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HIGHLIGHTS

e Authenticity and traceability of saffron was assessed by untargeted metabolomics.
e OPLS-DA multivariate statistics discriminated adulterated saffron samples.
e Anthocyanins and flavonols were strongly affected by adulteration.

¢ Flavonoids and hydroxybenzoic acids were the best markers of origin.
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Abstract

Saffron is a high-quality and expensive spice, widely subjected to adulteration. An UHPLC-
ESI/QTOF-MS metabolomic-based approach was therefore used to discriminate adulterated (added
with different percentage of other parts of the flower) saffron as well as to trace its geographical
origin. Both unsupervised (hierarchical clustering) and supervised OPLS-DA multivariate statistics
allowed discriminating authentic styles from styles added of other floral components, as well as
PDO vs non PDO saffron samples according to their chemical fingerprints. The markers were then
validated through ROC curves. Anthocyanins and glycosidic flavonols were the best markers of the
styles’ adulteration. However, flavonoids (mainly flavonols and flavones), together with
protocatechuic aldehyde and isomeric forms of hydroxybenzoic acid were validated as markers for
the discrimination of PDO vs non PDO saffron samples. This work outlines the potential of
untargeted metabolomics based on UHPLC-ESI/QTOF mass spectrometry for saffron authenticity

and traceability.

Keywords: Crocus sativus; food metabolomics; polyphenols; multivariate statistics; food integrity.
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1. Introduction

Saffron is obtained from the dried stigmas of Crocus sativus L. and it is mainly used in the food
sector mainly as both spice and food dye because of its particular aromatic properties and color.
However, it is reported to possess also pharmacological and therapeutic properties (Gobhari,
Saeidnia, & Mahmoodabadi, 2013). This spice is successfully cultivated in European countries such
as Greece, Spain and Italy, as well as India and Morocco, with Iran being the world’s biggest
producer and exporter (Zeka et al., 2015).

It contains over 150 volatile compounds (Winterhalter & Straubinger, 2000) together with non-
volatiles like flavonoids (such as glycosides of kaempferol and quercetin), carotenoids, a- and -
carotenes and isophorones (1-15). The responsible of its peculiar attributes are mainly crocins,
picrocrocin and safranal. Crocin, the unique water-soluble carotenoid, and its esters, contribute to
red color. In particular, 4-(B-d-glucopyranosyl)-2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde, a
quite polar terpenoid glycoside, called picocrocin, is identified as responsible for saffron bitterness
(Valle Garcia-Rodriguez et al., 2014). The characteristic aroma of saffron during drying and
preservation is associated to the presence of safranal (Caballero-Ortega, Pereda-Miranda, &
Abdullaev, 2007), a compound obtained via hydrolysis and oxidations of picrocrocin. Furthermore,
the monoterpene aldehyde 2,6,6-trimethyl-1,3-cyclohexene-1-carboxaldehyde, is included among

the main components of the volatile fraction in saffron (Carmona et al., 2005).

In the last years, saffron traceability has become a topic of great interest mainly from an
economical point of view, considering that this spice is one of the most expensive agricultural
products of the world (Soffritti et al., 2016). In fact, the costs and labor required to plantation and
production, together with the huge number of flowers needed to obtain the spice, are the reasons
this product is widely subjected to frauds and adulterations. In this regard, the stigma’s powder
could be easily mixed with different parts of the same plant rather than extraneous plants, coloring
substances and synthetic powders. The quality of saffron is certified in the international trade
market by the 1SO 3632 normative [International standard ISO 3632-2: Saffron (Crocus sativus L.)
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test methods]. This normative allows to control the quality of saffron by monitoring the
chromatographic profiles following UV measurements of polar dyes and pigments (crocins) at
440 nm, 250 nm for picrocrocin and 310 nm for safranal. In addition, the possible presence of
some potential toxic colorants can be also evaluated. However, the use of this standard methods has
been proved to be unreliable in detect adulterations and frauds, as the standard 1ISO 3632 is not
specific and enable to discriminate authentic and adulterate saffron (Sabatino et al., 2011). The
analytics methods proposed to detect illicit addition and adulterations include capillary
electrophoresis (Zougagh, Simonet, Rios, Valcarcel, 2005), nuclear magnetic resonance
spectroscopy (NMR) (Assimiadis, Tarantilis, & Polissiou, 1998), UV-vis spectrophotometric
measurements and high-performance-liquid chromatography. Such approaches are able to detect

only a limited number of adulterations because they are based on targeted approaches.

Besides adulterations, it becomes important to assess also the origin of saffron, since its quality
is linked to the pedo-climatic and cultivation conditions (Carmona et al., 2005). Indeed, numerous
analytical techniques have been used also for classifying saffron on the basis of geographical origin,
such as high-performance-liquid chromatography coupled to photometric or mass spectrometric
(MS) detection (D’Archivio, Giannitto, Maggi, & Ruggieri, 2016; Guijarro-Diez, Nozal, Marina, &
Crego, 2015a). GC-MS methods have been also developed for the characterization and quantitative
determination of volatile saffron markers (Bononi, Milella, & Tateo, 2015; Sereshti, Heidari, &
Samadi, 2014). Furthermore, H-NMR metabolomic fingerprinting approaches are used to assess the
quality of saffron with an unsupervised classification (Yilmaz, Nyberg, Mglgaard, Asili, &
Jaroszewski, 2010). Compared with NMR, MS is much more sensitive, enabling to measure low
abundance compounds thus providing useful information in the search of new markers.
Furthermore, the specificity of MS, ensured by high resolution and/or MS/MS experiments,
facilitates the identification of selected markers through the elucidation of their chemical structures.

In this regard, metabolomic approaches based on ultra-high-pressure liquid chromatography
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coupled to high resolution mass spectrometry are very effective in discriminating the authenticity

and adulteration practices in saffron (Guijarro-Diez et al., 2015b).

Therefore, in this work, our goal was to use untargeted metabolomics to ensure the authenticity
and traceability of saffron. In more detail, we aimed to investigate the authenticity of saffron in the
most difficult adulteration procedure, i.e. when styles are mixed with different parts of the flower
(stamen and tepals). Furthermore, we investigated the potential of metabolomics for saffron
traceability purposes by including commercial saffron samples together with Italian PDO saffron

samples.

2. Materials and methods

2.1. Samples

In Italy, saffron is mainly cultivated near L’Aquila (Piana di Navelli), followed by the Sardinia
(Province of Medio Campidano), Tuscany (San Gimignano, Florence Hills and Maremma) and
Umbria (Cascia and Citta della Pieve) regions. In this regard, saffron from Sardinia, L’ Aquila and
San Gimignano are three of the European saffron that can claim the PDO certification mark
(European Commission, 2015). The PDO lItalian saffron samples (namely Navelli, San Gimignano
and Sardinia) were kindly provided by local producers within each Consortium for PDO. Besides
PDO products, 15 additional commercial non-PDO samples of different brands were acquired in
local supermarkets. Finally, Iranian saffron was provided by the Hamadan University. This latter

was included considering that Iran is the first saffron producer worldwide.

Finally, twelve pools of saffron tissues (four pools of tepals, four pools of stamens and four
pools of stigmas) were obtained from the World Saffron and Crocus Collection (WSCC) located at
the Bank of Plant Germplasm of Centro de Investigacién Agroforestal de Albadalejito, Cuenca
(Spain). These latter were used to carry out the adulteration trials. With this aim, samples having

different inclusions levels (i.e., 5%, 10%, 30% and 50%) of either stamens or tepals in styles, were

5



21
K5

prepared. Such specific adulteration was chosen considering that it represents a major challenge in

saffron authenticity, for which also genetic approaches are prone to failure.

2.2. Extraction and UHPLC-QTOF-MS analysis

Polyphenols were extracted in triplicates from 10 mg of either different organs (namely styles,
stamens and tepals) or commercials samples, using an hydroalcoholic solution consisting in
methanol 80% acidified with 1% formic acid. A homogenizer-assisted extraction was applied, by
using an Ultra-turrax (lka T10, Staufen, Germany) for 5 min. Samples were transferred in
Eppendorf tubes and then centrifuged for 10 min at 20 °C, at 7000 x g. After centrifugation,
supernatants were filtered using 0.22 pum cellulose syringe filters directly into amber vials for
analysis.

The screening of phytochemicals in the extracts was carried out as previously described by Ben
Mohamed and co-authors (2018), with small modifications. Briefly, analysis was carried out
through ultra-high-performance liquid chromatography coupled to electrospray quadrupole-time-of-
flight mass spectrometry (UHPLC-ESI/QTOF). The mass spectrometer (G6550 mass spectrometer;
from Agilent Technologies, Santa Clara, CA, USA) operated in positive ionization (ESI+) and scan
mode, acquiring accurate masses in the 100-1000 m/z range. The chromatographic separation
conditions were optimized in previous works (Blasi et al., 2018). Raw features were processed by
using the software Profinder B.07 (Agilent Technologies), based on the “find-by-formula”
algorithm. In particular, features identification was recursively carried out exploiting both accurate
mass and isotopic profiles. A custom database obtained combining polyphenols (Phenol-Explorer

3.6; http://phenol-explorer.eu/) integrated by some of the most important compounds characterizing

saffron (namely crocetin, picrocrocin, safranal and zeaxanthin) was used as a reference for
annotation purposes, with a 5-ppm tolerance for mass accuracy. The following data processing (Ben

Mohamed et al., 2018) allowed to retain only those compounds identified within 100% of
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replications in at least one treatment. The dataset obtained was then used for statistics and

chemometrics.

2.3. Statistical analysis

Normalization of metabolomics-based data was done using the Agilent Mass Profiler
Professional B.12.06 software, as previously reported (Rocchetti et al., 2018). A hierarchical
clustering (HCA) was created in order to group samples according to intrinsic similarities.
Afterwards, supervised orthogonal partial least squares discriminant analysis (OPLS-DA) was
carried out using SIMCA 13 software (Umetrics, Malmo, Sweden). OPLS-DA model was cross
validated and inspected for outliers, as described in a previous work (Rocchetti et al., 2018).
Thereafter, model parameters (R?Y and Q*Y) were recorded and misclassification tables generated.
The variables importance in projection (VIP) was then used to select those compounds possessing
the highest discrimination potential (VIP score > 1) in the predictive model.

Finally, to validate the potential markers outlined by the VIP approach, Receiver Operating
Characteristics (ROC) curves were performed, using the SPSS Statistics software (v.25.0) (Xia et
al., 2013). The area under the ROC curve (AUC) was inspected in order to evaluate the global

performance of each VIP marker.

3. Results and discussion

3.1 UHPLC-QTOF-MS discrimination of styles adulterated with different percentage of tepals and

stamens

Overall, saffron quality is linked to the concentration of three main constituents, i.e. crocins,
picrocrocin and safranal, that are abundant into styles. In this regard, picrocrocin has been widely
considered as the best authenticity biomarker of saffron (Alonso, Zalacain, & Carmona, 2012). In

our experimental conditions, both the unsupervised HCA and the supervised OPLS-DA multivariate
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statistical approaches allowed a clear differentiation between styles and styles with inclusions.
Interestingly, the HCA allowed classifying different parts of the saffron flower according to their
metabolomic profile and, through randomly comparison between profiles, to evaluate differences
and similarities. The unsupervised HCA resulted in two main groups: the first cluster included all
stigma samples, while the second cluster consisted of stigmas added with tepals and stamens
(supplementary material). In fact, the heat map showed that stigma samples possess a group of
compounds completely absent in the counterfeit counterparts, and these differences are already
evident at 5% of inclusion. Afterwards, in order to investigate the contribution of each group of
metabolites for discrimination purposes, the supervised orthogonal projection to latent structures
discriminant analysis (OPLS-DA) was carried out. Indeed, multivariate analysis of metabolomics-
based data is usually performed by applying both supervised (e.g. OPLS-DA) and unsupervised
approach (e.g. HCA) (Worley & Powers, 2013). In this regard, OPLS-DA is also able to effectively
separate the variation not directly correlated with Y in X matrix (i.e., orthogonal signal correction),
considering only the Y-predictive variation (Galindo-Prieto, Eriksson, & Trygg, 2014). Consistently
with the unsupervised cluster analysis, the OPLS-DA class prediction model allowed discriminating
the different treatments. The corresponding score plot (Figure 1) showed a clear differentiation
among the group of counterfeited samples (added with either stamens or tepals) and the authentic
ones, made only by styles. Therefore, the chemical fingerprints gained from phenolic compounds
and saffron-related metabolites showed a high discrimination potential with regards to saffron

adulteration.

Afterwards, the VIP approach was used in order to evaluate the variables importance in
projection of the OPLS-DA model. In particular, the VIP selection method was particularly
effective for obtaining those variables having the highest discrimination potential into the OPLS
score plot. In this regard, the VIP approach identified 77 compounds able to differentiate the
authentic saffron from the adulterated ones. The most important metabolites were finally reported in

Table 1 together with their individual VIP score (> 1), standard error, Log fold-change, up/down
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regulation and ROC AUC values. It is important to underline that the VIP approach following
OPLS-DA highlighted the presence of flavonoids (36% of the markers), with 11 flavonols and 7
anthocyanins that were found to be all up regulated into the adulterated samples, then proving that
these subclasses of compounds are particularly affected by the misleading practices. Furthermore,
lignans accounted for the 16% of the VIP markers (i.e., 12 compounds) and they were all down
regulated in authentic samples. Interestingly, zeaxanthin together with the monoterpene glycoside
picrocrocin were both down regulated into the adulterated samples, thus suggesting a possible
“dilution effect” of these compounds into the styles due to the different inclusion levels of stamens
and petals. Finally, phenolic acids accounted for the 13% of the VIP markers (above all
hydroxycinnamics) and they were found to be characteristic of the styles because of an overall
down regulation following adulteration (Table 1), while the 28% of the remaining VIP markers
consisted in other down regulated compounds, such as lower-molecular-weight polyphenols

including tyrosols and phenolic terpenes.

Looking at the flavonols proposed by our VIP approach, it is important to underline that the
adulteration practice allowed us to observe an increase of both diglycosidic forms of quercetin and
kaempferol derivatives (Table 1). In fact, among the 11 flavonols outlined by VIP, we found
isomeric forms of both the above-mentioned flavonols (Table 1). In this regard, the
glucosyltransferase UGT707B1, isolated from stigmas and tepals of Crocus sativus, could be
responsible of the trends observed. In fact, this enzyme has been involved in the synthesis of both
kaempferol and quercetin sophorosides (Trapero et al., 2012), some of the flavonols outlined as VIP
markers. Notably, glycosidic forms of kaempferol (i.e. kaempferol 3-O-glucoside, kaempferol 3-O-
sophoroside, kaempferol 3,7-O-diglucoside, kaempferol 3,7,4'-O-triglucoside, kaempferol 3-O-
sophoroside-7-O-glucoside) have been recently proposed as saffron authenticity markers (Guijarro-
Diez et al., 2015). These authors used LC-QTOF-MS followed by chemometric methods to
compare ten high-quality saffron samples (category 1) with other ten suspected of adulteration. The

adequacy of kaempferol glycosides as markers for saffron authenticity were confirmed by another

9
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additional study based on the addition of different percentages (0% to 100%) of gardenia extracts to
saffron styles (Guijarro-Diez et al., 2017). In particular, kaempferol glucosides were found to

decrease linearly with the corresponding inclusion of gardenia extracts.

Moreover, the tepals of saffron possess a high content of total flavonoids, that was reported to be
higher than styles (Jadouali et al., 2018). Therefore, the previous findings corroborate our
metabolomic results, considering that the most of flavonoids (mostly flavonols) were found to be up
regulated into the adulterated saffron. In our experimental conditions, another interesting trend
could be noticed for the phenolic subclass of anthocyanins. In fact, the anthocyanins outlined by
VIP were found to be all up-regulated into the adulterated saffron samples. Interestingly, it is
widely recognized that anthocyanins are a group of visible plant pigments that impart color to

flowers, fruits, and other plant organs.

Finally, the potential of these marker compounds to distinguish adulterated vs authentic samples
was assessed by using receivers operating characteristic (ROC) curves and evaluating their AUC
values. ROC curves have been proposed for the evaluation of the sensitivity and specificity based
on the false positive/negative rate (Xia et al., 2013). In fact, ROC AUC can be calculated for the
robustness of the statistical analysis, being the measure of how well a VIP marker can distinguish
between two groups. Looking at our results, most of the markers were characterized by AUC values
ranging from 0.9 and 1, thus confirming their importance for discrimination purposes (Table 2).

Interestingly, the VIP markers not validated by the ROC curve approach were less then 15%.

3.2. UHPLC-QTOF-MS discrimination of PDO and non-PDO samples

Three Italian PDO saffron products were compared to commercial samples and with an authentic
Iranian sample, being this latter the first producer country worldwide. The unsupervised HCA

produced from the fold-change-based heat map resulted in three groups: the first group consisted of

10
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four commercials saffron, the second one included the PDO Italian saffron samples and the third
one the remaining commercials samples (supplementary material). Afterwards, supervised OPLS-
DA was applied in order to predict the variability of the different samples using geographical origin
as class membership criterium. The OPLS-DA score plot (Figure 2) showed a high degree of
discrimination among groups of samples, and the separation between each geographical group was
evident. In particular, PDO Italian saffron possessed a rather different secondary metabolites profile
when compared to the other samples. In fact, the other commercial saffron were grouped very close
into the OPLS-DA score plot, thus suggesting less distictive phenolic profiles and relatively closer
to the samples from Iran. In our experimental conditions, the samples clustered clearly with more
than adequate the cross-validation parameters in the OPLS-DA model, being R?Y = 0.93 and Q?Y=
0.81 with a significant CV-ANOVA (p = 1.03 10" for regression). Permutation test cross
validation (N=100) could exclude overfitting. On these bases, the model parameters proved that the

separation between groups, based on the metabolites annotated, was real and effective.

The following VIP approach was used to identify the best markers of the separation obtained.
For this second OPLS model, we selected those markers having a VIP score > 1, as provided in
Table 2. Overall, 28 phenolic compounds (classified according to the corresponding class and sub-
class) explained the most of variation into the predictive model. In order to examine the potential of
these metabolites for food traceability, especially distinguishing the origin of saffron samples,
receivers operating characteristic (ROC) curves with AUC (area under the curve) values were
produced and are provided in Table 2. According to our results, each marker proposed was
characterized by AUC values from 60-100% (Table 2), although those having an AUC > 80-90%
can be considered the best classifiers, as reported in literature (Xia et al., 2013). Most of the
markers able to discriminate PDO vs non-PDO saffron samples were flavonoids (9 compounds)
belonging to flavonols and flavones. Moreover the sub-class of phenolic acids (10 compounds)
including protocatechuic aldehyde and isomeric forms of hydroxybenzoic acid, was characterized

by both high VIP scores and AUC values (0.84). Additionally, other classes possessed a high

11
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discrimination potential, such as lignans and other polyphenols, with sesamol outlined as a good

classifier (i.e. AUC > 0.80).

The markers proposed to distinguish PDO vs non-PDO samples can be considered very
important for discriminating high quality saffron. In this regard, different geographical origins,
harvesting conditions and dehydration procedures are able to modify the quality parameters of
saffron (Del Campo et al., 2010). For example, some previous studies demonstrated that PDO
samples were characterized above all by higher amounts of picrocrocins and crocins, two of the
primary saffron quality components, while the commercial ones were mainly abundant in fatty
acids. (Cagliani, Culeddu, Chessa, & Consonni, 2015). Interestingly, D’Archivio and co-authors
(2016) showed that saffron cultivated in Sardinia (Italy) differs from those produced in central Italy
for the content of crocins and other minor metabolites, while Anastasaki et al. (2009) discriminated
saffron from different geographical origin by using the volatile compounds profile. Besides, also
saffron processing plays a key role for the quality of the product; for example, the drying process is
able to produce some trasformation products that could affect its final characteristics (Rubert,
Lacina, Zachariasova, & Hajslova, 2016). Nowadays, there is an increasing interest from both
producers and consumers towards high-quality food products; in this context, saffron is widely
subjected to adulteration or frauds because of its cost. For this reason, the potential of
targeted/untargeted high-resolution mass spectrometric approaches (e.g. UHPLC-QTOF-MS) to
identify a wide set of compounds related to both geographical origin and authenticity is becoming

worthwhile.

4. Conclusions

An untargeted metabolomic approach based on ultra-high-pressure liquid chromatography
coupled to quadrupole time-of-flight mass spectrometer (UHPLC/QTOF-MS), followed by
multivariate statistics was carried out to discriminate authenticity and traceability of saffron

according to their chemical fingerprints. In more detail, phenolics and saffron characteristic

12



293

compounds were considered. Interestingly, saffron has demonstrated a diversified, distinctive and
complex phenolic profile. Such phenolic diversity could be used for authenticity and traceability
purposes. Both the unsupervised cluster analysis and the supervised orthogonal projections to latent
structures discriminant analysis (OPLS-DA) allowed discriminating both adulterated and PDO vs
non-PDO saffron samples. In particular, the adulteration of styles with tepals and stamens was well
characterized starting from an inclusion level of 5%. Furthermore, the combination of untargeted
MS analysis and chemometrics allowed to discern italian PDO from non-PDO saffron samples. Our
approach could be exploited for both traceability and authenticity purposes, considering that the

identification of markers to support high-quality products is advisable.
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Figure captions

Figure 1. Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) score plot

for authentic vs adulterated saffron samples. R?Y and QY predictive parameters are also reported.

Figure 2. Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) score plot

for PDO vs non-PDO saffron samples. R?Y and QY predictive parameters are also reported.

Table captions

Table 1. Markers having the strongest discrimination potential between authentic saffron and its
counterfeit counterparts. Compounds were gained through UHPLC-ESI/QTOF-MS untargeted
metabolomics and selected by OPLS-DA discriminant analysis followed by VIP (variables of
importance in projection). Different compounds are grouped in functional classes and provided

together with VIP score, fold-change analysis, and ROC AUC values.

Table 2. Markers having the strongest discrimination potential between PDO saffron vs non-PDO
saffron samples. Compounds were gained through UHPLC-ESI/QTOF-MS untargeted
metabolomics and selected by OPLS-DA discriminant analysis followed by VIP (variables of
importance in projection). Different compounds are grouped in functional classes and provided

together with VIP score, fold-change analysis, and ROC AUC values.

Supplementary material

Supplementary table 1. Dataset of identified compounds when considering both adulteration and
traceability, with individual abundances and composite spectra (mass-abundance combinations).

Supplementary Fig. 1. Besides, cross-validation parameters of both OPLS-DA models built (i.e.

18



D
[uly
N

ﬁsm;@\lcﬁmh&omp
w ~ w

TR R
~N (o))

[
00

NNNDNPRE PP
WNPFOWO®

WNNNDNNN
QOWoO~NOOU DM

W ww
WN P

WWwwww
©oo~NOOA

[ R R R R e
RPOOWO~NOUDMWNEO

o U1U1 0101 U1 g1 0101
QOUoo~NOUWN

[N Ne)
WN P

[e2]e)]
(S0

permutation test, Hotelling’s T2 and CV-ANOVA) are also provided.

Supplementary figure 1. Non-averaged unsupervised cluster analysis on the untargeted profile of
authentic vs adulterated saffron samples (similarity: Euclidean; linkage rule: Ward). Compound's

intensity was used to build up heat map, on the basis of which the clusters were generated.

Supplementary figure 2. Non-averaged unsupervised cluster analysis on the untargeted profile of
PDO vs non-PDO saffron samples (similarity: Euclidean; linkage rule: Ward). Compound's

intensity was used to build up heat map, on the basis of which the clusters were generated.
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Table 1

Class Subclass Marker VIP score LogFC Regulation ROC
[Adulterated  AUC
vs Authentic]

Flavonoids Anthocyanins Pelargonidin 1.24+0.15 4.48 Up 1

Pelargonidin 3,5-O-diglucoside 1.14+0.34 3.11 Up 1

Delphinidin 3-O-(6"-p-coumaroyl-glucoside)/ 1.09+ 041 5.01 Up 1

Cyanidin 3-O-(6"-caffeoyl-glucoside) 1

Cyanidin 3,5-O-diglucoside 1.08 £ 0.42 5.34 Up 1

Cyanidin 3-O-sophoroside 1.08 £ 0.42 5.34 Up 1
Flavonols Kaempferol 3-O-sophoroside 7-O-glucoside/ 1.21+0.18 2.83 Up 1

Quercetin 3-O-glucosyl-rhamnosyl-glucoside/

Quercetin 3-O-glucosyl-rhamnosyl-galactoside/

Kaempferol 3,7,4'-O-triglucoside/

Quercetin 3-O-galactoside 7-O-rhamnoside/ 1.14 £0.37 5.76 Up 1

Kaempferol 3-O-sophoroside/

Quercetin 3-O-rutinoside/

Quercetin 3-O-rhamnosyl-galactoside/

Kaempferol 3,7-O-diglucoside

Quercetin 3-O-(6"-acetyl-galactoside) 7-O- 1.00 £ 0.53 3.23 Up 1

rhamnoside

Spinacetin 3-O-glucosyl-(1-6)-glucoside 1.00 £ 0.54 2.65 Up 1
Flavanones Isoxanthohumol 1.46 £0.37 - 33.55 Down 1

Neohesperidin/ Hesperidin 1.26 +1.05 -32.12 Down ns

Poncirin 1.22+1.24 -36.63 Down 1

Didymin 1.22+1.24 -36.61 Down 1

Eriodictyol 7-O-glucoside 1.08 £0.24 2.12 Up 1
Flavones Sinensetin/Tangeretin 1.47+£0.34 - 39.53 Down 1

Apigenin 7-O-(6"-malonyl-apiosyl-glucoside) 1.11+041 3.40 Up 1
Chalcones Xanthohumol 1.46 + 0.37 -33.55 Down 1
Dihydrochalcones Phloretin 2'-O-xylosyl-glucoside 1.38 + 0.66 -33.85 Down 1
Dihydroflavonols Dihydroquercetin 3-O-rhamnoside 1.08£0.24 2.12 Up 1

Lignans - Lariciresinol/Cyclolariciresinol 1.48 £0.27 -38.43 Down 1
Episesamin/Sesamin 1.47 +0.33 -39.61 Down 1




Monoterpene

glycosides
Carotenoids
Phenolics
acids

Other
compounds

Hydroxycinnamics

Hydroxyphenylacetics

Tyrosols

Curcuminoids
Methoxyphenols

Alkyphenols

7-Oxomatairesinol
Sesamolinol

Todolactol A
Pinoresinol/Matairesinol
7-Hydroxysecoisolariciresinol
Anhydro-secoisolariciresinol
Lariciresinol-sesquilignan
Arctigenin

Picrocrocin

Zeaxanthin
Ferulic acid 4-O-glucoside

Feruloyl glucose

Sinapine
24-Methylcholestanol ferulate
p-Coumaroyl malic acid
Stigmastanol ferulate
24-Methyllathosterol ferulate
Homoveratric acid
1,2-Diferuloylgentiobiose
1,4-Naphtoquinone
3,4-DHPEA-AC

Hydroxytyrosol
Demethoxycurcumin
Bisdemethoxycurcumin
3/4-Methylcatechol
Guaiacol
5-Nonadecylresorcinol
5-Heptadecylresorcinol
5-Heneicosenylresorcinol
5-Tricosylresorcinol
5-Tricosenylresorcinol

147 +0.34
1.47+0.33
1.47 +0.37
1.47+£0.37
1.24 +0.18
1.06 £0.23
1.24 +0.18
1.00+0.95
147 +0.34

1.18+1.24
1.47+0.36

1.47+0.36
1.44 +0.58
1.26 £1.09
1.22 +0.29
1.10+1.45
1.10+1.34
1.20+1.24
1.45+0.45
1.10+1.43
1.20+1.24

1.01+0.50
1.47 +0.29
1.24 +0.16
1.45+0.16
1.45+0.16
1.42 +0.68
1.40+0.29
1.23+1.09
1.21+1.14
1.20+1.21

-39.53
-39.52
-42.88
-42.88
4.02

-14.46
4.02

-25.27
-39.30

-39.12
-35.65

-35.65
-36.06
-33.54
6.29

-35.49
-29.70
-29.21
-35.63
-33.73
-29.21

-5.47
-34.63
2.12
3.96
3.96
-33.41
-10.40
-31.77
-36.39
-31.34
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Naphtoguinones
Phenolic terpenes

Hydroxyphenylpropenes
Alkylmethoxyphenols
Other

5-Heneicosylresorcinol
4-Ethylphenol

Juglone

Thymol

Carvacrol
Epirosmanol/Rosmanol
Rosmadial

Acetyl eugenol
4-Ethylguaiacol
Catechol

1.05+151
1.02+0.28
1.32 +0.28
1.14+0.16
1.14 +0.16
1.13+0.21
1.06 +0.23
1.11+0.34
1.02 +0.19
1.30+0.99

-30.50
-14.77
-35.89
-3.12
-3.12
-9.80
-14.46
-9.94
-8.08
-35.32

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

ns
0.92

0.97
0.97
0.97
0.96

0.93




Table 2

Phenolic class Phenolic subclass Marker non-PDO vs PDO VIP score  ROC AUC
Flavonoids Anthocyanins Pelargonidin 3-O-(6"-succinyl-glucoside) 1.10 +0.23 0.89
Flavanones Isoxanthohumol 1.12+0.38 0.97
Flavones Nobiletin 1.32+£0.13 0.69
Jaceosidin 1.29+0.24 0.94
6-Hydroxyluteolin 1.29 +£0.22 0.92
Flavonols 3-Methoxysinensetin 1.32+0.13 0.69
3,7-Dimethylquercetin 1.29+£0.24 0.94
Quercetin 1.28 £0.22 0.92
Isoflavonoids 6"-O-Malonylglycitin 1.16 £0.19 0.93
Phenolic acids Hydroxybenzaldehydes Protocatechuic aldehyde 1.43+0.24 0.84
4-Hydroxybenzaldehyde 1.07 £0.20 0.78
Vanillin 1.05+0.18 0.85
Hydroxybenzoic acids 2/3/4-Hydroxybenzoic acids 1.43+0.25 0.84
Benzoic acid 1.07+0.20 0.78
Hydroxycinnamic acids Sinapine 1.36 £0.24 0.95
p-Coumaroyl malic acid 1.28 +0.22 0.92
p-Coumaric acid 1.00 £ 0.36 0.61
Cinnamoyl glucose 1.00 £ 0.12 0.81
Hydroxyphenylacetic acids 4-Hydroxyphenylacetic acid 1.05+0.18 0.85
Lignans - Sesamol 1.43+0.24 0.84
Arctigenin 1.25+0.14 0.72
Trachelogenin 1.19+0.15 0.93
Medioresinol 1.19+0.15 0.93
Other polyphenols  Alkylphenols 5-Heptadecylresorcinol 1.01+0.16 0.81
Tyrosols Hydroxytyrosol 4-O-glucoside 1.01+0.15 0.82
Phenolic glycosides Phlorin 1.09 + 0.24 0.67
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