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Quinoa consumption has increased in worldwide importance due to an extraordinary nutritional value and
public acceptance as alternative food. Fatty acid profiles of 10 quinoa varieties grown in the same geographical
location were analyzed using different chemometric multivariate approaches [variable in importance partial
least square discriminant analysis (VIP-PLS-DA), stepwise linear discriminant analysis (S-LDA), linear discrimi
nant analysis (LDA), random forests (RF) and canonical analysis of principal components (CAP)]. The application
of variable selection approaches such as S-LDA and LDA significantly increased the classification accuracy (78%
and 74% respectively) of the samples according to their variety. The S-LDA approach allowed to reduce the
number of selected fatty acids, representing those fatty acids with higher statistical significance when applying
other random and non-random approaches. These fatty acid profiles also allowed the estimation of the nutri
tional lipid profiles of each variety for suitability in the human diet, providing insights into the various nutri
tional qualities of each quinoa variety. It is proposed that these results can be used to facilitate the selection of
varieties with optimized economic value.

1. Introduction
Quinoa (Chenopodium quinoa Willd.) has grown in importance
worldwide due to its extraordinary nutritional value (Alandia et al.,
2020). Quinoa may form an important part of the future focus on an
increasingly plant-based diet (Jacobsen et al., 2015). Its composition of
essential amino acids, fatty acids, micronutrients, vitamins and antiox
idants is considered high quality for the human diet compared to con
ventional cereals (Repo-Carrasco et al., 2003). Quinoa seeds have
appealing functional properties like solubility, water-holding capacity,
gelation, emulsifying and foaming, facilitating diversified gastronomical
applications (James, 2009). Moreover, since it’s a gluten-free grain with
a low glycaemic index, quinoa has emerged as a viable alternative for

consumers with special diet requirements (Gordillo-Bastidas et al.,
2016). Allied to its high nutritional value, its high resilience as a crop
has also attracted attention to it as a potential strategic crop for food
security and nutrition (Alandia et al., 2020). Quinoa represents a
tremendous genetic variability, with cultivars adapted to growth from
sea level to 4000 m above sea level, from 40◦ S to 2◦ N latitude, and from
cold, highland climate to subtropical conditions (Jacobsen, 2003).
Native to the Andes, quinoa is cultivated mainly in South America, most
notably in Peru, Bolivia, Ecuador, and Chile (Aluwi et al., 2017).
Currently, quinoa is used in several products, in raw (seed) and pro
cessed (flour) forms, including soups, cereals, flakes, alcohol, animal
feed, pasta, biscuits, cookies, and bread (Aluwi et al., 2017; Jacobsen,
2003). Several quinoa cultivars with different nutritional and functional
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properties are known to the scientific community. Certain quinoa cul
tivars have coeliac-toxic epitopes (amino acid peptide sequences in the
prolamins), and other new and ‘sweeter’ cultivars present lower saponin
contents (Nowak et al., 2016). The different cultivars not only vary in
adaptation strategies to cope with their growth environment but also
result in different organoleptic and nutritional characteristics (Zur
ita-Silva et al., 2014).
The growing superfood trend resulted in an exponential increase in
quinoa demand, which frequently exceeds existing supply capacities,
fostering fraudulent practices, such as mislabelling and substitution with
a cheaper product of inferior quality (Tichy et al., 2020). This supports
the need to develop quinoa traceability systems that allow efficient
tracking of cultivation, production and transportation, warehousing and
other real-time data acquisition, transmission, processing and full
traceability (Wang et al., 2019). The implementation of food labelling
and traceability all over the world led to an increasing number of studies
aiming to develop biochemical and elemental tags for providing un
equivocal natural labels of the product production, variety and other
important features for the consumer’s choice independently of the
producer’s information (Melini and Melini, 2019; Zhao et al., 2014).
Moreover and considering that some quinoa varieties originated in
low-income countries (Jacobsen, 2003), the appropriate cultivar iden
tification would facilitate identification and certification of these ori
gins, improving the market chain of these countries. Tools comprise
DNA barcoding techniques (Tichy et al., 2020), fatty acid profiling
(Mottese et al., 2018), microbial profiling (Francois et al., 2020) and
trace element fingerprinting or profiling (Zhao et al., 2014). Considering
fatty acid profiling, this has been pointed out as a high-throughput
analytical tool to efficiently quantify the fatty acid composition of
food products, providing accurate nutritional information, if the tar
geted tissue is edible, while simultaneously providing tracers of the
product variety and geographical origin (Amaral et al., 2006; Locatelli
et al., 2011). Compared to other approaches such as DNA barcoding or
stable isotope analysis, fatty acid-based traceability studies have the
advantage to provide important information valued by the consumers,
regarding the nutritional quality of the food product namely in terms of
omega fatty acid content and the saturation, stability and oxididability
of the fatty acids provided by the food products (Amaral et al., 2006;
Locatelli et al., 2011).
The present work aims to implement fatty acid profiling of quinoa
dry seeds for variety identification, using several chemometric ap
proaches, whilst simultaneously providing an evaluation of the vari
eties’ nutritional value.

2.2. Fatty acid analysis
The fatty acid composition of the different quinoa varieties was
determined by direct acidic trans-esterification of pre-weighted grain
powder (Duarte et al., 2021; Vidigal et al., 2018). Briefly, approximately
100 mg of seeds were ground and trans-esterified following the addition
of freshly prepared methanol sulfuric acid (97.5:2.5, v/v), and heating at
70 ◦ C for 60 min (Matos et al., 2007). Fatty acid methyl esters (FAMEs)
were then recovered, with petroleum ether, and the solvent was evap
orated in a dry bath at a constant temperature of 30 ◦ C, under a
continuous N2 flow (Matos et al., 2007). FAMEs were resuspended in
hexane and 1 µL was injected into a gas chromatograph (3900 Gas
Chromatograph, Varian), equipped with a hydrogen flame-ionization
detector set at 300 ◦ C. The temperature of the injector was set to
270 ◦ C, with a split ratio of 50. The fused-silica capillary column (50 m
× 0.25 mm i.d.; WCOT Fused Silica, CP-Sil 88 for FAME; Varian) was
maintained at a constant N2 flow of 2.0 mL min− 1 and the oven set at
190 ◦ C. Identification of different fatty acids was achieved by compar
ison of retention times with analytical standards (Sigma-Aldrich, USA),
and chromatograms were analyzed by the peak surface method, using
Galaxy software. The internal standard (IS) used was pentadecanoic acid
(C15:0). Chromatograms were aligned using the IS as reference. The
relative fatty acids composition of each sample was characterized by the
mean percentage and standard variation of individual FA, as well as by
FA classes considering saturated fatty acids (SFA, fatty acids without
double bonds), monounsaturated fatty acids (MUFA, fatty acids with a
single double bond), polyunsaturated fatty acids (PUFA, fatty acids with
2 or more double bonds) and unsaturated fatty acids (UFA, all fatty acids
with double bonds):
SFA = [C14 : 0] + [C16 : 0] + [C18 : 0]
MUFA = [18 : 1]
PUFA = [C18 : 2] + [C18 : 3]
UFA = MUFA + PUFA
To assess the nutritional quality of the lipids, present in the grains of
the analyzed Quinoa varieties, the atherogenicity (AI) and thromboge
nicity (TI) indexes, oxididability (COX), oxidative susceptibility (OS),
hypocholesterolemic/hypercholesterolemic index (h/H) and peroxidis
ability (PI) indices were calculated according to the following equations
(Attia et al., 2015; Fernandes et al., 2014; Garaffo et al., 2011; Wołoszyn
et al., 2020):

2. Materials and methods

AI =

2.1. Quinoa plant growing conditions and seed harvest
TI =

Plants were grown in temperature-controlled walk-in growth
chambers (Conviron, Winnipeg, Canada) at the University of Copenha
gen, Taastrup, Denmark, 2011 [day/night air temperature 18/13 ±
2 ◦ C; relative humidity ranging from 25 % to 90 %; photoperiod 16 h/8 h
total radiation consisted of the available sunlight during the growth
period supplemented by radiation from high-pressure sodium lamps,
with one lamp per square meter, each lamp providing 55–80 μmol
photons m− 2 s− 1 (exclusive of other light sources)]. The quinoa plants
were grown in pots (diameter 16 cm; height 25 cm) containing 3.4 kg of
sandy soil (from Snubbekorsgaard, Taastrup, Denmark). Six to ten seeds
per pot were sown and thinned to two per pot when the plants reached
the two-leaf stage. Plants were watered every third day with 100–200
mL distilled water until treatment was started. To ensure equal growth
conditions, plants were randomly distributed on two greenhouse tables
and rearranged twice a week. Mature seeds were harvested manually,
dried and cleaned. Seeds were stored at − 80 ◦ C until analysis.

[C16 : 0] + [C18 : 0]
[MUFA] + [PUFA]n− 3 + [PUFA]n−

6

[C16 : 0] + [C18 : 0]
n− 3
0.5 × [MUFA] + 0.5 × [PUFA]n− 6 + 3 × [PUFA]n− 3 + [PUFA]
[PUFA]
n− 6

COX =

[C18 : 1] + 10.3 × [C18 : 2] + 21.6 × [C18 : 3]
100

OS = [MUFA] + 45 × [C18 : 2] + 100 × [C18 : 3]
/
[C18 : 1] + [C18 : 2] + [C18 : 3]
h H=
[C16 : 0]
PI = [C18 : 1] × 0.025 + [C18 : 2] + 2 × [C18 : 3]
2.3. Statistical and chemometric analyses
Non-parametric Kruskal-Wallis with Bonferroni posthoc tests were
used for pairwise comparisons between the fatty acid relative concen
trations and the nutritional index values of the individuals collected at
the different geographical areas, and were performed in R-Studio
2
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Version 1.4.1717 using the agricolae package (De Mendiburu and Simon,
2015). Boxplots with the probability density of the data at different
values smoothed by a kernel density estimator were computed and
plotted using ggplot2 (Wickham, 2009) package in R-Studio Version
1.4.1717.
For the chemometric approach, five multivariate statistical meth
odologies were employed. The Primer 6 software (Clarke and Gorley,
2006) was used to carry out multivariate statistical analyses using
non-parametric multivariate analysis packages. Following data trans
formation (log x + 1) and dispersion weighting, the resemblance matrix
of all variables (based on Euclidean distances) was analyzed using Ca
nonical Analysis of Principal coordinates (CAP), to evaluate the ability
to successfully classify the quinoa grains according to their variety. This
multivariate approach is insensitive to heterogeneous data and
frequently used to compare different sample groups using the intrinsic
characteristics (fatty acid concentrations) of each group (Duarte et al.,
2021, 2022; Vidigal et al., 2018). The relative importance of variables
was calculated by dividing the maximum absolute Spearman correlation
coefficient of each variable with the canonical axis CAP1 and CAP2 by
the sum of all variable’s maximum absolute Spearman correlation co
efficients with the canonical axis CAP1 and CAP2.
Partial Least-Squares Discriminant Analysis (PLS-DA) and Variable
Importance in Projection Partial Least-Squares Discriminant Analysis
(VIP-PLS-DA) were performed using the DiscriMiner package (Sanchez,
2013) in R-Studio Version 1.4.1717. For VIP-PLS-DA analysis only var
iables with a VIP score > 1 were included. Variable relative importance
was calculated by dividing the VIP score of each variable by the sum of
all VIP scores.
Linear Discriminant Analysis (LDA) was computed using the MASS
package (Venables and Ripley, 2002) in R-Studio Version 1.4.1717. For
LDA, the complete sample data were divided randomly into 40 % of the
data set for model training, and the remaining 60 % of the data set was
used for the model test. Variable relative importance was calculated by
dividing the sum of the absolute value of each variable first two linear
discriminants by the whole variable dataset sum of the absolute value of

the first two linear discriminants. Stepwise Linear Discriminant Analysis
(S-LDA) was computed using the klaR package (Röver et al., 2004) in
R-Studio Version 1.4.1717. Stepwise variable selection was set in both
directions (forward and backwards), with a 0.01 least improvement of
performance measure desired to include or exclude any variable. The
number of variables to be included was not limited. Variable relative
importance was calculated by dividing each variable increment in ac
curacy by the sum of the selected variables of incremental accuracy.
Random Forests (RF) were computed using the randomForest package
(Liaw and Wiener, 2002) in R-Studio Version 1.4.1717. The maximum
number of trees was set to 500, which proved to be enough to stabilize
the error of the analysis. Variable relative importance was calculated by
dividing each variable Gini accuracy by the sum of all variable’s Gini
accuracies.
All chemometric approaches generated confusion matrixes used for
the evaluation of the multivariate statistical approach performance in
correctly classifying the sample variety according to their fatty acid
profile. Model overall accuracy was calculated by dividing the number
of correctly classified samples by the total number of samples.
3. Results and discussion
3.1. Fatty acid profiles
The myristic acid (C14:0) relative content of the different quinoa
cultivar seeds was similar (Fig. 1). Nevertheless, the Pandela rosada
(PDR) variety presented the highest percentage of this fatty acid, while
Hualhuas (HAL) and Huariponcho (HUP) showed the lowest values. This
was the less abundant fatty acid present in the evaluated quinoa seed
comprising less than 0.21 % of the total fatty acids, this low C14:0
content is a common feature with cereals of traditional use, such as oat
(Bityutskii et al., 2020). Palmitic acid (C16:0) ranged from approxi
mately 15 % in Pandela rosada (PDR) to about 8.6 % in the seed of
Titicaca. The majority of the C16:0 concentration values assessed are
above the ones determined for other quinoa varieties (Pasto, Atlas,

Fig. 1. Fatty acid composition and respective unsaturation classes (monounsaturated fatty acids, MUFA; polyunsaturated fatty acids, PUFA; saturated fatty acids, SFA
and unsaturated fatty acids, UFA) relative concentration in the studied quinoa seed varieties (Achachino, ACH; Amarilla de Marangani,́ ADM; Hualhuas, HAL;
Huariponcho, HUP; Misa quinua, MSQ; Pandela rosada, PDR; Pasankalla rosada, PSR; Sayaña, SYA; Titicaca, TIT and Utusaya, UTU); based on average values, N = 5
replicates per variety; and different letters denote significant differences at p < 0.05.
3
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Marisma, Jessie, Roja, Pot-4) grown in Europe (Rodríguez Gómez et al.,
2021). Nevertheless, previous studies also identified this fatty acid as
one of the major components of the fatty acid pool of quinoa seeds
(Peiretti et al., 2013; Pellegrini et al., 2018; Rodríguez Gómez et al.,
2021; Tang et al., 2015). In nutritional terms, saturated fatty acids such
as myristic and palmitic acids are known to increase the ratio of
High-density lipoprotein (HDL) to cholesterol (Orsavova et al., 2015).
Thus the concentration here reported, ranging from 8.8 % to 15.7 % of
these two fatty acids, reinforces the nutritional qualities of quinoa,
especially of the Pasankalla rosada (PSR), Pandela rosada (PDR) and
Sayaña (SYA) varieties, where the lowest values of C14:0 and C16:0
were observed. Stearic acid (C18:0) content in the evaluated varieties
was found to range from 0.4 (Achachino, ACH) to 2.7 % (Hualhuas,
HAL) of the total fatty acid content in quinoa seeds. These values for
C18:0 are also in line with previous works (Tang et al., 2015), although
in other reports this fatty acid was present in higher concentrations, with
these differences ascribed to genetic variability (Peiretti et al., 2013).
Some other studies report lower stearic acid contents in other quinoa
varieties than the ones here presented (Pellegrini et al., 2018). Increased
levels of stearic acid have an additional advantage over other saturated
fatty acids, since it has a neutral effect on serum lipoprotein cholesterol
(Anushree et al., 2017). Regarding oleic acid (C18:1), the concentration
of this fatty acid ranged between 9.9 % in the Hualhuas (HAL) variety,
and 22.6–23.0 % in Huariponcho (HUP) and Amarilla de Marangani ́
(ADM) varieties, respectively. The higher values determined are in line
with those reported for other quinoa varieties (Pellegrini et al., 2018;
Tang et al., 2015). The varieties Misa quinua (MSQ), Pasankalla rosada
(PSR), Huariponcho (HUP) and Amarilla de Marangani ́ (ADM) pre
sented higher concentrations of oleic acid, and thus a potentially higher
antioxidant activity, since this fatty acid has been ascribed to have an
antioxidant role (Tang et al., 2015; Villa-Rodríguez et al., 2011). Lino
leic acid (C18:2) was the most abundant fatty acid determined in the
seeds from the quinoa varieties here evaluated, with the Misa quinua
(MSQ), Titicaca (TIT) and Achachino (ACH) varieties presenting the
higher values (62.2 %, 62.6 % and 61.4 % of the total fatty acid content,
respectively). The varieties Amarilla de Marangani,́ Pandela rosada and
Pasankalla rosada presented linoleic acid values ranging from 51 % to
53.9 % of the total fatty acid content. All the values here reported are
above values previously observed in other quinoa varieties (Pellegrini
et al., 2018; Tang et al., 2015). The anti-oxidant role of these varieties is
highlighted by the elevated values of linoleic acid concentration, re
ported as strong anti-oxidant power (Villa-Rodríguez et al., 2011). High
linoleic acid content has also been a key factor for the high nutritional
value of quinoa (Wood et al., 1993). Regarding the α-linolenic acid
(C18:3) determined in the evaluated varieties, it ranged from 11.2 %
(Pandela rosada, PDR) to 2.7 % in Misa quinua (MSQ). These values here
reported, in particular the ones above 10 % of the total fatty acid content
(Utusaya, Pandela rosada, Hualhuas, Titicaca, Achachino and Amarilla
de Marangani ́ varieties), are above the ones previously reported (Pel
legrini et al., 2018; Tang et al., 2015). Beyond the anti-oxidant value,
already described for linoleic and oleic acids (Villa-Rodríguez et al.,
2011), the presence of high concentrations of α-linolenic acid, also im
proves the lipid quality of the seeds, providing an important source of
omega 3 fatty acids (PUFAs) (Wood et al., 1993). Erucic acid (C22:1)
content in the seeds from the Hualhuas variety presented the highest
value (3.8 %), while this fatty acid presented comparatively very low
values in all other quinoa varieties assessed and was not even detected in
the Huariponcho (HUP) and Achachino (ACH) varieties. Nevertheless,
these very low values of erucic acid are in line with the ones previously
reported for other quinoa varieties (Tang et al., 2015). Low values of this
fatty acid are considered desirable in terms of human consumption,
since a high intake of this fatty acid can lead to myocardial lipidosis and
other heart conditions (Chain (CONTAM) et al., 2016). Moreover, it is
worth noticing that the values here reported are below the ones
described for cereals, and thus reinforce the nutritional value of the
quinoa grains (Chain (CONTAM) et al., 2016). Assigning these fatty

acids into unsaturation classes, revealed some differences. The quinoa
varieties Amarilla de Marangani ́ (ADM) and Huariponcho (HUP)
showed the highest concentrations of monounsaturated fatty acids
(MUFA), while Hualhuas (HAL), presented the lowest concentration of
this class of fatty acids. Previous works reported MUFA concentrations
between 29 % and 31 % in other quinoa varieties (Tang et al., 2015),
while in the present work the concentration of this fatty acid class varied
between 13.6 % and 23.7 %. Regarding the PUFA seed content, these
were found to be higher in the seeds from the Titicaca (TIT), Achachino
(ACH) and Hualhuas (HAL) (73.4 %, 71.7 % and 70.9 % respectively),
and significantly lower values in Amarilla de Marangani ́ (ADM) and
Pasankalla rosada (PSR). At this level, the varieties here evaluated
present values higher than those previously reported (Tang et al., 2015),
highlighting the nutritional value of the varieties studied in the present
work (Tapiero et al., 2002). The PUFAs linoleic and α -linolenic acids,
essential dietary fatty acids obtained from plant material ingestion, are
the metabolic precursors of several important long chain poly
unsaturated fatty acids (LC-PUFA) such as arachidonic acid, eicosa
pentaenoic acid docosahexaenoic acid as well as of their derivatives
(Tapiero et al., 2002). Both these MUFA and PUFA content contribute to
the UFA values reported for the quinoa seed varieties in Fig. 1. All va
rieties presented an UFA concentration above 80 % of the seed total fatty
acid content, being the highest values determined in the seeds of Titi
caca (TIT) variety and the lowest in the seeds of Pasankalla rosada
(PSR), in line with the values detected in previous studies (Tang et al.,
2015). Saturated fatty acids (SFA) were the less abundant class present
in the evaluated seeds ranging from 9.4 % (Titicaca, TIT) to approxi
mately 16 % (Pasankalla rosada (PSR) and Pandela rosada (PDR)). Ac
cording to the international regulatory agencies (EFSA Panel on Dietetic
Products, Nutrition, and Allergies (NDA), 2010), saturated fatty acid
(SFA) intake should be as low as possible, and thus this low concen
tration detected in the studied varieties once again shows the high
nutritional value of these quinoa cultivars. Table 1.

Table 1
Available information regarding the origin of the studied cultivars, seed and
yield characteristics, earliness of maturation, photoperiod sensitivity (PS) and
tolerance to specific stresses.
Cultivar

Characteristics

Huariponcho (HUP)

Landrace originally from Peru; Colored seed episperm
(mostly red). Tolerant to frost and downy mildew. Early
maturing. PS: short-day.
Cultivar from Bolivia isolated in 1992, characterized by
high yield and good seed characters. Among others
replaced Kamiri cultivar. Early maturing. PS: short-day.
Landrace originally cultivated in Bolivia (Southern
Altiplano) with a purple to green seed with a medium to
large size, relatively heterogeneous, color. Tolerant to
drought and salinity. Medium early maturing. PS: shortday.
First identified in Bolivia (Southern Altiplano). Landrace
popular due to its almost brilliant red seed color. Late
maturing. PS: short day.
Landrace from Peru (Puno) with popping ability. Grey
medium-size seeds with a hint of violet with sweet taste.
The dehulled seed is red. Late maturing. PS: short-day.
Local landrace from Peru (Puno). Late maturing. PS: shortday
Cultivar from Peru (Cusco) selected by mass selection.
Yellow, large seed, very bitter but highly appreciated for
its cooking characteristics. Late maturing. PS: short-day.
Cultivar belonging to the Real type, grown in the area
surrounding the Bolivian salt flats and are thus adapted to
the salt-rich soils and harsh climatic conditions prevailing
in the Andes at around 3600 m above sea level.
Cultivar selected in Denmark from material originated in
southern Chile and Peru. Panicle yellow to orange, seeds
light brown to yellow. Early maturing. Daylength neutral.
Registered variety.

Sayaña (SYA)
Utusaya (UTU)

Pandela rosada (PDR)
Pasankalla rosada
(PSR)
Misa quinua (MSQ)
Amarilla de
Maranganí (ADM)
Achachino (ACH)

Titicaca (TIT)
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3.2. Fatty acid based nutritional indexes

susceptibility (OS, Fig. 2D) indicate the oxidative stability of fatty acids.
While COX values should be low, indicating that fatty acids are less
prone to oxidation, OS should be as high as possible (Covaci et al., 2020;
Gómez Candela et al., 2011; Maia et al., 2021). Misa quinua (MSQ)
variety presented the lowest COX value and thus the less prone to lipid
peroxidation (Farahmandfar et al., 2015). On the other hand, the Titi
caca (TIT) and Achachino (ACH) varieties presented comparatively
higher values of this index, indicating that antioxidant for inhibiting
lipid oxidation is advisable to be added as a food supplement, to reduce
the risk of quinoa grain lipid peroxidation upon ingestion (Far
ahmandfar et al., 2015). Comparing the OS values obtained for the
studied quinoa varieties with the ones reported by (Covaci et al., 2020)
for several oils from plant origin (Lycium chinense oil, Croatian olive oil
and Brazilian soybean oil with OS values of 2983, 567 and 2987
respectively), it is possible to observe that the lipids present in the
quinoa seeds here surveyed (OS values ranging from 3087 to 3913 for
Misa quinua (MSQ) and Titicaca (TIT) varieties respectively) display
high oxidative stability. Analyzing these two indexes together, it is fair
to assume that all the varieties studied present high oxidative protective
potential (Maia et al., 2021). The hypocholesterolemic (h) and hyper
cholesterolemic (H) fatty acid ratio (h/H index) (Fig. 2E) is directly
related to the effects of specific fatty acids on cholesterol metabolism,
being of the utmost importance, since hypocholesterolemic fatty acids
reduce the low-density lipoproteins cholesterol, also known as bad
cholesterol, whereas the hypercholesterolemic fatty acids increase it
(Paiva et al., 2016). Thus, ratios above 1 are desirable. In the surveyed
quinoa seed varieties h/H index values ranged from 5.58 (Pandela
rosada, PDR) to 8.51 (Titicaca, TIT), indicating a proportion of hypo
cholesterolemic fatty acids 5–8 times above the values of hypercholes
terolemic fatty acids, reinforcing the nutritional value of these seeds
once again. The PI values of the quinoa seed varieties (Fig. 2 F) ranged

The role of polyunsaturated fatty acids (PUFAs) in cardiovascular
conditions is well known, and atherogenicity (AI) and thrombogenicity
(TI) indexes are commonly used to infer the potential health benefits
associated with the ingestion of a certain food. AI is related to the main
classes of saturated (pro-atherogenic) and unsaturated (anti-athero
genic) fatty acids, and thus a low AI ratio is recommended (Garaffo et al.,
2011). TI is directly related to the susceptibility to form masses in the
blood vessels, by comparing the pro-thrombogenic (saturated fatty
acids) and the anti-thrombogenic monounsaturated fatty acids (MUFA),
as well as the n-3 and n-6 PUFA. Therefore, a low TI value is also
desirable (Garaffo et al., 2011). Tuna is often used as a reference for the
comparison of AI and TI values obtained for different foods, due to its
high nutritional value in terms of its fatty acid profile (AI=0.7 and
TI=0.3) (Duarte, Feijão et al., 2021; Garaffo et al., 2011). Considering
the quinoa seed varieties here evaluated, all of them presented AI values
below the one considered as reference (0.7) (Fig. 2A), thus indicating a
high nutritional value of these seeds in terms of atherogenicity health
(Duarte et al., 2021; Garaffo et al., 2011). The Titicaca (TIT) variety
showed the lowest values of this index, while Pasankalla rosada (PSR)
and Pandela rosada (PDR) displayed the highest AI values (Fig. 2 A),
although still below the reference 0.7 value. The average TI values
assessed for the quinoa seed variety here presented also presented values
below the reference 0.3 value (Fig. 2B). Nevertheless, in Pasankalla
rosada (PSR), Misa quinua (MSQ) and Sayaña (SYA) varieties some
replicates were found to be above this value. Again Titicaca (TIT) variety
showed the lowest values of this index, while the highest was assessed
for the Misa quinua (MSQ) variety. This indicates also a high nutritional
value of these seeds in terms of thrombogenicity health (Duarte et al.,
2021; Garaffo et al., 2011). The oxidability (COX, Fig. 2 C) and oxidative

Fig. 2. Nutritional and health promotion indexes (atherogenicity index, AI (A); thrombogenicity index, TI (B); oxididability, COX (C); oxidative susceptibility, OS
(D), hypocholesterolemic/hypercholesterolemic index, h/H € and peroxidisability index, PI (F)) and omega-3 and − 6 (G and H respectively) fatty acids content of
the studied quinoa seed varieties (Achachino, ACH; Amarilla de Marangani,́ ADM; Hualhuas, HAL; Huariponcho, HUP; Misa quinua, MSQ; Pandela rosada, PDR;
Pasankalla rosada, PSR; Sayaña, SYA; Titicaca, TIT and Utusaya, UTU); with boxplots representing median values and quartiles of N = 5 replicates per variety; and
different letters denote significant differences at p < 0.05.
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from 88.2 (Misa quinua, MSQ) to 100 (Titicaca, TIT). Soybean, perilla
and fish oils have PI values of 70.8, 135 and 262, respectively (Maia
et al., 2021). According to the literature the higher the PI values, the
greater the susceptibility to lipid peroxidation (Maia et al., 2021).
Nevertheless, a high polyunsaturated/saturated fatty acid ratio diet, as
was observed for all studied quinoa varieties, can have a beneficial effect
on cardiovascular condition risk even with PI above 80 (Kang et al.,
2004). Among the detected fatty acids, the essential dietary fatty acids
omega-3 C18:3 (Fig. 2 G) and the omega-6 C18:2 (Fig. 2H) have rein
forced importance. The varieties analyzed have a prevalence of omega-6
over omega-3 fatty acids, with a ratio between these two fatty acids
between 4.7 and 7.1 (except for Huariponcho and Misa quinua), values
similar to the ones reported in other quinoa varieties (Tang et al., 2015).
The very low omega-3 fatty acids values detected for Huariponcho
(HUP) and Misa quinua (MSQ) seed varieties increase greatly this ratio
to values of 10.9 and 23.2 respectively. Maximum values of omega-6
were identified in Misa quinua (MSQ) and Achachino (ACH). This
prevalence of omega-6 over omega-3 fatty acids is in line with what is
more common in the everyday use of food sources and emphasizes the
need for strategies, to increase the availability and consumption of
omega− 3-containing foods or supplementation (Meyer et al., 2003).

Hualhuas (HAL) and Misa quinua (MSQ), more evident in the biplots
resulting from the CAP, VIP-PLS-DA and LDA approaches. Observing the
classification results by variety (Fig. 4B), this fact is confirmed with a
high degree of classification accuracy of these varieties in all the tested
models, using fatty acid profiles as tracers. Considering the accuracy of
the tested chemometric approaches (Fig. 4A), it was maximum upon the
application of S-LDA and LDA methods (78 % and 74 % respectively).
The CAP analysis resulted in a lower overall classification accuracy,
classifying only 60 % of the samples correctly. This difference between
the S-LDA and LDA approaches was mainly due to a reduction in the
number of variables used for chemometric model elaboration in the SLDA approach, where only C18:1, C18:2, C16:0 and C18:3 (by this
order) fatty acids were selected as descriptor variables for variety clas
sification. This variable selection resulted in an improvement of the LDA
approach (using all fatty acids as input variables) of 4 %. This reduction
of explanatory variables is often an efficient way to reduce this back
ground noise, especially given a future practical implementation of the
methodology. This variable selection is also known to be highly
dependent on the sample matrix properties, as well as on the overall
characteristics of the data set (Varrà et al., 2021). Along with the CAP
approaches, S-LDA is probably the most frequently used classification
technique when dealing with traceability profiling data (Varrà et al.,
2021). Some criticisms of this methodology are due to the randomness of
the variable selection, rather than the effective significance of the var
iables selected (Smith, 2018). Nevertheless, when comparing this
approach with other variable selection models with a high degree of
randomness (such as Random Forests) and with a low degree of
randomness (such as VIP-PLS-DA), some conclusions regarding variable
selection can be drawn, especially for those commonly selected among
random and non-random approaches. In terms of variable selection,
VIP-PLS-DA consists of a more robust and flexible algorithm, particu
larly fit for the classification of a large number of samples, and is rec
ommended as a more powerful tool for reliable variable selection

3.3. Quinoa variety fatty acid chemometrics
Several multivariate statistical analyses were used as chemometric
tools to depict the quinoa fatty acid composition of the seeds analysed.
For visualization purposes, the resulting plots from the CAP, VIP-PLSDA, LDA and RF analyses are presented in Fig. 3. Due to biplot scaling
effects, there is a high degree of overlap, although this can result only
from scaling effects. The cluster grouping and classification can be
confirmed by the general classification accuracy results of each of the
chemometric models tested (Fig. 4). Nevertheless, some clusters appear
isolated in several biplot projections, such as the ones composed of

Fig. 3. Canonical Analysis of Principal components (A, CAP), Variable Importance in Projection Partial Least Squares Discriminant Analysis (B, VIP-PLS-DA), Linear
Discriminant Analysis (C, LDA) and Random Forests (D) biplots of the fatty acid profiles of the studied quinoa seed varieties (Achachino, ACH; Amarilla de Mar
angani,́ ADM; Hualhuas, HAL; Huariponcho, HUP; Misa quinua, MSQ; Pandela rosada, PDR; Pasankalla rosada, PSR; Sayaña, SYA; Titicaca, TIT and Utusaya, UTU).
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Fig. 4. General classification accuracy of each of the chemometric models tested (Canonical Analysis of Principal components (CAP), Variable Importance in
Projection Partial Least Squares Discriminant Analysis (VIP-PLS-DA), Linear Discriminant Analysis (LDA), Stepwise Linear Discriminant Analysis (S-LDA) and
Random Forests (RF) (A) and classification accuracy per variety (B; Achachino, ACH; Amarilla de Marangani,́ ADM; Hualhuas, HAL; Huariponcho, HUP; Misa quinua,
MSQ; Pandela rosada, PDR; Pasankalla rosada, PSR; Sayaña, SYA; Titicaca, TIT and Utusaya, UTU).

Fig. 5. Fatty acid relative variable importance in each of the chemometric models tested (Canonical Analysis of Principal components (CAP), Variable Importance in
Projection Partial Least Squares Discriminant Analysis (VIP-PLS-DA), Linear Discriminant Analysis (LDA) and Random Forests (RF).
7
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compared to S-LDA (Rashid et al., 2019). Regarding the classification
accuracy by variety, none of the models could improve the classification
accuracy of Pandela rosada (PDR), Pasankalla rosada (PSR), Sayaña
(SYA) and Utusaya (UTU) varieties, when using their fatty acids profiles,
pointing to a high degree of similarity of the fatty acid profiles of these
varieties with the remaining ones analysed.
When comparing the variable importance in the classification ac
curacy of the several chemometric methods with different degrees of
randomness, some similar patterns are evident (Fig. 5). As above
mentioned, S-LDA selected C18:1, C18:2, C16:0 and C18:3 as descriptor
variables for maximum accuracy. This selection is in accordance with
the variable importance attributed to these fatty acid traits by methods
considered less random and more robust, such as the VIP-PLS-DA
approach. In fact, the majority of the methodologies highlighted
C18:1, C18:2 and C18:3 fatty acids as the fatty acids that most
contributed to the differentiation of the analyzed varieties. It is worth
noticing that among these selected traits are highly abundant fatty acids,
as well as fatty acids that are present in the quinoa seeds in lower con
centrations, discarding any possible mathematical effect due to the
relative abundance effects of the selected traits. These facts point to a
reliable selection of variables obtained by the S-LDA approach, which in
the present study obtained the highest degree of accuracy (Rashid et al.,
2019). In nutritional terms is also worth noticing that the fatty acids
with a higher degree of importance for chemometric correct classifica
tion are also responsible for a higher nutritional quality of the seeds
(Garaffo et al., 2011; Maia et al., 2021; Paiva et al., 2016), which can, in
turn, be an added value of these approaches, providing simultaneously a
variety classification and a nutritional profile.
The application of untargeted fatty acids analysis has been growing
for traceability studies (Fonseca et al., 2021; Mottese et al., 2018; Por
tarena et al., 2015; Ricardo et al., 2021), producing high-throughput
results and a vast number of fatty acids, analyzed with simple sample
preparation. In the present study, this high-throughput dataset appears
also to be suitable for chemometric approaches disclosing the quinoa
varieties with a simultaneous evaluation of the nutritional value of the
seeds in terms of human consumption, being, therefore, a promising
technique that can provide a seal of quality and authenticity for quinoa
grains of different varieties, and thus add value to varieties with high
nutritional advantages. Moreover, considering the growth conditions of
the mother plants in the same location and conditions, this highlights
the intrinsic influence of the variety type over the fatty acid profiles and
its use as discriminatory traits for chemometric variety identification. In
fact, this has already been observed for other underutilized pulses crops
such as Lablab purpureus, reinforcing the application of these tools also
for quinoa varieties (Vidigal et al., 2018).
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