (7/12). Overall, R-γ-nonalactone is dominant (58–80%)
for all the samples. The similar findings were also reported for Australian botrytized
white wines [40] and Bordeaux dessert wines [41]. As can be seen from the results for
the wines fermented with grape skins, fermentation period did not significantly affect
stereoisomeric distribution.

Originally, whiskey (oak) lactone was identified as cis- and trans-5-n-butyl-4-methyl-
4,5-dihydro-2(3H)-furanone in burbon whiskey [42]. Whiskey lactone molecule has four
stereoisomers, but only trans-(3S,4R)-and cis-(3S,4S)-whiskey lactones are naturally occur-
ring [43]. Although cis-stereoisomer has a lower odor threshold, both cis- and trans-whiskey
lactones contribute to fresh wood and coconut aroma of wines [44]. A number of factors
influences a degree of whiskey lactone extraction from oak barrels, e.g., composition of
wood, toasting processes, and wine ageing period in barrels [45]. At higher concentration,
whiskey lactones can become a predominant flavor compound in wines. This problem can
occur in new winery where new wood barrels are used for wine ageing or if wine maker is
not careful and large amount of whiskey lactones is extracted from wooden barrels [46].
The two main oak species (French oak and American oak) are traditionally used for wine
aging. It was shown that American oak releases particularly cis-whiskey lactone, especially
with new oak barrels [47]. A cis/trans ratio of whiskey lactone has been suggested as a
parameter to distinguish wines aged in American or French oak barrels. For example,
Alamo-Sanza et al. [48] found that the content of cis-whiskey lactone is 5-fold greater higher
than the content of trans-enantiomer for wines aged in American oak barrels, whereas
for French oak barrels this value was only doubled. Nearly 10% of trans-stereoisomer
was detected in wine after aging in American oak [49], and almost racemic mixture was
measured in the case of French oak. In our case, almost all botrytized samples contain
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whiskey lactone, except of one sample produced 1990. The reversed situation was observed
for the varietal wines, where whiskey lactone was detected in two samples from Furmint
and Lipovina (2015). Overall, cis-whiskey lactone dominated in the samples (52–73%
range), and a cis/trans ratio varies from 1.1 to 2.7. Interestingly, this correlation between
stereoisomers was higher (3.2) for the wine fermented with grape skins 30 days, and it
decreased to 1.9 value after 90 days. The similar enantiomeric distribution (62% cis-whisky
lactone) was shown for essences, which undergo long-term aging.

3.4. Hierarchical Clustering Analysis of the Wine Samples

Clustering analysis is commonly used to determine data structure and look for simi-
larities between multiple objects [50]. It has been successfully incorporated in food analysis
to emphasize bioactive components and functional properties of products [51]. In order
to check the significance of variations in the target compounds composition, hierarchical
cluster analysis was selected as a classification tool. The ratios for R-(+)-ethyl lactate,
R-(-)-linalool, R-(+)-α-terpineol, R-γ-nonalactone, cis-whiskey lactone were included in
the calculations. The data obtained for the botrytized wines were averaged to simplify a
dendrogram. Distances between the samples were estimated with Euclidean distances by
the following formula:

d =

√
(x1 − y1)

2 + (x2 − y2)
2 + . . . + (xn − yn)

2,

where x1, x2 . . . xn and y1, y2 . . . yn represents co-ordinates of two points in n-dimensional
space. A distance between two clusters was determined by the distance of the furthest
neighbours in two clusters. This approach called complete linkage is recommended to
decrease number of undistinguished clusters.

The dendrogram in Figure 3 illustrates the stages of linkages and reveals successful
separation of the samples on the varietal wines and the others. Unfortunately, it was not
possible to classify the varietal wines accordingly to grape variety, and three groups are
clustered based on the analysed variables. From other side, with a few exceptions (L2 and
L4), some dependence from wine producer could be supposed. The first group (F1, L3,
L4, M5) contains the samples supplied from Tokaj & Co (Malá Tŕňa, Slovakia, whereas the
varietal wines from Ostrožovič (Vel’ká Tŕňa, Slovakia) mainly belong to the second (F2, L5,
M4, F3, L2) and the third (L1, M1, M2) groups. This assumption requires a larger number
of samples or the incorporation of additional variables to be confirmed.

Figure 3. HCA dendrogram of the obtained data. Dissimilarity is calculated as a ratio of dlink to dmax.
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As for the other samples, this group is divided on two subgroups with essences and
botrytized wines. It is worthwhile noting, that influence of period of fermentation period
with grape skins was confirmed with cluster analysis. The sample obtained after 30 days of
fermentation (GP30) was sorted to essences, and the sample with prolonged fermentation
(90 days) was more similar to the botrytized wines.

4. Conclusions

The results obtained through chiral analysis with flow-modulated comprehensive
two-dimensional gas chromatography, show a significant difference between wine cate-
gories. Particularly, it can be seen for the varietal wines and the botrytized wines, where
dissimilarity is also confirmed with hierarchic cluster analysis. In this case, the variations
in data are mainly related to ethyl lactate, linalool and whiskey lactone. The dominance
of S-(-)-ethyl lactate in the botrytized wines is supposed to be a result of malolactic fer-
mentation supported by Botrytis cinerea colonization on the grape berry. Another finding
which could correlates with the influence of the fungus on winemaking technology is the
low presence of monoterpene alcohols (especially linalool) in comparison with the varietal
wines. R-γ-nonalactone prevails in all the samples, whereas a content of whiskey lactone
is directly connected to wine aging condition. The essence samples belong to a special
high-sugar wine category and obtained from juice of from botrytized berries, show similar
results to the botrytized wines. Moreover, monoterpenes were not observed at all in the
extracts. Interestingly, that the enantiomeric distribution of the target compounds changes
with simultaneous fermentation of the varietal wines with grape skins. According to cluster
analysis the sample is classified to an essence subgroup after 30 days of fermentation. In
the case of 90 days of fermentation, the results were more comparable with the botrytized
wines. Increased enantiomeric ratio of R-ethyl lactate and a reduction in a cis/trans ratio of
whiskey lactone are observed with the extension of the fermentation period.
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Strapec and Tokaj & Co., s.r.o. for their cooperation and granting the samples.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

GC×GC comprehensive two-dimensional gas chromatography
RT retention time
RI retention index

References

1. Magyar, I.; Soós, J. Botrytized wines–current perspectives. Int. J. Wine Res. 2016, 8, 29–39. [CrossRef]
2. Hong, Y.S.; Cilindre, C.; Liger-Belair, G.; Jeandet, P.; Hertkorn, N.; Schmitt-Kopplin, P. Metabolic Influence of Botrytis cinerea

Infection in Champagne Base Wine. J. Agric. Food Chem. 2011, 59, 7237–7245. [CrossRef] [PubMed]
3. Ribéreau-Gayon, J.; Riberau-Gayon, P.; Seguin, G. Botrytis cinerea in enology. In Biology of Botrytis; Coley-Smith, K.J.R.,

Verhoeff, W.R., Jarvis, Eds.; Academic Press: London, UK, 1980; pp. 251–274.
4. Sipiczki, M. Yeasts in Botrytized Wine Making. Yeasts Prod. Wine 2019. [CrossRef]
5. Csoma, H.; Kállai, Z.; Antunovics, Z.; Czentye, K.; Sipiczki, M. Vinification without Saccharomyces: Interacting Osmotolerant

and “Spoilage” Yeast Communities in Fermenting and Ageing Botrytised High-Sugar Wines (Tokaj Essence). Microorganisms
2021, 9, 19. [CrossRef]

6. Eftimova, Z.; Eftimová, J.; Balážová, L’. Antioxidant activity of tokaj essence. Potravinarstvo 2018, 12, 323–329. [CrossRef]

92



Foods 2021, 10, 876

7. Furdikova, K.; Machynakova, A.; Drtilova, T.; Spanik, I. Comparison of Different Categories of Slovak Tokaj Wines in Terms of
Profiles of Volatile Organic Compounds. Molecules 2020, 25, 669. [CrossRef] [PubMed]

8. Tosi, E.; Fedrizzi, B.; Azzolini, M.; Finato, F.; Simonato, B.; Zapparoli, G. Effects of noble rot on must composition and aroma
profile of Amarone wine produced by the traditional grape withering protocol. Food Chem. 2012, 130, 370–375. [CrossRef]

9. Thibon, C.; Shinkaruk, S.; Jourdes, M.; Bennetau, B.; Dubourdieu, D.; Tominaga, T. Aromatic potential of botrytized white wine
grapes: Identification and quantification of new cysteine-S-conjugate flavor precursors. Anal. Chim. Acta 2010, 660, 190–196.
[CrossRef]

10. Tominaga, T.; Niclass, Y.; Frerot, E.; Dubourdieu, D. Stereoisomeric distribution of 3-mercaptohexan-1-ol and 3-mercaptohexyl
acetate in dry and sweet white wines made from Vitis vinifera (var. Sauvignon blanc and Semillon). J. Agric. Food Chem. 2006, 54,
7251–7255. [CrossRef]

11. Ribeiro, C.; Gonçalves, R.; Tiritan, M. Separation of Enantiomers Using Gas Chromatography: Application in Forensic Toxicology,
Food and Environmental Analysis. Crit. Rev. Anal. Chem. 2020, 1–25. [CrossRef]

12. Zawirska-Wojtasiak, R. Chirality and the Nature of Food Authenticity of Aroma. Acta Sci. Polon. Technol. 2006, 5, 21–36.
13. Alvarez-Rivera, G.; Bueno, M.; Ballesteros-Vivas, D.; Cifuentes, A. Chiral analysis in food science. Trac-Trend Anal. Chem. 2020,

123, 151–171. [CrossRef]
14. Mu, B.; Zhu, Y.; Lv, H.P.; Yan, H.; Peng, Q.H.; Lin, Z. The enantiomeric distributions of volatile constituents in different tea

cultivars. Food Chem. 2018, 265, 329–336. [CrossRef] [PubMed]
15. Pasquini, B.; Orlandini, S.; Goodarzi, M.; Caprini, C.; Gotti, R.; Furlanetto, S. Chiral cyclodextrin-modified micellar electrokinetic

chromatography and chemometric techniques for green tea samples origin discrimination. Talanta 2016, 150, 7–13. [CrossRef]
[PubMed]

16. Nakano, Y.; Taniguchi, M.; Fukusaki, E. High-sensitive liquid chromatography-tandem mass spectrometry-based chiral metabolic
profiling focusing on amino acids and related metabolites. J. Biosci. Bioeng. 2019, 127, 520–527. [CrossRef] [PubMed]

17. Acquaviva, A.; Siano, G.; Quintas, P.; Filgueira, M.R.; Castells, C.B. Chiral x achiral multidimensional liquid chromatography.
Application to the enantioseparation of dintitrophenyl amino acids in honey samples and their fingerprint classification. J.
Chromatogr. A 2020, 1614, 460729. [CrossRef] [PubMed]

18. Blasi, F.; Pollini, L.; Cossignani, L. Varietal Authentication of Extra Virgin Olive Oils by Triacylglycerols and Volatiles Analysis.
Foods 2019, 8, 58. [CrossRef]

19. Cordero, C.; Schmarr, H.G.; Reichenbach, S.E.; Bicchi, C. Current Developments in Analyzing Food Volatiles by Multidimensional
Gas Chromatographic Techniques. J. Agric. Food Chem. 2018, 66, 2226–2236. [CrossRef]

20. Krupcik, J.; Gorovenko, R.; Spanik, I.; Armstrong, D.W.; Sandra, P. Enantioselective comprehensive two-dimensional gas
chromatography of lavender essential oil. J. Sep. Sci. 2016, 39, 4765–4772. [CrossRef]

21. Shellie, R.; Marriott, P.; Cornwell, C. Application of comprehensive two-dimensional gas chromatography (GC× GC) to the
enantioselective analysis of essential oils. J. Sep. Sci. 2001, 24, 823–830. [CrossRef]

22. Wang, M.; Marriott, P.J.; Chan, W.H.; Lee, A.W.M.; Huie, C.W. Enantiomeric separation and quantification of ephedrine-type
alkaloids in herbal materials by comprehensive two-dimensional gas chromatography. J. Chromatogr. A 2006, 1112, 361–368.
[CrossRef]

23. Machynakova, A.; Khvalbota, L.; Furdikova, K.; Drtilova, T.; Spanik, I. Characterization of volatile organic compounds in Slovak
Tokaj wines. J. Food Nutr. Res. Slov. 2019, 58, 307–318.

24. Vyviurska, O.; Spanik, I. Assessment of Tokaj varietal wines with comprehensive two-dimensional gas chromatography coupled
to high resolution mass spectrometry. Microchem. J. 2020, 152, 104385. [CrossRef]

25. Pazitna, A.; Dzurova, J.; Spanik, I. Enantiomer Distribution of Major Chiral Volatile Organic Compounds in Selected Types of
Herbal Honeys. Chirality 2014, 26, 670–674. [CrossRef] [PubMed]

26. Kaunzinger, A.; Wüst, M.; Gröbmiller, H.; Burow, S.; Hemmrich, U.; Dietrich, A.; Beck, T.; Hener, U.; Mosandl, A.; Rapp, A.
Enantiomer distribution of ethyl lactate—A new criterion for quality assurance of wine. Z. Für Lebensm. Unters. Forsch. 1996, 203,
499–500. [CrossRef]

27. Lloret, A.; Boido, E.; Lorenzo, D.; Medina, K.; Carrau, F.; Dellacassa, E.; Versini, G. Aroma variation in tannat wines: Effect of
malolactic fermentation on ethyl lactate level and its enantiomeric distribution. Ital. J. Food Sci. 2002, 14, 175–180.

28. Pozo-Bayón, M.; G-Alegría, E.; Polo, M.; Tenorio, C.; Martín-Álvarez, P.; Calvo De La Banda, M.; Ruiz-Larrea, F.;
Moreno-Arribas, M. Wine volatile and amino acid composition after malolactic fermentation: Effect of Oenococcus oeni
and Lactobacillus plantarum starter cultures. J. Agric. Food Chem. 2005, 53, 8729–8735. [CrossRef]

29. Bokulich, N.A.; Joseph, C.M.L.; Allen, G.; Benson, A.K.; Mills, D.A. Next-Generation Sequencing Reveals Significant Bacterial
Diversity of Botrytized Wine. PLoS ONE 2012, 7, e36357. [CrossRef] [PubMed]
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Abstract: Chia oil is a valuable source of omega-3-fatty acids and other nutritional components.
However, it is expensive to produce and can therefore be easily adulterated with cheaper oils to
improve the profit margins. Spectroscopic methods are becoming more and more common in food
fraud detection. The aim of this study was to answer following questions: Is it possible to detect
chia oil adulteration by spectroscopic analysis of the oils? Is it possible to identify the adulteration
oil? Is it possible to determine the amount of adulteration? Two chia oils from local markets were
adulterated with three common food oils, including sunflower, rapeseed and corn oil. Subsequently,
six chia oils obtained from different sites in Kenya were adulterated with sunflower oil to check the
results. Raman, NIR and fluorescence spectroscopy were applied for the analysis. It was possible to
detect the amount of adulterated oils by spectroscopic analysis, with a minimum R2 of 0.95 for the
used partial least square regression with a maximum RMSEPrange of 10%. The adulterations of chia
oils by rapeseed, sunflower and corn oil were identified by classification with a median true positive
rate of 90%. The training accuracies, sensitivity and specificity of the classifications were over 90%.
Chia oil B was easier to detect. The adulterated samples were identified with a precision of 97%. All
of the classification methods show good results, however SVM were the best. The identification of
the adulteration oil was possible; less than 5% of the adulteration oils were difficult to detect. In
summary, spectroscopic analysis of chia oils might be a useful tool to identify adulterations.

Keywords: chia oil; adulteration; spectroscopy; NIR; Raman; fluorescence

1. Introduction

Chia, Salvia hispanica L., a member of the Labiatae family, is cultivated in environments
ranging from tropical to subtropical conditions and used as a food ingredient. Native from
southern Mexico and northern Guatemala, chia has been cultivated on a commercial basis
in Australia, Colombia, Argentina, Peru, Ecuador, Bolivia and Paraguay [1]. Research
has proved that chia seeds are a good source of oil, protein, dietary fiber, minerals and
polyphenolic compounds [2]. Quantitatively, chia seeds contain 91–93 g/100 g dry matter,
26–41 g/100 g carbohydrates, 32–39 g/100 g oil, 22–24 g/100 g protein, 18–30 g/100 g
dietary fiber, and 4–6 g/100 g ash, vitamins, antioxidants, minerals contents [3].

Chia oil is known to lower the risks of cardiovascular disease, inflammation, hep-
atoprotective effect and also to prevent the likelihood of obesity-related disorders [4].
According to research carried out by Gazem et al. [5], investigating in vitro the cancer
cytotoxic properties of chia seeds oil and its blends, chia seed oil was found to significantly
inhibit anti-lipoxygenase activity, and demonstrated potent and differential anticancer
activity. The team concluded that supplementation of a modern diet with chia seeds oil
may delay or prevent the incidence of degenerative disorders. Additionally, according
to research carried out by Albert et al. [6], it was observed that supplementation of a
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diet with long-chain omega-3 polyunsaturated fatty acids can prevent cardiovascular and
inflammatory diseases. Current research has not shown any adverse effects of chia seed
consumption, but toxicological data on controlled human trials on the safety and efficacy
of chia seed oils are still limited. With the emerging concepts around the combination of
chemotherapy and nutritional therapy, there is need to increase data on fatty acid compo-
sition in various foods that can be applied in chemotherapeutic subjects. Chia seed oil is
becoming an appealing and preferred choice for healthy food and cosmetic applications
due to its lower content of saturated fatty acids (palmitic and stearic acids) and adequate
concentration of linolenic fatty acids (55–60%) and linoleic acids (18–20%) [3]. Both chia
seeds and chia seed oil have been safely applied in animal feeds to decrease the cholesterol
levels and increase the polyunsaturated fatty acids and in egg and meat products [7]

Extraction of chia oils apply different methods with diverse oil yields including cold-
pressing followed by centrifugation to remove physical matter, hot-pressing, solvent extrac-
tion and supercritical fluid. Chia oil yield and quality in terms of fatty acids composition
are affected by several factors including agroecological zones of growth, seed variety, seed
storage conditions, pre-treatment method, size reduction practices and the aforementioned
extraction procedures [8]. Due to the high value of chia oil, some unscrupulous sellers may
adulterate with cheaper oils in order to increase profit. This adulteration will also make the
long-chain polyunsaturated fatty acids highly susceptible to lipid hydrolysis and oxidation,
thus loosing shelf-life, consumer acceptability, nutritional value, functionality and safety.

Vegetable oils are valuable component of human nutrition. Adulteration of valuable
expensive oils with cheaper oils is very common practice. Applying spectroscopic meth-
ods provides an opportunity quickly detect these adulterations. There are several works
available on olive oil adulteration detection by fluorescence spectroscopy [9–11]. Sikorska
et al. [12] were able to distinguish between different edible oils using fluorescence spec-
troscopy. Near Infrared spectroscopy (NIR) is also well established for food analysis [13].
With data obtained from NIR, UV-Vis and GC, the ComDim chemometrics method was
able to distinguish 32 vegetable oil samples by their characteristics and compositions [14].
Rodríguez et al. [15] showed that it is possible to detect adulteration of sesame and chia
oils by Fourier transform infrared spectroscopy with prediction errors between 1% and
5%. Studies on oil adulteration detection with spectroscopic methods have been published
by several authors. For example, La Mata et al. [16] used ATR-FTIR spectroscopy and
were able to differentiate between blends with olive oil content higher than 50% (w/w) and
those below 50% (w/w). More examples for the application of FTIR on olive oil adulteration
can be found in literature [17–20]. (FT- or M-) IR spectroscopy was also successfully used
for sesame oil adulteration [21–25]. Extra virgin olive oil adulteration with hazelnut oil
was evaluated using mid-infrared and Raman spectroscopic data [26]. The application
of Raman spectroscopy on olive oil adulteration [27] or the combination of Raman and
NIR spectroscopy [28] is another way of combining the spectroscopic methods. Adulter-
ation detection by FT-Raman and NIR spectroscopy, combined with data fusion and Soft
Independent Modelling of Class Analogy, was performed on a case study to determine
the adulteration of hazelnut paste with almonds or chickpeas [29]. Other examples of
combinations of NIR and fluorescence were given by Hu et al. [30], who worked on the
fraud detection of Chinese tea oil or by Li et al. [31], who applied these spectroscopic
methods to detect adulteration and authenticity of walnut oil.

This study focuses on the adulteration of chia oils with cheaper oils that are available
in European and African markets. The more expensive chia oils are currently paid a great
deal of attention in African countries, and therefore it is necessary to prevent the valuable
oil from adulteration. Adulteration detection is mostly dependent on discriminant analysis,
where the spectrum of the test sample is compared to a reference library. The establishment
of the reference library usually takes a long time due to the amount of data that has to
be covered, e.g., known adulterated samples. Important questions must be answered
throughout the process, such as whether a test sample belongs to the native samples or the
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adulterated samples and whether the adulteration can actually be identified. The last but
most difficult question is to which amount the test sample has been adulterated.

2. Materials and Methods

2.1. Sample Preparation

Two different samples of chia oil were purchased, A: Bio Chia Öl (Ölmühle Fandler
GmbH, Pöllau, Austria with best before dates of 21 January 2020 and 28 February 2020,
origin: Mexico) and B: Chiaöl (Ölmühle Solling GmbH, Boffzen, Germany with best
before dates of 7 September 2019 and 26 December 2019, origin: Mexico). For adulteration,
common food preparation oils were purchased at the local markets: rapeseed oil (R): Reines
Rapsöl, raffiniert (Bökelmann + Co. Ölmühle GmbH & Co. KG, Hamm, Germany, with
best before date 24 April 2020), sunflower oil (S): Reines Sonnenblumenöl, raffiniert (Walter
Rau Lebensmittelwerke GmbH, Hilter, Germany, with best before date 17 May 2020), and
corn oil (C): Mazola, reines Maiskeimöl (Peter Kölln GmbH & Co. KG, Elmsholm, Germany,
with best before date 27 May 2020). The nutritional values of the oil samples are presented
in Table 1.

Table 1. T Nutritional values of the oil samples, for A and B (chia oils) per 100 g, for R, S and C per 100 mL.

Sample
Name

Energy [kJ]
Energy
[kcal]

Fat [g]
Saturated

Fatty Acids
[g]

Single Unsat.
Fatty Acids

[g]

Multiple
Unsat. Fatty

Acids [g]

Vitamin E
[mg]

A (chia oil) 3700 900 100 10.1 7.8 82.1 -
B (chia oil) 3700 900 100 10.6 7.2 82.2 -

R (rapeseed) 3404 828 92 6.5 60 25.5 46
S (sunflower) 3404 828 92 10 28 54 30

C (corn) 3404 828 92 13 28 51 37

In Table 2, the sample preparation and its labelling for the Mexican chia oils is pre-
sented. Every sample was prepared three times, and 114 samples were collected. The
sample volume remained constant at 3.5 mL.

Table 2. Sample preparation and labelling for the spectroscopic analysis. A and B are the two Mexican
chia oils, S is sunflower oil, R is rapeseed oil and C is corn oil. All values are mass percentages.

Samples
Materials

A B S R C

native oils

A100 100%
B100 100%
S100 100%
R100 100%
C100 100%

samples with A

AS90 90% 10%
AS95 95% 5%
AS98 98% 2%
AS99 99% 1%
AR90 90% 10%
AR95 95% 5%
AR98 98% 2%
AR99 99% 1%
AC90 90% 10%
AC95 95% 5%
AC98 98% 2%
AC99 99% 1%
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Table 2. Cont.

Samples
Materials

A B S R C

samples with B

BS90 90% 10%
BS95 95% 5%
BS98 98% 2%
BS99 99% 1%
BR90 90% 10%
BR95 95% 5%
BR98 98% 2%
BR99 99% 1%
BC90 90% 10%
BC95 95% 5%
BC98 98% 2%
BC99 99% 1%

additional
combinations

RS50 50% 50%
RC50 50% 50%
SC50 50% 50%
AS50 50% 50%
AR50 50% 50%
AC50 50% 50%
BS50 50% 50%
BR50 50% 50%
BC50 50% 50%

For Kenyan chia oil samples, named oil U, V, W, X, Y, Z (from chia seeds obtained
from different growth sites in Kenya) a smaller sample volume (2 mL) was chosen because
of the small number of samples available. Its samples were prepared, according to Table 3,
two times with exceptions (indicated with *), which were prepared once. Therefore, 28
different samples were obtained from Kenyan chia oil. All samples were directly prepared
in a quartz glass cuvette and mixed by gently shaking. Then the cuvettes were placed in
the respective spectrometer.

Table 3. Sample preparation for the additional Kenyan chia oil samples (U–Z) that were adulterated with sunflower oil (S).
Samples indicated with * were prepared only once, the others were prepared two times.

Samples Materials

U V W X Y Z S

U100 * 100%
V100 100%
W100 100%
X100 * 100%
Y100 100%
Z100 100%

US90 * 90% 10%
US50 * 50% 50%
VS90 90% 10%
VS50 50% 50%

WS50 * 50% 50%
XS90 * 90% 10%
XS50 50% 50%
YS90 90% 10%
YS50 50% 50%
ZS90 90% 10%
ZS50 50% 50%

* All together 142 samples are used for spectroscopic measurement.
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2.2. Spectroscopic Measurements

Three spectrometers were used to obtain near infrared (NIR), Raman and fluorescence
spectra of the oil samples. NIR spectroscopy measurements were performed in the Multi-
Purpose NIR Analyzer (Bruker Optik GmbH, Ettlingen, Germany), varying wavelengths
from 800 nm to 2800 nm, in absorbance, with a resolution of 15 nm and 8 scans per
measurement.

Raman spectroscopy was performed with a FT-Raman785 spectrometer (Inno-spec
GmbH, Model 11-0130005-119, Nürnberg, Germany), equipped with a 784.98 nm Laser
applying a measurement range from 350 cm−1 to 3200 cm−1. The integration time was 1 s
and 3 scans were performed for each measurement. The background was measured with
an empty cuvette.

3D-fluorescence spectra were obtained with FluoroMax4 Spectrofluorometer (HORIBA
JOBIN YVON Technology, Edison, NY, USA). Spectra were analysed in a range between
300 nm and 550 nm of excitation and 350 nm and 700 nm emission with 10 nm distance
steps and a slit width of 1 nm. In total, the resulting spectra contained 936 measured
intensities of wavenumber and wavelength combinations.

Every prepared sample was measured 5 times. In total, 142 samples were measured.
Every single spectrum was used for the analysis, in total 710 spectra were obtained for
each spectroscopic method. The resulting combined spectra contained 2751 points.

2.3. Spectra Evaluation: Preprocessing

The evaluation of the spectra was performed with Matlab R2020a (version 9.8). The
spectra were pre-processed with different methods to extract the desired information. A
baseline correction and a standard normal variate (SNV) transformation was applied to
Raman and NIR spectra. For the baseline correction, the following Matlab code, presented
in Equation (1), was applied in a loop using the intensity values of all wavenumbers k in a
spectrum.

IBC(k) = I(k)− cumsum[smooth(di f f {I(k)}, 20)] (1)

IBC(k) is the baseline corrected intensity value, I(k) the raw intensity, cumsum, smooth
and diff are Matlab functions. To harmonize the spectra further, a standard normal variate
transformation, presented in Equation (2), was applied as follows

ISNV(k) =
IBC(k)− IBC

SDBC
(2)

ISNV(k) is the transformed intensity, IBC and SDBC are the mean value and stan-
dard deviation of the base line corrected spectrum. For the fluorescence spectra, no
pre-processing was applied. The spectra were then evaluated separately for each spectrom-
eter typ. For further evaluations NIR, fluorescence and Raman spectra were combined. The
intensities of the fluorescence spectra were therefore scaled down with a SNV transforma-
tion, subsequently the NIR and Raman spectra were appended to the fluorescence spectra
to produce combined spectra.

2.4. Spectra Evaluation: Classification

The classification was performed by using the Classification Learner App, which is
implemented in Matlab. The following classification algorithms were tested: decision tree
(DT), linear discriminant analysis (LD), k nearest neighbour classification (KNN), support
vector machine linear (SVMl) and cubic (SVMc). The classification was performed with
5 classes: 1. A, 2. Adult A, 3. B, 4. Adult B, 5. Adult. The classification was performed to
check if A and B samples of the native oils could be distinguished and if an adulteration
was present. For Adult A and Adult B, the 12 samples with A and B were complemented
by 3 corresponding samples of the additional combinations presented in Table 2. Therefore,
225 spectra were in both classes. To obtain equal number of spectra in every class some
simulation spectra were calculated, so that every class was enlarged to 225 spectra.
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The number of pure oil samples of class A and B resulted just in 15 spectra each,
therefore new spectra were simulated out of them. First, the means m and the standard
deviations SD of intensity values for all wavenumbers (Raman and NIR) or wavelength
combination (fluorescence) for both classes were individually calculated. 150 spectra for
each pure oil sample were simulated by adding to each value in the mean (75) or the
original (75) spectrum the corresponding standard deviation times a standard normal
distributed random number, which has a cero mean and a standard deviation of one, as
shown in Equation (3).

Ĩ(k) = I(k) + SD(k)× ran(k) (3)

Here Ĩ(k) is the simulated intensity value, k is either the wavenumber (for Raman and
NIR) or an index for the wavelength combinations (fluorescence), I(k) is the correspond-
ing mean or original value and SD(k) the corresponding standard deviation, ran(k) is a
standard normal distributed random number, which is calculated for each k. To complete
the class A and B data sets to 225 spectra, the original spectra were used five times.

For the “Adult” class, the 100% pure samples of S, R and C as well as the correspond-
ing additional combinations (RS50, RC50, SC50), which were 90 spectra together, were
complemented by 90 simulated spectra obtained in the same manner as discussed before
(Equation (3)) from the samples S, R and C. To complete the data set of class “Adult”,
45 replication spectra from S, R and C samples were added. In total 1125 spectra were
obtained, where each class consisted of 225 spectra.

The quality of the classification is assessed with the amount of correct detected samples,
which is calculated as % of samples in the validation dataset and is presented as True
Positive Rate (TPR). The sensitivity (Equation (4)), specificity (Equation (5)), accuracy
(Equation (6)) and precision (Equation (7)) are calculated with the values of true positive
(TP), true negative (TN), false negative (FN) and false positive (FP) identified samples [32].

Sensitivity (%) = TP/(TP+FN)·100%, (4)

Specificity (%) = TN/(TN+FP)·100%, (5)

Accuracy (%) = (TP+TN)/(TP+TN+FP+FN)·100%, (6)

Precision (%) = TP/(TP+FP) 100%, (7)

2.5. Spectra Evaluation: Partial Least Squares Regression

Partial Least Squares Regression (PLSR) models are calculated for each oil to predict
the adulteration levels. For the Mexican chia oil samples, A and B, 1 up to 32 principal
components (3–10 for Kenyan samples, depending on the number of measured samples)
are tested for the PLSR model. A leave-one-out-cross-validation (CV) is performed for each
dataset. The coefficient of determination R2 and the root mean square error of prediction
RMSEPrange are calculated.

The detection limit dl for the PLSR was calculated from the blank sample (100% pure
chia oil) with Equation (8), where m is the mean and SD is the standard deviation.

dl = m100% chia oil + 3 SD100% chia oil (8)

3. Results and Discussion

The native oils could easily be distinguished by their fluorescence spectra (Figure 1).
All of the oils differ in intensities and slight intensity regions. It was assumed that the best
results would be obtained through fluorescence spectra evaluation. The visible peaks can
be assigned to pigments of groups belonging to NADH, tocopherols, riboflavin (emission
524 nm), oxidation products of oil ingredients e.g., vitamin E derivates at 525 nm emission
and chlorophyll at excitation 405 nm and emission 670 nm [10–12,33–35]. However, the oils
were not prepared in a special way or measured in a solvent; therefore, the ranges might
have shifted and/or the intensities might be lower. Since we work with raw materials that
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are subject to natural variations, it is definitely possible that the spectra of two oils are not
one in the same. The fluorescence spectra of the chia oils show the same intensity regions.
Overall, all of the oils examined show higher intensities in the regions of carotenoids,
tocopherols, polyphenols and chlorophylls. Lower intensities in the regions of 350 nm
excitation and 400 nm to 450 nm emission indicate the presence of oxidation products
formed during oil ageing. Observing Figure 1 in-depth, it is obvious that the intensities of
the oils used for adulteration (sunflower, rape seed and corn) have higher intensities in the
respective regions.

 

Figure 1. Fluorescence spectra of native oils, A: chia, B: chia, S: sunflower, R: rape seed, C: corn.

For NIR and Raman spectra, the native oil spectra are presented in Figures 2 and 3.
The left side shows the raw spectra, whereas the right side shows the pre-processed spectra.
For the combined evaluation, the fluorescence spectra were also pre-processed by SNV,
and therefore the intensities are comparable. For NIR spectra, no big differences between
the samples are obvious, but in the Raman spectra different intensities for the samples are
visible. In Figure 4, the combined spectra of all native oils are presented. The spectra of A
and B show differences compared to the other oils.
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Figure 2. NIR spectra of native oils, A: chia, B: chia, R: rape seed, S: sunflower, C: corn, raw spectra
(left), pre-processed spectra (right).

Figure 3. Raman spectra of native oils, A: chia, B: chia, R: rape seed, S: sunflower, C: corn, raw spectra
(left), pre-processed spectra (right).

Figure 4. Combination of all spectra for evaluation.
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Mean values and standard deviations for the ten classification runs can be found in
Tables 4 and 5. The best results for the classification were obtained with a TPR of 99.7% for
the classification with SVMc and the combination of all of the spectra together (Table 5).
The combination of fluorescence and NIR spectra were classified with a TPR of 99.5%
with SVMc, and SVMc is also the best classification method for all single spectra. The
medians for the TPR, sensitivity, specificity and accuracy of the classification are presented
in Figure 5. The median TPR is over 90% for most of the calculations. As usual, the training
accuracies are, with exceptions, all over 90%, higher than the validation accuracies which
were between 71% and 79.9%. The sensitivity as well as the specificity were over 90% for all
of the samples. However, B was better detected. The precision was around 100% for pure
B samples whereas for A, the precision was poor with 54.2 ± 3% for the Raman spectra
classification by KNN. The precision for adulterated samples was over 90%. It is obvious
that KNN results in the poorest classification results for A and B as well as for all measured
spectra and their combinations. Adulterations for A were incorrectly classified.

Table 4. Results of the classification of samples with single spectra; Means and standard deviations of 10 classification runs.

Fluorescence 1 Tree 2 LD 3 KNN 4 SVMl 5 SVMc

TPR 94.9 ± 1.6 94.9 ± 1.6 93.2 ± 1.4 92.8 ± 1 98.1 ± 2
Accuracy training 95 ± 0.7 97.1 ± 0.5 92.9 ± 0.4 92.9 ± 0.4 97.5 ± 0.7

Accuracy validation 78 ± 0.6 78 ± 0.6 77.3 ± 0.6 77.1 ± 0.4 79.3 ± 0.8
Sensitivity A 94.6 ± 2.9 94.6 ± 2.9 100 ± 0 100 ± 0 100 ± 0
Sensitivity B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
Specificity A 97.9 ± 1.1 97.9 ± 1.1 93.3 ± 1.8 99.6 ± 0.5 99.8 ± 0.3
Specificity B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
Precision A 91.2 ± 4.9 91.2 ± 4.9 78.1 ± 6.3 98.1 ± 2.7 99.3 ± 1.2
Precision B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

NIR 6 tree 7 LD 8 KNN 9 SVMl 10 SVMc

TPR 95.8 ± 2.2 95.8 ± 2.2 90.2 ± 1.8 97.2 ± 1.3 98.4 ± 0.7
Accuracy training 95.3 ± 0.5 95.5 ± 0.8 90.7 ± 0.3 97.6 ± 0.4 98.5 ± 0.3

Accuracy validation 78.3 ± 0.9 78.3 ± 0.9 76.1 ± 0.7 78.9 ± 0.5 79.4 ± 0.3
Sensitivity A 95.5 ± 2.9 95.5 ± 2.9 100 ± 0 100 ± 0 100 ± 0
Sensitivity B 99.5 ± 1.1 99.5 ± 1.1 100 ± 0 100 ± 0 100 ± 0
Specificity A 98.7 ± 0.9 98.7 ± 0.9 90.2 ± 1.7 98.6 ± 0.9 99 ± 0.6
Specificity B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
Precision A 94.7 ± 3.1 94.7 ± 3.1 71 ± 5.4 94.4 ± 3.2 96.1 ± 2.2
Precision B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

Raman 11 tree 12 LD 13 KNN 14 SVMl 15 SVMc

TPR 92.2 ± 2.5 92.2 ± 2.5 79.6 ± 2.6 96.4 ± 0.7 98 ± 0.4
Accuracy training 92.3 ± 1.2 97 ± 0.3 79 ± 0.6 97.3 ± 0.3 98.4 ± 0.2

Accuracy validation 76.9 ± 1 76.9 ± 1 71.8 ± 1 78.6 ± 0.3 79.2 ± 0.2
Sensitivity A 96 ± 3.6 96 ± 3.6 100 ± 0 100 ± 0 100 ± 0
Sensitivity B 98.5 ± 2 98.5 ± 2 100 ± 0 100 ± 0 100 ± 0
Specificity A 96.5 ± 2.1 96.5 ± 2.1 81.5 ± 2.9 99.5 ± 0.5 99.7 ± 0.3
Specificity B 99.9 ± 0.2 99.9 ± 0.2 100 ± 0 100 ± 0 100 ± 0
Precision A 87.1 ± 7.1 87.1 ± 7.1 56.7 ± 5.8 97.9 ± 2.4 98.8 ± 1.3
Precision B 99.8 ± 0.8 99.8 ± 0.8 100 ± 0 100 ± 0 100 ± 0
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Table 5. Results of the classification of samples with combinations of spectra; means and standard deviations of 10 classifi-
cation runs.

Fluo + NIR + Raman 16 Tree 17 LD 18 KNN 19 SVMl 20 SVMc

TPR 98.1 ± 0.6 98.1 ± 0.6 91.2 ± 2 99.2 ± 0.4 99.7 ± 0.3
Accuracy training 97.5 ± 0.6 99.4 ± 0.1 90.7 ± 0.3 99.2 ± 0.2 99.6 ± 0.2

Accuracy validation 79.2 ± 0.3 79.2 ± 0.3 76.5 ± 0.8 79.7 ± 0.2 79.9 ± 0.1
Sensitivity A 98.3 ± 2 98.3 ± 2 100 ± 0 100 ± 0 100 ± 0
Sensitivity B 99.7 ± 0.9 99.7 ± 0.9 100 ± 0 100 ± 0 100 ± 0
Specificity A 98.8 ± 0.5 98.8 ± 0.5 89.7 ± 1.9 99.5 ± 0.6 99.8 ± 0.3
Specificity B 99.9 ± 0.4 99.9 ± 0.4 100 ± 0 100 ± 0 100 ± 0
Precision A 95.2 ± 2.2 95.2 ± 2.2 70 ± 5.4 97.9 ± 2.9 99.3 ± 1.2
Precision B 99.7 ± 1 99.7 ± 1 100 ± 0 100 ± 0 100 ± 0

Fluo + NIR 21 tree 22 LD 23 KNN 24 SVMl 25 SVMc

TPR 97.1 ± 1 97.1 ± 1 94.5 ± 1.1 98.4 ± 1.1 99.5 ± 0.5
Accuracy training 97.1 ± 0.7 99.5 ± 0.2 94.5 ± 0.3 98 ± 0.3 99.5 ± 0.1

Accuracy validation 78.8 ± 0.4 78.8 ± 0.4 77.8 ± 0.4 79.3 ± 0.4 79.8 ± 0.2
Sensitivity A 94.6 ± 3.8 94.6 ± 3.8 100 ± 0 100 ± 0 100 ± 0
Sensitivity B 99.7 ± 0.9 99.7 ± 0.9 100 ± 0 100 ± 0 100 ± 0
Specificity A 99 ± 0.7 99 ± 0.7 93.6 ± 1.4 99 ± 0.8 99.3 ± 0.5
Specificity B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
Precision A 95.7 ± 3.2 95.7 ± 3.2 78.8 ± 5.1 95.7 ± 3.5 97.2 ± 2.6
Precision B 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

Figure 5. Median of 10 runs for TPR, accuracy of training and validation, sensitivity, specificity and
precision of the classification for all evaluated spectra and combined variations as well as different
classification methods; DT: decision tree, LD: linear discriminant analysis, KNN: nearest neighbour
classification, SVMl and SVMc: support vector machines linear and cubic.

For Raman spectra evaluation, KNN resulted in a false classification of 64.3% for Adult
A and a false classification of 33.3% for Adult B for one out of ten classifications (Figure 6).
The same classification method leads to the combined evaluation of fluorescence and NIR
spectra (Figure 7) to only a false classification of 35.7% of Adult A, which indicated that
somehow the adulteration samples of chia oil A are more difficult to detect in general. The
best results were obtained for the combined evaluation of fluorescence and NIR spectra, the
confusion matrix of one classification run is presented in Figure 8. The wrong classifications
are more or less equally distributed over all samples and remain below 10%. A successful
classification is hence possible for 5 classes. KNN does not seem to be sufficient for these
classification processes.
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The presented method was capable of identifying most of the samples in the validation
trial. It is a fast method which is easy to use after a calibration. The quantification of other
compounds in the oil might also be possible with this method but this was not the focus of
this study. The time-saving after the calibration of a spectroscopic method is around 2 to
3 times faster [36]. This underlines the necessity of the validation, which was successfully
performed in this study.

The best results of the PLSR are presented in Table 6. The coefficients of determination
are above 0.95 for all samples. Given the fact that the extreme points (the native oils) could
be distinguished quite easily, this is not surprising.

Figure 6. Confusion matrix for the oil classification by KNN out of the Raman spectra.

Figure 7. Confusion matrix for the oil classification by KNN out of the combined evaluation of the
fluorescence and NIR spectra.
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Figure 8. Confusion matrix for the oil classification by DT, LDA, SVMl & SVMc out of the combined
evaluation of the fluorescence and NIR spectra.

Table 6. Results of the best PLSR predictions for the single oils A and B with single evaluations of the adulteration oils R, S,
and C and the combination of all adulterations with the samples all separately for all methods and the combination of all
methods.

Oil R2 RMSEPrange Detection Limit [%]

Fluorescence with
Preprocessing

AC 0.994 2.7 8.3
AR 0.988 3.8 8.6
AS 0.993 2.9 7.2

A all 0.991 3.4 8.7
BC 0.992 3.2 6.1
BR 0.992 3.1 17.9
BS 0.983 4.7 18.6

B all 0.990 3.6 15.4

Fluorescence without
Preprocessing

AC 0.994 2.7 10.0
AR 0.988 3.9 9.4
AS 0.993 2.9 7.4

A all 0.991 3.4 7.8
BC 0.991 3.3 7.6
BR 0.992 3.1 17.9
BS 0.981 4.8 23.5

B all 0.991 3.5 10.5

NIR

AC 0.997 2.1 6.0
AR 0.995 2.4 7.4
AS 0.997 2.1 4.5

A all 0.995 2.5 6.3
BC 0.997 2.0 6.6
BR 0.997 1.9 5.8
BS 0.997 2.0 4.4

B all 0.996 2.3 6.2
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Table 6. Cont.

Oil R2 RMSEPrange Detection Limit [%]

Raman

AC 0.992 3.2 5.5
AR 0.993 3.0 9.0
AS 0.994 2.7 5.3

A all 0.984 4.6 11.2
BC 0.920 10.0 18.1
BR 0.986 4.1 11.6
BS 0.932 9.2 7.0

B all 0.938 8.9 12.0

Combined

AC 0.998 1.7 3.9
AR 0.996 2.3 7.4
AS 0.999 1.3 3.0

A all 0.997 2.1 5.8
BC 0.997 1.9 6.9
BR 0.998 1.6 6.8
BS 0.998 1.5 4.1

B all 0.997 1.8 4.3

The RMSEPrange values are more interesting; they were, with one exception, all below
5%. For the regression of samples with chia oil A, the best results were obtained with NIR
spectra. For B, the best results were obtained with combined spectra. The highest error,
corrected to the range of the considered samples (A, B, R, S, C), was RMSEPrange = 10%
for the evaluated Raman spectra alone, the lowest 1.3% for the combined evaluation of
the spectra. The determination of the detection limit was not suitable for fluorescence
spectra, as the smallest is 6.1%. However, for NIR (4.4%) and Raman, lower detection limits
were obtained. It was found to be best with 3% of the spectra obtained with chia oil A
adulterated with sunflower oil S for the combined spectra evaluation. The best result for
combined spectra evaluation for chia oil B was also obtained with S as adulteration oil with
a detection limit of 4.1%.

As can be seen in Table 7, for the Kenyan chia oils the RMSEPrange was between
0.6% and 16.7%. The detection limit varied according to the adulteration oil and it was
better for the combined evaluations of the spectra. The measurements are regarded as
unrepresentative because only a limited amount of sample was present. The detection
limits were low (0.7/0.8 for Raman of U and Y), but the models had high RMSEPranges, so
the reliability of these results is questionable.

For this study, two Mexican chia oils and six Kenyan chia oils were evaluated. There-
fore, the range within this study is higher than in the study presented by Rodríguez
et al. [15]. The comparison is difficult as the methods and the study designs were different
and it is not clear how they calculated their RMSEP. Here, six different classification meth-
ods were evaluated and a PLSR regression was performed to get an idea of the amount of
adulteration and, furthermore the RMSEPranges were quite low in this study. The combina-
tion of all of the spectra was beneficial for the RMSEPrange and the PLSR as the range is here
between 1.3% and 2.3%. This is better as presented by Rodríguez et al. [15] for the FT-IR
analysis by SIMCA and OC-P-PLS. The comparison of the RMSEPs for the adulterated
samples with A and B shows that, with one exception, the presented PLSR method is
better than the other method, because the range of the RMSEPrange was between 1.3% and
4.8%. The classification sensitivity and specificity depended on the classification method
which was sometimes lower, but mostly higher or at the same level. Oil B was easier to
detect. However, it is difficult to compare the methods point by point, as the calculation of
the RMSEP might be different as our RMSEP is standardized to the measurement range.
For the Kenyan samples, the sample size was limited and the results might therefore be
unrepresentative, but it proves the method working.
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Table 7. Results of the best PLSR predictions for the single chia oils U, V, W, X, Y and Z with single evaluations of the
adulteration oil S separately for all methods and the combination of all methods.

Oil R2 RMSEPrange Detection Limit [%]

Fluorescence with
Preprocessing

U 0.999 1.5 3.8
V 0.995 3.0 5.3
W 0.999 1.5 3.1
X 0.994 3.1 2.5
Y 0.993 3.5 4.7
Z 0.997 2.3 6.7

Fluorescence without
Preprocessing

U 0.999 1.3 3.5
V 0.995 3.1 5.0
W 0.999 1.6 2.9
X 0.994 3.1 2.6
Y 0.993 3.5 4.6
Z 0.997 2.1 7.8

NIR

U 1.000 0.6 1.6
V 0.995 3.1 11.3
W 0.998 1.9 5.6
X 0.999 1.0 2.6
Y 0.999 1.3 2.2
Z 0.999 1.1 3.0

Raman

U 0.910 12.8 0.7
V 0.838 16.7 52.0
W 0.872 16.1 57.8
X 0.889 13.2 2.2
Y 0.865 14.9 0.8
Z 0.838 16.7 52.0

Combined

U 1.000 0.6 1.6
V 0.996 2.7 8.0
W 0.999 1.4 2.7
X 1.000 0.6 1.7
Y 0.999 1.3 3.3
Z 0.999 1.1 3.8

4. Conclusions

The aim of the study was to answer following questions. Is it possible to detect chia oil
adulteration by spectroscopic analysis of the oils? Is it possible to identify the adulteration
oil? Is it possible to determine the amount of adulteration? The presented results suggest
that it is possible to distinguish between different oils by fluorescence, NIR and Raman
spectroscopy. It is possible to detect adulterations of chia oils and to distinguish between
different adulterations. Here, adulterations of chia oils by rapeseed, sunflower and corn oil
were identified with a median of 90% for the TPR. The training accuracies were over 90%,
the sensitivity and specificity of the classifications were over 90% too. B was easier to detect,
so the precision was around 100% and the adulterated samples were identified with a
precision of 97%. All classification methods show good results, however SVM were the best.
However, the classification by KNN is not suitable for this situation. The PLSR of A + B
showed R2 over 0.95 for all models. The best RMSEPrange of chia oil A was obtained by NIR
spectra evaluation whereas it was best for oil B by combined evaluation of all spectra. The
worst RMSEPrange was obtained for Raman prediction of BC (10%), the best for combined
spectra predicting AS (1.3%). For the Kenyan chia oils, the RMSEPrange was between 0.6%
and 16.7%. However, only a small number of samples were measured. Detection limits
varied according to the adulteration oil and were better for the combined evaluations of
the spectra. It is also possible to identify the amount of adulteration, though less than 5%
adulteration is difficult to identify. Further evaluations might lead to even better results, as
there was not enough sample provided from the Kenyan oils. In conclusion, it is possible
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to identify adulterations from native samples by spectral analysis of the oils, depending on
the adulteration oil. It is also better to combine all methods because a lower RMSEPrange
can be obtained. The best results might be obtained with a classification by SVM, to identify
if an adulteration took place, with a following PLSR of all combined spectra to quantify it.
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Abstract: In a preliminary study, commercial insect powders were successfully identified using
infrared spectroscopy combined with multivariate analysis. Nonetheless, it is necessary to check
if this technology is capable of discriminating, predicting, and quantifying insect species once
they are used as an ingredient in food products. The objective of this research was to study the
potential of using attenuated total reflection Fourier transform mid-infrared spectroscopy (ATR-
FTMIR) combined with multivariate analysis to discriminate doughs and 3D-printed baked snacks,
enriched with Alphitobius diaperinus and Locusta migratoria powders. Several doughs were made with
a variable amount of insect powder (0–13.9%) replacing the same amount of chickpea flour (46–32%).
The spectral data were analyzed using soft independent modeling of class analogy (SIMCA) and
partial least squares regression (PLSR) algorithms. SIMCA models successfully discriminated the
insect species used to prepare the doughs and snacks. Discrimination was mainly associated with
lipids, proteins, and chitin. PLSR models predicted the percentage of insect powder added to the
dough and the snacks, with determination coefficients of 0.972, 0.979, and 0.994 and a standard error
of prediction of 1.24, 1.08, and 1.90%, respectively. ATR-FTMIR combined with multivariate analysis
has a high potential as a new tool in insect product authentication.

Keywords: insect powder; authentication; 3D food printer; mid-infrared spectroscopy; multivari-
ate analysis

1. Introduction

The world population is increasing dramatically mainly as a result of the quality-
of-life improvement in developing countries and will reach over 9.8 billion by 2050 [1].
An increasing demand for protein-rich sources will be a threat to world food and feed
availability [2]. Nowadays, animal protein sources come mostly from livestock, such
as poultry, swine, and cattle. Stockbreeding requires large spaces and large quantities
of natural resources and also produces significant greenhouse emissions among other
contaminants [3].

Insects have been proposed as a suitable alternative to conventional livestock [4]. In
fact, insect breeding needs fewer resources compared to conventional livestock: water
consumption is lower; less space occupancy is required; and insects can be fed using food
waste products, such as potato peels, rotten fruits, and bakery by-products [5].

Moreover, when comparing the protein content of both insects and livestock, the first
one shows similar or even higher amounts of protein. For instance, the amount of protein
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in 100 g of fried grasshoppers is almost triple compared to the protein content in 100 g of
grilled beef [6].

Besides the high protein content, most insects have high amounts of polyunsaturated
fatty acids, vitamins, and micronutrients (e.g., calcium, iron, and phosphorus) essential
for human life [7]. However, it has been observed that the consumption of insects can be
risky due to the presence of possible pathogens, antinutrients, and allergenic substances,
assessed in several cross-reactivity studies [8,9].

Before being able to open the market to the commercialization of insects, the European
Commission needed to confirm that their consumption was totally safe for human health.
Unfortunately, in 2019, there was not enough information available about the potential risk
associated with insect consumption [10]. Since then, several studies have been performed to
evaluate the composition of common edible insect species. In early 2021, the European Food
Safety Authority (EFSA) revealed its opinion, positioning itself in favor of the consumption
of a very well-studied insect species, Tenebrio molitor [11]. A recent study in the European
insect market, conducted by the International Platform of Insects for Food and Feed (IPIFF),
forecasts that the following insect species to be approved will be the lesser mealworm
(Alphitobius diaperinus) and the migratory locust (Locusta migratoria) among others [12]. The
final approval by the European Commission of the use of T. molitor as a new ingredient in
food products is smoothing the path to the introduction of insects in Western diets [13].

Another challenge to overcome is insect consumption in Western countries. One
strategy that has been followed to introduce insects in Western diets is the use of edible
insect powders (i.e., dehydrated insects that have been ground to obtain a fine powder)
as ingredients for innovative food product design. However, the use of insect powders as
ingredients can lead to adulteration and fraud.

There are several techniques used by the food industry to verify the authenticity of
their products. Molecular techniques (e.g., genomics, proteomics, and polymerase chain
reaction with denaturing gradient gel electrophoresis (PCR-DGGE)) have been widely used
for origin authentication. Despite their high sensitivity, further characterization of markers
is required for real unknown samples [14]. In the case of complex food matrices, several fin-
gerprinting techniques, such as chromatographic techniques (e.g., high-performance liquid
chromatography (HPLC) and mass spectrometry (MS)), have been selected since they are
rapid and easy to execute [15]. As an example, matrix-assisted laser desorption/ionization
coupled with a time-of-flight mass spectrometer (MALDI-TOF) has been used as a method
for the authentication and classification of several commercial edible insect powders [16].
Although MALDI-TOF mass spectrometry has been proven to be a useful technique for
insect powder authentication, it has several drawbacks, such as time of analysis and cost,
that could hinder its implementation in the food industry.

Other fingerprinting techniques applied in food authentication are based on rotational–
vibrational spectroscopy (infrared and Raman spectroscopy). Fourier transform infrared
(FTIR) spectroscopy has been applied in different food matrices, such as juices, meat,
and extra virgin olive oil authentication, due to the ease of obtaining powerful results
quickly [17,18]. Nevertheless, fingerprinting techniques produce huge volumes of data
that need to be processed. For this reason, multivariate analysis is essential to process the
data collected based on fingerprint techniques [19].

The objective of the present work was to study the potential of using attenuated total
reflectance Fourier transform mid-infrared spectroscopy (ATR-FT-MIR) combined with
multivariate analysis to rapidly discriminate and predict the concentration of A. diaperinus
and L. migratoria powder added into a raw dough and 3D-printed baked snacks.
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2. Materials and Methods

2.1. Materials

Lesser mealworm (Alphitobius diaperinus) and migratory locust (Locusta migratoria)
powder from three different batches (100 g each) were supplied by Kreca Ento-Food BV
(Ermelo, The Netherlands). The chickpea flour was purchased from La Finestra Sul Cielo
S.A. (Madrid, Spain) and the hot madras curry powder from Westmill Foods (London, UK).
The extra virgin olive oil was obtained from Hacienda Ortigosa S.L. (Navarra, Spain) and
the salt from Sal Costa, S.L.U (Barcelona, Spain).

2.2. Dough Preparation

The ingredients selected to create a blank dough (B) were chickpea flour (46.3 wt%),
water (39.4 wt%), extra virgin olive oil (11.6 wt%), curry powder (1.8 wt%), and salt
(0.9 wt%). This dough formulation was made to obtain gluten- and dairy-free tasty dough
with good printability. Based on this formulation, different quantities of A. diaperinus or L.
migratoria powder were added, replacing 10% (Ad1, Ld1), 20% (Ad2, Ld2), or 30% (Ad3, Ld3)
of the total amount of chickpea flour used (Table 1). Both insect powders were previously
milled using an electric coffee grinder (TM-CG-03, Vilapur, Larkhall, UK) for 1 min. The
milling process reduced the particle size of A. diaperinus powder from D[4,3] values of
677 μm (span of 2.0) to 310 μm (span of 2.2). For L. migratoria commercial powder, almost
30% of the particles were bigger than 2000 μm, and, after the milling process, a D[4,3] of
967 μm (span of 1.1) was obtained (Figures S1 and S2 are available as Supplementary Files).
A total of 100 g was prepared for each formulation, mixing all the ingredients with a hand
blender (HB-10C.019A, HAEGER SPAIN, Barcelona, Spain) for 2 min.

Table 1. Insect powder percentage and measured weight of each ingredient for different formulations.

Ingredients (g)
Dough Formulation a

B Ad1 Ad2 Ad3 Ld1 Ld2 Ld3

Chickpea flour 100.03 ± 0.01 90.05 ± 0.02 80.02 ± 0.01 70.03 ± 0.01 90.03 ± 0.05 80.03 ± 0.02 70.04 ± 0.05
A. diaperinus powder - 10.02 ± 0.05 20.03 ± 0.04 30.02 ± 0.06 - - -
L. migratoria powder - - - - 10.07 ± 0.08 20.08 ± 0.09 30.06 ± 0.08

Water 85.01 ± 0.01 85.01 ± 0.01 85.00 ± 0.01 85.00 ± 0.01 85.01 ± 0.01 85.01 ± 0.01 85.01 ± 0.01
Olive oil 25.00 ± 0.01 25.01 ± 0.01 25.00 ± 0.01 25.01 ± 0.01 25.01 ± 0.01 25.00 ± 0.01 25.00 ± 0.01

Curry powder 4.00 ± 0.01 4.01 ± 0.01 4.00 ± 0.01 4.00 ± 0.01 4.01 ± 0.01 4.00 ± 0.01 4.00 ± 0.01
Salt 2.05 ± 0.03 2.04 ± 0.03 2.06 ± 0.02 2.02 ± 0.05 2.05 ± 0.04 2.07 ± 0.02 2.03 ± 0.03

Insect powder (%) 0.00 ± 0.00 4.64 ± 0.02 9.27 ± 0.02 13.89 ± 0.03 4.65 ± 0.02 9.28 ± 0.02 13.90 ± 0.02

Abbreviations used: B, blank dough with 0% insect powder; Ad1, dough with 4.6% of A. diaperinus powder; Ad2, dough with 9.3% of A.
diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6% of L. migratoria powder; Ld2, dough with 9.3% of L.
migratoria powder; Ld3, dough with 13.9% of L. migratoria powder. a Values are means of three different batches ± standard deviation (SD).

2.3. 3D Printing and Post-Processing Analysis

A portable 3D food printer (Focus, ByFlow Company, Eindhoven, The Netherlands)
was used to print the blank dough (B) and several doughs enriched with 4.6% (Ad1), 9.3%
(Ad2), and 13.9% (Ad3) of A. diaperinus powder. In the case of the dough enriched with
L. migratoria, the printing process could not be carried out because the average particle
size obtained in the ground L. migratoria powder was larger than the maximum size of the
nozzle of the 3D printer used. The printing was performed at room temperature using a
Voronoi circle model of 100 × 100 × 10 mm (Figure 1a). A total of 32.0 g of each dough
was printed using a 1.6 mm nozzle at a speed of 30 mms−1. Then, the dough was baked at
180 ◦C for 12 min using the ventilation mode of a vapor oven (3HV469X/02 model, Balay,
Pamplona, Spain). Each formulation was made in triplicate.
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Figure 1. The following photos show (a) a 3D visualization created by Webgcode of the Voronoi circle
model, (b) 3D-printed raw snack, and (c) 3D-printed baked snack.

In order to find out the amount of water lost during the baking process, the total weight
of the 3D-printed snack was measured before and after baking it (Table 2) (Figure 1b,c).
The concentration of the insect powder was recalculated based on the percentage of water
loss of the 3D-printed baked snacks.

Table 2. Water loss of the different 3D-printed baked snacks and the concentration of insect powder
after the baking process. Abbreviations used: B, blank snack with 0% insect powder; As1, snack with
7.2% of A. diaperinus powder; As2, snack with 14.4% of A. diaperinus powder; As3, snack with 21.9%
of A. diaperinus powder.

Snack Formulation B As1 As2 As3

Water loss (%) a 36.2 ± 0.2 36.0 ± 0.5 35.5 ± 1.5 36.5 ± 1.2
A. diaperinus powder (wt%) a 0.0 ± 0.0 7.2 ± 0.1 14.4 ± 0.4 21.9 ± 0.4

a Values are means of three different batches ± standard deviation.

2.4. Spectral Data Acquisition by FTIR

Spectral profiles were collected in the mid-infrared (MIR) region (4000–800 cm−1)
with 8 cm−1 resolution using portable spectrometer Cary 630 (Agilent Technologies Spain
SL, Madrid, Spain) equipped with a single bounce ATR diamond crystal accessory and a
deuterated triglycine sulfate (DTGS) detector. Spectral information acquisition was carried
out using MicroLab PC software (Agilent Technologies SL, Madrid, Spain). The final
spectra were obtained from the average of 128 scans to improve the signal-to-noise ratio,
and a background scan was taken before every sample scan to avoid noise in the spectral
data from the environment.

For the dough spectral acquisition, 4 mg of dough was placed on the sample stage
using a rolling pin (Excel Blades Corp, Paterson NJ, USA). Then, the sample was dried by
vacuum to remove the water contribution in the final spectra.

The baked snacks were milled using an electric grinder (TM-CG-03, Vilapur, Larkhall,
UK). Then, 4 mg of ground snack was placed in the sample stage. To enhance the contact
between the diamond crystal and the sample, a press clamp was used, standardizing the
layers’ width of the sample over the detector.

Spectral data from three different batches (prepared at three different days) of each
blank dough, dough enriched with 4.6, 9.3, and 13.9% of A. diaperinus and L. migratoria, and
3D-printed baked snack with 7.2, 14.4, and 21.9% of A. diaperinus were obtained, collecting
10 spectra per day and per sample. A total number of 30 spectra were obtained for each
type of sample at room temperature.

2.5. Multivariate Analysis

Multivariate analysis and data preprocessing were performed using a chemometric
software (Pirouette, version 4.5. Infometrix Inc., Bothell, WA, USA). Spectral data from
the doughs were mean centered, vector length normalized and transformed using second
derivative polynomial-fit Savitzky–Golay function (13 points). The spectral data from the
ground snacks were mean centered, transformed using multiplicative scatter correction
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(MSC) and second derivative polynomial-fit Savitzky–Golay function (13 points). A statis-
tical Principal Component Analysis (PCA)-based supervised algorithm, soft independent
modelling of class analogy (SIMCA), was used to create a discrimination and classification
model with the spectral data obtained [20]. In order to detect potential outliers, sample
residuals and the Mahalanobis distances were taken into account [21]. Three different
outputs were used to interpret SIMCA models created: class projections (i.e., 3-dimensional
PCA score plots), interclass distances, and discriminating power. Total misclassifications
were analyzed and interpreted for the input data. Models were validated using a predicted
set of samples, excluding 5 spectra per sample from the initial input data and creating new
models with the remaining data.

The pre-treated spectra were also analyzed by partial least squares regression (PLSR)
that was cross-validated (leave-one-out, internal validation approach) to generate cali-
bration models. The same transformations used for the creation of the SIMCA models
were applied to the spectral data used for the PLSR analysis: mean centered, vector length
normalized, and transformed by second derivative polynomial-fit Savitzky–Golay func-
tion (13 points) in the case of the dough and MSC and second derivative polynomial-fit
Savitzky–Golay function (13 points) for the 3D-printed baked snacks. Thus, the x variable
was the absorbance per each wavenumber, and the y variable (reference data) was the
percentage of edible insect powder added to the dough, or, in the case of the 3D-printed
snacks, the percentage of insect powder present in the final product. Furthermore, a pre-
dicted set of samples was used in order to validate the model, temporarily leaving out
5 spectra per sample from the training set. All the models were evaluated in terms of
regression vector, standard error of cross-validation (SECV), standard error of calibration
(SEC), determination coefficient (R2), and outlier diagnostics [22].

3. Results and Discussion

3.1. Spectral Information of Ingredients and Doughs

Previous studies have shown the ability of MIR spectroscopy to provide information
about the chemical composition of complex samples, such as food matrices, correlating
different IR bands with specific functional groups [23]. Moreover, it is important to analyze
all the ingredients alone to help elucidate the origin of the IR bands associated with certain
components in these mixtures (Figure 2).

Figure 2. Raw mid-infrared spectra (4000 to 800 cm−1) from the ingredients used to prepare the
doughs and the snacks.

Comparing the spectral information from the ingredients used in the dough and
snack formulation (Figure 2), it can be observed that chickpea, curry, A. diaperinus, and L.
migratoria powder showed a broad IR band from 3000 to 3500 cm−1, which originated from
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the stretching of O-H bonds most likely coming from carbohydrates, fiber, and water [24].
Moreover, all these spectra exhibited two narrower IR bands at around 2900 and 2850 cm−1,
characteristics of asymmetrical and symmetrical stretching vibrations from C-H bonds
from methyl groups presumably caused by lipids or, in the case of insect powders, lipids
and chitin. Another common IR band between all the ingredients was observed around
1740 cm−1. This IR band can be associated with the stretching of C=O bonds from ester
groups related to lipids [25,26]. Chickpea flour and insect powders presented IR bands in
the region of 1650 and 1500 cm−1, and these were related to C-N stretching, C=O vibrations
of N-acetyl groups, and N-H bending from amide II groups, most likely from the presence
of proteins. In the case of insect powders, these IR bands can also be associated with
chitin presence [27]. Finally, a distinctive IR band at 1100–900 cm−1 from C-O stretching
vibrations, most probably corresponding to the presence of non-structural carbohydrates,
such as starch and sugars, was also detected in the chickpea and curry powder spectra [28].

The raw MIR spectra of the blank dough (B) and the doughs with different concentra-
tions of A. diaperinus (Ad1, Ad2, and Ad3) and L. migratoria (Ld1, Ld2, and Ld3) with their
respective transformed spectra are shown in Figure 3. Differences between the dough
samples are not easy to detect from the raw spectra, since all of them exhibit the same
IR bands related to the presence of lipid and chitin (2900 and 2850 cm−1), lipid (around
1700–1740 cm−1), protein (1650 and 1500 cm−1), and carbohydrates and chitin (from 1200
to 900 cm−1), with a similar absorbance.

Figure 3. Raw MIR spectra (4000 to 800 cm−1) from doughs with (a) different concentrations of A.
diaperinus (Ad1, Ad2, and Ad3) and (b) the transformed spectra (vector length normalized and second
derivative, 13 points). Graphs (c) show the raw mid-infrared spectra of different concentrations
of L. migratoria (Ld1, Ld2, and Ld3) and (d) the transformed spectra. Abbreviations used: B, blank
dough with 0% insect powder; Ad1, dough with 4.6% of A. diaperinus powder; Ad2, dough with 9.3%
of A. diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6% of
L. migratoria powder; Ld2, dough with 9.3% of L. migratoria powder; Ld3, dough with 13.9% of L.
migratoria powder.
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All this information was important to decide the spectral region selected for the
building up of the SIMCA models.

First of all, the region from 4000 to 3000 cm−1 was excluded from the model due to
the high moisture content of the dough samples, trying to avoid discriminations based on
water content. Furthermore, the IR bands between 2700 and 1800 cm−1 were also omitted
to reduce the noise impact in the spectral analysis caused by the crystal.

Moreover, for all the formulations, the amount of insect powder added was increasing
at the same time that the proportion of chickpea flour was decreasing due to the substitution
of ingredients shown in Table 1. As can be seen in the raw spectra of the chickpea flour
in Figure 2, the signal in the carbohydrate region is quite intense compared to the other
ingredients. Therefore, since the aim of our research was to determine if it was possible
to discriminate the presence of insect powder in the designed product and in view of
the fact that the region from 1200 to 800 cm−1 was strongly influenced by the variable
quantities of chickpea flour, it was considered more appropriate to exclude this region from
the model. Finally, the spectral region chose for the data analysis was the one between 3000
to 2700 cm−1 and 1800 to 1200 cm−1.

3.2. Discrimination and Classification of Doughs by ATR-FT-MIR Combined with SIMCA

Initially, two different four-class SIMCA models were built up to obtain classification
models to discriminate the blank and the doughs enriched with different amounts of A.
diaperinus (Ad1, Ad2, and Ad3) or L. migratoria (Ld1, Ld2, and Ld3) powders and obtain
information about their biochemical differences.

To obtain these models, the original variables are replaced by linear combinations of
the same variables called factors, helping to reduce the dimensionality of the data without
losing information [29]. The number of factors was chosen to achieve a minimum of 90%
of the variance in each class of both models (Table 3).

Table 3. The number of factors, their cumulative variance, and the number of outliers used to create
4-class SIMCA models of A. diaperinus and L. migratoria dough.

Model Class Factor 1 (%) Factor 2 (%) Factor 3 (%) Outliers

4-class
SIMCA

A. diaperinus
dough model

B 82.2 92.7 95.0 0
Ad1 81.2 92.5 96.3 5
Ad2 92.0 95.8 98.0 3
Ad3 91.7 97.0 98.5 5

4-class
SIMCA

L. migratoria
dough model

B 82.2 95.7 95.0 0
Ld1 86.0 91.7 95.7 4
Ld2 96.9 98.2 99.1 6
Ld3 75.0 85.7 91.9 5

Abbreviations used: B, blank dough with 0% insect powder; Ad1, dough with 4.6% of A. diaperinus powder; Ad2,
dough with 9.3% of A. diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6%
of L. migratoria; Ld2, dough with 9.3% of L. migratoria; Ld3, dough with 13.9% of L. migratoria.

SIMCA class projection is a three-dimensional scatter plot that gives information about
the similarity of the spectral data (Figure 4). Each point in the class projection represents a
spectrum that belongs to a cluster (represented with an ellipse) with 95% of confidence.
Those groups that seem closer will be more similar to each other unlike those that will
appear further away, which will be much different [30].

The transformed spectra (3000–2700 cm−1 and 1800 to 1200 cm−1 region) of doughs
enriched with A. diaperinus powder (Figure 4a) or L. migratoria (Figure 4b) showed non-
overlapping and well-separated clusters allowing accurate dough classification for each
type. SIMCA’s misclassification algorithm for doughs enriched with A. diaperinus or L.
migratoria powders showed zero misclassifications, indicating that the training set for
each model was homogeneous, and all samples were correctly classified into their as-
signed classes.
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Figure 4. SIMCA class projection plots of (a) 4-class SIMCA A. diaperinus dough model and (b) 4-class
SIMCA L. migratoria dough model. Abbreviations used: B, blank dough with 0% insect powder; Ad1,
dough with 4.6% of A. diaperinus powder; Ad2, dough with 9.3% of A. diaperinus powder; Ad3, dough
with 13.9% of A. diaperinus powder.

Discrimination power plots (Figure 5) show which are the major IR bands that con-
tributed to the development of the classification models. Despite the fact both models were
made with distinct insect species, similar IR bands were responsible for the differentiation
of the clusters. As can be seen in Figure 5, the IR bands mainly responsible for the dis-
crimination of the models were related to the stretching of C-H bonds from methyl groups
associated with lipid content (2959 cm−1 and 2877 cm−1), the C=O stretching of esters of
lipids (1777 cm−1), amide I groups most likely from proteins and chitin (1647 cm−1 till
1546 cm−1), and bending vibrations of the CH2 and CH3 aliphatic groups (1427 cm−1) that
can be related to polysaccharides and sugars [31,32].

Figure 5. Soft independent modeling of class analogy discriminating power plots of FTIR spectroscopy spectra
(3000–2700 cm−1 and 1800–1200 cm−1) from (a) 4-class SIMCA A. diaperinus dough model and (b) 4-class SIMCA L.
migratoria dough model.

Interclass distance (ICD) is a ratio of Euclidean distances between two classes that
indicate the similarities and/or dissimilarities between them [33]. ICD values above 3 are
considered significant to discriminate two clusters of samples as distinct classes [34]. As
shown in Table 3, ICD values between the clusters of dough enriched with A. diaperinus
powder increased with the amount of insect powder added, ranging from 3.1 to 12.2. In
the case of dough enriched with L. migratoria, the same tendency is observed, showing
increasing ICD values with the amount of insect powder added from 5.8 to 13.6 (Table 4).
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The fact that ICD values increased with the amount of insect powder added shows that
this ingredient is responsible for the dough classification [35].

Table 4. Soft independent modeling of class analogy interclasses distances from the 4-class SIMCA A.
diaperinus doughs model and the 4-class SIMCA L. migratoria doughs model.

A. diaperinus B Ad1 Ad2 Ad3

B 0.0
Ad1 3.1 0.0
Ad2 8.7 4.5 0.0
Ad3 12.2 7.2 3.1 0.0

L. migratoria B Ld1 Ld2 Ld3

B 0.0
Ld1 5.8 0.0
Ld2 8.4 3.0 0.0
Ld3 13.6 7.4 3.9 0.0

Abbreviations used: B, blank dough with 0% insect powder; Ad1, dough with 4.6% of A. diaperinus powder; Ad2,
dough with 9.3% of A. diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6%
of L. migratoria; Ld2, dough with 9.3% of L. migratoria; Ld3, dough with 13.9% of L. migratoria.

Model validation using an independent set of spectra (five spectra not included in
the SIMCA model from each class) showed a 100% correct classification for each type of
dough in both models tested. The specificity of each model was also evaluated by making
predictions of the L. migratoria spectra of each class into the four-class SIMCA A. diaperinus
dough model and by using this one to classify the spectra (Table 5). The same procedure
was used to evaluate the L. migratoria model. These results confirmed the ability of the
models developed to discriminate dough samples depending on the species of insect used
(A. diaperinus and L. migratoria) and the quantity of insect powder added [36].

Table 5. Dough model predictions of A. diaperinus SIMCA model using L. migratoria spectra and L.
migratoria SIMCA model using A. diaperinus spectra.

Model Dough No. Spectra Best Class Next Best
Not

Classified

4-class
SIMCA

A. diaperinus

Ld1 26 0% 0% 100%
Ld2 24 0% 0% 100%
Ld3 25 0% 0% 100%

4-class
SIMCA

L. migratoria

Ad1 25 0% 0% 100%
Ad2 27 0% 0% 100%
Ad3 25 0% 0% 100%

Abbreviations used: B, blank dough with 0% insect powder; Ad1, dough with 4.6% of A. diaperinus powder; Ad2,
dough with 9.3% of A. diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6%
of L. migratoria; Ld2, dough with 9.3% of L. migratoria; Ld3, dough with 13.9% of L. migratoria.

It was also important to study if it was possible to differentiate between the type of
insects used to make the doughs. For this purpose, a six-class SIMCA model was created
using the IR data of doughs with different concentrations of A. diaperinus and L. migratoria
powders. The number of factors chosen for this model as well as their cumulative variance
is shown in Table 6.

The class projection plot (Figure 6) showed distinctive clustering patterns and six
well-defined classes, which are closer to those with a low amount of insect powder and far
away from the clusters with the highest quantity of insect powder.
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Table 6. The number of factors, their cumulative variance, and the number of outliers used to create
a 6-class SIMCA model of A. diaperinus vs. L. migratoria dough.

Model Class Factor 1 (%) Factor 2 (%) Factor 3 (%) Outliers

6-class
SIMCA A.

diaperinus vs.
L. migratoria

dough model

Ld1 86.0 91.7 95.7 4
Ad1 83.9 94.7 96.6 6
Ld2 96.7 98.2 99.1 7
Ad2 92.0 95.8 98.0 6
Ld3 75.9 85.7 91.9 5
Ad3 91.7 96.9 98.5 5

Figure 6. Soft independent modeling of class analogy class projection of FTIR spectroscopy spectra
(3000–2700 cm−1 and 1800–1200 cm−1) from a 6-class SIMCA A. diaperinus vs. L. migratoria dough
model. Abbreviations used: Ad1, dough with 4.6% of A. diaperinus powder; Ad2, dough with 9.3% of
A. diaperinus powder; Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6% of L.
migratoria; Ld2, dough with 9.3% of L. migratoria; Ld3, dough with 13.9% of L. migratoria.

The discriminating power plot (Figure 7) showed that, as in the previous models,
the main discrimination was related to lipids (C=O stretching of esters from lipid content
at 2877 cm−1 and 1722 cm−1 to 1710 cm−1), protein or/and chitin content (amide I from
proteins and/or chitin at 1606 cm−1 and 1535 cm−1), and polysaccharides (1461 cm−1). This
reinforces the idea that these components might be important factors in the discrimination
of different insect species.

Moreover, the maximum discriminating power obtained in the A. diaperinus and
L. migratoria dough models was almost triple that obtained in the A. diaperinus vs. L.
migratoria dough model (Figure 7). This information reveals that both types of dough
display remarkably similar composition despite being made with different insect powders.

The ICD values observed in the model that compare the different insect doughs exhibit
the same trend as the individual models (see Table 4). The ICD value increases with the
insect powder content in the dough regardless of the type of insect powder used (Table 7).

The validation of the model was carried out using a new set of spectra, five for each
class. A 100% correct classification was obtained from all the spectra in all the tested
classes. Therefore, the capability of this model to discriminate between A. diaperinus and L.
migratoria powders in a food matrix was corroborated.
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Figure 7. Soft independent modeling of class analogy discriminating power plot of FTIR spectroscopy
spectra (3000–2700 cm−1 and 1800–700 cm−1) from a 6-class SIMCA A. diaperinus vs. L. migratoria
dough model.

Table 7. Soft independent modeling of class analogy (SIMCA) interclasses distances from a 6-class
SIMCA A. diaperinus vs. L. migratoria doughs model.

Dough Ld1 Ad1 Ld2 Ad2 Ld3 Ad3

Ld1 0.0
Ad1 3.0 0.0
Ld2 3.0 4.7 0.0
Ad2 3.3 4.3 3.8 0.0
Ld3 7.4 9.3 3.9 6.7 0.0
Ad3 6.4 7.3 5.1 3.1 5.0 0.0

Abbreviations used: Ad1, dough with 4.6% of A. diaperinus powder; Ad2, dough with 9.3% of A. diaperinus powder;
Ad3, dough with 13.9% of A. diaperinus powder; Ld1, dough with 4.6% of L. migratoria; Ld2, dough with 9.3% of L.
migratoria; Ld3, dough with 13.9% of L. migratoria.

3.3. Spectral Information of 3D-Printed Snacks

Another objective proposed in this research was to study if the insect powder could be
discriminated in the final product after being extruded by a 3D printer and going through
a baking process. Figure 8 shows the raw spectra of 3D-printed baked snacks made with
different amounts of A. diaperinus powder.

Thermal treatments, such as baking, are commonly used processes in the food industry
and in food preparation [37]. Some of these methods can help in elongating the shelf-life
of the processed products and improve the digestibility and bioavailability of proteins.
Nevertheless, thermal treatments can negatively affect a wide diversity of molecules (e.g.,
lipid oxidation, protein denaturation, and vitamin solubilization) [38,39].

When comparing the raw spectra of these snacks with the raw spectra of the cor-
responding doughs in Figure 2, we can observe that the broad IR band from 3000 to
3500 cm−1 was reduced. This IR band range is linked to the stretching of O-H bonds, and
its decreasing signal can be related to the water loss reported during the baking process [40].

The oxidation of unsaturated lipids is an autocatalytic reaction enhanced by thermal
processes [41]. However, the signal on the IR bands around 2900, 2850, and 1740 cm−1,
most likely related to the presence of lipid, seems to remain similar to the one shown in the
dough spectra.
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Figure 8. Raw mid-infrared spectra (4000 to 800 cm−1) from the snacks made with A. diaperinus powder (a) and the
transformed spectra (MSA and second derivative, 13 points) (b). Abbreviations used: Bs, blank snack with 0% insect
powder; As1, snack with 7.2% of A. diaperinus powder; As2, snack with 14.4% of A. diaperinus powder; As3, snack with
21.9% of A. diaperinus powder.

Moreover, another spectrum region that showed a distinct signal was the region at
1650 and 1500 cm−1, presumably from protein or chitin content. A plausible explanation
for this fact could be the denaturation of proteins due to the heating process at high
temperatures [42]. Studies on protein denaturation in milk-derived products reveal that
certain regions of the spectrum related to protein content (1700–1695 cm−1 (aggregated β-
sheets), 1645 cm−1 (random structure), and 1609 cm−1 (side chains)) have been affected by
heat treatments, altering the spatial conformation of the proteins and, as a consequence, the
intensity of the related IR bands [43]. Another approach for this variation on the IR bands
could be the presence of Maillard reaction products. Maillard reaction is a non-enzymatic
reaction, binding amino components and reducing sugars with covalent bonds, obtaining
aromatic compounds as a result [44].

Finally, a characteristic IR band at 1100–900 cm−1, probably from carbohydrates, can
be observed. As has been commented before, thermal treatments can lead to changes in
different nutrients. In the case of carbohydrates, these can be involved in several complex
reactions. One of these reactions is the hydrolyzation of long carbohydrates, such as starch,
obtaining reduced sugars and molecules that can enhance other reactions, such as the
above-mentioned Maillard reaction. Regarding the starch content, this macromolecule
can also undergo a process called gelatinization, changing its structure from ordered to
disordered, affecting its solubilization. Furthermore, free sugars can caramelize due to the
dehydration caused by the thermal treatment, contributing to the browning process [42,45].

All these changes produced by the aforementioned chemical reactions were reflected
in the raw spectra of the snacks, which were used afterward to explain the origin of the IR
regions responsible for the discrimination of the model created.

3.4. Discrimination and Classification of Snacks by ATR-FT-MIR Combined with SIMCA

A four-class SIMCA model was created to assess the differences between snacks made
with an increasing amount of A. diaperinus powder. A total of two factors were selected to
create this model, achieving a cumulative variance higher than 90% in all the classes of the
model (Table 8).

In the case of the class projection of the A. diaperinus snacks, the model showed well-
defined clusters. A two-axis plot was used to represent this model since only two factors
were needed to discriminate the different classes (Figure 9).
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Table 8. The number of factors, their cumulative variance, and the number of outliers used to create
a 4-class SIMCA model of A. diaperinus snacks.

Model Class Factor 1 (%) Factor 2 (%) Outliers

4-class SIMCA
A. diaperinus
snack model

Bs 97.2 98.7 1
As1 97.0 97.9 6
As2 89.5 93.5 4
As3 93.8 96.9 0

Abbreviations used: Bs, blank snack with 0% insect powder; As1, snack with 7.2% of A. diaperinus powder; As2,
snack with 14.4% of A. diaperinus powder; As3, snack with 21.9% of A. diaperinus powder.

Figure 9. Soft independent modeling of class analogy class projection of FTIR spectroscopy spectra
(3000–2700 cm−1 and 1800–1200 cm−1) from a 4-class SIMCA A. diaperinus snack model. Abbrevia-
tions used: Bs, blank snack with 0% insect powder; As1, snack with 7.2% of A. diaperinus powder;
As2, snack with 14.4% of A. diaperinus powder; As3, snack with 21.9% of A. diaperinus powder.

The discriminating power plot of the A. diaperinus snack model (Figure 10) showed
major discrimination of the IR band at 1647 cm−1, from amide I groups most likely from
protein and chitin presence, and the IR bands at 1707, 1699, and 1610 cm−1, probably linked
to different structural configurations of proteins affected by the thermal treatment. This fact
can also explain the decrease in the discriminating power from the IR band at 1505 cm−1.

All the classes exhibited a good classification, showing ICD values over 3. In addition,
this model shows the same trend as the previous models shown before of A. diaperinus or L.
migratoria dough, increasing the ICD value with the increase in insect powder concentration
(Table 9).

Five spectra from each class, that were not previously included, were used to validate
the model. Each class obtained a 100% correct classification of the new spectra showing
the capability of the model created to discriminate different baked snacks based on the
concentration of A. diaperinus powder used in the formulation.
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Figure 10. Soft independent modeling of class analogy discriminating power plot of FTIR spec-
troscopy spectra (3000–2700 cm−1 and 1800–1200 cm−1) from a 4-class SIMCA A. diaperinus
snack model.

Table 9. Soft independent modeling of class analogy interclass distances from a 4-class SIMCA A.
diaperinus snack model. Abbreviations used: Bs, blank snack with 0% insect powder; As1, snack with
7.2% of A. diaperinus powder; As2, snack with 14.4% of A. diaperinus powder; As3, snack with 21.9%
of A. diaperinus powder.

Snack Bs AS1 AS2 AS3

B 0.0
AS1 3.3 0.0
AS2 5.9 3.0 0.0
AS3 8.2 5.1 3.3 0.0

3.5. PLSR of Insect Powder Concentration in Doughs and Snacks

Based on the information obtained from the SIMCA models, a partial least square re-
gression (PLSR) analysis was applied to study the potential of predicting the concentration
of insect powder added to enrich the doughs and the snacks. PLSR models were built up
using the MIR region between 3000–2700 cm−1 and 1800–1200 cm−1 (Figure 11).

Figure 11. Modeling equations of the calibrated partial least square regressions (PLSR) from the models (a) Ad PLSR, A.
diaperinus dough PLSR model; (b) Ld PLSR, L. migratoria dough model; and (c) As PLSR, A. diaperinus 3D-printed baked
snacks PLSR model.

The optimal number of factors was chosen based on a cumulative variance of the
factors higher than 90%, a low standard error of prediction (SEP), and the lowest jaggedness
possible. The SEP estimates the expected error of predicting an unknown sample, and the
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jaggedness is a measurement that quantifies the relevance of the noise compared to the
overall signal [46]. A low number of factors can lead to a poor explanation of the data,
obtaining high SEP and jaggedness values. On the other hand, a very large number of
factors end up overfitting the data, causing the algorithm to perform inaccurately with
new data sets [47]. In this case, the SEP will keep reducing its value but the jaggedness
value will increase revealing a high impact of the noise in the model. Following these
criteria, two factors were chosen for the PLSR models of A. diaperinus doughs (Ad PLSR),
L. migratoria doughs (Ld PLSR), and the A. diaperinus snacks model (AS PLSR). It is also
important to mention that all the PLSR models obtained a high R2, showing an excellent
prediction accuracy (Table 10).

Table 10. Parameters associated with each partial least square regression (PLSR) model. Abbrevia-
tions used: n refers to the number of spectra used to create the model; Ad PLSR, A. diaperinus dough
PLSR model; Ld PLSR, L. migratoria dough model; and As PLSR, A. diaperinus 3D-printed baked
snacks PLSR model.

Model Factors n Cumulative Variance (%) SEP R2
val SEC R2

cal

Ad PLSR 2 93 96.2 1.24 0.970 1.21 0.972
Ld PLSR 2 91 95.6 1.08 0.978 1.06 0.979
As PLSR 2 89 97.8 0.90 0.994 0.88 0.994

The regression vector was taken into account in order to find out which were the most
remarkable wavenumbers used to develop the PLSR model. The regression vector is the
weighted addition, depending on the variance, of each of the wavelengths comprised in
the model. The variable that contributes significantly to the prediction of the sample has a
higher coefficient compared to those that do not.

In the case of the PLSR dough models, the regression vector had a similar profile
(Figure 12). Both models showed that the IR bands that contributed most to the prediction
of the percentage of insect powder were 1647 cm−1 and 1610 to 1606 cm−1, linked to
amide I groups probably related to protein and chitin presence. Moreover, the IR band at
2877 cm−1, associated with the stretching of C-H bonds from methyl groups, most likely
from lipid presence, was also detected. All these regions from the spectra were exhibited
previously in the discriminating power from the A. diaperinus and L. migratoria SIMCA
dough models explained above.

Prediction models from A. diaperinus dough and L. migratoria dough exhibited similar
IR bands at 2922 and 2855 cm−1, associated with the stretching of C-H bonds from methyl
groups (most likely from lipid presence), and 1535 cm−1, presumably from protein and
chitin presence (amide I groups).

The same effect was found in the regression vector of the 3D-printed baked snack
(Figure 13). The regression vector obtained from the PLSR snack model showed similar
IR bands to those exhibited in the discriminating power of the A. diaperinus SIMCA snack
model in Section 3.4. In the case of the regression vector, the IR bands with the highest
contribution in the prediction model were probably related to protein, in particular to
different secondary structures, such as aggregated β-sheets (1700–1695 cm−1), random
structures (1645 cm−1), and exposed side chains (1609 cm−1), as a result of the thermal
treatment during the baking process.

To properly evaluate if the IR bands present in the regression vectors were linked to
the insect powder or/and chickpea flour, it was necessary to compare them not only with
the pretreated spectra of ingredients (Figure 2) but also with the doughs and snacks spectral
information (Figures 3 and 8). In the case of the IR bands related to lipids (1740 cm−1) and
lipids and chitin (the region between 3000 and 2700 cm−1), a slight increase in the signal
was detected in the doughs as the amount of insect powder increased (Figure 3). Comparing
to the transform spectra of raw ingredients (Figure 12c), the amount of lipids present in
the chickpea flour was lower than that in both insect powders. Thus, the differentiation
by the lipid region in the PLSR model was mainly related to the insect powder added
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to the dough. However, in the case of the protein region of the pretreated spectra from
the doughs (between 16,500 and 1500 cm−1), most of the IR bands showed increasing
absorbances while others exhibited a decreasing signal (Figure 3a,c). The pretreated spectra
of chickpea flour and A. diaperinus and L. migratoria powders also showed IR bands at this
region (Figure 12c). It is also known that different secondary structures of proteins absorb
at different wavenumbers [48]. Thus, the differences in the absorbance of the protein region
were not only due to the variation of the chickpea flour/insect powder ratio but also due to
the type of proteins added, the bonds that conform them, and the media (dough or snack).

Figure 12. PLSR regression vector plot of FTIR spectroscopy spectra (3000–2700 cm−1 and 1800–1200 cm−1) from an (a)
A. diaperinus dough prediction model, (b) L. migratoria dough prediction model, and (c) the transformed spectra (vector
length normalized and transformed using second derivative polynomial-fit Sa-vitzky–Golay function (13 points)) of the raw
ingredients used for the dough preparation.
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Figure 13. PLSR regression vector plot of FTIR spectroscopy spectra (3000–2700 cm−1 and
1800–1200 cm−1) from an A. diaperinus snack model.

In the literature, a collection of models created with the PLSR algorithm using MIR
and NIR spectral data have been successfully used to predict the concentration or amount
of ingredients and products used by the food industry [49,50]. A portable FT-MIR spectrom-
eter combined with multivariate analysis can be used for routine controls for authentication
of standardization of quality control of A. diaperinus and L. migratoria products both during
the fabrication process or at the end of the production line.

4. Conclusions

ATR-FT-MIR combined with multivariate analysis can be used as a rapid technique to
discriminate edible insect powders used as ingredients for doughs and 3D-printed snacks.
Moreover, using PLSR analysis, calibration models can be built up to easily predict the
concentration of insect powder present in doughs and snacks.

Further work needs to be carried out to determine the feasibility of this method for
detecting insect powders in other food matrices, either raw or cooked.
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Abstract: The production of bivalve species has been increasing in the last decades. In spite of
strict requirements for species declaration, incorrect labelling of bivalve products has repeatedly
been detected. We present a DNA metabarcoding method allowing the identification of bivalve
species belonging to the bivalve families Mytilidae (mussels), Pectinidae (scallops), and Ostreidae
(oysters) in foodstuffs. The method, developed on Illumina instruments, targets a 150 bp fragment
of mitochondrial 16S rDNA. We designed seven primers (three primers for mussel species, two
primers for scallop species and a primer pair for oyster species) and combined them in a triplex
PCR assay. In each of eleven reference samples, the bivalve species was identified correctly. In ten
DNA extract mixtures, not only the main component (97.0–98.0%) but also the minor components
(0.5–1.5%) were detected correctly, with only a few exceptions. The DNA metabarcoding method was
found to be applicable to complex and processed foodstuffs, allowing the identification of bivalves in,
e.g., marinated form, in sauces, in seafood mixes and even in instant noodle seafood. The method is
highly suitable for food authentication in routine analysis, in particular in combination with a DNA
metabarcoding method for mammalian and poultry species published recently.

Keywords: DNA metabarcoding; next generation sequencing; food authentication; bivalves; Mytili-
dae; Pectinidae; Ostreidae; species identification; mitochondrial 16S rDNA; seafood

1. Introduction

Bivalves, a class of molluscs, are distributed worldwide. Due to their high content
of essential nutrients, their production has steadily been increased over the last three
decades [1–5]. Mytilidae (mussels), Pectinidae (scallops), and Ostreidae (oysters) are the
most important bivalve families for human consumption. Each of these bivalve families is
divided into several genera comprising a high number of species [6]. In 2019, 1.03 million
tons of mussels, scallops, and oysters were caught in nature and 10.25 million tons were
cultivated in aquaculture, earning a profit of millions of US dollars [7].

In the EU, international and national regulations exist to ensure legal trade in seafood
and seafood products. The EU directive 1379/2013 regulates market organization of fishery
and aquaculture products, including correct declaration of seafood [8]. To comply with
legal regulations, labels must include both the local trade name in the official language(s)
and the correct scientific Latin name [8,9]. Correct labelling of seafood products is important
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for traceability issues, protection of endangered species, mitigation of illegal fishing, and
for individual reasons of end consumers [10,11]. Regardless of clear and strict requirements
for species declaration, incorrect labelling of bivalve products has repeatedly been detected
in Europe [12–17]. In German and Swiss studies, more than half of the products declared
to contain “Jakobsmuschel” (or “Jacobsmuschel“) were labelled incorrectly [15,18,19].
Although the German name “Jakobsmuschel” (or “Jacobsmuschel“) may only be used
for scallop species belonging to the genus Pecten, species of other genera (particularly
Placopecten and Mizuhopecten) were identified in these products.

For authentication of seafood products, laboratories may choose from a variety of
methodologies. In the case of bivalves, morphological characteristics such as shell, color,
and size may allow correct species classification. However, after shell removal or me-
chanical processing, classification by morphology may be hampered or even be impossi-
ble [16,20]. Recently, matrix-assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) has been shown to be suitable for accurate species identification of scal-
lops [19]. However, since MALDI-TOF MS instruments are rather expensive and do not allow
high-throughput analysis, this methodology is less applicable for routine analyses.

To date, DNA-based methods are considered most suitable for the identification of
seafood species, even in highly processed food products [21–23]. Due to its high copy num-
ber and robustness, mitochondrial DNA (mtDNA) is frequently preferred over genomic
DNA [24,25]. The mtDNA regions most commonly used for species identification are
cytochrome c oxidase subunit I (COI), cytochrome b (cyt b), and 16S ribosomal DNA (16S
rDNA) [15,26–33]. Compared to other seafood, e.g., fish, crustaceans, and cephalopods,
(real-time) polymerase chain reaction (PCR) assays for bivalve species are limited in num-
ber [18,32,34–41]. The disadvantage of (real-time) PCR is that for each target species, a
specific primer (probe) system is required [18,31,33,36,39–43].

A powerful alternative is DNA barcoding, aiming at detecting a broader range of species
by using universal primer systems [22,26,34,44]. DNA barcodes commonly contain conserved
regions at both ends, serving as binding sites for universal primers, and a variable part in
between the primer binding sites, for differentiation between the species of interest [34,45].
DNA barcodes of approximately 600 base pairs (bp) in length have been found to be suitable
for the analysis of highly processed food products [22,26,27,34,44,46–48]. In conventional
DNA barcoding, PCR products obtained by amplifying the selected DNA barcode region
are then subjected to Sanger sequencing [22,34,44,49,50]. However, sample throughput
of Sanger sequencing is limited since samples are sequenced one by one. A much more
efficient approach is to combine DNA barcoding with next-generation sequencing (NGS)
technologies [22,26,34]. So-called DNA metabarcoding allows the identification of multiple
species in multiple food samples in one and the same sequencing run [45,46,51–54]. The
suitability of DNA metabarcoding for the analysis of ultra-processed food products has
already been demonstrated, e.g., for the detection of mammals in sausages or insects in
bars [47,48].

In this study, we present a DNA metabarcoding method allowing the differentiation
between species from three bivalve families, Pectinidae, Ostreidae, and Mytilidae, in raw
and processed food products to detect food adulteration. The method was developed on
the Illumina MiSeq® (San Diego, CA, USA) and iSeq® (San Diego, CA, USA) platforms due
to their low error rates compared to other NGS platforms [55].

2. Materials and Methods

2.1. Sample Collection and Storage

A total of 86 commercial food products were collected from regional supermarkets, fish
markets, and delicacy shops in Austria from summer 2018 until winter 2020 (Supplementary
Table S1). Samples were either fresh, deep-frozen, or in processed condition. Each sample
was given a specific ID number, with the letter “O” referring to oysters, “S” to scallops,
“M” to mussels, and “Mi” to mixed-species seafood. Samples were stored at −20 ◦C until
DNA extraction.
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Eleven out of the 86 samples (“reference samples”), comprising three mussel, six
scallop, and two oyster species (see Table 1), were used for method development. Identity of
bivalve species in these reference samples (samples M12, M13 and M27 for mussels; samples
S42, S46, S47, S49, S50, and S55 for scallops; samples O2 and O3 for oysters; Supplementary
Table S1) was verified by subjecting DNA extracts to Sanger sequencing (Microsynth,
Balgach, Switzerland) and matching the sequences against the public databases provided
by the National Center for Biotechnology Information (NCBI, Bethesda, MD, USA). For
Sanger sequencing, the forward and reverse primers listed in Table 2 were used.

Table 1. Bivalve species used for development of the DNA metabarcoding method.

Scientific Name Commercial Name (German) Commercial Name (English)

Mytilidae Miesmuscheln Mussels

Mytilus edulis Gemeine Miesmuschel Blue mussel
Mytilus galloprovincialis Mittelmeer-Miesmuschel Mediterranean mussel

Perna canaliculus Neuseeland-Miesmuschel New Zealand green-lipped mussel

Pectinidae Kammmuscheln Scallops

Placopecten magellanicus Atlantischer Tiefseescallop Atlantic deep-sea scallop
Mizuhopecten yessoensis Japanische Kammmuschel Yesso scallop

Pecten jacobaeus Jakobsmuschel Great scallop
Zygochlamys patagonica Patagonische Kammmuschel Patagonian scallop
Argopecten purpuratus Purpur-Kammmuschel Purple scallop
Aequipecten opercularis Kleine Pilgermuschel Queen scallop

Ostreidae Austern Oysters

Magallana gigas Pazifische Felsenauster Pacific oyster
Ostrea edulis Europäische Auster European flat oyster

Table 2. Primers designed in this study.

Name Sequence 5′→3′

mussel

For_Mu CCTTTTGCATAAGGGTTTTTCAAG

Rev1_Mu CGAATAGTATCTAGCCGCCATTC

Rev2_Mu GCAAATAGCATATCACTTTCACCTC

scallop

For_Mu TGCTAAGGTAGCTAAATTATGGCC

Rev_Mu CTTCACGGGGTCTTCTCGTC

oyster

For_Mu GGTAGCGAAATTCCTTGCCTT

Rev_Mu AAAGTTGCACGGGGTCTT

overhang

Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

2.2. DNA Extraction and Quantification

Raw material was cut into smaller pieces or homogenized. To 2.0 g of each sample,
10 mL of a hexadecyltrimethylammonium bromide (CTAB) buffer was added. After
addition of 80 μL proteinase K, the mixture was incubated on an Intelli-MixerTM RM2 (LTF
Labortechnik, Wasserburg, Germany) overnight at 50 ◦C.
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For DNA isolation, a commercial kit (Maxwell® 16 FFS Nucleic Acid Extraction System
Custom-Kit, Promega, Madison, WI, USA) was used according to the manufacturer’s
instructions. DNA concentration was determined fluorometrically (Qubit® 2.0 fluorometer,
Thermo Fisher Scientific, Waltham, MA, USA). For higher concentrations, the Qubit®

dsDNA broad range assay kit (2 to 1000 ng) was used, and for lower concentrations,
the Qubit® dsDNA high-sensitivity assay kit (0.2 to 100 ng) was used. DNA purity was
assessed from the ratio of the absorbance at 260 and 280 nm (QIAxpert spectrophotometer,
software version 2.2.0.21, Qiagen, Hilden, Germany). DNA extracts were stored at −20 ◦C
until further use.

2.3. DNA Extract Mixtures

Ternary DNA extract mixtures were prepared by mixing DNA extracts (DNA concen-
tration 5 ng/μL) from Pecten spp., Magallana gigas and Mytilus galloprovincialis, representing
the three bivalve families Pectinidae, Ostreidae, and Mytilidae, respectively. Individual
DNA extracts were mixed in a ratio of 98.0:1.5:0.5 (v/v/v).

In addition, DNA extract mixtures consisting of DNA from species belonging to one
bivalve family were prepared. In these mixtures, DNA from one species was present as the
main component, DNA from the other species as minor components (1.0% each). Since only
two oyster species were available, the DNA extract mixture representing the bivalve family
Ostreidae contained the closely related scallop (Placopecten magellanicus) as a major component
(98.0%) and DNA from the two oyster species as minor components (1.0% each).

In addition to mixtures consisting of DNA from bivalve species only, a DNA extract
mixture containing another mollusc species was prepared. DNA extract from a squid
species (Sepiella inermis) was chosen as the main component (97.0%) and DNA from the
bivalve species Placopecten magellanicus, Ostrea edulis and Perna canaliculus was present as
minor components (1.0% each).

2.4. Reference Sequences

A 150 bp fragment of the mitochondrial 16S rDNA gene was used as a DNA barcode.
Reference sequences for commonly consumed bivalve species and some exotic seafood
species, that are permitted for consumption in Austria (“Codex Alimentarius Austriacus”
chapter B35, [56]), were downloaded from the NCBI databases (Supplementary Table S2)
by using CLC Genomics Workbench software (version 10.1.1, Qiagen, Hilden, Germany).
If available, complete reference sequences from the RefSeq database were preferentially
downloaded due to their reliability. In case complete reference sequences were not available,
all DNA sequences of the mitochondrial 16S rDNA available for one and the same species,
submitted by individual scientists, were aligned and checked for similarity and unidentified
nucleotides. Subsequently, the DNA sequence with the highest quality (e.g., without
unknown nucleotides, full-length of the DNA barcode) was chosen as a reference sequence.

2.5. Primer Systems

Primers were designed manually on a multiple DNA sequence alignment of the
mitochondrial 16S rDNA of approximately 90 bivalve species using the CLC Genomics
Workbench software (version 10.1.1, Qiagen, Hilden, Germany). The designed primers were
checked for their physical and structural properties (e.g., formation of dimers, secondary
structure, annealing temperature) using Oligo Calc, the OligoAnalyzer Tool provided by
Integrated DNA Technologies (IDT, Coralville, IA, USA) and the online product descrip-
tions from TIB Molbiol (Berlin, Germany). The primers, listed in Table 2, were synthesized
by TIB Molbiol. Table 2 also shows the Illumina overhang adapter sequences which were
linked to the target-specific primers.

All in-house-designed primers were tested in real-time PCR with DNA extracted from
the eleven reference samples. During optimization, the following PCR conditions/parameters
were kept constant and applied as published previously: DNA input amount of 12.5 ng,
‘ready-to-use’ HotStarTaq Master Mix Kit, annealing temperature (62 ◦C), 25 cycles [47].
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Only one variable, the addition of magnesium chloride solution, was modified (addition
of 1.5 or 3 mM MgCl2). Real-time PCR reactions were carried out using a fluorescent
intercalating dye (EvaGreen® (20x in water)) in strip tubes or in 96-well plates, depending
on the thermocycler used, the Rotor-Gene Q (Qiagen, Hilden, Germany) or the LightCycler®

480 System (Roche, Penzberg, Germany), respectively. The total volume of the PCR
reactions was 25 μL, consisting of 22.5 μL reaction mix and 2.5 μL of template DNA
(diluted DNA samples (5 ng/μL)) or water as negative control. In the reaction mix, the
HotStarTaq Master Mix Kit (Qiagen, Hilden, Germany) was used at a final concentration of
1x and the final concentration of primers was 0.2 μM, except the forward primer for mussels
(0.4 μM). PCR cycling conditions were 15 min initial denaturation at 95 ◦C, 25 cycles at 95 ◦C,
62 ◦C and 72 ◦C for 30 s each, and a final elongation for 10 min at 72 ◦C. The primer pairs for
mussels, scallops, and oysters with and without Illumina overhang adapter sequences were
first used in singleplex PCR assays. Then, the seven primers (three forward and four reverse
primers) listed in Table 2 were combined in a triplex assay. The identity of the PCR products
was confirmed by melting curve analysis and/or agarose gel electrophoresis.

2.6. Library Preparation and NGS

In general, samples were sequenced by using either the MiSeq® or the iSeq® platform
(Illumina, San Diego, CA, USA). DNA extracts were diluted to a DNA concentration of
5 ng/μL. Extracts with a DNA concentration < 5 ng/μL were used undiluted.

DNA library preparation was performed according to Dobrovolny et al. [47] with mi-
nor modifications (excess of MgCl2, final concentration 3 mM; average library size: 278 bp;
diluted libraries of the iSeq® system were denatured automatically on the instrument).

For the MiSeq® and iSeq® platform, the DNA library was adjusted to 4 and 1 nM,
respectively, with 10 mM Tris-HCl, pH 8.6. After pooling individual DNA libraries (5 μL
MiSeq®, 7 μL iSeq®), the DNA concentration was determined using Qubit® 2.0 fluorimeter.

All sequencing runs were performed using either the MiSeq® Reagent Kit v2 (300-cycles)
or the iSeq® 100 i1 Reagent v2 (300-cycles) with a final loading concentration of 8 pM. The
pooled DNA libraries contained a 5% PhiX spike-in.

Reference samples were sequenced in six replicates (three sequencing runs, two
replicates per run), while DNA extract mixtures were sequenced in nine replicates (three
sequencing runs, three replicates per run). Commercial food products were sequenced in
triplicates (three sequencing runs, one replicate per run) and food products were sequenced
at least once by using either the MiSeq® or the iSeq® platform.

2.7. NGS Data Analysis Using Galaxy

After paired-end sequencing, the resulting FastQ files, generated by the instrument
control software, were used as input for data analysis. The sequencing output in FastQ
format was then processed with an analysis pipeline as described previously by using
Galaxy (version 19.01) [47]. The published amplicon analysis workflow was modified as
follows: the target-specific primers were trimmed from both ends using the tool Cutadapt
and reads were not clustered into Operational Taxonomic Units (OTUs) [57]. Completely
identical sequences were collapsed into a single representative sequence with the tool
Dereplicate to minimize the number of reads, and then compared against a customized
database for bivalves (Supplementary Table S2) using BLASTn [58].

3. Results and Discussion

3.1. Barcode Region and Primer Systems

We aimed to develop a DNA metabarcoding method allowing the differentiation
between species belonging to the bivalve families Pectinidae, Ostreidae, and Mytilidae. To
be applicable in routine analysis, the method should allow identifying the economically
most important bivalve species in raw and highly processed food products.

We started with searching for appropriate DNA barcode regions of about 150 bp in
length, containing conserved parts at the ends and a variable part in between. Potential
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DNA barcode regions were found in the mitochondrial DNA, especially the mitochondrial
16S rDNA. Several metabarcoding studies have shown that the sequences of the 16S rDNA
gene are suitable as barcodes for species identification. Since we have already used a
barcode region of the mitochondrial 16S rDNA to identify mammals and poultry [47], this
marker gene was chosen as the DNA barcode for our assay.

Since the DNA metabarcoding method for bivalves should be compatible with the
DNA metabarcoding method for mammalian and poultry species published recently [47],
the primers should anneal at the same temperature (62 ◦C). In addition, the PCR cycle
number should be limited to 25 and DNA libraries should be sequenced with Illumina
reagent kits in the 300-cycle format. Due to high sequence variability between closely
related bivalve species, none of the primer sets designed enabled obtaining a PCR product
for each of the bivalve species of interest. Thus, we continued by designing three primer
sets, one for each of the three bivalve families, Pectinidae, Ostreidae, and Mytilidae. Primer
pairs consisting of one forward and one reverse primer allowed amplifying the DNA
barcode region in scallop and oyster species (Table 2). However, in the case of mussels,
a primer set consisting of one forward primer and two reverse primers (Table 2) was
necessary to obtain a PCR product for the mussel species listed in Table 1. Figure 1 shows an
alignment of selected DNA barcode sequences for the commercially most relevant bivalve
species. The alignment of the 90 bivalve species is shown in Supplementary Figure S1.
Blue, green, and red bars indicate the binding sites of the primers for Pectinidae, Ostreidae
and Mytilidae, respectively. With the three primer sets, PCR products differing in at least
one base should be obtained for all bivalve species of interest.

Figure 1. Multi-species sequence alignment of the mitochondrial 16S rDNA barcoding region for bivalve species. Colored bars
indicate the binding sites of the primer sets for scallops (blue), oysters (green), and mussels (red, CLC Genomics Workbench
software version 10.1.1, Qiagen, Hilden, Germany).

Further sequence alignments indicated that the DNA barcode region selected does
not allow distinguishing between all species of the following genera: Chlamys spp., Euvola
spp., Pecten spp., Crassostrea spp., Magallana spp., Ostrea spp. and Saccostrea spp. These
species cannot be distinguished: Chlamys rubida and Chlamys behringiana; Pecten albicans,
Pecten fumatus, Pecten jacobaeus, Pecten keppelianus, Pecten novaezelandiae, Pecten sulcicostatus,
Crassostrea hongkongensis, and Crassostrea rivularis; Ostrea angelica and Ostrea lurida; as well
as Ostrea permollis and Ostrea puelchana; and Saccostrea echinata, Saccostrea glomerata, and
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Saccostrea mytiloides. In addition, two mussel species, Mytilus platensis and Mytilus chilensis,
can also not be distinguished (for Mytilus platensis only one DNA sequence entry was in the
public databases provided by NCBI). However, differentiation at the genus level (Chlamys
spp., Pecten spp., Crassostrea spp., Ostrea spp., Mytilus spp.) is sufficient according to the
“Codex Alimentarius Austriacus” chapter B35 [56].

When we tested the primers in singleplex PCR assays, for each of the reference samples
a PCR product of about 150 bp in length was obtained by increasing the concentration of
the forward primer for mussels to 0.4 μM and keeping the concentration of the other six
primers at 0.2 μM. In addition, we tested whether the seven primers could be combined
to a triplex system. PCR products for the bivalve species of interest were obtained in one
and the same vial by increasing the MgCl2 concentration to a final concentration of 3 mM.
Thus, we achieved our objective to perform the triplex PCR assay in combination with the
previously published DNA metabarcoding assay for mammalian and poultry species [47].

3.2. Library Preparation, Pooling of Libraries, and Sequencing

Library preparation, pooling of 5 or 7 μL per normalized DNA library, and the
sequencing process were performed as described previously [47]. However, in case of the
pooling process, all DNA libraries were mixed in equal volumes as recommended by the
manufacturer’s instruction. In our previous study, different volumes from individual DNA
libraries were taken to achieve sufficient sequencing depth for minor components. For
sample pooling to the maximum of 96 libraries, more than 100,000 NGS reads per sample
were expected to be obtained using the 300-cycle MiSeq® Reagent Kit v2.

Sequencing runs were performed in triplicate and the average run metrics were as
follows: cluster density (969 K/mm2) on the flow cell, cluster passing filter (70.22%) as
well as the Q-scores (Q30) for read 1 and read 2 were 92.6% and 89.28%, respectively. A total of
5.02% of the total reads were identified as PhiX control sequences with an error rate of 1.49%.

3.3. Analysis of DNA Extracts from Reference Samples

PCR products were obtained for each of the reference samples and sequencing results
for those samples are summarized in Table 3. The table shows mean values of the total
number of raw reads, the total number of reads that passed the analysis pipeline in Galaxy
as well as the total number and percentage of reads that were assigned correctly to the
eleven species (based on six replicates).

No significant differences were observed in the total number of reads (before data
analysis process) between these species, except Mytilus galloprovincialis (162843), Perna
canaliculus (169631), and Mytilus edulis (134500). With the exception of Perna canaliculus,
>70% of the reads passed the amplicon analysis workflow. All three mussel species, six
scallop species and two oyster species could be identified with this workflow at a high rate
(>97.5%), except Mytilus edulis.

3.4. Analysis of DNA Extract Mixtures

Six ternary DNA extract mixtures were analyzed containing the DNA of the three
bivalve families Pectinidae, Ostreidae, and Mytilidae in ratios of 98.0:1.5:0.5 (v/v/v). The
composition of the DNA extract mixtures and the results obtained by DNA metabarcoding
are summarized in Table 4. The total number of raw reads ranged from 80856 to 159,737 and
the reads that passed the workflow were in the range from 65961 to 147196. For the main
components (98.0%), the number of reads assigned correctly ranged from 62434 to 140147.
In addition, both minor components (1.5% and 0.5%) could be identified. The number of
reads assigned correctly was in the range from 1710 to 4356 and 555 to 1478, respectively.
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Table 3. Results for DNA extracts from reference samples. Numbers are mean values (n = 6, three sequencing runs, two
replicates per run).

Sample ID

Declaration on the Product

Species
Identified

Total Number
of Raw Reads

Total Number
of Reads

Passing the
Workflow

Number of
Reads

Assigned
Correctly

Percentage of
Reads

Assigned
Correctly (%)

Scientific/Latin
Name

Product
Description

[Eng]

O2 Ostrea edulis Oyster Ostrea edulis 78559 63491 61875 97.46

O3 Crassostrea
gigas * Oyster Magallana gigas * 76143 65389 64125 98.07

M12 Mytilus
galloprovincialis Blue Mussel Mytilus

galloprovincialis 162843 150678 149315 99.09

M13 Perna
canaliculus

New Zealand
green-lipped

mussel
Perna canaliculus 169631 104861 103350 98.56

M27 Mytilus edulis Mussels in
marinade Mytilus edulis 134500 120686 105024 87.02

S42 Mizuhopecten
yessoensis Yesso scallop Mizuhopecten

yessoensis 75927 58069 57058 98.26

S46 Pecten jacobaeus Great scallop Pecten spp. 79472 61484 60514 98.42

S47 Zygochlamys
patagonica

Scallop “á la
Bretonne”

Zygochlamys
patagonica 77747 59245 58429 98.62

S49 Placopecten
magellanicus Great scallop Placopecten

magellanicus 79131 61531 60886 98.95

S50 Argopecten
purpuratus Pacific scallop Argopecten

purpuratus 77383 55455 54588 98.44

S55 Aequipecten
opercularis

Scallop in
sauce

Aequipecten
opercularis 79141 56064 55800 99.53

* former nomenclature, synonym for Magallana gigas.

Table 4. Results for ternary DNA extract mixtures representing the three bivalve families of interest. DNA extracts (5 ng/μL)
were mixed in a ratio of 98.0:1.5:0.5 (v/v/v). Numbers are mean values (n = 9, three sequencing runs, three replicates per run).

Proportion Total
Number
of Raw
Reads

Total Number
of Reads

Passing the
Workflow

Reads Assigned Correctly

Species 1 (98%)
Species 2

(1.5%)
Species 3

(0.5%)
Species 1 (%) Species 2 (%) Species 3 (%)

Magallana
gigas

Mytilus
galloprovincialis Pecten spp. 80856 69506 66430 95.57 1985 2.86 658 0.95

Magallana
gigas Pecten spp. Mytilus

galloprovincialis 89552 76669 73114 95.36 2182 2.85 894 1.17

Pecten spp. Magallana
gigas

Mytilus
galloprovincialis 88971 69682 66291 95.13 1710 2.45 922 1.32

Pecten spp. Mytilus
galloprovincialis

Magallana
gigas 84085 65961 62434 94.65 2281 3.46 555 0.84

Mytilus
galloprovincialis Pecten spp. Magallana

gigas 159737 147196 140147 95.21 4356 2.96 1478 1.00

Mytilus
galloprovincialis

Magallana
gigas Pecten spp. 147443 136629 130986 95.87 3304 2.42 1156 0.85

In addition, we analyzed three DNA extract mixtures consisting of DNA from species
belonging to one bivalve family (Table 5). The mixtures contained DNA from a scallop or
mussel species, respectively. DNA from other bivalve species was present in a proportion
of 1.0% each. Both species being present as main components, Placopecten magellanicus and
Perna canaliculus, could be identified, with the number of reads assigned correctly ranging
from 58156 to 77483. However, quite different numbers of reads were correctly assigned to the
minor components, ranging from 626 (Mizuhopecten yessoensis) to 50,391 (Mytilus galloprovincialis).
Aequipecten opercularis was the only minor component that could not be detected.
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Table 5. Results for DNA extract mixtures representing one bivalve family. DNA from minor components was present in a
proportion of 1% each. In addition, results for a DNA extract mixture containing DNA from a squid species (Sepiella inermis)
as main component (97.0%) and DNA from three bivalve species (1% each) is shown. Numbers are mean values (n = 9,
three sequencing runs, three replicates per run).

Main Component
Minor Component

(1.0% Each)
Total Number of

Raw Reads

Total Number of
Reads Passed
the Workflow

Reads
Assigned
Correctly

Percentage of
Reads Assigned

Correctly (%)

Placopecten magellanicus

83526 * 65446

58156 88.86
Mizuhopecten yessoensis 626 0.96

Pecten spp. 817 1.25
Zygochlamys patagonica 4534 6.93
Argopecten purpuratus 663 1.01
Aequipecten opercularis 35 0.05

Placopecten magellanicus
84282 * 66691

63628 95.41
Magallana gigas 1298 1.95

Ostrea edulis 1088 1.63

Perna canaliculus
179227 * 128882

77483 60.12
Mytilus galloprovincialis 50391 39.10

Mytilus edulis 824 0.64

Sepiella inermis

78467 61415
Placopecten magellanicus 31424 51.17

Ostrea edulis 28162 45.86
Perna canaliculus 806 1.31

* Number of values (n = 6, three sequencing runs, two replicates per run).

We analyzed a further DNA extract mixture containing DNA from the squid species
Sepiella inermis as main component (97.0%) and DNA from the bivalve species Placopecten
magellanicus, Ostrea edulis, and Perna canaliculus as minor components (1.0% each). As
expected, in this mixture, the main component could not be detected because the primers
are not suitable for amplification of the target region for Sepiella inermis. 31424, 28162, and
806 reads, respectively, were assigned correctly to the three bivalve species.

In our previous metabarcoding study [47], individual DNA libraries were pooled
in different ratios to achieve sufficient sequencing depth for minor components. The
present study demonstrates, that minor components down to a proportion of 0.5% could be
identified and differentiated although DNA libraries were pooled by mixing them in equal
volumes. DNA extracts from reference samples and DNA extract mixtures most frequently
resulted in less than 100,000 reads. However, for all samples on average > 75000 raw reads
were obtained, which turned out to be sufficient for reliable species identification.

3.5. Analysis of Commercial Seafood Samples

In order to investigate the applicability of the DNA metabarcoding method to food-
stuffs, DNA extracts from 75 commercial food products were analyzed. According to
declaration, eight samples (O1 and O4–O10) contained oyster species, 27 samples (M11,
M14–M26, and M28–M40) mussel species, 15 samples (S41, S43–45, S48, S51–S55, and
S56–S61) scallop species and 25 samples (Mi62–Mi86) were mixed-species seafood products
(Table 6). The ingredient list of 30 out of 75 food products did not give any informa-
tion on the bivalve species. A total of 39 samples were declared to contain “Crassostrea
gigas”, “Mytilus galloprovincialis”, “Mytilus chilensis”, “Mytilus edulis”, “Zygochlamys patago-
nica”, “Chlamys opercularis”, “Placopecten magellanicus”, “Pecten maximus”, or “Patinopecten
yessoensis”. The remaining samples (n = 6) were labelled with “Mytilus spp.” or “Pecten spp.”.
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Table 6. Results obtained for commercial seafood samples. Samples listed above the double line were sequenced with the
MiSeq® (three sequencing runs, one replicate per run, numbers are mean values); samples listed below the double line were
sequenced either with the MiSeq® or the iSeq®.

Sample ID

Declaration on the Product

Species Identified Total Number
of Raw Reads

Total Number
of Reads

Passed the
Workflow

Reads
Assigned
Correctly

Percentage of
Reads Assigned

Correctly (%)Scientific/Latin
Name

Product
Description

[Eng]

O5 Crassostrea gigas 4 Oyster in
sunflower oil Magallana gigas 4 76930 1 65728 64369 97.93

O6 Crassostrea gigas 4 Oyster in
sunflower oil Magallana gigas 4 44848 1 38547 37610 97.57

O7 Crassostrea gigas 4 Oyster in water Magallana gigas 4 76247 64917 63700 98.13

O8 not declared Oyster sauce Saccostrea malabonensis
14470 11658

5442 46.68
Magallana bilineata 4652 39.91

M23 not declared Mussel with
sherry vinegar Mytilus galloprovincialis 33517 30794 30358 98.58

M25 not declared Mussel in
marinade sauce Mytilus galloprovincialis 163188 151688 150700 99.35

M26 not declared Grilled blue
mussel Mytilus galloprovincialis 163106 151608 150433 99.23

M29
Mytilus

galloprovincialis
Blue mussel in Mytilus galloprovincialis

153435 140475
132354 94.22

tomato sauce Mytilus edulis 7937 5.65

M30
Mytilus

galloprovincialis
Blue mussel Mytilus galloprovincialis

185479 171890
170624 99.26

A la mariniere Mytilus edulis 1156 0.67

M31 not declared
Blue mussel in Mytilus galloprovincialis

170303 158379
157015 99.14

organic
marinade Mytilus edulis 1267 0.80

M32 not declared
Marinated blue Mytilus galloprovincialis

159181 144788
143399 99.04

mussel Mytilus edulis 1308 0.90

M33 Mytilus chilensis Mussel in Mytilus galloprovincialis
167903 151219

118879 78.61
Escabeche Mytilus edulis 31737 20.99

M34 Mytilus chilensis Mussel
Mytilus galloprovincialis

152112 138768
87964 63.39

Mytilus edulis 49601 35.74

M36
Mytilus

galloprovincialis
Blue mussel
marinated

Mytilus galloprovincialis
Mytilus edulis 176963 163721

162224 99.09
1323 0.81

M37 Mytilus edulis Mussel in honey
mustard sauce

Mytilus galloprovincialis
Mytilus edulis 149364 136868

135249 98.82
1400 1.02

M38 not declared
Blue mussel Mytilus galloprovincialis

138801 127244
125980 99.01

in marinade Mytilus edulis 1056 0.83

S58 not declared
Rillettes de Aequipecten opercularis

62787 44307
42716 96.41

Saint-Jacques Mytilus galloprovincialis 1330 3.00

S59 not declared Small scallop in
galician sauce Aequipecten opercularis 82550 59722 58296 97.61

Mi62 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

618324 569815
433439 76.07

Mytilus edulis 134543 23.61

Mi63 not declared
Sauce with Mytilus edulis

152170 139306
73550 52.80

seafood Mytilus galloprovincialis 64729 46.47

Mi64
Mytilus chilensis

Mytilus edulis Seafood mix
Mytilus galloprovincialis

Mytilus edulis 131285 119350
81590 68.36
37211 31.18

Mi65 not declared Bouillabaisse
Marseille

Mytilus
galloprovincialisMytilus edulis 157311 143479

138535 96.55
4777 3.33

Mi66 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

152535 140047
92024 65.71

Mytilus edulis 47415 33.86

Mi67 Mytilus spp. Seafood mix
Mytilus galloprovincialis

76544 69081
48275 69.88

Mytilus edulis 20459 29.62

Mi68
Mytilus

galloprovincialis
Sea fruit salad in

sunflower oil
Mytilus galloprovincialis

Mytilus edulis 157861 145671
144468 99.17

1046 0.72

Mi69 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

Mytilus edulis 140227 128007
85679 66.93
41686 32.57

Mi70 not declared
Sea fruit salad

fantasy
Mytilus galloprovincialis

Mytilus edulis 120677 106674
101121 94.80

5413 5.07

Mi71 not declared Seafood mix
Mytilus galloprovincialis

160546 147278
79680 54.10

Mytilus edulis 66675 45.27
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Table 6. Cont.

Sample ID

Declaration on the Product

Species Identified Total Number
of Raw Reads

Total Number
of Reads

Passed the
Workflow

Reads
Assigned
Correctly

Percentage of
Reads Assigned

Correctly (%)Scientific/Latin
Name

Product
Description

[Eng]

Mi72 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

160059 146539
91557 62.48

Mytilus edulis 54271 37.03

Mi73 not declared Seafood mix
Mytilus edulis

150500 137634
78942 57.36

Mytilus galloprovincialis 57608 41.86

Mi74 not declared Seafood mix
Mytilus galloprovincialis

168841 155701
79035 50.76

Mytilus edulis 75612 48.56

Mi75 not declared
Pizza Frutti di Mytilus galloprovincialis

181822 1 172620
95184 55.14

mare Mytilus edulis 71440 41.39

Mi76 not declared Paella
Mytilus galloprovincialis

150431 139511
138335 99.16

Mytilus edulis 1070 0.77

Mi77
Mytilus edulis,

Paella
Mytilus galloprovincialis

141816 132092
130768 99.00

Mytilus chilensis Mytilus edulis 1242 0.94

Mi78 Mytilus chilensis Seafood all’Olio
Mytilus galloprovincialis

134717 122906
73482 59.79

Mytilus edulis 48774 39.68

Mi79 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

148773 137122
73035 53.26

Mytilus edulis 63249 46.13

Mi80 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

136695 126608
88130 69.61

Mytilus edulis 37970 29.99

Mi81 not declared Sea fruit salad
Mytilus galloprovincialis

153499 142736
141578 99.19

Mytilus edulis 1022 0.72

Mi82

Zygochlamys
patagonica
Chlamys

opercularis

Scallop terrine Zygochlamys patagonica 76554 59181 57329 96.87

Mi83 not declared
Terrine of

salmon
and great scallop

Pecten spp. 96596 1 76834 75476 98.23

Mi84 Mytilus chilensis Seafood mix
Mytilus galloprovincialis

163885 150852
124468 82.51

Mytilus edulis 25916 17.18

Mi85 not declared Instant noodle
seafood, mild Mytilus galloprovincialis 15409 14118 13750 97.39

Mi86 not declared Instant noodle
seafood, spicy Mytilus galloprovincialis 9787 8892 8473 95.29

O1 Crassostrea gigas 4 Oyster Magallana gigas 4 139319 2 134073 133493 99.57

O4 not declared Oyster Magallana gigas 46089 2 40991 40279 98.26

O9 not declared Oyster sauce not evaluable 3

O10 not declared Oyster sauce not evaluable 3

M11 Mytilus edulis Mussel Mytilus galloprovincialis 23766 2 22546 22147 98.23

M14 Mytilus spp. Blue mussel
Mytilus galloprovincialis

126880 2 119717
79522 66.42

Mytilus edulis 39555 33.04

M15 Mytilus spp Blue mussel Mytilus galloprovincialis 227678 220699 220226 99.79

M16 Mytilus edulis Bouchot mussel Mytilus galloprovincialis 51292 2 49604 48832 98.44

M17 not declared
Grilled blue Mytilus galloprovincialis

9888 2 6750
3956 58.61

mussel Mytilus edulis 1998 29.60

M18 Mytilus chilensis Blue mussel Mytilus galloprovincialis 53710 2 51670 50733 98.19

M19 not declared Blue mussel Mytilus galloprovincialis 57238 2 54822 53829 98.19

M20 Mytilus spp. Blue mussel Mytilus galloprovincialis 72113 2 69576 68969 99.13

M21 Mytilus edulis Mussel Mytilus galloprovincialis 51328 2 49908 49459 99.10

M22
Mytilus

galloprovincialis Blue mussel
Mytilus galloprovincialis

1159502 110777
109262 98.63

Mytilus edulis 1466 1.32

M24 Mytilus chilensis Blue mussel in Mytilus galloprovincialis
113942 2 107150

94449 88.15
tomato sauce Mytilus edulis 12505 11.67

M28 not declared
Dry cat food Pecten spp.

128693 3 126380
79764 63.11

with green Mytilus galloprovincialis 40450 32.01
lipped mussel Perna canaliculus 4712 3.73

M35 Mytilus chilensis Mussel in
tomato sauce Mytilus galloprovincialis 197899 3 190771 189540 99.35

M39 Mytilus chilensis Blue mussel
Mytilus galloprovincialis

182612 3 175982
96502 54.84

Mytilus edulis 75204 42.73

M40 Mytilus edulis Blue mussel Mytilus galloprovincialis 182958 3 179399 178024 99.23
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Table 6. Cont.

Sample ID

Declaration on the Product

Species Identified Total Number
of Raw Reads

Total Number
of Reads

Passed the
Workflow

Reads
Assigned
Correctly

Percentage of
Reads Assigned

Correctly (%)Scientific/Latin
Name

Product
Description

[Eng]

S41 Placopecten
magellanicus Deep-sea scallop Placopecten magellanicus 143794 2 132140 131583 99.58

S43 Pecten maximus Great scallop Mizuhopecten yessoensis 122156 2 113706 113128 99.49

S44 Pecten spp. Great scallop Mizuhopecten yessoensis 2873135 2 2718126 2717426 99.97

S45 Placopecten
magellanicus Deep-sea scallop Placopecten magellanicus 111673 2 107119 106632 99.55

S48 Patinopecten
yessoensis

Great scallop/
Yesso scallop Mizuhopecten yessoensis 47397 2 41076 407873 99.51

S51 not declared Great scallop Placopecten magellanicus 51565 2 45007 44915 99.80

S52 Patinopecten
yessoensis Great scallop Mizuhopecten yessoensis 46673 2 39769 39627 99.64

S53 Pecten spp. Great scallop Mizuhopecten yessoensis 42857 2 36443 35265 96.77

S54 Placopecten
magellanicus Great scallop Placopecten magellanicus 55475 2 48703 47915 98.38

S56 not declared Great scallop Placopecten magellanicus 1268169 3 1061137 1060653 99.95

S57 Placopecten
magellanicus Great scallop Pecten spp. 174497 3 171299 170404 99.48

S60 not declared Deep-sea scallop Placopecten magellanicus 364474 3 350953 350869 99.98

S61 Patinopecten
yessoensis Great scallop Mizuhopecten yessoensis 159145 3 152930 152849 99.95

1 Mean of two replicates; 2 samples were analyzed with the MiSeq® instrument; 3 samples were analyzed with the iSeq® instrument;
4 former nomenclature, synonym for Magallana gigas.

Our results indicate that DNA metabarcoding by targeting the 16S rDNA barcode
region of about 150 bp in length is applicable to complex and highly processed foodstuffs.
The barcode region could be amplified and sequenced even in products such as Bouill-
abaisse, Paella, and instant noodle seafood. Oyster sauce was the only sample matrix for
which PCR amplification and consequently sequencing failed. Failure of obtaining PCR
products for oyster sauce has already been reported by Chin Chin et al. [50], most probably
caused by excessive DNA fragmentation due to industrial processing.

Three oyster species (Saccostrea malabonensis, Magallana bilineata, Magallana gigas), three
mussel species (Mytilus galloprovincialis, Mytilus edulis, Perna canaliculus), and three scallop
species (Aequipecten opercularis, Placopecten magellanicus, Pecten spp.) were detected in food
products (O4, O8, M17, M19, M23, M25, M26, M28, M31, M32, M35, M38–M40, S51, S56,
S58–S60, Mi63, Mi65, Mi70, Mi71, Mi73–Mi76, Mi81, Mi83, Mi85, and Mi86) although they
were not declared on the label.

In each of the six oyster products that could be subjected to sequencing (O1, O4–O8),
Magallana gigas was identified. Magallana gigas is by far the predominant oyster species
farmed in the EU [59].

In 21 products (M11, M16, M18, M21, M24, M33–M35, M37, M39, M40, Mi62, Mi64,
Mi66, Mi69, Mi72, Mi77–Mi80, and Mi84), the mussel species Mytilus galloprovincialis was
detected. In addition to Mytilus galloprovincialis, Mytilus edulis was identified (percentage
of reads assigned correctly >1%) in 13 products (M24, M33, M34, M39, Mi62, Mi64, Mi66,
Mi69, Mi72, Mi78–Mi80, and Mi84). In four products, Mytilus edulis could not be detected
although it was declared on the label. Mytilus galloprovincialis and Mytilus edulis are the
two mussel species most frequently cultivated in European mussel farms [59]. In none of
the products declared to contain Mytilus chilensis, Mytilus chilensis was detected. Instead of
Mytilus chilensis, imported to EU countries from Chile [60], Mytilus galloprovincialis and/or
Mytilus edulis were identified. According to the multi-species sequence alignment shown
in Figure 1, the barcode region should allow distinguishing the three Mytilus species.

Placopecten magellanicus and Patinopecten yessoensis were listed as ingredients in sam-
ples S41, S45, S54, and S57 and samples S48, S52, and S61, respectively. Our results
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confirmed the presence of these two species, except for sample S57. In sample S43, declared
to contain Pecten maximus, the species Mizuhopecten yessoensis was detected. In sample S44
and S53, declared as Pecten spp., the species Mizuhopecten yessoensis was also identified.
In line with previous studies, most products declared to contain “Jakobsmuschel” did
not contain a species of the genus Pecten [15,18,19]. Instead, we identified Placopecten
magellanicus or Mizuhopecten yessoensis.

4. Conclusions

The DNA metabarcoding method developed in this study allows the detection of
species of Mytilidae (mussels), Pectinidae (scallops), and Ostreidae (oysters), the most
important bivalve families for human consumption. By combining three forward and four
reverse primers in a triplex PCR assay, the barcode region, a fragment of mitochondrial 16S
rDNA, could be amplified in the species of interest.

The applicability of the novel DNA metabarcoding method was investigated by ana-
lyzing individual DNA extracts from eleven reference samples, ten DNA extract mixtures
and DNA extracts from 75 commercial food products. In each of the eleven reference
samples, the bivalve species was identified correctly. In DNA extract mixtures, not only
the main component but also the minor components were detected correctly, with just
a few exceptions. The analysis of commercial seafood products showed that the DNA
metabarcoding method is applicable to complex and processed foodstuffs, allowing the
identification of bivalves in, e.g., marinated form, in sauces, in seafood mixes and even in
instant noodle seafood.

The DNA metabarcoding method runs on both the MiSeq® and iSeq® instrument of
Illumina. Due to the compatibility of PCR and sequencing parameters, the DNA metabar-
coding method can be combined with a DNA metabarcoding method for mammalian and
poultry species published recently.
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Abstract: Game meat products are particularly prone to be adulterated by replacing game meat with
cheaper meat species. Recently, we have presented a real-time polymerase chain reaction (PCR)
assay for the identification and quantification of roe deer in food. Quantification of the roe deer
content in % (w/w) was achieved relatively by subjecting the DNA isolates to a reference real-time
PCR assay in addition to the real-time PCR assay for roe deer. Aiming at harmonizing analytical
methods for food authentication across EU Member States, the real-time PCR assay for roe deer
has been tested in an interlaboratory ring trial including 14 laboratories from Austria, Germany,
and Switzerland. Participating laboratories obtained aliquots of DNA isolates from a meat mixture
containing 24.8% (w/w) roe deer in pork, roe deer meat, and 12 meat samples whose roe deer
content was not disclosed. Performance characteristics included amplification efficiency, level of
detection (LOD95%), repeatability, reproducibility, and accuracy of quantitative results. With a relative
reproducibility standard deviation ranging from 13.35 to 25.08% (after outlier removal) and recoveries
ranging from 84.4 to 114.3%, the real-time PCR assay was found to be applicable for the detection
and quantification of roe deer in raw meat samples to detect food adulteration.

Keywords: real-time PCR; roe deer; game meat; detection; quantification; food authentication;
validation; interlaboratory ring trial; probability of detection

1. Introduction

Game meat is appreciated because of its characteristic sensory properties, especially
its distinct flavor and tenderness. In general, game meat is regarded as healthier than
meat from domestic species due to its lower intramuscular fat and cholesterol content and
its high content of polyunsaturated fatty acids [1]. Like other commercial food products,
game meat products must comply with national and international food legal regulations.
Hence, game meat products have to be not only safe but also authentic. Adulteration of
meat products by complete or partial replacing of more expensive meat with cheaper meat
species is, however, known to be a global issue [2–5]. Due to its high price and seasonal
availability, game meat is particularly prone to this kind of adulteration.

Fraudulent labeling of game meat products can only be detected by applying specific
and sensitive analytical methods. Both conventional polymerase chain reaction (PCR) and
real-time PCR assays have been developed for the detection of a variety of game meat
species in food [6–10]. According to the Codex Alimentarius Austriacus, a collection of
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standards and product descriptions serving as guidelines for food inspectors, the declara-
tion “game sausage” may only be used if ≥38% of the total meat content in the sausage
originates from game species [11]. Thus, methods providing quantitative information are
required in addition to qualitative methods for game meat authentication.

Recently, we have developed real-time PCR assays for the detection and quantification
of red deer, sika deer, fallow deer, roe deer, and wild boar in food [12–20]. Quantification
of meat species in food by real-time PCR is a challenging task [2,21]. The main difficulty
arises from the necessity to correlate the DNA concentration determined by real-time PCR
to the meat content given in weight/weight (w/w). Factors such as tissue type, the number
of cells per unit of mass, genome size, and DNA extractability may affect the accuracy of
quantitative results [21]. Since the number of mitochondrial DNA copies varies between
different animal species and tissue types, we have designed primers targeting single copy
genes [12,14,18]. In order to compensate for differences in tissue composition, we pursued
a relative quantification approach. In addition to the game species-specific real-time PCR
assay, DNA isolates were subjected to a reference real-time PCR assay. The reference
real-time PCR assay allows amplification of a conserved 97 bp fragment of the myostatin
gene in mammalian and poultry species [22]. Relative quantification is less labor intensive
than quantification by using matrix-specific calibrators, another quantification strategy
applied in meat species authentication [23,24].

Roe deer (Capreolus capreolus) is one of the most frequently consumed deer species in
Europe. The real-time PCR assay for roe deer developed recently targets a 62 bp sequence
of the roe deer lactoferrin gene [14]. The real-time PCR assay did not show cross-reactivity
with 23 animal and 43 plant species tested. An increase in the fluorescence signal was only
observed for fallow deer. Since the difference of Ct values between roe deer and fallow deer
was >13, low cross-reactivity was considered negligible. In order to investigate whether the
real-time PCR is fit for its intended purpose [25], it was subjected to in-house validation,
including determination of amplification efficiency, level of detection (LOD), limit of
quantification (LOQ), repeatability, and robustness. In-house validation data suggested
that the real-time PCR assay for roe deer is suitable for routine analysis. However, for
method standardization, evaluation of interlaboratory variability is a prerequisite [25].

Aiming at harmonizing analytical methods for food authentication across EU Member
States, in 2017 the real-time PCR assay for roe deer was tested in an interlaboratory ring trial
on behalf of the Federal Office for Consumer Protection and Food Safety, Berlin, Germany
for the Official Collection of Methods ASU § 64 LFGB. Performance characteristics included
amplification efficiency, LOD95%, repeatability, reproducibility, and accuracy of quantitative
results. Results of interlaboratory validation of the real-time PCR assay for roe deer are
summarized in this paper.

2. Materials and Methods

2.1. Participating Laboratories

The interlaboratory ring trial was organized by the Austrian Agency for Health and
Food Safety (AGES) on behalf of the Federal Office for Consumer Protection and Food
Safety in Germany. The following laboratories participated in the ring trial (in alphabetical
order): Austrian Agency for Health and Food Safety (AGES), Vienna, Austria; Cantonal
Office of Consumer Protection Aargau, Aarau, Switzerland; Chemical and Veterinary
Investigation Office Freiburg, Freiburg, Germany; Chemical and Veterinary Analytical
Institute Muensterland-Emscher-Lippe, Muenster, Germany; German Federal Institute
for Risk Assessment (BfR), Berlin, Germany; Impetus GmbH & Co. Bioscience KG, Bre-
merhaven, Germany; Institute of Hygiene and Environment, Hamburg, Germany; Max
Rubner-Institut, Kulmbach, Germany; Official Food Control Authority of the Canton
Zurich, Zurich, Switzerland; Saxon State Institute of Health and Veterinary Affairs, Dres-
den, Germany; Saxony-Anhalt State Office for Consumer Protection, Halle, Germany; State
Laboratory Berlin-Brandenburg, Berlin, Germany; State Office Laboratory Hessen, Gießen,
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Germany; State Office of Agriculture, Food Safety and Fisheries Mecklenburg-Vorpommern,
Rostock, Germany.

2.2. Design of the Interlaboratory Ring Trial

The design of the interlaboratory ring trial is outlined in Figure 1. Participants obtained
an aliquot of a DNA isolate from a meat mixture containing 24.8% (w/w) roe deer in pork,
an aliquot of a DNA isolate from roe deer meat, and coded aliquots of DNA isolates from
12 meat samples.

 
Figure 1. Design of the interlaboratory ring trial.

The DNA isolate from the meat mixture containing 24.8% (w/w) roe deer in pork was
used for calibration of the roe deer real-time PCR assay and the reference real-time PCR
assay. From the slope of the calibration curves, the amplification efficiency was calculated.
The isolate had a DNA concentration of 20 ng/μL and contained 1440 copies of the roe deer
specific target sequence per μL. The DNA isolate was serially diluted with bidistilled water
(ddH2O) to obtain DNA isolates with a concentration of 5, 1.25, 0.3125, and 0.078 ng/μL,
corresponding to 360, 90, 22.5, and 5.625 copies of the roe deer-specific target sequence per
μL, respectively. The diluted DNA isolates were analyzed by the roe deer real-time PCR
assay and the reference real-time PCR assay in two PCR replicates each.

The DNA isolate from roe deer meat served for determination of LOD95% of the roe
deer real-time PCR assay. The DNA isolate containing 5000 copies of the roe deer-specific
target sequence per 5 μL was serially diluted with a buffer containing herring sperm DNA
(20 ng/μL; also provided by the organizer of the ring trial). DNA isolates containing 500,
20, 10, 5, 2, 1, 0.5, or 0.1 copies of the roe deer-specific target sequence per 5 μL were
prepared. DNA isolates containing ≤ 20 copies of the roe deer specific target sequence per
5 μL were analyzed by the roe deer real-time PCR assay in six PCR replicates. Herring
sperm DNA was used as no template control (NTC, two PCR replicates).

DNA isolates from 12 meat samples (Table 1) served for determination of the applica-
bility of the roe deer real-time PCR assay for providing quantitative results. Participants
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directly analyzed the DNA isolates by the roe deer real-time PCR assay and the reference
real-time PCR assay in three PCR replicates each.

Table 1. Meat samples.

Meat Sample Sample Name Proportion of Roe Deer (%, w/w)

1 meat mixture 1 0
2 meat mixture 2 1
3 meat mixture 3 4.9
4 meat mixture 4 9.5
5 meat mixture 5 24.8
6 meat mixture 6 37.2
7 meat mixture 7 49.4
8 meat mixture 8 25.1
9 meat mixture 9, boiled 24.9
10 model sausage, raw 21.0
11 sausage, brewed unknown 1

12 sausage, raw unknown 1

1 declared to contain 5–10% (w/w) roe deer.

2.3. Meat Samples

Meat samples included nine meat mixtures and three sausages (Table 1). Meat mixtures
were prepared at the AGES. Fresh roe deer and pork meat was taken in a slaughterhouse by
a food inspector. After cutting and homogenizing roe deer and pork meat in a cutter (robot
coupe R5 plus, Toperczer, Schwechat-Rannersdorf, Austria) for 5–10 min, at least 2 kg of
mixtures were prepared by weighing out the respective amounts of meat and homogenizing
the mixture in the cutter. With the exception of meat mixture 1 (meat sample 1), which was
free of roe deer, meat mixtures contained roe deer in the range from 1 to 49.4% (w/w). Meat
mixture 9 (meat sample 9) was boiled at 100 ◦C for 20 min. Immediately after preparation,
meat mixtures were subjected to DNA isolation.

Sausage 1 (meat sample 10) was a model sausage, containing 21.0% roe deer. The
other two sausages (meat sample 11 and 12) were purchased from a supermarket, with
meat sample 11 being brewed and meat sample 12 being a raw sausage. Both sausages
were declared to contain roe deer in the range from 5 to 10% (w/w). After homogenization,
sausages were stored at −20 ◦C until DNA isolation.

Participants directly subjected DNA isolates to real-time PCR analysis.

2.4. Isolation of Genomic DNA

Isolation of genomic DNA from meat mixtures, sausages, and roe deer meat was
carried out at the AGES by applying the official method L 00.00–119 [26]. After isolating
genomic DNA twice, the undiluted DNA isolates were combined.

DNA concentration of the (combined) DNA isolate from the meat mixture containing
24.8% (w/w) roe deer in pork (used for calibration of the roe deer real-time PCR assay
and the reference real-time PCR assay) was adjusted to 20 ng/μL. The copy number of
the roe deer specific target sequence per 5 μL, determined by droplet digital PCR (ddPCR,
QX200 Droplet Generator, QX200 Droplet Reader (Bio-Rad, Hercules, CA, USA)), was
1440 copies/μL.

After determining the copy number of the roe deer-specific target sequence in the
DNA isolate from roe deer meat (serving for determination of LOD95%) by ddPCR, the
DNA isolate was diluted to obtain 1000 copies/μL.

2.5. Real-Time PCR

Sequences and concentrations of primers and probes for the roe deer real-time PCR
assay and the reference real-time PCR assay are given in Table 2. Primers and probes were
provided by the AGES. All participants used the QuantiTect Multiplex PCR-Kit (NoROX,
Qiagen, Hilden, Germany).
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Table 2. Primers and probes.

Assay Primer/Probe Sequence (5′-3′) 1 Final Concentration [nM] Reference

primer f TGGCTGCTGCGTGCAGAA 200
roe deer primer r TCTAAAATGCTTGGGAACCAGATAT 200 [14]

probe FAM-GAAGGGTCTCCGTCTGC-MGBNFQ 100
primer f TTGTGCARATCCTGAGACTCAT 200

myostatin primer r ATACCAGTGCCTGGGTTCAT 200 [22]

probe FAM-CCCATGAAAGACGGTACAAGRTATACTG-
BHQ1 100

1 FAM: 6-carboxyfluorescein, MGBNFQ: minor groove binding non-fluorescent quencher, BHQ1: black hole quencher 1, R: A + G.

Real-time PCR reactions were performed in a total volume of 25 μL, consisting of
20 μL of reaction mix and 5 μL of DNA isolate. The following temperature program was
applied for both the roe deer real-time PCR assay and the reference real-time PCR assay:
15 min at 95 ◦C, 45 cycles of 60 s at 94 ◦C and 60 s at 60 ◦C.

2.6. Data Evaluation and Statistical Analysis

For each laboratory, the amplification efficiency, E, was calculated from the slope of

the standard curve: E(%) = (10
−1

slope − 1) · 100.
The probability of detection across laboratories, POD, was calculated as follows:
POD (x) = 1 − exp (−λo · xb) with λo being the average amplification probability and

b being the slope across laboratories. Here, both parameters λo and b were estimated based
on a generalized linear mixed model as described in Uhlig et al. [27].

LOD95% based on the POD curve was calculated as

LOD95% = (−ln(0.05)/λo)1/b

The content of roe deer meat in relation to the total meat content of the meat sample
was calculated as follows:

concentrationofroedeerDNA (ng/μL) = 10
Ctspec−dspec

slopespec

concentrationoftotalmeatDNA (ng/μL) = 10
Ctref−dref

sloperef

with spec and ref referring to the roe deer real-time PCR assay and the reference real-time
PCR assay, respectively

Ct: Ct value
d: intercept of the standard curve
slope: slope of the standard curve

roedeermeatcontent (%) =
concentration of roe deer DNA (ng/μL)

concentration of total meat DNA (ng/μL)
·100

Repeatability, reproducibility, and accuracy of the roe deer meat content were deter-
mined using the statistical approaches according to ISO 5725-2 [28] as well as according to
the specifications of the ASU § 64 LFGB [29].

Statistical analyses were performed by QuoData GmbH using the software package
PROLab Plus [30]. Results were subjected to several outlier tests to check for outliers. The
presence of outliers within the laboratories was tested as well as whether the variances of
the laboratories were approximately the same and whether systematic errors affected the
mean values.
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3. Results and Discussion

3.1. Amplification Efficiency

Table 3 summarizes the slope of the laboratory-specific standard curve, coefficient
of determination (R2), and amplification efficiency (E) for both the roe deer real-time
PCR assay and the reference real-time PCR assay, obtained by analyzing serially diluted
DNA isolates from a meat mixture containing 24.8% (w/w) roe deer in pork in two PCR
replicates each.

Table 3. Slope of the laboratory-specific standard curve, coefficient of determination (R2), and
amplification efficiency (E) for the roe deer real-time PCR assay and the reference real-time PCR assay.

Laboratory
Roe Deer Real-Time PCR Reference Real-Time PCR

Slope R2 E (%) Slope R2 E (%)

1 −3.5759 0.9966 90.39 −3.3792 0.9992 97.66
2 −3.4180 0.9963 96.14 −3.3263 0.9968 99.82
3 −3.5573 0.9969 91.03 −3.5396 0.9985 91.65
4 −3.6037 0.9961 89.45 −3.6082 0.9970 89.30
5 −3.5877 0.9942 89.99 −3.3749 0.9999 97.83
6 −3.4349 0.9987 95.49 −3.3983 0.9937 96.91
7 −3.4698 0.9973 94.18 −3.4947 0.9989 93.26
8 −3.5276 0.9970 92.08 −3.3273 0.9978 99.78
9 −3.2937 0.9981 101.19 −3.3817 0.9996 97.56

10 −3.5797 0.9989 90.26 −3.4860 0.9996 93.58
11 −3.0728 1 0.9986 111.56 2 −3.5304 0.9615 2 91.98
12 −3.4141 0.9980 96.29 −3.3037 0.9994 100.77
13 −3.4531 0.9975 94.80 −3.2621 0.9991 102.56
14 −3.4324 0.9986 95.59 −3.3850 0.9981 97.43

1 outlier (Grubbs test, α = 0.05), 2 outlier (Grubbs test, α = 0.01).

In case of laboratory 11, the slope of the standard curve (Grubbs test, α = 0.05) and
the amplification efficiency (Grubbs test, α = 0.01) obtained for the roe deer real-time PCR
assay as well as the coefficient of determination obtained for the reference real-time PCR
assay (Grubbs test, α = 0.01) were identified as outliers.

According to the guidelines recommended by the European Network of GMO (Ge-
netically Modified Organisms) Laboratories (ENGL) [31], the slope should be between
−3.1 and −3.6, corresponding to an amplification efficiency of ~90 to 110%. In almost all
cases, slope and amplification efficiency were within the recommended range, with the
exception of some values from laboratory 4 and 11. The coefficient of determination, R2, is
recommended to be >0.98 [31]. All laboratories fulfilled this criterion, with the exception of
laboratory 11.

3.2. Level of Detection (LOD95%)

Table 4 summarizes the laboratory-specific number of positive results obtained by
repeated analysis (six PCR replicates) of a DNA isolate from roe deer meat, diluted to
20 to 0.1 copies of the roe deer specific target sequence per 5 μL. Table 5 gives the number
of positive results obtained for each dilution step in relation to the total number of tests
(n = 84). Down to a copy number of five copies per 5 μL, all tests resulted in an increase in
the fluorescence signal within 45 cycles. For 2, 1, 0.5, and 0.1 copies per 5 μL, the percentage
of positive results was decreased to 86.9, 75.0, 50.0, and 10.7%, respectively.
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Table 4. Laboratory-specific number of positive results obtained for the DNA isolate from roe deer
meat, diluted to 20 to 0.1 copies of the roe deer-specific target sequence per 5 μL. A result was
considered positive in cases in which the Ct value was <45 and the copy number, calculated based on
the standard curve, was >0.

Laboratory
Copy Number/5 μL

0.1 0.5 1 2 5 10 20

1 0 2 5 4 6 6 6
2 2 4 5 5 6 6 6
3 0 5 4 6 6 6 6
4 0 3 4 4 6 6 6
5 2 4 3 6 6 6 6
6 0 1 3 4 6 6 6
7 1 3 6 6 6 6 6
8 1 2 5 5 6 6 6
9 0 5 6 5 6 6 6

10 0 4 5 5 6 6 6
11 1 1 4 6 6 6 6
12 1 2 6 5 6 6 6
13 0 4 3 6 6 6 6
14 1 2 4 6 6 6 6

Table 5. Summary of results obtained for determination of LOD95% of the roe deer real-time PCR assay.

Theoretical Copy Number of
the Roe Deer-Specific Target

Sequence Per 5 μL

Roe Deer Real-Time PCR

Number of Positive
Tests/Total Number of Tests

Percentage of Positive
Tests (%)

pU (%) 1 pO (%) 2

20 84/84 100.0 96.5 100.0
10 84/84 100.0 96.5 100.0
5 84/84 100.0 96.5 100.0
2 73/84 86.9 79.3 92.5
1 63/84 75.0 66.0 82.6

0.5 42/84 50.0 40.5 59.5
0.1 9/84 10.7 5.7 18.0

1,2 Clopper–Pearson confidence intervals. pU: lower limit of the 90% confidence interval for the detection probability p, pO: upper limit of
the 90% confidence interval for the detection probability p.

3.2.1. LOD95% According to Simplified Calculation Approaches

In GMO analysis, LOD95% of a real-time PCR assay is defined as the lowest copy
number of a target DNA sequence in a sample, for which a positive result is obtained
with a detection probability, p, of 95% (LOD95%). We used three simplified calculation
approaches for the determination of LOD95%. In the first approach, LOD95% was regarded
as the lowest copy number for which all replicates in all laboratories were positive. In the
second approach, LOD95% was considered the lowest copy number of the roe deer-specific
target sequence, for which the lower limit of the 90% confidence interval for the detection
probability p, pu, was achieved with a probability ≥95%. In the third approach, LOD95%
was defined as the lowest copy number of the target sequence, for which ≥95% of the tests
yielded a positive result. With all three calculation approaches, LOD95% of the real-time
PCR assay for roe deer was determined to be five copies of the roe deer specific target
sequence per 5 μL (Table 5).

3.2.2. LOD95% Derived from the Mixed Model for the POD Curve

In addition, we determined LOD95% by applying a statistical model for calculating the
probability of detection (POD) across laboratories. Since its introduction by Uhlig et al. [27],
this model has already been used several times to determine the sensitivity of real-time PCR
assays [32–37]. Qualitative results obtained for the seven dilution steps of the DNA isolate
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from roe deer meat were used to determine the laboratory standard deviation σL, and the
LOD95% for the median laboratory, as described previously [27]. Table 6 summarizes the
model parameters, including the estimated values for the average amplification probability
λo, and the slope b for describing the POD curve across laboratories in dependence of the
copy number of the target sequence (Figure 2). σL was determined to be 0.15, and the
LOD95% for the median laboratory 2.4 copies of the target sequence per 5 μL.

Table 6. Summary of the POD statistics for the real-time PCR assay for roe deer.

Parameter Value

number of participating laboratories 14
number of PCR replicates per dilution level 6

model parameters of the POD curve:
average amplification probability λo 1.25

95% confidence interval for the estimated value of λo 1.05–1.49
estimated value for slope b 1

laboratory standard deviation σL 0.15
LOD95% for median laboratory (copy number of the target sequence per 5 μL) 2.4

Figure 2. POD curve across laboratories (dark blue) with associated 95% confidence range (light blue)
and 95% prediction range (light gray), laboratory-specific rate of detection (ROD) (blue diamonds,
numerical values give the numbers of laboratories with the respective ROD) with associated 90%
prediction interval (red). The ideal POD curve obtained under optimal conditions is given as
dashed line.

Figure 2 shows the POD curve across laboratories together with the 95% confidence
and prediction range as well as the laboratory-specific rates of detection (ROD) with the
respective 90% confidence range. In addition, the ideal POD curve obtained under optimal
conditions is given.

The POD curve across laboratories (dark blue) was found to lie above the ideal curve
obtained under optimal conditions (dashed), which would mean that the obtained LOD95%
is better than theoretically achievable. The difference between both curves was statistically
significant (p < 0.05), suggesting that the actual copy numbers were at least 1.05-fold
higher than the nominal copy numbers in the diluted DNA isolates. However, by taking a

154



Foods 2021, 10, 2645

standard measuring uncertainty of 10% of the DNA isolate from roe deer meat into account,
the difference can be considered statistically insignificant.

3.3. Analysis of Meat Samples

DNA isolates from meat samples (meat samples 1–12, Table 1) were analyzed by
the roe deer real-time PCR assay and the reference real-time PCR assay in three PCR
replicates each.

3.3.1. False Positive and False Negative Results

Results obtained with the roe deer real-time PCR assay for the meat mixture that did
not contain roe deer (meat sample 1) and samples containing roe deer (meat samples 2–12)
were used to determine the rate of false positive and false negative results, respectively.
Analysis of 12 meat samples in PCR triplicates in 14 laboratories resulted in a total of
504 results; 42 thereof were obtained for meat sample 1 and 462 for meat samples 2–12,
containing roe deer. The qualitative result was correct for all meat samples, there were
neither false positive nor false negative results.

3.3.2. Quantitative Results

Evaluation of quantitative results was based on results obtained for meat samples 2–12.
Meat sample 1 was not taken into account since it did not contain roe deer. The roe deer
content in % (w/w) was calculated by relating the DNA concentration (ng/μL) determined
by the roe deer real-time PCR assay to the DNA concentration (ng/μL) determined by the
reference real-time PCR assay.

Single outliers within one laboratory, detected for four samples in four different
laboratories, were removed first. Furthermore, results for three meat samples (6, 8, and 12)
obtained by one laboratory each show a statistically significantly excessive variance of the
triplicates. Statistical evaluation according to ASU § 64 LFGB (based on ISO 5725-2) [28,29]
was based on the data after outlier elimination. Table 7 gives the statistical parameters
for the determination of the roe deer content (%) in the 11 meat samples containing roe
deer. Reproducibility standard deviation, sR, is a measure for the variability between
laboratories, whereas the repeatability standard deviation, sr, characterizes the variability
within a laboratory under repeatable conditions. Based on reproducibility and repeatability
standard deviation, the reproducibility limit, R, and repeatability limit, r, were calculated.
Reproducibility and repeatability limits are a measure of the maximally expected deviation
between two values obtained for a specific sample in different laboratories and in the same
laboratory, respectively.

Relative repeatability standard deviation ranged from 6.60% (sample 8) to 17.71%
(sample 2), and relative reproducibility standard deviation from 13.35% (sample 8) to
30.22% (sample 5). The rather high relative reproducibility standard deviation obtained
for sample 5 decreased to 21.42% when results obtained by laboratory 11 were not taken
into account. According to the ENGL guidelines, relative repeatability and relative repro-
ducibility standard deviations should be <25 and <35%, respectively [31]. The roe deer
real-time PCR assay fulfilled these criteria and can therefore be considered suitable for
achieving reproducible results.

The aim of the ring trial was to validate the real-time PCR assay for roe deer. The suit-
ability of the DNA isolation method (official method L 00.00–119) has been demonstrated
before. Thus, the participants did not have to isolate DNA from the samples. DNA isolates,
prepared at the AGES, were provided by the organizer of the ring trial. The relative repro-
ducibility standard deviation given above therefore does not include variability caused
by DNA isolation. Furthermore, all participants of the ring trial used the same PCR kit
(QuantiTect Multiplex PCR-Kit). In principle, the use of different PCR kits might result in
higher relative reproducibility standard deviation than the value given above. However, in
a preliminary experiment, PCR kits from different providers did not lead to significantly
different results.
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In addition to data on the repeatability and reproducibility, Table 7 contains recoveries
obtained for meat samples 2 to 10. For meat samples 2 to 8 and 10, recovery ranged
from 84.4 to 114.3%. With 528.2%, recovery obtained for sample 9 was drastically too
high. Sample 9 was the only meat mixture that had been heat-treated (boiled at 100 ◦C
for 20 min). Quantification of the meat content in heat-treated foods by real-time PCR
is known to be challenging [38–42]. In several studies, DNA isolates from heat-treated
food products were found to yield higher Ct values than DNA isolates from untreated
ones [40–42]. The five-fold overestimation of the roe deer content for sample 9 can be
explained by differences in the amplifiability of the reference sequence compared to the
roe deer-specific sequence. With the referenced real-time PCR assay, higher Δ Ct values
(difference in the Ct values obtained for DNA isolates from raw and heat-treated samples)
were obtained than with the roe deer real-time PCR assay. This result suggests that the
reference real-time PCR assay is not applicable for heat-treated meat mixtures. With an
amplicon length of 97 bp, the amplicon was substantially longer than that obtained with
the roe deer real-time PCR assay (62 bp). We assume that an alternative reference real-time
PCR assay published recently [43] is more suitable for heat-treated meat mixtures since it
results in a 70 bp amplicon.

For interlaboratory evaluation, combination scores of systematic deviations, RSZ
(rescaled sum of zU scores), and relative laboratory performance, RLP, [44] across all
samples were used. RSZ is based on a standardized sum of all zU scores (corrected
z scores), measuring the deviations of the mean value of a laboratory from the total mean
value. If the RSZ is within −2 and +2, the respective laboratory does not show a significant
systematic deviation. RLP is ideally 1 or <1. An RLP of 1 indicates that deviations of
the respective laboratory are on average. Figure 3 shows zU scores and the respective
combination scores.

  

(A) zU scores (B) combination scores 

Figure 3. zU scores (A) and combination scores (B) for the determination of the roe deer content in meat samples. In (A),
zU scores within −2 and +2 are shown in blue, zU scores <−2 or >+2 in red. The figure includes laboratories which were
identified as outliers.

RSZ values of laboratories 4, 7, and 12 indicate a systematic positive bias (RSZ > +2)
for the determination of the roe deer content, and RSZ values of the laboratories 1, 11, and
14 indicate a systematic negative bias (RSZ < −2). In fact, the vast majority of zU scores
were positive for the laboratories 4, 7, and 12, and negative for laboratories 1, 11, and 14.
The zU scores of laboratory 11 are particularly noticeable as results that were significantly
too low (zU score < −2) were obtained for five samples (3, 4, 5, 6, and 9). Interestingly,
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the lowest roe deer contents for all meat samples were determined by laboratory 11. With
111.56%, the amplification efficiency of the roe deer real-time PCR assay was considerably
higher than 100%. However, with 91.98%, the amplification efficiency of the reference
real-time PCR assay was much lower. These differences in the amplification efficiency
explain why the roe deer content of the meat samples was systematically underestimated
by laboratory 11.

4. Conclusions

Results obtained in the interlaboratory ring trial demonstrate the applicability of the
real-time PCR assay for the detection and quantification of roe deer in meat samples to de-
tect food adulteration. For none of the meat samples, false negative or false positive results
were obtained. In ten out of eleven meat samples, the roe deer content was determined
with satisfactory reproducibility and accuracy. Only for a heat-treated meat mixture, the
roe deer content was ~five-fold overestimated. Overestimation of the roe deer content can
be explained by differences in the amplifiability of the reference sequence compared to the
roe deer specific sequence. A reference system published recently [43], amplifying a 70 bp
fragment, is most probably more suitable for heat-treated products. This method has been
successfully validated for the detection of animal components in vegan products by the
Federal Office of Consumer Protection and Food Safety [45]. However, the applicability of
the reference real-time PCR assay targeting a 70 bp fragment remains to be investigated in
a further ring trial. Since heat-treatment procedures are known to affect DNA differently,
the ring trial should include a variety of heat-treated model food products, e.g., brewed,
cooked, and microwave treated ones.
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Abstract: The substitution of more appreciated animal species by animal species of lower commercial
value is a common type of meat product adulteration. DNA metabarcoding, the combination of DNA
barcoding with next-generation sequencing (NGS), plays an increasing role in food authentication.
In the present study, we investigated the applicability of a DNA metabarcoding method for routine
analysis of mammalian and poultry species in food and pet food products. We analyzed a total of
104 samples (25 reference samples, 56 food products and 23 pet food products) by DNA metabarcod-
ing and by using a commercial DNA array and/or by real-time PCR. The qualitative and quantitative
results obtained by the DNA metabarcoding method were in line with those obtained by PCR. Results
from the independent analysis of a subset of seven reference samples in two laboratories demonstrate
the robustness and reproducibility of the DNA metabarcoding method. DNA metabarcoding is
particularly suitable for detecting unexpected species ignored by targeted methods such as real-time
PCR and can also be an attractive alternative with respect to the expenses as indicated by current data
from the cost accounting of the AGES laboratory. Our results for the commercial samples show that in
addition to food products, DNA metabarcoding is particularly applicable to pet food products, which
frequently contain multiple animal species and are also highly prone to adulteration as indicated by
the high portion of analyzed pet food products containing undeclared species.

Keywords: DNA metabarcoding; 16S rDNA; meat species identification; authentication; food; pet
food; feed; real-time PCR; PCR array

1. Introduction

Commercial food and feed products must meet the requirements of national and
international regulations. Manufacturers have to ensure that their products are both safe
and authentic. However, food fraud has become a global issue, with meat products being
particularly vulnerable to adulteration [1]. The term food fraud encompasses a variety of
activities that are committed intentionally and aimed at deceiving consumers with respect
to food quality. Meat products are frequently found to be adulterated by substitution of
animal species given on the label by animal species of lower commercial value [2].

Food controls play a crucial role in the mitigation of food fraud. For the differentiation
of animal species in food products, various molecular methodologies have been developed,
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including protein- and DNA-based ones [2–6]. DNA-based methodologies make use of ge-
netic variations between species, e.g., single nucleotide polymorphisms (SNPs), insertions
and deletions. They target either species-specific fragments in nuclear DNA or conserved
regions in the mitochondrial genome. At present, DNA arrays and real-time PCR assays
are mainly used for the authentication of meat products in official food laboratories.

DNA arrays are based on DNA hybridization [7]. In a first step, the target region,
e.g., a conserved region of 16S rDNA, is amplified using biotinylated primers, resulting in
the formation of biotinylated PCR products. The labeled PCR products are hybridized to
species-specific oligonucleotide probes prespotted on a chip. After removing unbound PCR
products by washing, hybridized PCR products are detected enzymatically. Commercial
DNA arrays for animal species differentiation are fast, robust and cost-efficient [7]. They
allow the simultaneous detection of the most relevant mammalian and poultry species
for human consumption. Depending on sample matrix and processing grade, the limit of
detection (LOD) ranges from 0.1% to 1%. A disadvantage of DNA arrays is that they do
not yield quantitative information.

This limitation can be overcome by performing real-time PCR. However, quantifica-
tion of animal species in meat products by real-time PCR is known to be a challenging
task [1,3]. The main problem is to evaluate the meat content (w/w) one is actually interested
in from the DNA concentration (e.g., ng/μL) determined by real-time PCR. Differences in
tissue type, the number of cells per unit of mass, genome size, processing grade, and DNA
extractability may impair the accuracy of quantitative results [8]. Various strategies have
been proposed to compensate for these differences, e.g., the use of matrix-specific calibra-
tors [9–11]. However, this strategy is very labor and time consuming. Thus, normalization
with DNA extracts from material of defined composition [12] and relative quantification
by using a reference real-time PCR assay [13–15] are widely applied in food control labora-
tories. With both approaches, the DNA ratios of the respective animal species in samples
are obtained. Multiplex real-time PCR assays allow the identification of multiple species
simultaneously, e.g., cattle, pig, turkey and chicken [16]; cattle, pig, equids and sheep [11];
roe deer, red deer, fallow deer and sika deer [17]; chicken, guinea fowl and pheasant or
quail and turkey [18]. However, the number of species that can be targeted simultaneously
is limited by the number of optical channels of the real-time PCR instrument.

In recent years, remarkable progress has been made towards developing DNA barcod-
ing and DNA metabarcoding methods for food authentication [19–23]. DNA barcoding is
based on amplification of short DNA barcode regions, followed by either high resolution
melting (HRM) analysis [24,25] or Sanger sequencing [26,27]. DNA metabarcoding is the
processing of multiple DNA templates using next-generation sequencing (NGS) technolo-
gies. While DNA barcoding via Sanger sequencing can only be applied for single species
products, DNA metabarcoding also enables the identification of species in complex food
and feed products containing multiple species. After amplifying the DNA barcode region,
all amplicons, even those obtained for different samples, are sequenced in parallel. Fi-
nally, reads are analyzed using a bioinformatic workflow and compared to DNA reference
sequences from well-characterized species for taxonomic assignment.

We have recently developed a DNA metabarcoding method allowing the identification
of 15 mammalian and six poultry species [28]. The applicability of the method targeting
a region of 16S rDNA was investigated by analyzing DNA extract mixtures and model
sausages. The species of interest could be identified, differentiated and detected down to a
proportion of 0.1%.

In the present study, we aimed at investigating the applicability of the DNA metabar-
coding method for routine analysis in more detail. The design parameters and objectives
of our study were as follows:

• The study included 25 reference samples with known composition, 56 commercial
food and 23 pet food products.

• All samples were analyzed by the DNA metabarcoding method published previ-
ously [28] as well as by a commercial DNA array and/or by real-time PCR.
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• Qualitative and quantitative results obtained by DNA metabarcoding were compared
to those obtained by the two PCR methodologies currently playing the most important
role in meat species authentication in official food laboratories.

• A subset of seven reference samples was analyzed by using the DNA metabarcoding
method in two independent laboratories, yielding information on the robustness and
reproducibility of the method.

• We evaluated whether the results obtained by DNA metabarcoding were in line with
sample composition (reference samples) or declaration (commercial food and pet food
products).

2. Materials and Methods

2.1. Samples

For this study, a collection of various samples was compiled. Reference samples,
comprising eight meat mixtures (LGC7240-49), four dairy products (DLA45 1–4) and
13 boiled sausages (DLA44, DLAptAUS2, Lippold A–C 2019–2021), were supplied by
regulatory authorities (LGC Standards Ltd., Teddington, UK; DLA—Proficiency Tests
GmbH, Sievershütten, Germany; LVU Lippold, Herbolzheim, Germany). Food and pet
food products were obtained from official food control agencies and supermarkets. The
study mainly focused on sausages and pet food containing game species because these
products are known to be vulnerable to the substitution of high-value game ingredients by
lower-quality, cheaper meat species.

Reference samples were analyzed in “laboratory 1” (Chemical and Veterinary Analyti-
cal Institute Muensterland-Emscher-Lippe (CVUA-MEL) in cooperation with Chemical
and Veterinary Analytical Institute Ostwestfalen-Lippe (CVUA-OWL), where sequencing
was performed. A subset of seven reference samples was also analyzed in “laboratory 2”
(Austrian Agency for Health and Food Safety (AGES)). Commercial food and pet food
samples were analyzed independently either in laboratory 1 or laboratory 2.

2.2. DNA Extraction and Quantification

After homogenization and prior to DNA isolation, all samples were lysed in the
presence of a lysis buffer and proteinase K solution at elevated temperature under constant
shaking. Afterwards, DNA extraction was performed using commercially available kits.
DNA from reference samples was isolated with either the Wizard Genomic DNA Purifica-
tion Kit, the Wizard DNA Clean-Up Kit or the Maxwell 16 FFS Nucleic Acid Extraction Kit
from Promega (Madison, WI, USA) according to the respective manufacturer’s instruction
sheet. DNA from food and pet food samples was extracted with either the DNeasy mericon
Food Kit (Qiagen, Hilden, Germany) or the Maxwell 16 FFS Nucleic Acid Extraction Kit
(Promega, Madison, WI, USA), following the instructions of the manufacturers. DNA
isolates were stored at −20 ◦C. Before DNA library preparation, the concentration of
individual DNA extracts was determined either with a spectrophotometer (Eppendorf,
Hamburg, Germany) or a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) by using the dsDNA BR assay kit (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. DNA-Library Preparation and NGS

A ~120 base pair fragment of the mitochondrial 16S rDNA gene was used as barcode
region for species identification. Library preparation was carried out as described pre-
viously [28] with minor modifications. PCR products were indexed using the Illumina
Nextera XT Index Kit v2 set A-D or the IDT-Illumina Nextera DNA UD Indexes Kit (Il-
lumina, San Diego, CA, USA). Paired-end sequencing (2 × 150 bp) was performed with
either the MiSeq Reagent Kit v2 or the MiSeq Reagent Kit v2 Micro (Illumina, San Diego,
CA, USA) at a final loading concentration between 8–10 pM, depending on the instrument
and the reagent kit, using the MiSeq system. PhiX DNA, added at a concentration of ~5%,
served as sequencing control.

163



Foods 2021, 10, 2875

2.4. NGS Data Analysis Using Galaxy

After paired-end sequencing and FastQ file generation via on-board MiSeq Control
software (version 2.6.2.1, Illumina, San Diego, CA, USA) and MiSeq Reporter software
(version 2.6.2.3, Illumina, San Diego, CA, USA), the resulting FastQ files were used as input
for data analysis. Afterwards, the previously uploaded files were processed according
to the analysis pipeline as described previously [28] by using the Galaxy platform with
the following modifications: the target-specific primer sequences were trimmed off with
Cutadapt, Galaxy Version 1.16.6 [29] instead of using the tool Trim (Galaxy Version 0.0.1).
Moreover, NGS reads were not clustered into operational taxonomic units (OTUs). After
completely identical reads were collapsed into a representative sequence with the tool
Dereplicate, Galaxy Version 1.0.0 [30], these sequences were directly matched against a
customized database including 51 mitochondrial genomes from animals using BLASTn.

2.5. DNA Array and Real-Time PCR Assays

The LCD Array Kit MEAT 5.0 (Chipron GmbH, Berlin, Germany), allowing the si-
multaneous detection of 17 mammalian and seven bird species, was performed following
the manufacturer’s instruction. Data analysis was done with the SlideReader Software
(version 12, 2012-01, Chipron GmbH, Berlin, Germany).

Real-time PCR assays for the detection and quantification of meat species were per-
formed following protocols published previously [11,14,16,18,31–35]. Quantification was
carried out either by normalization with DNA extract from material of defined composition
or relatively by using a reference real-time PCR assay [13].

3. Results and Discussion

In order to investigate the applicability of the DNA metabarcoding method for routine
analysis, a total of 104 samples were analyzed. The samples consisted of 25 reference
samples, 56 food products, and 23 pet food products. In addition to DNA metabarcoding,
each sample was analyzed by real-time PCR and/or a commercial DNA array to evaluate
the reliability of the DNA metabarcoding method. Results obtained by DNA metabarcoding
are expressed as the ratio of the number of reads that were assigned to the respective meat
species and the total number of reads that passed the amplicon analysis pipeline. The
results obtained by the commercial DNA array are given as “positive” or “negative”, results
obtained by real-time PCR as a ratio of DNA (%).

3.1. Reference Samples

Twenty-five reference samples were analyzed, comprising eight meat mixtures, four
dairy products and thirteen boiled sausages. Reference samples contained from two to
14 meat species in a ratio from 1.0 to 99.0% (w/w) (Table 1). In total, 20 different animal
species, including 14 mammalian species (moose, kangaroo, sheep, buffalo, horse, cattle,
hare, goat, red deer, pork, rabbit, roe deer, reindeer and fallow deer) and six poultry species
(ostrich, pheasant, Muscovy duck, turkey, goose, and chicken) were present in the reference
samples. Results obtained by DNA metabarcoding, DNA array and real-time PCR assays
are summarized in Table 1.
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Table 1. Results obtained for reference samples. DNA array and real-time PCR results were obtained in laboratory 1. DNA
metabarcoding results were obtained in laboratory 1, except those marked by footnote 5.

Reference Sample

Composition Results

Species Ratio (%, w/w)
DNA Metabarcoding
Ratio of Reads (%) 4

Real-Time PCR (Ratio of DNA (%))
or DNA Array (Positive/Negative)

LGC7242
cattle 99.0 98.2 98.9 1

pork 1.0 1.8 1.1 1

LGC7240
cattle 99.0 98.8 95.9 1

horse 1.0 1.2 1.3 (Equidae) 1

LGC7249
sheep 95.0 90.1 90.3 1

cattle 5.0 9.9 9.7 1

LGC7248
sheep 99.0 97.7 97.0 1

cattle 1.0 2.3 3.0 1

LGC7245
sheep 95.0 98.4 93.0 1

chicken 5.0 1.6 7.0 1

LGC7244
sheep 99.0 100.0 99.9 1

chicken 1.0 <0.1 0.1 1

LGC7247
sheep 95.0 96.3 94.9 1

turkey 5.0 3.8 5.1 1

LGC7246
sheep 99.0 98.8 98.8 1

turkey 1.0 1.2 1.2 1

DLA44-1, 2019
pork 93.4 89.6 88.5 1

horse 6.6 10.4 11.5 (Equidae) 1

DLA44-3, 2019
pork 87.3 87.4 85.1 1

turkey 7.0 7.6 11.3 1

cattle 5.6 5.1 3.6 1

DLA45-1, 2019
cattle 92.0 91.8/94.2 5 90.7 1

buffalo 8.0 8.0/5.7 5 9.3 1

DLA45-2, 2019

buffalo 81.0 72.5/72.3 5 71.5 1

cattle 10.0 10.5/11.6 5 7.6 1

sheep 9.0 16.7/15.7 5 20.9 1

goat not added 6 0.3/0.3 5 negative 3

DLA45-3, 2019
cattle 89.0 65.5 / 73.0 5 56.2 1

goat 11.0 34.5/27.0 5 43.8 1

DLA45-4, 2019
goat 90.0 95.2/94.2 5 96.9 1

sheep 10.0 4.7/5.6 5 3.4 1

DLAptAUS2-3.1, 2020
pork 90.9 98.7 99.7 1

donkey 9.1 1.1 positive 3

horse not added 6 0.2 0.3 (Equidae) 1

Lippold-A, 2013

cattle 27.8 18.5 14.7 2

sheep 16.7 14.0 6.6 2

chicken 22.2 10.8 15.3 2

goose 11.1 15.7 positive 3

Muscovy duck 11.1 12.8 positive 3

roe deer 11.1 28.2 18.1 2
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Table 1. Cont.

Reference Sample

Composition Results

Species Ratio (%, w/w)
DNA Metabarcoding
Ratio of Reads (%) 4

Real-Time PCR (Ratio of DNA (%))
or DNA Array (Positive/Negative)

Lippold-A, 2019

red deer 16.0 22.8/24.4 5 13.2 2

cattle 15.6 9.1/11.2 5 22.2 2

ostrich 15.3 17.6/19.9 5 positive 3

hare 14.4 8.6/7.6 5 positive 3

kangaroo 14.2 16.8/9.1 5 positive 3

sheep 12.6 12.5/13.9 5 10.3 2

pheasant 12.0 12.5/14.0 5 10.5 2

Lippold-B, 2019

goose 16.4 23.2/23.0 5 positive 3

rabbit 15.5 3.7/2.6 5 positive 3

chicken 14.9 7.6/6.8 5 16.6 2

pork 13.6 21.4/21.7 5 2.9 2

moose 13.6 13.0/13.3 5 positive 3

roe deer 13.5 24.5/26.4 5 23.8 2

turkey 12.4 6.6/6.2 5 8.7 2

Lippold-C, 2019

pork 28.9 9.6/8.8 5 8.2 2

horse 17.8 19.4/17.2 5 10.6 (Equidae) 2

Muscovy duck 16.4 19.9/22.5 5 positive 3

reindeer 13.8 32.0/32.4 5 positive 3

goat 12.0 6.7/6.8 5 2.8 2

fallow deer 11.1 - 12.6 2

cattle traces 7 1.1/1.2 5 1.8 2

Lippold-A, 2020

goose 38.8 49.9 positive 3

horse 25.0 28.5 12.9 (Equidae) 2

pork 12.5 3.7 9.1 2

hare 11.2 6.8 positive 3

Muscovy duck 10.0 9.6 positive 3

turkey 2.5 1.5 2.3 2

Lippold-B, 2020

pork 31.3 12.2 10.2 2

fallow deer 24.1 - 12.9 2

reindeer 17.9 45.0 positive 3

chicken 12.5 9.4 15.9 2

goat 11.7 7.5 3.7 2

turkey 2.4 1.8 1.6 2

Lippold-C, 2020

goose 8.1 14.5 positive 3

red deer 8.1 10.5 10.8 2

cattle 7.9 3.9 21.2 2

rabbit 7.7 4.0 positive 3

chicken 7.4 4.2 13.0 2

hare 7.3 2.2 positive 3

kangaroo 7.2 6.5 positive 3

pork 6.7 11.3 2.5 2

moose 6.7 7.1 positive 3

roe deer 6.7 14.4 22.4 2

sheep 6.3 5.2 2.8 2

turkey 6.1 3.5 5.4 2

pheasant 6.0 5.0 positive 3

ostrich 7.7 7.7 positive 3
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Table 1. Cont.

Reference Sample

Composition Results

Species Ratio (%, w/w)
DNA Metabarcoding
Ratio of Reads (%) 4

Real-Time PCR (Ratio of DNA (%))
or DNA Array (Positive/Negative)

Lippold-A, 2021

cattle 8.5 8.0 4.1 2

pork 6.3 10.6 3.1 2

sheep 7.8 4.7 6.2 2

horse 6.3 3.8 3.5 (Equidae) 2

red deer 7.8 14.1 7.4 2

fallow deer 6.3 - 3.8 2

roe deer 6.3 11.6 11.3 2

moose 6.3 6.4 positive 3

kangaroo 7.4 8.1 positive 3

rabbit 7.1 1.7 positive 3

reindeer 6.1 9.8 positive 3

chicken 9.8 4.6 12.2 2

turkey 6.3 2.6 5.7 2

ostrich 7.8 7.8 positive 3

Lippold-B, 2021

cattle traces 7 2.8 1.8 2

pork 32.6 10.6 14.2 2

horse 4.3 4.0 2.0 (Equidae) 2

roe deer 14.4 27.4 27.4 2

moose 10.9 19.7 positive 3

kangaroo 13.9 12.7 positive 3

hare 10.9 8.4 positive 3

pheasant 13.1 14.4 positive 3

Lippold-C, 2021

cattle 25.0 14.9 6.2 2

pork 13.9 14.5 2.3 2

sheep 14.3 12.9 3.9 2

goat 16.4 7.3 2.2 2

red deer 12.1 20.2 6.6 2

goose 7.8 15.9 positive 3

Muscovy duck 10.4 14.5 positive 3

-: Not detected. 1 Relative quantification based on normalization. 2 Relative quantification by using a reference real-time PCR assay.
3 Obtained by the DNA array. 4 For samples containing fallow deer, ratios of reads refer to 100% minus ratio (%, w/w) of fallow deer.
5 Obtained in laboratory 2 (AGES). 6 Proficiency test results were inconsistent, some were positive, some negative. 7 Species not added
intentionally, but identified by 86% (Lippold-C, 2019) and 97% (Lippold-B, 2021) of the participants of the proficiency test.

3.1.1. Qualitative Results

The DNA metabarcoding method allowed the detection of 19 out of the 20 animal
species covered by the reference samples. Fallow deer could not be detected because
the DNA barcode region of fallow deer is not amplified due to two mismatches in the
reverse primer (unpublished data). The DNA metabarcoding method allowed accurate
identification of animal species in meat mixtures, dairy products, and boiled sausages.
Species could be identified correctly down to a ratio of 1% (w/w). Goat DNA was detected
at low concentration (0.3%) in one dairy sample (DLA45-2), although goat was not added
intentionally. Notably, for this sample, proficiency test results were inconsistent (some
were positive, some negative) [36].

The commercial DNA array and real-time PCR assays also allowed correct identifica-
tion of all species contained. In contrast to the DNA metabarcoding method, goat was not
detected in the dairy sample DLA45-2.

A subset of seven reference samples, including four dairy products (DLA45 1–4)
and three boiled sausages (Lippold A–C, 2019), was independently subjected to DNA
metabarcoding analysis at the AGES (laboratory 2, Table 1). In spite of small differences
in the workflow, including a different sequencing chemistry, the species identified were
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identical, demonstrating the robustness of the DNA metabarcoding method. In line with
laboratory 1, goat DNA was detected in dairy sample DLA45-2.

3.1.2. Quantitative Results

In order to investigate the applicability of the DNA metabarcoding method for ob-
taining quantitative results, we calculated the relative quantification error (RQE, absolute
difference between the expected and experimentally determined ratio of the species con-
tained in the sample, normalized by the expected value). RQE of the DNA metabarcoding
method depended on the ratio of the species in the reference sample (Figure 1A). For
species being present at a concentration ratio ≤5%, the median of RQE was 33%. For
concentration ratios ranging from 5% to 20%, the median RQE was slightly higher (42%).
As expected, the lowest RQE (7%) was obtained for concentration ratios >20%.

Figure 1. Relative quantification error (RQE) of the DNA-metabarcoding method on reference
samples. RQE was calculated as the difference between the expected concentration ratio of a species
and the proportion of reads assigned to that species, normalized by the expected concentration
ratio. (A) RQE for different concentration ratio ranges. Small points represent a single measurement,
large points and lines represent the median and inter-quantile range, respectively. Red: expected
concentration <5%, green: expected concentration between 5% and 20%, blue: expected concentration
>20%. (B) RQE by species. RQE calculated as for (A) is represented for each species, the number of
data points (including those obtained in laboratory 2 (AGES)) is indicated in parenthesis. Species
are sorted according to their median RQE from top (lowest) to bottom (highest). Small points
represent a single measurement, large points and lines represent the median and inter-quantile range,
respectively.

In Figure 1B, the RQE is shown for each of the 19 species detected by DNA metabar-
coding. For eight mammalian (moose, kangaroo, sheep, buffalo, horse, cattle, hare, and
goat) and five poultry species (ostrich, pheasant, Muscovy duck, turkey, and goose), the
median RQE was <50%. For four mammalian species (red deer, pork, rabbit, and roe deer)
and chicken, the median RQE was between 50% and 100%. The highest median RQE was
obtained for reindeer (133%).

RQE was also calculated for real-time PCR (difference between the ratio of the species
contained in the reference sample (Table 1, column 3) and the ratio of DNA (%) determined
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by real-time PCR (Table 1, column 5), divided by the ratio of the species contained in the
reference sample (Table 1, column 3)). The boxplot in Figure 2A shows the distributions
of RQE determined by DNA metabarcoding and real-time PCR. Median and interquar-
tile ranges for NGS and PCR errors are 39.7% (7.8%–59.9%) and 36.9% (11.4%–67.9%),
respectively, indicating that the two distributions largely overlap.

Figure 2. Precision and reproducibility of the DNA-metabarcoding method. (A) Comparison of RQE of the DNA metabar-
coding method (red) compared to that of real-time PCR (blue). Only species for which quantitative PCR was performed are
represented. Black points represent single measurement and grey lines connect paired values. Colored boxes represent
the interquartile range with the horizontal line at the median and whiskers represent the Tukey-corrected minimum and
maximum. Although a significant difference between the two distributions was calculated (paired Wilcoxon rank test
p = 0.048), the quantitative difference is too small to be biologically relevant. (B) Reproducibility of DNA metabarcoding
quantification in two different laboratories. A subset of the samples was quantified with the DNA metabarcoding method in
laboratory 1 (CVUA-MEL, x-axis) and laboratory 2 (AGES, y-axis), with highly similar results. A linear regression (blue) of
both datasets showed a slope of 1 and a Pearson correlation coefficient r2 = 0.988. Each point represents a single observation.

For all major components (cattle, sheep; 95% or 99%) in meat mixtures, the RQE of the
DNA barcoding method and real-time PCR was <6%. For the minor component (horse,
turkey; 1%, 5%) in samples LGC7240, LGC7247, and LGC7246, the RQE of both methods
was <30%. Both DNA metabarcoding and real-time PCR led to substantially too high
ratios (RQE 94%—200%) for cattle as minor component (LGC7249, 5%; LGC7248, 1%). The
content of pork (1%) in sample LGC7242 was substantially overestimated (RQE 80%) by
DNA metabarcoding, but not by real-time PCR.

Each of the four dairy products contained one major component (cattle, buffalo, or
goat) and one, two, or three minor components (buffalo, cattle, sheep, or goat). The major
components could be quantified with the RQE <30% with both methods. Only in sample
DLA45-3, cattle was substantially underestimated by real-time PCR (RQE 37%). Due to
high lipid content and harsh processing procedures, DNA isolated from dairy products is
frequently not amplified efficiently [37]. Underestimation of cow milk compared to goat
milk by real-time PCR has already been reported by Rentsch et al. and was explained by
the relatively low number of somatic cell counts in cow milk compared to goat milk [31].
In the case of minor components, for buffalo (8%) and cattle (10%) in samples DLA45-1
and DLA45-2, respectively, the RQE of DNA metabarcoding and real-time PCR was ≤24%.
Goat (11%) was substantially overestimated in sample DLA45-3 (RQE 214% and 298%),
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and sheep (10%) substantially underestimated in DLA45-4 (RQE 53% and 66%) by DNA
barcoding and real-time PCR.

The number of species in 13 boiled sausages ranged from two (DLA44-1) to 14
(Lippold-C, 2020 and Lippold-A, 2021). For major components at a ratio >85% (pork
in samples DLA44-1, DLA44-3, and DLAptAUS2-3.1), the RQE of DNA metabarcoding
and real-time PCR was <10%. The major components at a ratio of between 85% and 20%
(Lippold-A, 2013: cattle, chicken; Lippold-C, 2019: pork; Lippold-A, 2020: horse; Lippold-B,
2020: pork; Lippold-B, 2021: pork; Lippold-C, 2021: cattle) were underestimated by DNA
metabarcoding and real-time PCR, with the RQE ranging from 33% to 67% and 31% to 75%,
respectively. A number of minor components at a ratio of between 20% and 5% could be
quantified with RQE <30% by either DNA metabarcoding (e.g., Lippold-A, 2013: sheep,
Muscovy duck; Lippold-A, 2019; Lippold-C, 2020: sheep), or real-time PCR (e.g., Lippold-
A, 2019: red deer; Lippold-B, 2019: chicken, turkey) or both methods (e.g., Lippold-A, 2019:
sheep, pheasant; Lippold-B, 2020: chicken).

For cattle in samples Lippold-C, 2019 and Lippold-B, 2021 ratios of 1.1/1.2% (NGS)
and 1.8% (PCR) or 2.8% (NGS) and 1.8% (PCR) were determined, respectively. Cattle was
not added intentionally to these samples, but was contained as traces probably due to
production-related carryover. Results of both proficiency tests showed that most partici-
pants (86% and 97%) also identified cattle in these samples.

Quantitative data sets obtained for the subset of seven reference samples analyzed
in laboratory 1 and laboratory 2 by DNA metabarcoding showed a very good correlation
(r2 = 0.988) (Figure 2B), indicating the high reproducibility of the method. In conclusion,
we found that the RQE was quite variable and depended on both the concentration and the
identity of the analyte. Additionally, the error was comparable to that of PCR, the current
gold-standard method.

Overall our data confirm the limitations known for DNA quantification in meat prod-
ucts [23]. Due to the differences in tissue type, the number of cells per unit of mass, genome
size, processing grade and DNA extractability, quantitative results derived from DNA-
based methods should serve only as rough estimates for weight ratios of different species in
food and feed [8]. During manual and industrial production of meat products production-
related carryover of undeclared animal species regularly occurs. In routine analysis of
samples in public laboratories, mass concentrations below 1% (w/w) are generally reported
as possible process contaminants and do not constitute a violation of declaration. Consid-
ering the high quantitation errors of DNA-based methods, in most cases a factor of five
might be appropriate to discriminate between production-related carryover of undeclared
species and mislabeling.

3.2. Commercial Food Products

Table 2 summarizes the results obtained by DNA metabarcoding, real-time PCR
and DNA array for 56 commercial food products obtained from food control agencies or
purchased at local supermarkets. The samples comprised 34 sausages, including seven
wild boar sausages, 20 deer sausages and seven further sausages, six vertical rotating meat
spits, seven pâtés, two minced meat products, one steak, two convenience foods, and four
milk products.

Table 2 indicates that DNA metabarcoding and real-time PCR and/or the commercial
DNA array led to identical qualitative results for the 56 commercial food products. How-
ever, for discrimination of meat from wild boar (Sus scrofa scrofa) and meat from domestic
pig (Sus scrofa domesticus), results of two singleplex real-time PCR assays and/or a duplex
real-time PCR assay developed recently had to be taken into account [38]. Neither the DNA
metabarcoding method nor common real-time PCR assays for pork allow distinguishing
between wild boar and pork, yielding only information on the total ratio of wild boar
and pork DNA. This is due to the fact that the genomes of the two subspecies are highly
homologous and hybridization and back-crossings increased sequence homologies and
intra-subspecies variability [39,40].
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The ingredient list of 14 out of 20 deer sausages did not contain any information on
the deer species (red deer, sika deer, fallow deer). Red deer, roe deer, red deer and roe deer,
and red deer and sika deer were detected with DNA ratios >1% in eight, one, three and two
of these sausages, respectively. Four and two out of the 20 deer sausages were declared to
contain roe deer and red deer, respectively. Our results confirmed the presence of these
deer species in the respective food products.

For all species detected in deer sausage 17, sausage 5 and 6, pâté 7 and minced meat
product 1 (Table 2), the ratios obtained by DNA metabarcoding and real-time PCR differed
by less than 30%. However, in the cases of the other food products, differences >30% were
observed for at least one of the species identified.

Comparison of our results, obtained by DNA metabarcoding and real-time PCR
and/or the DNA array, with the food ingredient lists revealed multiple discrepancies
(Table 2). In a number of commercial food products, species that were not given on the food
label were detected by both DNA metabarcoding and real-time PCR and/or the DNA array.
Most frequently, the DNA of undeclared species was found in high ratios >5%, indicating
that the replacement of meat species by cheaper alternatives is an ongoing food fraud issue.
For some products, the species detected were declared but the DNA ratios determined did
not correspond with declaration (“declared and detected, ratio suspicious”). In further
products, the DNA of undeclared species was detected in traces between 1% and 5%, which
were possibly contained due to production-related carry-over. In only one product (wild
boar sausage 5), a species declared (chamois) was not detected. Figure 3A summarizes
the number of mislabeled species by type of fraud in commercial foodstuffs, Figure 3B the
number of mislabeled species by type of food product.

Figure 3. Wrong declarations in foodstuffs (A) Breakdown of wrongly labeled species by type of
fraud in foodstuffs. Each box represents a single species, the size of the box indicates the number
of times that this species appeared for each type of fraud in the dataset. (B) Breakdown of wrongly
labelled species by type of food product. Each box represents a single species, the size of the box
indicates the number of times that this species appeared for each type of food product in the dataset.
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3.3. Commercial Pet Food Products

The applicability of the DNA metabarcoding method was also investigated by analyz-
ing 23 pet food products. The following species were given on the food label: deer, roe deer,
cattle, sheep, rabbit, chicken, turkey, duck, Muscovy duck, and ostrich. Table 3 indicates
that qualitative results obtained by DNA metabarcoding were in line with those obtained
by real-time PCR and/or the commercial DNA array. For some animal species, e.g., red
deer in samples 1, 3, 12; pork in sample 2, 10, 19, 21; and chicken in samples 19, 22; the
ratios determined by DNA metabarcoding and real-time PCR differed by less than 30%.
However, in other cases, differences in the ratios >30% were obtained (Table 3).

Fifteen out of the 23 pet food products were declared to contain deer, without dis-
closing the deer species. DNA metabarcoding and real-time PCR and/or the commercial
DNA array detected red deer in six, red deer and roe deer in four and reindeer in one out
of these 15 pet food products. In four pet food products (samples 5, 8, 11, and 21), deer
was neither detected by DNA metabarcoding nor by real-time PCR and/or the commercial
DNA array. Identical qualitative results were also obtained for three pet food products
declared to contain roe deer (samples 12, 16, and 18). Each of the methodologies applied
yielded a negative result for roe deer, but a positive result for red deer.

In sample 18, sika deer (16.6%) was detected by DNA metabarcoding. Since sika deer
is rarely used in pet food products, sample 18 was not analyzed by a real-time PCR assay
for sika deer and the DNA array used does not detect sika deer. This example illustrates
one of the main limitations of using PCR for meat species authentication: animal species
that are not expected will not be detected [41].

In a high number of commercial pet food products, undeclared species were detected
by each of the methodologies applied. Most frequently, undeclared species, were present at
a ratio >5%, e.g., pork, chicken, cattle, mallard, and turkey (Figure 4). These animal species
of lower commercial value mainly replaced deer, either totally or in part. The results show
that inspection of pet food for authenticity has high relevance.

Figure 4. Breakdown of wrongly labelled species by type of fraud in pet food products. Each box
represents a single species, the size of the box indicated the number of times that this species appeared
for each type of fraud in the dataset.
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In some products, undeclared species were detected in a ratio between 1% and 5%.
Most probably, these species were present due to production-related carry-over. Chicken,
roe deer, deer, ostrich and game could not be identified in several pet food products
although they were declared to contain these species. In some products, the declared species
was detected but the DNA ratio determined drastically differed from the content given on
the label (Figure 4). These results are probably caused by total or partial degradation of
DNA due to high processing grades of the respective raw materials.

3.4. Cost Analysis

Metabarcoding could be an attractive alternative to real-time PCR in species differ-
entiation, especially due to the possibility of analyzing many samples simultaneously for
many species. A detailed cost comparison with the standard real-time PCR method is not
yet available. For the present publication a break-even analysis was performed, based on
current data from AGES cost accounting, to show what effect the number of samples and
the number of parameters (animal species) has on the choice of methodology used. The
break-even point or volume (BEP) represents the number of tested samples/parameters
where the real-time PCR-based cost equals the NGS-based cost. Above this threshold, an
NGS-based approach generates savings. Figure 5A shows the BEP for NGS of a maximum
of 21 animal species, corresponding to 21 real-time PCR methods for animal species avail-
able in the AGES laboratory. The analysis shows that the use of NGS is more cost-effective
for the detection of 21 animal species from the tenth sample onwards. If no multiplex
methods for real-time PCR are available in the laboratory, NGS is already profitable from
the fifth sample onwards. If the scope of testing is limited to only up to seven animal species
per sample, real-time PCR is always cheaper than NGS analysis. Figure 5B shows the BEP
at full capacity of the sequencing kit. If the sequencing kit is fully utilized (Illumina MiSeq
v2 chemistry, 75 samples, 200,000 reads per sample), the costs per sample are significantly
reduced. In this case, NGS is already cheaper from the first sample onwards, if at least
15 parameters are analyzed. Below a parameter number of seven, however, real-time PCR
always remains the cheaper method.

Figure 5. Break-even point analysis of NGS-metabarcoding and real-time PCR for the qualitative
identification of bird and mammal species. The left-most orange area corresponds to combinations
of sample number/parameter number for which PCR is always cheaper than NGS. The right-most
green area corresponds to combinations for which NGS is always cheaper than PCR. The middle blue
zone corresponds to combinations for which the cost difference largely depends on the degree of
multiplexing of the PCRs. NGS costs were calculated for two exemplary laboratories: (A) a laboratory
running exclusively meat-metabarcoding runs, and (B) a laboratory running full-capacity sequencing
runs, for example, mixing samples with other type of assays.
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4. Conclusions

By analyzing 25 reference samples, 56 commercial food and 23 pet food products
using DNA metabarcoding and real-time PCR and/or a commercial DNA array, we demon-
strated that the DNA metabarcoding method developed recently is a suitable screening
method for meat species authentication. Qualitative and quantitative results of the DNA
metabarcoding method were in line with those obtained by real-time PCR. The results from
independent analyses in two laboratories indicate the robustness and reproducibility of
the DNA metabarcoding method. Our data on reference samples confirm the limitations
known for DNA quantification in meat products. Quantitative results derived from DNA-
based methods should serve only as rough estimates for weight ratios of different species
in food and feed.

A major advantage of metabarcoding is the parallel detection of a large number of
animal species including species not tested routinely or for which no real-time PCR methods
are available. Our results indicate that in addition to food products, DNA metabarcoding
is particularly applicable to pet food products, which frequently contain multiple animal
species and were shown to be also highly prone to adulteration.

For a large number of samples or parameters, metabarcoding is the more cost-effective
analysis. By combining different applications (joint sequencing of plant and animal species,
bacteria, etc.), an additional cost reduction is possible, as the sequencing kits, the biggest
cost driver, can be better utilized.
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Abstract: Hay milk is a traditional dairy product recently launched on the market. It is protected
as “traditional specialty guaranteed” (TSG) and subjected to strict regulations. One of the most
important restrictions is that the cow’s feed ration must be free from silage. There is the need for
analytical methods that can discriminate milk obtained from a feeding regime including silage. This
study proposes two analytical approaches to assess the authenticity of hay milk. Hay milk and milk
from cows fed either with maize or grass silage were analyzed by targeted GC-MS for cyclopropane
fatty acid (dihydrosterculic acid, DHSA) detection, since this fatty acid is strictly related to the
bacterial strains found in silage, and by HPLC-HRMS. The presence of DHSA was correlated to the
presence of maize silage in the feed, whereas it was ambiguous with grass silage. HPLC-HRMS
analysis resulted in the identification of 14 triacylglycerol biomarkers in milk. With the use of these
biomarkers and multivariate statistical analysis, we were able to predict the use of maize and grass
silage in the cow’s diet with 100% recognition. Our findings suggest that the use of analytical
approaches based on HRMS is a viable authentication method for hay milk.

Keywords: bovine feeding; LC-MS; milk; lipidomics; silage; hay milk; GC-MS; food authenticity;
cyclopropane fatty acids; CPFAs

1. Introduction

In recent years, there has been an increasing interest to sustain and develop European
mountain areas and decrease land abandonment [1]. Mountain dairy farming is more
challenging due to harsher environmental and morphological conditions, which lead to
higher workload and management costs [2]. To counteract the economical disadvantages
derived from natural constraints in these areas, the European Union (EU) is applying new
policies to promote the quality and authenticity of mountain products [1,3]. The EU scheme
“traditional specialty guaranteed” (TSG) represents an important policy for the valorization
of traditional products.

Hay milk is one of the dairy products that received the TSG label and is subjected to
strict production regulations. This product is obtained with traditional methods [4], and is
perceived by consumers as healthier and more natural [5]. Hay milk has been regaining
popularity in recent years, especially in the alpine region [2,4,5], thanks to marketing,
labelling, and certification strategies. This effort was made to valorize and differentiate
local mountain production and to fully benefit from the TSG label [2].

In the specific case of hay milk, its TSG designation is controlled by the European
Commission regulation 2016/304 [6]. It states that any form of fermented fodder, i.e., silage
from maize and grass, moist hay, fermented hay, and any genetically modified feed is
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banned. Roughage, including fresh herbage and hay, but possibly also green rapeseed,
green maize, green rye, and fodder beets, as well as hay, lucerne, maize pellets and similar
types of feed, must make up at least 75% of the yearly ration of dry feed [6].

Even though the above regulation on the feeding is very clear, to the best of our
knowledge, no clear markers or analytical methods for milk analysis are available to
determine the presence of fermented fodder in the feed ration, especially for grass silage.

Some efforts to discriminate milk authenticity have been reported recently, especially
through the analysis of the milk fat fraction, which is likely the most affected by the animal’s
diet [7]. For instance, it has been shown that different diets influence the fatty acids profile
of milk fat [8]. Additionally, fatty acid characterization can provide information related to
both diet composition and the ruminal fermentation pattern. Finally, many studies aimed
to identify markers within this lipid class [9–14].

Recent literature reported the analysis of a group of specific fatty acids (cyclopropane
fatty acids, CPFAs) used as markers for the authenticity of Parmigiano Reggiano cheese [9].
Indeed, similarly to hay milk, Parmigiano Reggiano cheese is produced with milk from
cows fed without any silage [15]. In that work, CPFAs were found only in dairy products
obtained with maize silage in the cow’s diet [9]. Later, a method was proposed and
validated [11], and CPFAs have been included in the Parmigiano Reggiano PDO regulations
for the verification of its authenticity. Lactic acid bacteria (LAB) produce CPFAs as response
to fermentative stress [16–20]. LAB convert soluble carbohydrates, present in matrices rich
in starch like maize, into lactic acid [21]. However, it is not clear if the proposed method is
also suitable to determine the presence of grass silage in the animal’s diet.

For this reason, this study investigates the capacity of the CPFA method to assess
the authenticity of hay milk with respect to milk obtained from cows fed with maize
and, to the best of our knowledge, for the first time, with grass silage in the feed ration.
Furthermore, this work proposes the use of an approach based on high-performance liquid
chromatography (HPLC), for the detection and identification of new markers, or groups of
markers. HPLC has advantages such as high analysis speed, resolution, and sensitivity [22].
When coupled to high-resolution mass spectrometry (HRMS), HPLC represents a powerful
tool to analyze the composition of milk fat, especially for untargeted studies. Several
lipidomic studies use HPLC and mass spectrometry to characterize milk lipids from cows
fed with different diets [23,24]. Craige Trennery et al. performed LC-MS to study the effects
of feeding on the milk lipid profile [25]. Because of the high amount of data obtained by
HPLC-HRMS, the implementation of chemometrics and multivariate statistical methods is
essential to elucidate the characteristics of milk.

For these purposes, this work analyzed three types of milk, namely hay milk (HM),
milk from cows fed with maize silage in the ration (SM-M), and milk from cows fed with
grass silage in the ration (SM-G), by GC-MS and HPLC-HRMS. The first part of the study
followed a targeted approach to determine the amount of the CPFA dihydrosterculic acid
(DHSA) in each milk sample, using a GC-MS method adapted from Marseglia et al. [9]. In
the second part, HPLC-HRMS was used to characterize the lipid profile of each sample.
Untargeted pattern recognition and correlation of the different feeding practices were
conducted using multivariate statistical analysis. The combination of the presence of
DHSA with multivariate analysis on the resulting HRMS data provided an analytical
fingerprint that allows discrimination among the forages implemented in dairy farming.

2. Materials and Methods

2.1. Milk Samples

A total of 27 fresh and unpasteurized bulk milk samples were collected from 9 dairy
farms located in the north of Italy (South Tirol, Italy), at altitudes ranging from 616 m a.s.l.
to 1404 m a.s.l. Sample collection was dispersed over the winter feeding interval from
October 2019 to March 2020. At each farm, bulk milk was sampled weekly over three
consecutive weeks, in order to capture variability over time (Figure 1).
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Figure 1. Sampling scheme for targeted GC-MS and HPLC-HR MS analysis of milk. Nine farms were
selected based on the feeding regimen. Each sample is shown in the figure.

The farmers were interviewed by means of a structured survey concerning several
aspects of the farm structure, characteristics, and the composition of the feed ration during
the sampling period, and the proportion of silage in the diet was computed on a dry matter
basis. At three farms, the animals were fed according to the EU-Regulation 2016/304 of hay
milk production, i.e., without fermented fodder and roughage making up at least 75% dry
matter of the yearly ration (hay milk, HM). The other six farms included silage in amounts
ranging from 7% to 39% dry matter of the total feed ration: three included only maize
silage (maize silage milk, SM-M), and three only grass silage (grass silage milk, SM-G).
Each farm had between 16–35 cows. The milk samples were taken in the morning from
the farm’s own milk tank, being therefore a mix of the evening and morning milk. Before
taking the samples, the milk was mixed by hand and then the samples were taken with
a liquid sampler. At each sampling event, aliquots of 30 mL for each sample were taken
from the same tank for the analysis of DHSA, for the lipid profile via HPLC-HRMS and
for quality routine analysis, respectively. During transportation, the samples were kept
refrigerated at a temperature of about 4 ◦C before being stored at −80 ◦C until analysis.

2.2. Chemicals and Reagents

Methanol was purchased from VWR (Radnor, PA, USA), and pentane was obtained
from Fluka Analytical (Honeywell International Inc., Charlotte, NC, USA). Hexane and
sodium methoxide solution 25 wt.% were purchased from Sigma Aldrich (St. Louise,
MO, USA). Sodium sulfate was purchased from Titolchimica (Rovigo, Italy, IT) and the
CPFA cis-9,10-methylene-octadecanoic acid (dihydrosterculic acid DHSA, as methyl ester,
purity ≥98%) was obtained from Chem Cruz (TE Huissen, The Netherlands, NL). LC-MS
grade formic acid and LC-MS grade ammonium formate were purchased from Sigma
Aldrich (Steinheim, Germany). LC-MS grade methanol and LC-MS grade acetonitrile were
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purchased from Honeywell (Selze, Germany), and LC-MS grade 2-propanol and methyl
tert-butyl ether (MTBE) were purchased from Merck KGaA (Darmstadt, Germany) and not
purified further. If not otherwise stated, Milli-Q water was employed.

2.3. Sample Preparation and Analysis via GC-MS
2.3.1. Milk Fat Extraction

The milk samples were thawed in a water bath at 40 ◦C for 2 h. The fat was separated
following a modified method based on Feng et al. [26]. A volume of 20 mL of milk was
added in a 50 mL conical plastic tube and centrifuged at 12,000 rpm (17,800× g) for 30 min
at 4 ◦C. After centrifugation, the fat cake (top layer) was transferred into a 15 mL conical
plastic tube and stored over night at −80 ◦C. The fat was resuspended in a volume of
10 mL of a 9:1 (v/v) n-pentane/methanol, then vortexed for 2 min at room temperature and
kept in a room temperature ultrasound bath (45 kHz) for 5 min, shaken for 5 min with a
MultiRotator (PTR-60 Grant Intruments, Royston, UK), then vortexed again for 2 min with
a final centrifugation at 4000 rpm (1900× g) for 2 min at room temperature. The organic
phase was transferred into a dark glass vial and flushed with N2 until dryness. The fat was
stored at −80 ◦C until transesterification.

2.3.2. Transesterification

Transesterification was carried out according to Christie et al. [27]. Milk fat (100 mg ± 5 mg)
was dissolved in 5 mL hexane. Then, 0.2 mL of sodium methoxide in dry methanol (1 mL
sodium methoxide solution 25 wt% diluted with 1.25 mL methanol) was added, and the
solution was briefly agitated (30 s) to ensure thorough mixing. The reaction was quenched
by adding 0.5 g sodium sulfate, and after a brief agitation (30 s), it was centrifuged at
2000× g for 5 min at room temperature and the supernatant was used for analyses.

2.3.3. Analysis of the Cyclopropane Fatty Acid Dihydrosterculic Acid (DHSA)

The GC-MS analysis was carried out on a Shimadzu GC MS-QP2010 SE (Kyoto, Japan)
equipped with an autosampler, a split/splitless injection port, a GC oven and a single
quadrupole mass spectrometer. Each sample was measured in triplicate. For the analyses,
100 μL of transesterified mixture was taken, diluted with 900 μL hexane, and 1 μL was
injected using a split ratio of 1:10. Helium was used as carrier gas with a flow rate of
1 mL/min and a low-polarity SLB-5 ms column (30 m × 0.25 mm i.d × 0.25 μm) (Supelco,
Bellefonte, PA, USA) was used for chromatographic separation of the analyte. The run was
conducted following a modified temperature program according to Marseglia et al. [9].
Temperature was kept at 40 ◦C for 5 min, increased at 280 ◦C with a rate of 10 ◦C/min and
held for 10 min. The injector temperature and transfer line temperature were maintained
at 280 ◦C and ion source temperature at 230 ◦C. The mass spectra were acquired in full
scan mode (mass range 40–500 m/z) and in SIM Mode (using 55 m/z as quantifier, 69,
278, and 310 m/z qualifier). The quantification of DHSA in the samples was carried out
by comparing the peak area of the samples with the peak area of known amounts of the
DHSA standard, considering the matrix effect by spiked hay milk with DHSA following
extraction and transesterification. The limit of detection (LOD) of the method was 7.5 mg
DHSA/kg of fat and the limit of quantification (LOQ) was 25.0 mg DHSA/kg of fat. Linear
range was from 25.0 mg/kg to 1500 mg/kg. Recovery of spiked fat was 101.5% (0.2 RSD%).
Intraday repeatability was of 3.3, 5.4, 2.5 RSD% for 80, 400, and 1000 mg DHSA/kg of milk
fat, respectively.

2.4. Sample Preparation and Analysis via HPLC-HRMS
2.4.1. Milk Fat Extraction

The milk samples were thawed at 8 ◦C overnight. Fat extraction from milk samples
was carried out according to Breitkopf et al. based on the extraction method by Matyash
et al. with modifications [28,29]. In short, 200 μL of milk was pipetted into a 15 mL
centrifuge tube, 1.5 mL methanol was added and vortexed for 1 min. Then, 5 mL of MTBE
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was added and shaken at 200 rpm for 1 h at room temperature. After the incubation, 1.2 mL
of water was added and vortexed for 1 min. The mixture was centrifuged for 10 min at
1000× g at room temperature. The upper phase was collected, and the bottom phase re-
extracted with 2 volume parts of MTBE/methanol/water (10/3/2.5, v/v/v). The combined
upper phases were dried under nitrogen flow at room temperature (MultiVap 8, LabTech
S.r.l., Milano, Italy). Finally, the dried extract was dissolved in 5 mL methanol/2-propanol
(50/50, v/v), diluted 1:100 with the same solvent mix and filtered with a 0.45 μm PTFE
syringe filter prior to injection.

2.4.2. High-Performance Liquid Chromatography Coupled to High Resolution Mass
Spectrometry (HPLC-HRMS)

The system consisted of a Q-Exactive hybrid quadrupole Orbitrap HRMS instrument
(Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate 3000 UHPLC instru-
ment (Thermo Fisher Scientific, Waltham, MA, USA) with UV-vis detector. The separation
of the compounds was done at a flow rate of 0.2 mL/min with a C18 column (Accucore
RP-MS, 100 mm × 2.1 mm i.d., 2.6 μm particle size, Thermo Fisher Scientific, Waltham,
MA, USA) with a security guard cartridge system (Thermo Fisher Scientific, Waltham,
MA, USA). The mobile phase consisted of a combination of solvent A (water/acetonitrile
40/60 v/v with the addition of 0.1% formic acid and 10 mM ammonium formate) and
B (acetonitrile/2-propanol 10/90 v/v with addition of 0.1% formic acid and 10 mM am-
monium formate). The gradient was set as follows: 70 % B (v/v) for 2 min, then from
70 % B to 83 % B at 3 min, hold until 8 min then to 84 % B at 13 min and hold until
14 min. Sample injection volume was 5 μL using an autosampler with a 20 μL injection
loop. After each sample, a wash step with a blank (2-propanol) was introduced with the
same chromatographic set-up as before, but with a different gradient: from 84 % B at 0 min
to 97 % B at 2 min, hold 97 % until 7 min, from 97% at 7 min to 70 % B at 8 min followed
by a re-equilibration step (70% B) from 8 to 10 min. Blank injection volume was 20 μL.
During this wash and re-equilibration step, the flow from the HPLC was diverted to waste
using a Rheodyne switch valve, while a flow of 3 μL/min 2-propanol was delivered to
the MS using an infusion syringe pump (Thermo Fisher Scientific, Waltham, MA, USA) to
avoid clogging and minimize carry-over effects. The HRMS instrument was operated in
positive ionization mode with a heated electrospray ionization ion source set as follows:
sheath gas flow at 40 (arbitrary units), aux gas flow at 10 (arbitrary units), sweep gas flow
at 0 (arbitrary units), spray voltage at 4.00 kV, capillary temperature at 300 ◦C, S-lens RF
level at 50%, and aux gas temperature at 100 ◦C. Full-MS experiments were performed in a
scan range from 150 to 1500 m/z with a resolution of 35,000 (at 200 m/z), an automatic gain
control (AGC) target of 2 × 105 and a maximum injection time (IT) of 200 ms. Targeted SIM
(t-SIM) experiments were performed with a resolution of 35,000, AGC target of 2 × 105,
max IT of 125 ms, and an isolation window of 4 m/z. The MS2 measurements of the
selected ions were performed with a resolution of 17,500 and AGC target set at 1 × 105 and
maximum IT of 50 ms, with a stepped normalized collision energy of 20, 30, and 60 eV.

2.5. Data Processing and Statistical Analysis

Correlation of chemical compounds relative abundances and integration of the area
under each peak (HPLC-MS XIC integrations) was done using Compound Discoverer 3.1
and Xcalibur (Thermo Scientific, Milano, Italy) and by employing online (LIPIDMAPS) and
local databases.

Multivariate statistical analysis was conducted using XLSTAT annual version 2021.1.1
1092 (Addinsoft 2021, New York, NY, USA).

3. Results and Discussion

3.1. GC-MS Analysis of DHSA

Table 1 shows the results of the determination of the CPFA dihydrosterculic acid
(DHSA) in milk samples grouped into three categories: HM (hay milk, i.e., cows fed
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without the use of silage), SM-G (milk obtained from cows fed with grass silage in the
ration), and SM-M (milk obtained from cows fed with maize silage in the ration).

Table 1. Quantification of dihydrosterculic acid (DHSA) (average ± standard deviation, n = 3) in
milk samples using GC-MS.

Milk Sample Farm DHSA (mg/kg Fat) RSD (%)

HM
A <LOD
B <LOD
C <LOD

SM-M
D 94 ± 13 13
E 94 ± 68 72
F 52 ± 10 19

SM-G
G <LOQ
H <LOD
I 30 ± 11 28

HM = hay milk, SM-G = milk obtained from cows fed with grass silage in the ration, SM-M = milk obtained
from cows fed with maize silage in the ration. LOD (Limit of detection) = 7.5 mg/kg fat, LOQ (Limit of
quantification) = 25.0 mg/kg fat, RSD, relative standard deviation.

As expected, and reported in a previous work [9], no CPFA, in this case DHSA, was
detected in the HM samples, whereas it was detected in all SM-M samples. According to
Caligiani et al., their GC-MS method was proposed as analytical tool for the detection of
the marker in milk for the presence of silage in the feed ration of the cows [11]. The results
obtained in the current study highlights how, for the SM-G samples, the determination of
the DHSA is ambiguous. Indeed, in this study DHSA was not detected in four of the nine
SM-G samples (three in farm H, and one in farm G).

These limitations might be due to a series of factors, one of them being the sensitivity
of the method in detecting the marker. For the method employed for DHSA detection
in milk fat, a limit of detection (LOD) of 7.5 mg/kg and a limit of quantification (LOQ)
of 25.0 mg/kg were obtained. The concentrations of DHSA found in the SM-G samples
were generally lower than in the SM-M samples. Supposedly, a lower amount of available
carbohydrates, such as during grass fermentation might lead to a reduced LAB stress
response and to lower or no content of DHSA in the milk samples produced from grass
silage in the ration. Overall, the results obtained with GC-MS allow us to discriminate HM
vs. SM-M samples, but they were unable to discriminate all SM-G samples from the HM
samples. For this reason, an approach using HPLC-HRMS was further proposed for the
discrimination of milk obtained with different types of forages during the winter feeding
period for the 27 samples collected.

3.2. Milk Fat Analysis by HPLC-HRMS

For non-target milk fat analysis, the milk fat profiles were determined using HPLC-
HRMS in full-scan mode (full-MS, 150 to 1500 m/z). Figure 2 shows a typical total ion
current (TIC) chromatogram obtained from a milk fat sample in positive ionization mode.
For every sample of each milk type, the lipid profile was obtained.
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Figure 2. Total ion chromatogram acquired in full-MS showing the lipid profile of a milk fat extract
obtained by HPLC-HRMS in positive ionization mode.

For each profile, distinct cluster peaks could be observed representing a unique
fingerprint of each milk sample. With HRMS it is possible to obtain the whole lipidome of
milk [28]. However, in order to find the target markers that could be used to distinguish
milk samples with different feeding, the use of chemometric tools was needed to process
the obtained data. This was achieved by using a software for untargeted MS analysis
(Compound Discoverer 3.1). With Compound Discoverer it was possible to build up a peak
table with the most abundant masses for all analyzed samples and match the compounds
with online and custom databases.

The custom database in the software included a mass list with possible compounds of
interest. In detail, we created a mass list comprising the most abundant lipid class in milk,
the triacylglycerols (TAGs) which account for hundreds of different species (Figure 3) [30].
TAGs are composed of a glycerol molecule esterified with three fatty acids, which can
be the same or different. When using the 16 fatty acids (FA) most common in milk [31],
randomly distributed, it was possible to calculate 4096 (163) theoretical TAGs and their
corresponding m/z values. Considering isomers with identical exact mass, the list was
reduced to 253 groups of TAG molecular species, which contained the same number of car-
bons (CN) and the same number of double bonds (DB) in their FA residues (Supplementary
Table S1).
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Figure 3. Creation of triacylglycerol (TAG) mass list and implemented algorithm for the identification of target molecules
using HRMS. FA = Fatty Acid, N = no, Y = yes, r.t. = retention time.

The custom database with 253 masses of selected groups of TAG molecular species
was used to match the masses in the peak table with the highest abundancy detected in the
milk fat samples (Figure 3). All compounds that did not match the mass list were discarded.
For the further data analysis, only these groups of TAG molecular species were selected
(232 masses).

The scope of the study was to discriminate between hay milk and non-hay milk
samples. For this reason, the relative intensities of matched groups of TAG molecular
species were grouped in hay and silage samples. The extracted ion chromatograms of
the selected TAG molecular species were generated with the following integration of the
peaks. Variation in the TAG profiles between sample groups were reflected in the relative
areas. Increase or decrease of matched TAG molecular species in one group could be used
to differentiate between hay and silage samples. Therefore, we calculated the ratio of
each area between the silage group and the hay group. All TAG molecular species that
demonstrated a ratio inferior to one between groups were selected as potential markers
to create the refined peak table (Figure 3). This allowed us to identify 14 groups of TAG
molecular species that demonstrated the biggest differences between hay vs. silage sample
groups (Table 2).
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Table 2. Classification of the 14 groups of target TAG molecular species and tentative identification of their FA moieties.

m/z
[M+NH4]+ Predicted Formula Classif. (CN:DB *)

m/z
Fragments

Tentatively Identified Fatty
Acid Moieties

488.3946 C27H50O6 TG 24:0
355.2843, 327.253, 299.2217,
155.143, 127.1117, 109.1012,

99.0804, 81.0699

butyric (4:0); caproic (6:0);
caprylic (8:0)

678.5665 C41H73O6 TG 38:3 573.4869, 405.3011, 383.3157,
261.2213, 239.2355, 71.04924

butyric (4:0); palmitic (16:0);
linolenic (18:3)

696.6133 C42H78O6 TG 39:1
591.5349, 437.3627, 409.3312,
409.3258, 397.3312, 397.3220,

265.2524, 99.0804, 71.0492

butyric (4:0); caproic (6:0);
pentadecanoic (15:0); margaric

(17:0); oleic (18:1)

698.6292 C42H80O6 TG 39:0

593.5503, 565.5195, 509.4567,
453.3939, 439.3783, 425.3625,
411.3469, 397.3313, 313.2728,
267.2680, 253.2525, 239.2368,
235.2419, 225.2211, 221.2262,
211.2056, 207.2107, 193.1951,
173.1171, 155.1431, 137.1325,
127.1117, 99.0804, 81.0699,

71.0855, 53.0025

butyric (4:0); caproic (6:0);
caprylic (8:0), capric (10:0);

pentadecanoic (15:0); margaric
(17:0); stearic (18:0)

706.5977 C43H76O6 TG 40:3

409.3316,407.3159, 99.0805,
411.3470, 601.5199, 265.2528,
145.0860, 263.2371, 261.2213,
405.3002, 433.3314, 119.0857,
127.1118, 573.4892, 247.2422,
245.2266, 243.2115, 239.2368,
173.1324, 313.2731, 339.2894,
155.1433, 53.0026, 99.1169,

71.0492

butyric (4:0); caproic (6:0);
palmitic (16:0); stearic (18:0);

oleic (18:1); linoleic (18:2);
linolenic (18:3)

708.6133 C43H78O6 TG 40:2
603.5757, 409.3601, 339.2887,
265.2522, 247.2463, 145.1018,

71.04978
butyric (4:0); oleic (18:1)

722.6289 C44H80O6 TG 41:2 589.5209, 435.3455, 425.3624 caproic (6:0); margaric (17:0);
linoleic (18:2);

730.5979 C45H76O6 TG42:5
625.5178, 457.3311, 383.3153,
313.2517, 239.2368, 145.1012,

71.0492

docosapentaenoic (22:5);
palmitic (16:0); butyric (4:0)

734.6289 C45H80O6 TG 42:3
717.6027, 601.5206, 435.3476,
437.3621, 265.2532, 263.2367,

99.0805, 81.0699

caproic (6:0); oleic (18:1); linoleic
(18:2)

758.6288 C47H80O6 TG 44:5 411.3466, 285.0094, 239.0951,
201.1638, 109.1014

caprylic (8:0); capric (10:0); lauric
(12:0); myristic (14:0);

docosapentaenoic (22:5);

766.6917 C47H88O6 TG 44:1

605.5507, 577.5189, 549.4877,
523.4722, 521.4564, 493.4251,
467.4093, 465.3938, 109.1011,

95.0854, 85.1011 81.0698,
71.0855, 57.0701

caprylic (8:0); capric (10:0); lauric
(12:0); myristoleic (14:1); myristic
(14:0); palmitic (16:0); oleic (18:1);

stearic (18:0)

786.6596 C49H84O6 TG 46:5 569.456, 313.278256, 467.4245,
239.2007, 211.2057

linoleic (12:0); myristic (14:0);
docosapentaenoic (22:5);
eicosapentaenoic (20:5)
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Table 2. Cont.

m/z
[M+NH4]+ Predicted Formula Classif. (CN:DB *)

m/z
Fragments

Tentatively Identified Fatty
Acid Moieties

856.7379 C54H94O6 TG 51:5
639.5344, 571.4151, 537.4889,
507.1079, 373,7151 239.2007,

299.2578, 191.1788

lauric (12:0); myristoleic (14:1);
pentadecenoic (15:1); myristic

(17:0); myristoleic (17:1);
docosapentaenoic (22:5);
docosatetraenoic (22:4);

docosatrienoic (22:3)

876.8004 C55H102O6 TG 52:2
221.2262, 239.2367, 245.2261,
263.2366, 267.2684, 313.2734,
575.5031, 579.5311, 603.5344

linoleic (18:2); stearic (18:0);
palmitic (16:0)

* CN:DB = carbon number: total double bond number, of the 3 FA.

3.3. Tentative Identification of TAGs Marker

Tentative identification of the 14 groups of TAG molecular species was performed
using a data-dependent HPLC-HRMS-MS2 experiment (t-SIM-ddMS2). The exact mass of
the molecular ions and their corresponding fragmentation spectra were compared with the
entries in the lipidomic database LIPIDMAPS. For each group of TAG molecular species,
the chemical formula of the neutral mass was calculated. Their classification was based on
the number of carbons of the fatty acid residues (CN, TG x:−) and the number of double
bonds in the fatty acid residues (DB, TG −:y), as shown in Table 2. The 14 groups of TAG
molecular species were identified after fragmentation and determination of all FA moieties
present in each group. The fragmentation spectra were compared with the theoretical
spectra generated in LIPIDMAPS to characterize the groups of target molecules.

From Table 2, it can be derived that the fatty acid moieties identified in the TAG
molecular species were characterized by a high abundance of unsaturated fatty acids,
mainly oleic, linoleic, and linolenic acid. They were contained in the TAG molecular species
present at higher concentrations in the hay milk samples. This was confirmed by the
findings of the work of Bugaud et al., in which hay milk contained higher quantities of
polyunsaturated FA [32]. Indeed, milk obtained from cows fed with diets rich in hay have
an increased content of linolenic acid [33,34], whereas diets including maize silage lead to
milk richer in short-chain FA, as well as myristic, palmitic, stearic, and oleic acid [35]. Diets
rich in grass silage increase the content of myristic and palmitic acid at the expense of mono-
and polyunsaturated FA [7]. It has been reported that the concentration of α-linolenic acid
in milk obtained with silages generally decreases [7].

The higher relative abundancies of unsaturated fatty acid residues in the target TAGs
reflects the cows’ diet. In silage-based diets, their decrease could also correlate with the
fermentative activity of LAB [36], but other factors influence the final FA composition of
milk fat, and LAB activity could be only one of those. In order to consider all those factors,
a group of markers, like the 14 groups of target TAGs, represents a promising approach.

3.4. Discrimination of Milk Samples Using Multivariate Statistical Analysis

We assessed the 14 groups of target TAGs for the discrimination of the type of milk
(hay milk (HM), milk from silage (SM-G/M)). The 14 groups of target TAG molecular
species were acquired in targeted single ion monitoring (SIM) mode. For each TAG group in
all milk samples, the resulting peaks were integrated from an extracted ion chromatogram
(XIC). The relative intensities were used for statistical analysis and discrimination of
the samples.

Principal component analysis (PCA) was first performed using the areas of the target
TAG groups. We evaluated whether the selected variables could be fitted to build dis-
crimination models. From the PCA, the first and the third principal component explained
92.98% of the total variance and could display the data structure (Figure 4). The loading
plot (Figure 4a) shows the relationship between the variables and how much they influence
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the system. It was possible to observe that the 14 target groups of TAGs form a group
based on which the score plot can be built. The score plot shows a separation of the
samples into distinct groups according to the type of milk for the samples considered in
this experimental plan (Figure 4b: hay milk and milk from silage). The hay milk samples
are located on the positive side of the PC1, which indicates higher amounts of the selected
TAGs in these samples.

(a) (b) 
Figure 4. Principal component analysis of target TAGs obtained from the analysis of the hay milk and silage milk (milk
obtained from cows fed with grass or maize silage in the ration) samples. Of the total variance, 92.98% is explained by the
first and the third principal component. Loading of the 14 variables representing the target TAGs (a). Score plot showing
the samples separated according to the type of milk produced (hay milk, silage milk) (b).

Next, the capacity of the target TAGs to predict the type of milk was assessed using
the linear discriminant analysis (LDA) model based on two classes representing the type of
milk: hay milk and milk from silage. The sample set was divided into a training sample and
a validation sample, with final cross validation using the leave one out (LOO) algorithm.
The LDA gave an overall recognition percentage of 100% (error rate 0%, the same for
the LOO cross-validation). All milk samples were classified correctly according to their
type based on silage and hay feeding during the winter-feeding period considered in our
experimental plan (Table 3).

Table 3. Prediction of the type of feed used in the rations of cows based on target TAGs with LDA classification model
and based on the presence of DHSA applied in milk. Rows represent the true class; columns represent the assigned class.
Percentages of correct classified samples appear in brackets.

Class Hay Silage Sub-Class Grass Maize Total

Fitting
Hay 9 (100%) 0 (%) 0 (%) 0 (%) 9

Silage 0 (%) 18 (100%)
Grass 8 (89%) 1 (11%)

18Maize 1 (11%) 8 (89%)

Cross validation,
leave one out

Hay 9 (100%) 0 (%) 0 (%) 0 (%) 9

Silage 0 (%) 18 (100%)
Grass 8 (89%) 1 (11%)

18Maize 1 (11%) 8 (89%)

DHSA present
Hay 9 (100%) 0 (%) 0 (%) 0 (%) 9

Silage 4 (22%) 14 (78%)
Grass 5 (56%) -

18Maize - 9 (100%)
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Then, we used the prediction model to determine whether the model could also
predict the type of silage implemented in the ration for bovine feeding (grass or maize
silage). Therefore, the three types of feed in the ration (hay, grass silage, and maize silage)
were selected as classes. LDA showed that the first two canonical functions could classify
the observations between groups. Figure 5 shows the corresponding canonical score plot
in which the samples were grouped according to the class, i.e., hay milk, grass silage, and
maize silage.

Figure 5. Linear discriminant analysis of the marker TAGs integrated areas of the milk samples
according to the implemented feed in the ration (hay, grass silage, and maize silage).

The LDA classification model was also repeated, considering the silage sub-classes
maize silage and grass silage (Table 3). The model had an overall recognition of 92% for
the fitting and LOO cross-validation.

3.5. Comparison between DHSA and TAGs

Finally, the results of the GC-MS method and the HPLC-HRMS method were com-
pared regarding their ability to discriminate the milk samples based on the type of feed.
For the GC-MS method, the identity of the milk samples was assessed by the presence
of DHSA. When this CPFA was present in the sample, it could directly be linked to the
presence of silage in the ration. However, this was only the case with the SM-M samples,
whereas not all SM-G samples were affirmative for DHSA (Table 1). As shown in Table 3,
all HM samples were classified as such; all SM-M samples but not all SM-G samples were
classified correctly with the GC-MS method. The absence of DHSA could therefore not
be used as an indicator of hay milk when SM-G samples were also considered. When
constructing a classification model using the presence of DHSA as an indicator of silage in
the ration, in overall 84% of the milk samples were assigned correctly. In comparison, a
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higher recognition percentage was obtained with the LDA classification models using the
HPLC-HRMS method. This was demonstrated by the 100% recognition obtained with the
classification model based on the target TAGs (Table 3).

Overall, the HPLC-HRMS method resulted in better discrimination of the type of feed
than the GC-MS method for the winter feeding period considered in the experimental
plan. The untargeted approach benefited from the high resolution of HRMS, which could
provide a detailed profile of each milk sample [37]. The variability between the profiles was
better caught thanks to the non-targeted approach combined with multivariate analysis.
Furthermore, building a prediction model based on a group of markers, rather than a single
marker, was less susceptible to variations derived from the heterogeneity of the sample set.

4. Conclusions

This study proposed an HPLC-HRMS approach for the detection and identification
of markers or groups of markers to assess the authenticity of hay milk in comparison to
the targeted GC-MS method. This investigation included 27 samples collected during
one winter season. HPLC-HRMS resulted in the identification of 14 groups of target TAG
molecular species able to discriminate the type of implemented feed in the ration for milk
production. Classification models based on LDA could predict the presence of silage in
the ration with 100% recognition. Good comparability of the HPLC-HRMS method with
the target GC-MS method using DHSA as marker was obtained when considering the HM
samples vs. the SM-M samples. However, when also considering SM-G samples, a better
recognition percentage was obtained with the target TAGs than with DHSA. The target
TAGs might not account for the eventual presence or absence of DHSA, but on other dietary
factors affecting the FA profile of the milk. Ultimately, by using a group of TAG markers,
rather than a single marker, and with the aid of multivariate analysis, the variability in the
milk sample set could be correlated to the presence of any silage (maize or grass) in the
ration. To confirm the validity of the method, a bigger data set will be needed including
samples from summer and winter seasons from at least two years.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10122926/s1, Table S1: title, Mass list to match 253 groups of TAG molecular species
with the same number of carbons (CN) and number of double bonds (DB) in the FA residues with
the entries of the peak table generated in Compound Discoverer.
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Abstract: Argan oil is a traditional product obtained from the fruits of the argan tree (Argania spinosa
L.), which is endemic only to Morocco. It is commercialized worldwide as cosmetic and food-grade
argan oil, attaining very high prices in the international market. Therefore, argan oil is very prone
to adulteration with cheaper vegetable oils. The present work aims at developing novel real-time
PCR approaches to detect olive and soybean oils as potential adulterants, as well as ascertain the
presence of argan oil. The ITS region, matK and lectin genes were the targeted markers, allowing
to detect argan, olive and soybean DNA down to 0.01 pg, 0.1 pg and 3.2 pg, respectively, with
real-time PCR. Moreover, to propose practical quantitative methods, two calibrant models were
developed using the normalized ΔCq method to estimate potential adulterations of argan oil with
olive or soybean oils. The results allowed for the detection and quantification of olive and soybean
oils within 50–1% and 25–1%, respectively, both in argan oil. Both approaches provided acceptable
performance parameters and accurate determinations, as proven by their applicability to blind
mixtures. Herein, new qualitative and quantitative PCR assays are proposed for the first time as
reliable and high-throughput tools to authenticate and valorize argan oil.

Keywords: argan oil; authenticity; adulterant detection; real-time PCR; quantification; Olea europaea;
Glycine max

1. Introduction

Argan (Argania spinosa L.) is a slow-growing tree endemic only in Morocco. To protect
the unique argan forest in southwestern Morocco, in 1998, the UNESCO declared the
Arganeraie (the argan tree and its ecological system) as a biosphere reserve. Later, in 2014,
the “practices and know-how concerning the argan tree” were inscribed in the UNESCO’s
Representative List of the Intangible Cultural Heritage of Humanity. The most emblematic
use of this tree regards the production of argan oil, a cold-pressed non-refined vegetable
oil. Argan oil is traditionally obtained from the fruits of the argan tree using a laborious
multistep process that includes fruit picking, fruit peeling, nut cracking, kernel roasting,
kernel grinding, dough malaxing and oil collection [1–3]. Despite the current use of modern
mechanical presses for oil extraction to allow for a higher oil yield, the process still results
in a very low production (approximately 4 L of oil per 100 kg of dried argan fruit), requiring
laborious work corresponding to 20 person-hours [4]. Argan oil is produced in different
grades, namely, for food and cosmetic purposes [5]. Edible argan oil, registered as a
product with the Protected Geographical Indication (PGI) since 2011, is obtained from
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lightly roasted kernels conferring a hazelnut flavor to the oil, while argan oil used for
cosmetics is obtained from raw kernels. In recent decades, numerous studies have shown
the nutritional and dermo-cosmetic benefits of this oil [2,6,7], which have been known for
centuries and transmitted among generations of Berbere women. Due to its properties and
successes as an ingredient in cosmetic products, currently, argan oil is considered one of
the most prized oils in the world, with a growing worldwide demand [6]. As a premium
product, argan oil is highly prone to adulteration by partial or even total substitution with
other vegetable oils. Therefore, different methodologies have been proposed for argan
oil authentication, mostly relying on chemical markers analyzed with chromatographic
approaches [8]. Hilali et al. [9] proposed the use of campesterol, a sterol present in argan
oil in very low amounts (<0.4%), as an adulteration marker allowing for the detection of
2% additions of campesterol-rich vegetable oils and 5% of olive, apricot and hazelnut oils,
which are naturally low in campesterol. The use of tocopherols was not so successful, as it
allowed for the detection of adulterant oils only above 5% [10]. Ourrach et al. [11] suggested
the combined use of 3,5-stigmastadiene, chlorophyllic pigments and hydrocarbon fractions
to detect up to 5% additions of refined olive and sunflower oils and virgin olive oil. The
same level of detection was achieved based on the triacylglycerol (TAG) profile determined
with liquid chromatography coupled to evaporative light-scattering [12] and photodiode-
array [13] detection. In addition, spectroscopic approaches [14–17] and, more recently,
selected-ion flow-tube mass spectrometry (SIFT-MS) spectra [18] have also advanced as
fast screening tools for argan oil authentication. Despite their rapidity and minimal sample
preparation requirements, these methods involve the use of chemometrics to predict the
level of oil adulteration, which demands very large numbers of samples to construct proper
databases towards robust mathematical models.

Considering that several factors, such as edaphoclimatic conditions, development
stage, plant part and age, among others, are known to affect the plant’s chemical compo-
sition [19], DNA molecules have emerged as alternative and unambiguous markers for
plant species identification in vegetable oils, which are independent from those factors.
Particularly, DNA-based techniques have been successfully used for detecting genetically
modified organisms (GMO) in refined oils [20–22] and for the authentication of vegetable
oils, such as olive oil [23] and several refined vegetable oils [24,25]. Real-time polymerase
chain reaction (PCR) combined with high-resolution melting (HRM) analysis was used
by Vietina et al. [26] to detect the addition of maize and sunflower to olive oil down to a
limit of 10% and by Ganapoulos et al. [27] to detect 1% of canola oil admixed with olive oil.
Moreover, DNA-based methods have demonstrated their feasibility in the identification
of plant species in complex matrices [28–34]. Therefore, in this work, novel approaches
based on DNA markers are proposed for the first time to detect argan oil and the presence
of soybean and olive oils as its potential adulterants.

2. Materials and Methods

2.1. Sampling and Reference Oil Mixtures

Fresh leaves and nuts of Argania spinosa L. were directly collected from trees in the
region of Agadir, Morocco, while leaves of Olea europaea L. were collected in the region of
Viseu, Portugal. Additionally, other plant species also used in the production of oil were
tested in cross-reactivity studies, including walnut, sunflower, maize, almond, hazelnut,
cashew nut, pistachio nut, peanut, Brazil nut, macadamia nut, pine nut, rapeseed, oat
and rye (Table S1, Supplementary Materials). The fresh leaves and nuts were oven dried
at 30 ◦C in the dark and were ground in a Grindomix GM200 laboratory mill (Retsch,
Haan, Germany).

Authentic argan oil was kindly supplied by the Groupement des Coopératives Targa-
nine (Agadir, Morocco). Commercial argan oil samples of food and cosmetic grades were
acquired in Morocco (Table S2, Supplementary Materials). Samples of extra-virgin olive oil
and refined soybean oil were acquired from local supermarkets in Porto, Portugal. Binary
model mixtures were prepared by adding well-known quantities of olive oil to argan oil
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in the proportions of 50, 25, 10, 5 and 1% (w/w), and adding known amounts of soybean
oil to argan oil in the proportions of 40, 25, 10, 5 and 1% (w/w). Additionally, two sets of
binary mixtures containing 7.5% and 15% (w/w) of olive oil or soybean oil in argan oil were
prepared for method validation.

2.2. DNA Extraction

Before DNA extraction, the oil mixtures were centrifuged as suggested by
Costa et al. [20,21]. For that purpose, 300 g of oil was weighed into six centrifuge tubes,
which were centrifuged at 18,514× g for 30 min at 4 ◦C. The supernatant was discarded
until half of each tube was left, and the remaining oil/residue was centrifuged for an-
other 30 min in the same conditions. The supernatant of each tube was carefully removed
through pipetting and the residual pellets were collected, combined in one tube and then
centrifuged for 30 min (18,514× g, 4 ◦C). The residual pellet was transferred to one 2 mL
sterile reaction tube, centrifuged for 30 min in the same conditions and the supernatant
was discarded. Afterwards, the residual pellet was submitted to DNA extraction using
protocol B of the Nucleospin® Plant II (Macherey-Nagel, Düren, Germany) kit. Briefly,
300 μL of buffer PL2 pre-heated at 65 ◦C was added to each tube and incubated at 65 ◦C
for 1 h with continuous mixing (1000 rpm) and occasional vortex mixing. After incubation,
the procedure was followed according to the manufacturer’s instructions. DNA extracts
were stored at −20 ◦C until analysis.

2.3. DNA Quality and Purity

A UV spectrophotometer, using a Synergy HT multi-mode micro-plate reader (BioTek
Instruments, Inc., Winooski, VT, USA) and the Take3 micro-volume plate accessory, was
used to assess the yield and purity of DNA extracts. The nucleic acid quantification
protocol for dsDNA samples in the Gen5 data analysis software version 2.01 (BioTek
Instruments, Inc., Winooski, VT, USA) was used to determine the DNA content. The ratio
of the absorbance at 260 and 280 nm (A260/A280) was determined as the purity parameter
of the extracted DNA.

Electrophoresis in 1% agarose gel stained with 1× Gel Red (Biotium, Hayward, CA,
USA) and ran in 1× SGTB buffer (GRISP, Porto, Portugal) for 20–25 min at 200 V was
performed to evaluate the integrity of the DNA extracts. Agarose gels were visualized
under a UV light tray Gel Doc™ EZ System (Bio-Rad Laboratories, Hercules, CA, USA) and
a digital image was acquired with Image Lab software version 5.2.1 (Bio-Rad Laboratories,
Hercules, CA, USA).

2.4. Oligonucleotide Primers

For the specific identification of olive and argan DNA, sequences of the chloroplastidial
matK gene of O. europaea L. and the nuclear region of the internal transcribed spacer 2
(ITS2) of A. spinosa L. were retrieved from the NCBI database (http://www.ncbi.nlm.nih.
gov/ accessed on 8 November 2021) (accession numbers AJ429335.1 and AM408056.1,
respectively). Primers were designed using the Primer-BLAST software tool (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 8 November 2021) (Table 1).
Primer specificity was assessed in silico using the same tool and the basic local alignment
search tool BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 8 November 2021).
Primer properties and the absence of self-hybridization and hairpins were verified using
the software OligoCalc (http://www.basic.northwestern.edu./biotools/oligocalc.html,
accessed on 8 November 2021).

For soybean detection, primers targeting the lectin gene [35] were previously designed,
as well as universal eukaryotic primers targeting the conserved nuclear 18S rRNA gene,
used to assess the amplification capacity of the DNA extracts [36] (Table 1).

The oligonucleotide primers used in this work were synthesized by Eurofins Genomics
(Ebersberg, Germany).
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Table 1. Oligonucleotide primers used in this work.

Species Target Gene Primers Sequence (5′-3′) Amplicon (bp) Reference

Argan ITS2 ITS2A-F CTCGTCCCGTCCCGCAAAG 117 This work (AM408056.1)ITS2A-R CCACCACTCGTCGTGACGTT
Olive matK matKO-F GCTGTGGTTTCATCCAAGAAGGA 109 This work (AJ429335.1)matKO-R GCTCCGTACCACTGAAGCGT

Soybean Lectin LE1 CAAAGCAATGGCTACTTCAAAG 103 [35]
LE2 TGAGTTTGCCTTGCTGGTCAGT

Eukaryotic 18S rRNA EG-F TCGATGGTAGGATAGTGGCCTACT 109 [36]
EG-R TGCTGCCTTCCTTGGATGTGGTA

2.5. Qualitative PCR

PCR amplifications were carried out in a total reaction volume of 25 μL, containing
2 μL of DNA extract (10 ng), 67 mM Tris-HCl (pH 8.8), 16 mM of (NH4)2SO4, 0.1% of
Tween 20, 200 μM of each dNTP, 1.0 U of SuperHot Taq DNA Polymerase (Genaxxon
Bioscience GmbH, Ulm, Germany), 2.0 mM of MgCl2, 200 nM (ITS2A-F/ITS2A-R, matKO-
F/matKO-R) or 280 nM (LE1/LE2, EG-F/EG-R) of each primer (Table 1). The reactions were
performed in a MJ Mini™ Gradient Thermal Cycler (Bio-Rad Laboratories, Hercules, CA,
USA) using the following programs: (i) initial denaturation at 95 ◦C for 5 min; (ii) 35 cycles
at 95 ◦C for 30 s, 62 ◦C (ITS2A-F/ITS2A-R, matKO-F/matKO-R) or 60 ◦C (LE1/LE2) or
63 ◦C (EG-F/EG-R) for 30 s and 72 ◦C for 30 s; (iii) final extension at 72 ◦C for 5 min. Each
extract was amplified at least in duplicate assays.

Electrophoresis was carried out in a 1.5% agarose gel containing Gel Red 1× (Biotium,
Hayward, CA, USA) for staining and SGTB 1× (GRiSP, Research Solutions, Porto, Portugal)
was used to confirm amplicons. Agarose gels were visualized under a UV light tray Gel
Doc™ EZ System (Bio-Rad Laboratories, Hercules, CA, USA) and a digital image was
obtained with Image Lab software version 5.2.1 (Bio-Rad Laboratories, Hercules, CA, USA).

2.6. Real-Time PCR

Real-time PCR amplifications were carried out in 20 μL of total reaction volume,
containing 2 μL of DNA (10 ng to 0.01 pg), 1× SsoFast EvaGreen Supermix (Bio-Rad
Laboratories, Hercules, CA, USA), 300 nM (ITS2A-F/ITS2A-R, matKO-F/matKO-R) or
350 nM of (LE1/LE2) each primer (Table 1). A fluorometric thermal cycler CFX96 Real-time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) was used with the
following conditions: 95 ◦C for 5 min, 45 cycles at 95 ◦C for 10 s and 65 ◦C for 40 s, with the
collection of the fluorescence signal at the end of each cycle. The data evaluation from each
real-time PCR assay was performed using the software Bio-Rad CFX Manager 3.1 (Bio-Rad
Laboratories, Hercules, CA, USA). Real-time PCR assays were performed, at least, in two
independent runs using n = 4 replicates each time.

Calibration curves were constructed using 10-fold serially diluted DNA extracts
(10 ng–0.01 pg), which allowed for determining the absolute limits of detection (LOD)
and quantification (LOQ). The acceptance criteria for real-time PCR assays were established
according to the MIQE guidelines (minimum information for publication of quantitative
real-time PCR experiments) [37] and the definition of minimum performance requirements
for analytical methods of GMO testing [38]. Accordingly, the following parameters, namely,
the slope between −3.6 and −3.1, the PCR efficiency within 90–110% and the correlation
coefficient (R2) ≥ 0.98 were established [37,38]. The sensitivity was expressed as the LOD,
which was the lowest amount or concentration that could be reliably detected (the lowest
amplified level for 95% of the replicates). The LOQ was the lowest amount or concentration
of analyte in a sample that could be reliably quantified with an acceptable level of trueness
and precision, which was determined as the lowest amplified level within the linear
dynamic range of the calibration curve. The dynamic range should cover a minimum of
4 orders of magnitude and, ideally, extend to 5 or 6 log10 concentrations [37,38].
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3. Results

3.1. DNA Quality and Selection of Target Region

For method development and optimization, DNA was successfully extracted from ar-
gan and olive leaves, as well as soybean flour, achieving suitable yields within
7.9–16.9 ng/μL, 5.8–8.4 ng/μL and 49.0–99.7 ng/μL, with purities (A260/A280) of 1.4–2.2,
1.7—2.0 and 1.8–2.0, respectively. The DNA yields for the oil mixtures and commercial
argan oil samples were in the range of 5.2–9.3 ng/μL, with purities of 1.5–2.1. Despite the
low DNA yields, all the extracts showed a suitable amplification capacity as inferred from
the strong PCR fragments targeting a universal and conserved gene (18S rRNA) (Table S1
and Figure S1, Supplementary Materials).

To specifically detect argan and olive DNA, new primer sets were designed targeting
the ITS and matK regions, respectively, because both are recognized barcode markers with
high species discriminatory powers. The ITS is a robust phylogenetic marker at the species
level, while matK has a high evolutionary rate and suitable length [39]. Moreover, both
markers may provide highly sensitive methods because matK is a chloroplastidial gene that
is present in multiple copies and the ITS is a nuclear region present in multiple ribosomes
of nuclear DNA. The results of the PCR optimization for the detection of A. spinosa and O.
europaea confirmed the high sensitivity of the assays, achieving 1 pg and 0.1 pg, respectively
(Figure 1A,B). The specificity of the assays was firstly assessed with an in silico analysis and
further confirmed experimentally using several non-target species that are commonly used
in food and cosmetic oils (Table S1 and Figure S1, Supplementary Materials). The detection
of soybean was carried out by targeting the lectin gene using previously designed primers
(LE1/LE2) [35] to amplify a short PCR amplicon (103 bp). The choice was justified by their
successful application to detect soybean DNA in refined oils [20,21]. As shown in Figure 1C,
the soybean-specific PCR detection was down to 0.8 ng of DNA. The three specific PCR
assays were then applied to the commercial samples of argan oil, confirming the presence
of argan in all samples (Figure S2A, Supplementary Materials) and the absence of olive and
soybean DNA as potential adulterants (Figure S2B,C, Supplementary Materials).

Figure 1. Agarose gel electrophoresis of PCR products targeting ITS, matK and lectin genes of A.
spinosa (A), O. europaea (B) and G. max (C), respectively, using serially diluted DNA of each species.
Legend: M, 100 bp molecular marker (Bioron, Ludwigshafen, Germany); lanes 1–8, serially diluted
DNA; NC, negative control.

3.2. Real-Time PCR Assays
3.2.1. Absolute LOD and LOQ

After selecting the species-specific markers, real-time PCR assays using EvaGreen dye
were successfully developed for each target species (Figure 2). Figure 2A,C,E show the
amplification curves and respective derivative melting curves that provided the single melt
peaks for each species at 89.43 ± 0.14 ◦C, 77.43 ± 0.10 ◦C and 78.79 ± 0.04 ◦C, supporting
the specificity of the target amplification and the absence of non-specific amplicons. The
calibration curves obtained for A. spinosa, O. europaea and G. max (Figure 2B,D,F) showed
that all performance parameters, namely, the PCR efficiency (102.0 to 104.2%), slope (−3.276
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to −3.226) and R2 (0.995 to 0.998), complied with the acceptance criteria established for
real-time PCR assays [37,38]. In addition, the dynamic ranges covered seven, six and four
orders of magnitude, achieving limits of detection (LOD) of 0.01 pg, 0.1 pg and 3.2 pg of
DNA for argan, olive and soybean, respectively (Figure 2B,D,F). Since the LOD values were
within the dynamic range, the limits of quantification (LOQ) could be considered as the
same values.

Figure 2. Real-time PCR amplification curves (with respective melting curves) (A,C,E) and calibration
curves targeting ITS, matK and lectin genes of A. spinosa (A,B), O. europaea (C,D) and G. max (E,F),
respectively, using 10-fold serially diluted DNA (10 ng to 0.01 pg) for A. spinosa and O. europaea and
4-fold serially diluted DNA (10 ng to 0.64 pg) for G. max (n = 4 replicates).

3.2.2. Construction of the Normalized Calibration Curves

To estimate the potential adulterations of argan oil with olive or soybean oils, two
quantitative models were developed using the ΔCq method. This approach has been
frequently applied to several complex and/or highly processed food matrices [28,29,36].
It is based on the construction of a normalized calibration curve, plotting the difference
between the quantification cycle values of the target sequence and a universal reference
marker (ΔCq) versus the log of the concentration of the target species. Therefore, this
approach can reduce the influence of potential PCR inhibitors, DNA degradation and low
DNA yields, which are critical issues when amplifying DNA from oil matrices [20,21].
For the construction of the calibration curves, two sets of binary reference mixtures of
olive oil in argan oil (50, 25, 10, 5 and 1% (w/w)) and soybean oil in argan oil (40, 25, 10, 5
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and 1% (w/w)) were prepared as calibrants, and the respective ΔCq values were plotted
against the concentration of each target adulterant oil (Figure 3). The obtained calibration
curves showed values of PCR efficiency (82.9 and 81.8%) and slopes (−3.8124 and −3.8521)
slightly out of the acceptance criteria, but with acceptable correlations (R2> 0.98), within the
ranges of 50–1% and 25–1% for olive/argan and soybean/argan oil mixtures, respectively.
However, it is important to refer to that, in the case of samples where it was difficult to
extract high-quality DNA, such as oils, a slope within −4.1 and −3.1 and a PCR efficiency
of 75–110% were acceptable [38]. Both calibration curves provided LOD and LOQ of 1% of
adulterant oil in argan oil, being able to estimate olive oil until 50% (Figure 3A) and soybean
oil until 25% (Figure 3B), because above this value, the PCR efficiency and correlation values
were not acceptable. However, a dynamic range of 25–1% could be considered feasible for
the purpose of estimating eventual adulterations.

Figure 3. Normalized calibration curves obtained with real-time PCR targeting the ITS region of
olive (A) and the lectin gene of soybean (B), using reference mixtures of olive oil (50, 25, 10, 5 and 1%,
w/w) in argan oil and soybean oil in argan oil (40, 25, 10, 5 and 1%, w/w), respectively (n = 8 replicates).

3.2.3. Validation of Quantitative Real-Time PCR Systems

To assess the performance of the two quantitative normalized PCR systems, two sets of
blinded samples containing 7.5% and 15% of adulterant (olive or soybean) in argan oil were
used. The estimation of the respective oil contents allowed for assessing the performance
of the assays regarding trueness and precision (Table 2). The coefficients of variation
expressed the relative standard deviations of results and were obtained under repeatability
conditions, showing acceptable values that were within 0.41% and 13.1% (≤25%) and
attesting to the precision of both systems. The measured trueness was expressed as the bias,
whose values ranged between −24% and 22.9%, being within ±25% of the actual values,
which confirmed the closeness of agreement between the tested and the actual values of
both systems [38].

Table 2. Validation results based on the application of the normalized quantitative real-time PCR
approaches to blind mixtures containing olive or soybean oils in argan oil.

Samples
Adulterant Oil (%, w/w)

SD b CV (%) c
Bias d

Actual Mean Predicted a

Olive oil in argan oil

A 7.5 9.7 0.0 0.41 22.9
B 15.0 14.0 0.2 1.1 −7.5

Soybean oil in argan oil

C 7.5 5.9 0.8 13.1 −21.2
D 15.0 11.4 0.6 5.6 −24.0

a Values are the means of replicate assays (n = 6). b SD, standard deviation. c CV, coefficient of variation.
d Bias = ((mean value-true value)/true value × 100).
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4. Discussion

In recent years, there has been rising interest towards the authentication of foods,
including vegetable oils [40] and botanicals [31], using molecular makers. DNA molecules
are ubiquitously present in all cells, resistant to harsh conditions, such as food processing,
and independent from plant age and tissue, climatic, geographical or agronomical factors.
Therefore, DNA markers have been considered unequivocal identifiers for the traceability
and authentication of food, with several advantages over proteins that are less resistant to
processing and chemical markers, which might vary with edaphoclimatic conditions. In
relation to their application to vegetable oils, several advances have been actualized, mainly
regarding olive oil authentication [23,26,27,40,41] and the detection of GMO in soybean
oil [20,21,40]. However, none of the reports addressed the authentication of argan oil, and
most of them lacked any quantitative analyses, being mainly confined to the quantification
of GMO in soybean oil [20,21].

In the present work, the suitability of using DNA markers was exploited for the authen-
tication of argan oil for the first time. For that purpose, unequivocal markers were identified
for the detection of argan oil and two potential adulterants, namely, olive and soybean oils.
The target markers were the ITS, matk and lectin genes, providing the detection of argan,
olive and soybean DNA down to 0.01 pg, 0.1 pg and 3.2 pg, respectively, with real-time
PCR. The three species-specific assays provided calibration curves that complied with the
acceptance criteria concerning PCR efficiency, slope and R2 values (Figure 2). Additionally,
to propose two practical quantitative methods to estimate the potential adulterations of
argan oil with olive or soybean oils, two calibrant models were developed using the ΔCq
method (Figure 3). The feasibility of this approach was already demonstrated in processed
food matrices, such as species authentication in meat products [42], herbal products [29]
and spices [36], and the detection and quantification of potentially allergenic ingredients,
namely, soybean [28], lupine [43] and milk [44]. To our knowledge, the application of a
normalized ΔCq approach to authenticate vegetable oil was herein described for the first
time. The two calibrant models allowed for detecting and quantifying olive oil in the range
of 50–1% (Figure 3A) in argan oil and soybean oil within 25–1% in argan oil (Figure 3B).
Both approaches provided acceptable performance parameters, with proven applicability
to blind mixtures and precise and accurate quantitative analyses. In summary, two novel
real-time PCR approaches were proposed as specific, sensitive and high-throughput tools
to authenticate and valorize argan oil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11162498/s1, Table S1: results of PCR amplification targeting
the ITS2, matK and lectin genes of argan, olive and soybean, respectively, and a universal eukaryotic
DNA region of several relevant plant species for cross-reactivity testing. Table S2: Commercial argan
oil samples tested PCR amplification targeting the ITS2, matK and lectin genes of argan, olive and
soybean, respectively. Figure S1: Agarose gel electrophoresis of PCR products targeting ITS, matK
and lectin genes of A. spinosa (A), O. europaea (B) and G. max (C), respectively, for cross-reactivity
assessment. Figure S2: Agarose gel electrophoresis of PCR products targeting ITS, matK and lectin
genes of A. spinosa (A), O. europaea (B) and G. max (C), respectively, in commercial samples of argan
food or cosmetic oils.
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