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REPORT






IDENTIFICATION AND REFLECTION ON THE SUSTAINABLE
DEVELOPMENT GOALS (SDG)

In 2015, the United Nations devised a plan to transform the entire world based on an
action plan to combat poverty, climate change, and ensure the prosperity and peace of all
people now and in the future. This transformation plan is called “The 2030 Agenda for
Sustainable Development”. It comprises a total of 17 Sustainable Development Goals that
can be divided into the 5P's: People, Prosperity, Planet, Peace, and Partnership.

The main objective of this work is to provide more information to all existing studies that
highlight quinoa as one of the most relevant foods today. This fact allows this work to be
categorized within two major realms of sustainable development: People and Planet. Quinoa
could become one of the main international foods in the future thanks to its versatility in
cultivation and its high protein and polyphenols content. This adaptability makes quinoa a
viable alternative to excessive meat consumption and other foods that contribute to
greenhouse gas emissions and environmental degradation, thus offering benefits to both
human health and the planet.

Although this work is not entirely focused on verifying the effects of quinoa consumption
on individuals, the fact that quinoa contains bioactive compounds with anticarcinogenic,
antioxidant, and cardiovascular benefits, along with its
GOOD HEALTH essential amino acids and its gluten-free nature (making it
AND WELL-BEING suitable for individuals with celiac disease), categorizes this
work as a contribution to the third goal of the 2030 Agenda:
Good Health and Well-being. This goal aims to ensure
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healthy lives and promote well-being for all at all ages.

GOOD HEALTH AND WELL-BEING LOGO
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1. SUMMARY

Quinoa (Chenopodium Quinoa Willd.) is an Andean grain renowned for its diverse array of
bioactive compounds, harbouring considerable potential for various biological activities. This food
has been the subject of study in recent years due to its high-quality protein content, as well as an
excellent balance of essential amino acids. In addition, the bioactive compounds present in
quinoa, mainly polyphenols, present relevant medicinal attributes such as potent antioxidant and
anticarcinogenic properties, alongside a remarkable ability to mitigate cardiovascular diseases.

This work has been focused on the identification of polyphenols within four different
commercially available quinoa grains: black (B, from Peru), red (R, from Peru), white (W, from
Peru) and royal (RO, white quinoa from Bolivia). The identification process employed a non-
targeted metabolomics strategy based on liquid chromatography coupled to mass spectrometry
(LC-MS). The obtained chromatograms were cross-referenced with a database of polyphenols
created from an exhaustive review of literature on low molecular mass bioactive compounds. The
investigation unveiled a total of 25 polyphenols distributed among the four quinoa grains,
predominantly from the quercetin and kaempferol families. To assess the polyphenolic
composition variance among the quinoa grains, a multivariate chemometric analysis was
conducted utilizing principal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA). The results exhibited distinct clustering of the grains into three primary groups:
B, R, and W-RO. Surprisingly, minimal differentiation was observed between the white quinoas
(W and RO), indicating that the origin of the white quinoa had negligible impact on its polyphenol
content. Among the identified polyphenols, quercetins emerged as the most significant
compounds for discriminating between the quinoa grain classes. These flavonols are renowned
for their potent bioactive properties, as extensively documented in the literature.

Keywords: Quinoa, bioactive compounds, food, multivariate data analysis, metabolomics
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2. RESum

La quinoa (Chenopodium Quinoa Willd.) és un gra andi conegut per la seva diversa gamma
de compostos bioactius, que té un considerable potencial per a diverses activitats bioldgiques.
Aquest aliment ha estat objecte d'estudi en els Ultims anys a causa del seu alt contingut proteic
de qualitat, aixi com d'un excel-lent equilibri d'aminoacids essencials. A més, els compostos
bioactius presents a la quinoa, principalment polifenols, presenten atributs medicinals rellevants
com a propietats antioxidants i anticarcinogéniques potents, a més d'una notable capacitat per
mitigar les malalties cardiovasculars.

Aquest treball s'ha centrat en la identificacié de polifenols en quatre grans de quinoa
comercials diferents: quinoa negra (B, del Pert), vermella (R, del Pert), blanca (W, del Pert) i
reial (RO, quinoa blanca de Bolivia). El procés d'identificacié va utilitzar una estrategia de
metabolomica no dirigida basada en la cromatografia de liquids acoblada a I'espectrometria de
masses (LC-MS). Els cromatogrames obtinguts es van creuar amb una base de dades de
polifenols creada a partir d'una revisié exhaustiva de la literatura sobre compostos bioactius de
baixa massa molecular. La investigacio va revelar un total de 25 polifenols distribuits entre les
quatre classes de quinoa, predominantment de les families de la quercetina i del kaempferol. Per
avaluar la variabilitat de la composicié de polifenols entre els grans de quinoa estudiats, es va
realitzar un analisi quimiomeétric multivariant utilitzant I'analisi de components principals (PCA) i
I'analisi discriminant de minims quadrats parcials (PLS-DA). Els resultats van mostrar un
agrupament distintiu dels grans en tres grups principals: B, R i W-RO. Sorprenentment, es va
observar una diferenciacié minima entre les quinoes blanques (W i RO), indicant que I'origen de
la quinoa blanca té un impacte negligible en el seu contingut de polifenols. D'entre els polifenols
identificats, les quercetines van emergir com els compostos més significatius per discriminar
entre les classes de grans de quinoa. Aquests flavonols son coneguts pels seus potents efectes
bioactius, com esta ampliament documentat en la literatura.

Paraules clau: Quinoa, compostos bioactius, alimentacié, analisi multivariant, metaboldmica
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3. INTRODUCTION

Currently, drastic climate changes such as drought or high temperatures are affecting crop
yields and the traditional agricultural practices. In response, experts have been forced to seek out
healthy alternatives that meet environmental adaptability requirements and provide essential
nutritional properties. One of the main imbalances of chemical species within our body is the
alteration of the normal redox state of cells, commonly referred to as oxidative stress [1]. This
imbalance, triggered by oxidative metabolism, can inflict direct damage on cellular structures,
including DNA bases affected by reactive oxygen species, and can disrupt cellular signalling [2].
Notably, oxidative stress is identified as a potential contributor to the development of cancer and
degenerative diseases, such as Alzheimer's [3]. Addressing these complexities can be partially
achieved through the consumption of foods rich in healthy bioactive compounds with antioxidative
properties, such as quinoa [4].

Quinoa (Chenopodium quinoa Willd.) meets all these requirements. It is a high-protein food
that contains essential amino acids such as lysine, arginine, or cysteine, while also boasting
bioactive compounds currently being studied for their significant role as antioxidants [5].
Moreover, quinoa is gluten-free [6] and highly versatile, with plantations spanning across Europe,
Asia, and America. Recognizing its potential, the FAO (Food and Agriculture Organization) has
identified quinoa as one of the most promising crops for sustainable food production [7].

Quinoa grains are the most commercially traded part of the plant, primarily due to their high
content of protein, starch, essential amino acids, minerals, and bioactive compounds [8]. The
presence of these bioactive compounds classifies quinoa as a functional food [9], meaning it
contains biologically active components that provide added health benefits beyond its nutritional
value, reducing the risk of certain diseases. Among the main bioactive compounds found in
quinoa grains are carotenoids, saponins, terpenes, sterols, and notably polyphenols, including
phenolic acids (such as ferulic, caffeic, p-coumaric, benzoic, and vanillic acids) [10] and flavonoids
(such as apigenin, kaempferol, myricetin, quercetin, and rutin) [11].
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In recent years, numerous studies have supported the beneficial effects of polyphenol intake
on health. These compounds, known for theirimmunomodulatory, antimicrobial, antihypertensive,
anti-inflammatory, anticarcinogenic, and particularly antioxidant properties, have shown potential
in preventing various diseases, including diabetes, cancer, obesity, infections, cardiovascular,
and neurodegenerative diseases, among others [12], [13]. Polyphenols are compounds that
feature one or more aromatic rings with hydroxyl groups in their structure [11]. Among the various
types of polyphenals, two main groups stand out: flavonoids and phenolic acids [13-15]. More
than 8000 phenolic structures are currently known, being classified by their source of origin,
biological function, and chemical structure [17]. Among them, over 4000 flavonoids have been
identified in different foods, making them the most important group in polyphenols [18]. Flavonoid
compounds can be divided into different subgroups, although in quinoa, flavonols are the most
common, especially kaempferol and quercetin, along with their respective derivatives [7]. These
two flavonols exhibit significant antioxidant activities, helping to prevent stress-related diseases,
as well as cardiovascular diseases and diabetes [15], [16]. Additionally, it is known that flavonoids
are also responsible for the colour of quinoa [19].

Figure 1. (A) Quercetin and (B) kaempferol structures (drawn with Reaxys, https://www-reaxys-
com.sire.ub.eduf#/search/quick/query).

Despite the widely recognized beneficial effects of polyphenols in quinoa grains, their
abundance may differ between grain classes, primary influenced by cultivation strategies,
location, and growth factor conditions, among others. This study aimed to identify low molecular
mass bioactive compounds, particularly polyphenols, present in four commercially available
quinoa grains: black (B, from Peru), red (R, from Peru), white (W, from Peru), and royal (RO,
white quinoa from Bolivia). A metabolomics approach using liquid chromatography coupled to
mass spectrometry (LC-MS) was employed. Metabolomics involves the study of small molecules
produced by the body from food decomposition or chemical substances, among others [19].


https://www-reaxys-com.sire.ub.edu/#/search/quick/query
https://www-reaxys-com.sire.ub.edu/#/search/quick/query
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There are two strategies that can be applied in metabolomics: targeted analysis and untargeted
analysis. Targeted metabolomics identifies a defined set of molecules [19]. However, this
approach severely limits the identification of previously unknown compounds, as the experimental
process focuses on a reduced number of bioactive compounds. For a general determination of
polyphenols in quinoa grains, an untargeted analysis is required, allowing a broader identification
of metabolites. This approach is guided by the experimental workflow, which involves the use of
appropriate separation and detection techniques. LC-MS is the most commonly used technique
in this type of strategy due to its high sensitivity and ability to identify many compounds in a single
analysis.

In our work, after obtaining the LC-MS fingerprints of quinoa bioactive compounds,
polyphenols were identified through an extensive database search. Subsequently, multivariate
data analysis tools, such as principal component analysis, PCA, and partial least squares-
discriminant analysis, PLS-DA, were used to assess metabolomic differences in the polyphenol
content between the different quinoa grain classes.
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4. OBJECTIVES

The objective of this study was to identify low molecular mass bioactive compounds,
particularly polyphenols, in four different commercially available quinoa grains: B, R, W and RO.
This was achieved through an LC-MS untargeted metabolomics approach combined with an
extensive database searching. A total of 12 samples, 3 independent replicates for each quinoa
grain class, were analysed. Finally, advanced multivariate data analysis tools, including PCA and

PLS-DA, were utilized to classify the four quinoa classes and asses metabolomic differences
between them.
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5. EXPERIMENTAL SECTION
5.1. SAMPLE TREATMENT

As previously mentioned, a total of 12 samples were analysed, i.e., three independent
replicates for each quinoa grain class (B, R, W, RO). Briefly, quinoa grains were ground into a
fine powder (50 mg) and homogenized with a methanol/H20 solution (4:1, v/v) containing 0.1%
(v/v) of formic acid (2.5 mL). After resting for 20 min at room temperature, the mixture underwent
centrifugation at 4°C for 20 min at 1000 x g. The resulting supernatant was then subjected to a
second extraction using the same solution (1 mL) and centrifugation method. The combined
supernatants were filtered through a 0.20 um nylon filter before LC/MS analysis.

Table 1. Code for the studied quinoa samples (classified by colour).

Black(® | Red(R) [ White(W) | Royal (RO)
B1[B2|B3|R1|R2[R3|W1[W.2|W.3[RO.1|RO.2|RO.3

5.2. LC-MS ANALYSIS

LC-MS experiments were performed in a 1260 Infinity liquid chromatograph coupled to a 6546
LC/QTOF mass spectrometer with an orthogonal electrospray ionization (ESI) interface (Agilent
Technologies, Waldbronn, Germany). For the separation, a Zorbax SB-C18 column (150 mm total
length (Lt) x 2.1 mm internal diameter (ID), 5 um particle size, 90 A pore diameter, Agilent
Technologies) was used. Experiments were carried out at a flow rate of 350 uL/min. Mobile phase
solvents were (A) water and (B) acetonitrile (both with 0.1% (v/v) of formic acid). The optimized
elution gradient of solvent B was: 5% (v/v) for 1 min and from 5% to 95% (v/v) in 15 min, followed
by cleaning and reequilibration steps at 95% (v/v) for 2 min, from 95% to 5% (v/v) in 2 min, and
finally 5% (v/v) for 5 min. The injection volume was 5 pL. The mass spectrometer was operated
in negative ESI mode using the following parameters:
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Table 2. MS parameters for LC-MS analyses.

Capillary Voltage (V) Dryinggas T (°C) Howrate (L/min)
3500 350 8
Nebulizer gas (psi) | Fragmentor voltage (V) | Skimmer voltage (V) | OCT 1 RFVop Voltage (V)
30 150 60 300

MassHunter software version B.10.0 (Agilent Technologies) was used for instrument control,
data acquisition, and data processing.

5.3. DATA ANALYSIS
5.3.1. Creation of a database of polyphenols

A comprehensive database of polyphenols was created after an exhaustive search in the
literature [2-12], [21-48] . This database included information about the molecular formula and the
theoretical molecular mass of a total of 277 polyphenols, including phenolic acids (81), flavonoids
(153) and other compounds that can be classified as polyphenols (43, including phenolic
aldehydes, methoxyphenols, and phenolic glucosides).

5.3.2. Identification of polyphenols through a database search

Raw LC-MS data files from the quinoa extracts were crossed against the database of
polyphenols (which needed to be in a specific .csv format) using the Molecular Feature Extraction
(MFE) tool of the MassHunter software. This tool performs mass spectra deconvolution among
the chromatographic peaks, allowing to identify compounds (called molecular features) and
compare them with those found in suitable databases. MFE has the particularity that locates ions
that are covariant in the LC-MS dataset and that are logically related by charge-state envelope,
isotopic distribution, and/or presence of adducts. Using this approach, the MFE algorithm can
distinguish multiple co-eluting compounds that would appear as a single peak in a chromatogram.
The MFE workflow parameters are described in Table 3.
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Table 3. MFE workflow parameters.

Time range (min) Mass error (ppm) Adducts Charges
0-18 20 hydrogen (-H) One ([M-H]-)
Mass score Isotope abundance score | Isotope spacing score | Expected MSvariations
100 60 50 2.0mDa +5.6 ppm

5.3.3. Multivariate data analysis

After utilizing the MFE tool, a comprehensive list of molecular features was generated for
each quinoa sample, detailing the compound name, the retention time (t;), the experimental
molecular mass, and the experimental m/z of the [M-H]- molecular ions. To enhance identification
reliability, only features present in at least two out of the three replicates were selected for each
quinoa sample. Subsequently, peak areas for the selected molecular features were meticulously
extracted from the full scan LC-MS raw data, using the provided m/z value and the t: as
references. These areas were then utilized to construct a data matrix containing the peak area of
each molecular feature (i.e., polyphenol) in every sample. This data matrix underwent PCA and
PLS-DA analysis, both conducted with SOLO (Version 9.2.1, Eigenvector Research Incorporated,
Wenatchee, WA, USA).

PCA was primarily utilized to observe similarities among the studied quinoa samples,
facilitating an unsupervised identification of trends to interpret possible groupings and to detect
outlier samples [50]. In contrast, PLS-DA enables the classification of quinoa varieties and assists
in identifying the most influential variables contributing to class separation. In our work, the
relevance of polyphenols for classification was assessed through their variable importance in
projection (VIP) scores, offering a graphical representation of their significance. Additionally, PLS-
DA provided quality parameters such as sensitivity and specificity, offering insight into the
representativeness of the model [51].
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6. IDENTIFICATION OF POLYPHENOLS

As previously mentioned, 12 samples of commercial quinoa were analysed by LC-MS,
specifically three independent replicates of each quinoa grain class: B, R, W and RO.
Chromatographic peaks were assigned using a comprehensive database of polyphenols and the
MFE tool of the MAs shunter software [2-12], [21-48]. A list of molecular features was provided
for each quinoa sample, and, after manually checking all the selected features in the full scan LC-
MS raw data, a total of 25 polyphenols were identified considering the four quinoa grains.

Table 1 shows the peak number (from 1 to 25), the t; (with the percentage of relative standard
deviation, %RSD), the theoretical m/z of the [M-H]- molecular ion, the mass error (in ppm), the
compound name, and the presence or not (tick or x, respectively) of the identified polyphenols in
the different samples. It is worth mentioning that most of the identified polyphenols were classified
as flavonoids (19), primarily belonging to the quercetin and kaempferol families, and phenolic
acids (5). The only one that is considered as an “other polyphenol” is catechol (benzenediol).
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Table 4. List of polyphenols identified by LC-MS-based metabolomics in the four commercially

available quinoa grains.

RSD(%) m'z theo Error (ppm) Identification

[M-HI

Py
@

Peak Number t

0.9 0.7 | 477.1402 133 3,5-Digallosylshikimic acid

1.01 15 | 431.0984 24.2 Apigenin 6-G-Qucoside

145 0.0 387.1085 152 5-Hydroxy-3,3,4',7,8-pentamethoxyflavone

4.37 0.0 | 109.0295 16.5 Catechol

6.48 05 | 137.0244 252 Salicylicacid

7.19 44 | 3551035 0.6 1-O-feruloyi-beta-D-glucose

721 | 02 | 3400865| 143 Ehyl-m-digallate

7.27 0.2 305.0667 17.0 Epigallocatechin

7.93 0.2 755.2040 58 Quercetin-3-O-rutinoiside-7-O-rhamnoside

8.07 0.1 741.1884 0.4 Quercetin-3-O-(2'-O-arabinosyl)rutinoside

8.16 0.1 739.2091 0.2 Kaempferol-3-O-rutinoside-7-O-rhamnoside

822 03 | 769.2197 9.8 Tamarixetin-3-O-glucoside-7-O-rhamnoside

8.25 0.3 | 609.1461 11 Rutin

8.35 0.1 | 631.0941 10.4 Myricetin

834 0.1 725.1935 4.7 Kaempferol-3-O-(2-O-Xylosyl-6-O-Rhamnosyl)Gucoside

835 0.2 595.1305 26 Quercetin-3-O-sambubioside

8.41 0.3 | 609.1461 138 Rutin

8.49 0.0 593.1512 45 Quercetin-3,7-Di-O-rhamnoside

852 0.2 | 607.1305 204 Luteolin-7-O-glucuronide-5-O-rhamnoside

8.54 03 | 758.1911 9.2 Delphidin

8.65 0.2 579.1355 12.6 Quercetin-3-O-Rhamnosyl

8.66 01 | 477.0675 28 Quercetin-3-O-glucuronide

8.72 0.1 163.0401 215 Caffeic Adehide

8.85 0.1 | 6231618 8.9 Tamarixetin-3-O-rutinoside

o) 3 S s s Il s s o ) s s s s s e e e s G |
o3 S ) S| S sl S S S S| S| S S S S S| S S S S S S s
(3! IS IS WS S S| ) S S S S IS S| S S S s | ) ) S e G S IS
) S S S S S S S S S ) S ) s ) s ) sl ) IS )

RIR|IBIRIRIB|GB|B|R|6|6|R|B|R|E|B|o|e|~o|als|w n|-

9.09 0.0 | 461.0725 3.0 Luteolin-7-O-glucuronide

As can be seen in the table, the %RSD in tr was adequate for all the identified polyphenols,
with values lower than 4.4%. Mass errors were also appropriate, between 0.5 and 25 ppm,
confirming the reliability of the identifications. However, it can be observed that rutin (peak number
13 and 17) appeared at two different t; (8.25 and 8.41). This is because, at this stage, and taking
advantage of the highly accurate experimental M: provided by the QT OF mass spectrometer in
full scan mode, identifications were solely based on the measured experimental M:. In the future,
tandem-mass spectrometry (MS/MS) data will be used to improve the reliability of the identity
assignments and unequivocally confirm the structure of the proposed compounds.

The Venn diagram in Figure 2 shows the relationships between the number identified
polyphenols in the four quinoa grain classes. As can be seen in this figure, a similar total number
of polyphenols were identified in B, R, W and RO quinoa (i.e., 19, 23, 19, and 14, respectively,
from the total of 25 identified polyphenols). Among them, 12 polyphenols (48% of the total) were
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identified in all the grains, while 13 polyphenols (52% of the total) were only present in some of
them. Regarding polyphenols identified in only one class, 4 polyphenols were exclusively
identified in R quinoa, corresponding to peak numbers 3, 4, 19, and 24) suggesting their
importance as markers for discriminating between R and the rest of classes.

RO (Royal) B (Black
0 0
0
o 2
\\
1 A
A (1-0-Feruloy) 12\ g
0 5\
|
T
(Luteolin) |
4 4 0

Figure 2. Venn diagram of the identified polyphenols in the four analysed quinoa grain classes, B, R, W,
0.

As an example, Figure 3 shows the base peak chromatograms (BPCs) obtained by LC-MS
for the quinoa extracts of RO, R, W, and B quinoa. As it can be seen, the LC-MS profile for the
four quinoa grain classes was very similar at naked eye, and, in all cases, polyphenols appeared
at t: lower than 10 min. However, subtle differences in the intensity of the four BPCs were
discemible, suggesting a different concentration of polyphenols among the four quinoa grain
classes.



Intensity (x10%)

Identification of bioactive compounds in quinoa grains following a chemometrics-assisted metabolomics approach. 17

-(A) ESI BFC Scan for RO quinaa
1 |

Polyphenols

~(B) ESI BPC Scan for R quinos
1 |
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~{C) E5I BPC Scan for Wguinoz
)
1

Polyphenals

(DY E5I BEC Sean for B quinos
; \

Po.fyp.hén ofs

Time {min)

Figure 3: Base peak chromatograms (BPCs) obtained by LC-MS for the quinoa extracts of a
(A)RO, B) R, (C) W, and (D) B sample.
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7. MULTIVARIATE DATA ANALYSIS

Despite the LC-MS profile and the number of identified polyphenols was similar between the four
quinoa grains, it was necessary to consider differences at the concentration level for a more
confident discrimination. For this purpose, a matrix containing the areas of the identified
polyphenols (25 columns) in each sample (four quinoa grains per triplicate, in total, 12 rows) was
built and subjected to multivariate data analysis, i.e., PCA and PLS-DA.

7.1. PCA

An initial exploratory analysis was conducted by PCA. This method enables a preliminary
visualisation of the data by reducing its dimensionality, while preserving all relevant information
from the matrix variables. These variables, known as principal components (PCs), are vectors
derived from the linear combination of the original data, indicating the direction of maximum
variation. Qualitative interpretation in PCA is based on two matrices generated from the model:
the scores matrix and the loadings matrix [44]. The scores matrix describes the behaviour of the
samples across the PCs, while the loadings matrix describes the behaviour and significance of
each variable in contributing information to each PC. It is worth noting that an autoscaling pre-
processing step is, in general, mandatory, alongside cross-validation (in our case, leave-one-out
due to the number of replicates) to ensure the creation of a representative model [52].

As shown in the scores plot of Figure 4, two PCs explained 69% of the variance. Three groups
were clearly separated by PC1 and PC2 (42% and 27% of the explained variance, respectively),
namely R, B, and W-RO. In this context, minimal differentiation was observed between the white
quinoas (W and RO), highlighting that their different origin (Peru and Bolivia, respectively) had a

negligible impact on the polyphenol content. Notably, all the replicates (_1, _2, and _3) from a

quinoa grain class were clustered together, suggesting the excellent repeatability of the extraction
procedure and the LC-MS analysis. Only one replicate was clustered outside the 95% confidence
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ellipse, which was considered as an outlier and discarded for the construction of the PLS-DA
model.

4RO

Scoreson PC 2 (26 48%)
f=]

-0 -8 5 4 -2 0 2 4 6 3 10
Scores onPC 1(41.98%)

Figure 4. Scores plot of the PCA model applied to the 12 quinoa samples using the areas of the

25 identified polyphenols.

7.2. PLS-DA

Once the data was explored by PCA, three classes were defined (i.e., R, B, and W-RO) to
build a PLS-DA model with improved class separation and to reveal the importance of the different
polyphenols for discrimination between the quinoa grain classes. The matrix contained the areas
of the identified polyphenols (25 columns) in each sample (12 samples - 1 outlier, 11 rows). As
can be seen in the scores plot of Figure 5, latent variable 1 (LV1) (46% of the explained variance)
allowed separating R from W-RO quinoa samples, whereas LV2 (18% of the explained variance)
allowed discriminating B from R and W-RO quinoa samples.
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Scores on LV 2 (18.52%)
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Figure 5. Scores plot of the PLS-DA model applied to the 11 quinoa samples using the areas of the

25 identified polyphenols.

In addition to the explained variance, the quality of a PLS-DA model can be assessed using
specific parameters, namely, specificity and sensitivity. Sensitivity measures the model’s ability
to correctly classify samples from the case class, while specificity measures its capacity to predict
samples from the control class [53]. In fact, a model is considered effective when both parameters
are close to 1. In our work, both specificity and sensitivity were 1, confirming the strong
classification performance. Another way to assess the model's classification was through the
confusion matrix (Table 5), where we can observe that all the samples were correctly assigned to
their corresponding class (3in B, 3in R, and 5 in W-RO).
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Table 5. Confusion matrix of the PLS-DA model.

Confusion Table (CV):
Aeotual Class

B.1l R.L W-RO
Predicted as B.1 3 a a
Predicted as R.1 [u] 3 L]
Predicted as W-RO a a 5
Fredicted as Unassigned a a a

The loadings plot provided insights into variable correlations, helping to identify the most
contributing variables to each quinoa grain class (Figure 6). By comparing this information with
the previously observed scores plot, it becomes evident that all the variables associated with the
W-RO quinoa samples were clustered int the upper right quadrant (LV1 between 0 and 0.2, LV2
between 0 and 0.3). Variables related to R quinoa were clustered in the upper left quadrant (LV1
between 0 and -0.3, LV2 between 0 and 0.3), while those related to B quinoa were grouped in the
lower part of the graph (LV1 between -0.2 and 0.2, LV2 between 0 and -0.4).
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Figure 6: Loadings plot of the PLS-DA model applied to the 11 quinoa samples using the areas of the

25 identified polyphenals.
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To identify the most relevant variables (polyphenols) for classifying the quinoa grain samples,
the VIP scores were used. Quantitatively, only variables with VIP values > 1 are deemed
significant for classification [54]. The plots of Figure 7 show the VIP scores of the different
variables when considering separation of W-RO (A), B (B), and R (C) quinoa from the rest of

classes, respectively.
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Figure 7: VIP scores of the different variables (polyphenols) when considering the separation of (A) W-

RO, (B) B, and (C) R samples from the rest of classes. Polyphenols with a VIP score value higher than 1

are significant for the differentiation.
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In order to differentiate between W-RO and the rest of the classes, the most relevant
polyphenols were salicylic acid (peak number 5), quercetin-3-O-rutinoiside-7-O-rhamnoside
(peak number 9), quercetin-3-O-(2"-O-arabinosyl)rutinoside (peak number 10) and 1-O-feruloyl-
beta-D-glucose (peak number 6). Similarly, for discriminating R quinoa, the same polyphenols
were relevant, together with Quercetin-3,7-Rhamnosyl (peak number 21) and Kaempferol-3-O-
(2-O-Xylosyl-6-O-Rhamnosyl)Glucoside (peak number 15). Many of those compounds have hight
intensity in the LV2 direction (as we can see in figure 6), which allowed the separation of W-RO
and R (groups with almost no contribution in LV2) from B quinoa as | said before.

In the case of B quinoa, the most relevant polyphenoals to differentiate between the rest of the
classes were kaempferol-3-O-(2-O-xylosyl-6-O-rhamnosyl)glucoside, myricetin (peak number
14), quercetin-3-O-glucuronide (peak number 22) and Quercetin-3,7-Rhamnosyl (peak number
21), compounds with hight intensity in LV1 direction allowing the discrimination of B from the other
groups. Those compounds mentioned for each class are the most relevant besides every
compound with VIP>1 is considered important for the classification. Interestingly, most of the
abovementioned polyphenols belong to the family of quercetins [49] , which have been described
in the literature as potential antioxidant bioactive compounds. Quercetins are recognized for their
therapeutic potential in the treatment of various diseases, such as cancer, inflammation, and
cardiovascular disorders, among others [16], underscoring the significance of studying these
metabolites.

Although valuable information was obtained through the application of PLS-DA and VIPs, a
more comprehensive study utilizing the areas of identified compounds, along with statistical
methods to identify significant differences between them, will be conducted. This approach will
not only enable us to determine which compounds are critical for differentiation, but also to
ascertain whether they are up-regulated, down-regulated, or remain unaltered between classes.
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8. CONCLUSIONS

In this work, we analysed samples from four different commercially available quinoa grains:
B, R, W, and RO. The main objective was to employ an untargeted metabolomics strategy based
on LC-MS to identify low molecular mass bioactive compounds, particularly, polyphenols.
Following LC-MS analysis and database searching, a total of 25 polyphenols, comprising phenolic
acids and flavonoids, were identified. To effectively discriminate between the four quinoa grain
classes, a matrix containing the areas of the identified compounds in all the samples was
constructed. Subsequently, multivariate data analysis techniques, including PCA and PLS-DA,
were applied.

Through the application of these chemometric tools, it became evident how the quinoa grains
were categorized based on their polyphenol content, resulting in three distinct groups: R, B, and
W-RO. According to the VIP values, the most relevant polyphenols for discriminating W-RO
samples were salicylic acid, quercetin-3-O-rutinoiside-7-O-rhamnoside, quercetin-3-O-(2"-O-
arabinosyl)rutinoside and 1-O-feruloyl-beta-D-glucose. Similarly, for discriminating R quinoa, the
same polyphenols were relevant, together with Quercetin-3,7-Rhamnosyl and Kaempferol-3-O-
(2-O-Xylosyl-6-O-Rhamnosyl)Glucoside. In the case of B quinoa, the most relevant polyphenols
to differentiate between the rest of the classes were kaempferol-3-O-(2-O-xylosyl-6-O-
rhamnosyl)glucoside, myricetin, quercetin-3-O-glucuronide and Quercetin-3,7-Rhamnosyl.
Remarkably, most of these polyphenols belong to the family of quercetins, widely known for their
anticancerogenic, anti-inflammatory and, specially, antioxidant properties.

In the future, a more comprehensive study will be conducted, utilizing MS/MS data to enhance
the reliability of the identity assignments. In addition, in-vivo studies will be performed to precisely
assess the bioavailability of the list of identified polyphenols. Through these studies, we aim not
only to evaluate the impact of polyphenols on human health, but also to recommend an optimal
daily dosage of quinoa to ensure noticeable positive effects.
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