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Background: Inclusion of quinoa in the diet of consumers has generated a
challenge for quinoa producers and food processors, which involves the study
of new cultivars and the functional properties of their flours.

Methods: Six quinoa cultivars (Titicaca, Blanca real, Soracd, Pasankalla,
Puno and Narifio) were analyzed for their proximate composition using
the methodologies proposed by the Association of Official Analytical
Collaboration, AOAC. A rheological analysis was carried out with flours from
each cultivar. A sequential test including a flow test, a pasting test and another
flow test was programmed to evaluate the flow behavior before and after a
heating process. In addition, the structural properties of the cultivar flours were
evaluated by Fourier Transform Infrared spectroscopy (FTIR).

Results: It was found that the Pasankalla, Titicaca and Soraca cultivars had
a higher (p < 0.05) protein content, while the Puno, Pansakalla and Blanca
real cultivars stood out for their higher (p < 0.05) lipid content. On the
other hand, it was found that before heating, all quinoa flour dispersions had
a dilatant flow (n > 1), but after heating, all of them showed a decrease
of index values, where the flours of the Titicaca and Pasankalla cultivars
were more affected with a tendency toward a Newtonian flow (n ~ 1).
The pasting test showed that the viscosity varied according to the cultivar
tested. It is noteworthy that both Titicaca and Soraca presented a high
peak viscosity (0.16 + 0.01 and 0.13 £+ 0.02 Pa-s respectively) and different
setback values on cooling (0.100 + 0.028 and 0.01 £ 0.01 Pa-s respectively).
Spectroscopic analysis showed a direct relationship between the intensity of
the peaks and the nutritional content of the flours. In addition, secondary
protein structures such as p-sheet, p-Turn, a-Helix and Random Coil were
identified after deconvolution of the spectra. The differences in the protein
structures of each cultivar could allow their identification by this methodology.
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Conclusion: It can be concluded that quinoa flours from the six cultivars could
be used for the formulation of different food products, such as beverages,
baked goods, snacks, pasta and others, acting as nutritional improvers and
modifiers of rheological, textural and functional properties.
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cultivar, Chenopodium quinoa Willd, proximal analysis, flow index, pasting, FTIR

Introduction

The growth of the world population, the rise of interest
in products of vegetable origin, with biological, nutritional
or technological functionality, and the increasing search for
gluten-free products, have led both individuals and industries
to search for new food sources that meet these requirements.
Among the different foods that have been investigated, quinoa
appears as an opportunity with high potential to supply the
different needs of the population and the processed food
industries (Sohaimy et al., 2018; Alrosan et al., 2022). Quinoa
is an Andean grain, highly appreciated in the world for its
protein content, fatty acids, vitamins, minerals, dietary fibers
and especially for its good balance of essential amino acids
(Pellegrini et al., 2018; Pereira et al., 2019). It has been proven
that quinoa cultivation can be adapted to different agronomic
and climatic conditions, allowing its production in the high
altitudes of the Andes in countries such as Bolivia, Peru,
Ecuador, Colombia, Argentina and Chile (Jaikishun et al., 2019).
The quinoa grain has shown great potential to supply food
in a sustainable way in the world, due to its ability to adapt
to different soil and climate conditions, where other crops are
unable to adapt. This makes quinoa an excellent productive and
food alternative in the face of the adverse effects of climate
change. In this respect, together with amaranth, they have
been named as grains of great interest in the 2Ist century
(Ruiz et al., 2015).

Taking into account the benefits of the crop and
its nutritional content, many countries have sought to
develop varieties, and
with through
which the
production. Currently, there is a continuous momentum
crop that than 95 countries,

Tibet, France, China,
United Kingdom, Sweden, Denmark, Netherlands and Italy
(Bhargava et al., 2006; Pulvento et al., 2012; Bazile et al., 2016).

The study of rheological properties such as flow and pasting

sharing exchanging germplasm

other countries crop  experimentation,

seeks to improve expansion of quinoa

in this reaches more

including Morocco, India,

of quinoa flours can be of great interest in the food industry,
because of their correlation with the textural properties (Wu
et al,, 2014) of food products or because of the effect they can
have on the rheological properties of the food to which they are
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added. On the other hand, no rheological or physicochemical
studies of the quinoa cultivars Titicaca, Blanca real, Soracd,
Pasankalla, Puno and Narifio have been reported, therefore the
objective of this work was to analyze the chemical composition,
structural properties and rheological behavior of quinoa flours
of different cultivars.

Materials and methods

Materials

in the
municipality of Ventaquemada Colombia, at Victoria Granja
Agroecolégica® with coordinates 5°22'47” N and 73°30'10”
W, at an altitude of 2,722 masl, were used. During the trial, the

Grains grown under greenhouse conditions

average temperature was 15.2°C, relative humidity of 79.1%
and an average daily illumination of 624 wmol.m~2.s~! under
greenhouse conditions. The cultivars used were Titicaca, Blanca
real, Soracd, Pasankalla, Puno and Narifo. In general, all the
cultivars used in this work could be considered as white grains
with the exception of Pasankalla which is characterized by a
dark brown color. Planting was carried out in 3.0 x 2.0 m plots
to achieve a planting density of 200,000 plants per hectare. A
random sample of 30 kg of quinoa of each cultivar was collected
for analysis.

Flour production

Flour production was carried out in an analytical knife mill,
IKA Al1 basic, Brazil. The flours were then sieved through an
A.S.T.M.E.11 sieve to obtain flours with particle size between 180
and 125 pm. The flours were packaged and stored under vacuum
until characterization.

Quantification of protein, lipids and
carbohydrates

For proximal analysis, the methodologies proposed by
AOAC (2000) were used. For protein analysis, method 984.13
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was employed, with a conversion factor of 6.25. The ether
extract was obtained by method 991.36. The percentage of total
carbohydrates (CHO) was obtained by difference (%CHO=100-
%protein-%lipids-%water-%ash). The analyses were performed
at least in duplicate.

Rheological characterization

For the rheological analysis, aqueous dispersions of each
flour were prepared at a concentration of 12 g-100 mL™!. A
sequential test involving a flow test, a pasting test and another
flow test was programmed to evaluate the flow behavior before
and after the heating process (Polo Maria et al., 2021; Ortiz
Gomez et al, 2022). An AR 1,500 rheometer, TA Instruments,
New Castel, USA, equipped with a pasting cell for starch analysis
(SPC) were used. All rheological analyses were performed at least
in triplicate.

Flow tests

The flow test was performed at a constant temperature of
30°C and at a shear rate in the range of 0.01 and 200 s 1.
The experimental data were fitted to the power law equation
(Ostwald model).

T=ky" (1)

Where 7 represents the shear stress, k the consistency
index, y the shear rate, and n is the flow index. A
of
n>1

determined for values
n=I, pseudoplastic for n<I and dilatant for

(Nieto-Calvache et al., 2020; Ortiz Gomez et al., 2022).

Newtonian flow type was

Pasting assay
the
programmed, starting at 30°C for 40s, then the samples
were heated at a rate of 10°C-min~! up to 90°C. Then, this
temperature was maintained for 4min, and after this time

For pasting test a temperature gradient was

the sample was cooled at 10°C-min~! to 30°C. Finally, it
was kept at this temperature for 2 min. Viscosity values [Pa-s]
were recorded: Peak viscosity (maximum viscosity achieved
during the heating cycle), Trough viscosity (the trough at the
minimum hot paste viscosity), Final viscosity (the viscosity
at the end of test after cooling to 30 °C and holding at this
temperature), Breakdown viscosity (the decrease in viscosity
during the first holding period, calculated as the peak viscosity
minus the viscosity at the starting cooling period), and Setback
viscosity (the increase in viscosity during cooling, calculated as
the difference between the final viscosity and the viscosity at the
starting cooling period) (Polo Marfa et al., 2021; Correia Bento
et al., 2022).
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Attenuated total reflectance-fourier
transform-infrared spectroscopy

A spectrometer model IRAFFINITY-1S (Shimadzu, Inc.,
Shelton CT, Japan) equipped with a MIRacle 10 (Shimadzu, Inc.,
Shelton CT, Japan) attenuated total reflectance (ATR) accessory
with a single reflection diamond crystal at an angle of incidence
of 45° was used for the analysis. The average of 45 scans with a
resolution of 4 cm ™! at 25 °C was taken for the measurements.
Happ-Genzel apodization was used, with a magnitude phase
correction. A flat tip was used and a background spectrum (air)
was recorded prior to each measurement. Spectra were acquired
between 500 and 4,000 cm ™. Spectral analysis was performed
using OriginPro version 2016. The baselines of the spectra were
corrected and normalized between 0 and 1. In addition, a peak
deconvolution process was performed in the region from 1,600
to 1,710 cm~! in order to determine the secondary structures -
sheet, B-turns a-helix, Random Coil and their changes in each
cultivar (Roa Acosta et al., 2020). The tests were performed
in triplicate.

Statistical analysis

For the statistical analysis of chemical composition,
rheological analysis and FTIR spectra, a one-way or two-
way ANOVA, with Tukey’s post-hoc test was performed to
compare the results of the determinations. Assumptions of
normality and homogeneity were evaluated using Shapiro-
Wilk and Bartlett’s tests. All statistical analyses were performed
with GraphPad Prism version 7 software (San Diego, CA). In
addition, correlations were established between the quantitative
variables using the Sperman correlation and were plotted
using the corrplot library. A hierarchical clustering analysis
was performed by Euclidean distance with the gplots and
RColorBrewer libraries and principal components analysis
(PCA) with Factoextra library. The PCA was performed to
establish differences between the cultivars analyzed in terms of
their structural and rheological properties. Multivariate analysis
was performed using R statistical software, version 3.6.1.

Results and discussion

Quantification of protein, lipids and
carbohydrates

In Figure 1, protein analysis showed that the Pasankalla,
Titicaca and Soracd cultivars had the highest protein content
(143 £ 0.2, 14.8 = 0.1 and 14.3 £ 0.1 g/100 respectively),
while the Puno and Narifio cultivars had the lowest (11.5 +
0.2 and 11.6 £ 0.2/100g respectively). On the other hand,
the carbohydrate content was higher in the Puno, Narifio
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FIGURE 1
Protein, lipid and carbohydrate content. The average with
different letters shows significant difference (p < 0.05).

and Blanca real (61.0 = 0.4, 61 £ 2 and 59.3 £+ 0.5/100g
respectively) cultivars, while Titicaca (49.5 & 0.8/100g) was the
lowest. Lipid content was higher in Puno, Pansakalla and Blanca
real (7.1 £ 0.2, 6.8 £ 0.3 and 6.8 + 0.3/100g respectively)
cultivars and lower in Titicaca and Soracd (5.8 4 0.4 and 6.2
=+ 0.2/100 g respectively). The values obtained for protein, lipids
and carbohydrates are in the order of those reported by Nowak
et al. (2016), who in a review study found values reported
in the literature between 9.1 and 15.7 g-100g~! for protein,
between 4.0 and 7.6 g-100g™ ! for lipids and between 48.5 and
69.8 g-100g~! for carbohydrates. This preliminary analysis is
of great interest for the industry or consumers, taking into
account that at present, the topic of vegetable protein, lipids
and carbohydrates such as starch, mainly, have been the focus
of research in the food industries oriented toward the supply of
products with nutritional or technological benefits. One of the
most common technological and nutritional applications is the
concentration or isolation of the protein. In this regard, previous
work carried out with quinoa of the Blanca de Jericho variety
(Roa-Acosta et al., 2020) allowed obtaining a hyper protein flour
by abrasive milling, reaching protein values between 15.62 =+
0.23 and 34.85 = 0.17 g-100g~ L. Therefore, this work allows
the identification of the cultivars with the greatest potential
for the production of these flours using this same technology.
Likewise, in the case of lipids, quinoa oil has been valued
by the industry as a high quality oil, due to its content and
composition of fatty acids and the presence of antioxidants
such as tocopherols that provide oxidative stability (Mufari
et al, 2020). In this sense, the Puno, Pansakalla and Blanca
real cultivars have the greatest potential for these applications.
On the other hand, quinoa starch has also been studied, for its
versatility in food and non-food applications (Wang et al., 2015)
such as in the production of biofilms, the microencapsulation of
food ingredients (oils), or as a stabilizer of pickering emulsions
(Li and Zhu, 2018).
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FIGURE 2
Flow analysis before and after heating [Flow (A) and consistency
(B) indexes]. The average and standard deviation are shown.
Lower case letters indicate statistical differences between
cultivars and upper letters represent significant differences for
thermal treatment.

Rheological properties

Flow properties

The results of the flow analysis (Figure 2) are shown at two
points in the process, before heating and after heating (pasting
test). The flow analysis before heating showed that all the flour
dispersions analyzed had a flow index (n > 1), which indicates
that their flow behavior corresponds to dilatant, meaning that
viscosity tends to increase with shear rate. In food starch-water
suspensions, the dilatant or shear thickening behavior has been
related to the initial stiffness of starch granules to resist shearing,
and to a high solids concentration resulting in particle crowding
(Christianson and Bagley, 1984). In addition, when comparing
the values of the consistency index (k), among the dispersions
that had statistically equal # values (p < 0.05), it was observed
that there were no significant differences (p < 0.05).

On the other hand, after heating, the flow response of the
dispersions was again analyzed. It was observed that n, decreased
significantly for all flours, preserving in most of them a dilatant
flow behavior (n > 1). For the cultivars Titicaca and Pasankalla,
the values of n were reduced to values of 1.00 £ 0.004 and 1.04
=+ 0.05 respectively, tending toward a Newtonian type behavior.
The Newtonian type flow indicates that viscosity is independent
of shear rate, so that these flours could be suitable for the
formulation of certain types of products such as beverages where
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the nutritional content is to be improved without affecting their
viscosity during shearing. On the other hand, regarding k, it was
observed that after heating, between the cultivars Soracd and
Narifio there were no significant differences (p < 0.05), while
between the cultivars Puno, Titicaca, Pasankalla and Blanca
real, the highest value of k (p < 0.05) was presented by the
cultivars Titicaca and Pasankalla. The higher values of k could
be associated with the higher protein content (Bozdogan et al.,
2019) of these cultivars, as reported in Figure 1. The consistency
index is a parameter that allows to infer about the viscous
behavior of the dispersions in relation to the shear rate and its
rheological behavior in the transformation processes.

Pasting properties

Table 1, summarizes the values found during the pasting
analysis. Peak viscosity (PV) values were between 0.065 and
0.16 Pa-s. Moreover, the PV was higher (p < 0.05) in the
Titicaca Soracd and Pasankalla cultivars. The values found were
in the order of those reported by (Tiga et al., 2021), who found
values of 0.186 Pa-s in quinoa flour containing 14% protein and
7% lipids. The viscosity peak occurs at a point of equilibrium
between maximum swelling and starch leaching. This process
is influenced by the presence of other molecules, such as
lipids (Raphaelides and Georgiadis, 2006). In this respect, the
flours of the Puno and Titicaca cultivars had the highest and
lowest (p < 0.05) lipid content, respectively, compared to the
other cultivars (Figure 1). In turn, the dispersions of these
cultivars were the ones with the lowest and highest (p < 0.05)
respectively VP values, which is in agreement with what was
previously established.

Trough viscosity values for the flour dispersions were
between 0.052 and 0.09 Pa-s. Trough viscosity is the minimum
viscosity reached after reaching the VP. The trough viscosity
was found to be higher and lower (p < 0.05) respectively in
the Pasankalla and Puno cultivars. The values found were in the
order of those reported by Tiga et al. (2021), who reported values
0f 0.1851 Pa-s for quinoa flour. Moreover, the values were below
those reported by (Wu et al., 2017), for quinoa starch dispersions
(1.644 and 3.612 Pa-s). The final viscosity values were between
0.08 and 0.16 Pa-s. The final viscosity of the Pasankalla and
Titicaca cultivars was approximately twice that of the other
cultivars. The final viscosity achieved denotes the ability of
the molecules to form a viscous paste after cooling. As the
temperature decreases, the starch molecules associate to form
a gel network, which increases the final viscosity (Fitzgerald
etal., 2003). The final viscosity value allows determining possible
applications of the flours, determining the functionality when
added to products that are subjected to thermal treatments such
as cooking, pasteurization, extrusion, baking, etc.

Breakdown values obtained ranged from 0.012 to 0.1 Pa-s,
while Setback values ranged from 0.016 to 0.076 Pa-s. Breakdown
viscosity was higher in the Titicaca cultivar and lower in Puno.
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Where, the breakdown viscosity is the difference between the
maximum and minimum viscosity, and the Setback viscosity
is the difference between the final viscosity and the Trough
viscosity. The results observed in Table 1 showed a tendency of
a high viscosity profile in the Pasankalla and Titicaca cultivars
with a greater (p < 0.05) tendency to retrograde (Setback higher)
than the other cultivars analyzed.

The analysis of pasting properties is of importance in the
food industry as it has a close relationship with other properties
such as the texture of cooked products. For example, low
viscosity peaks and a positive setback have been associated with
a harder texture, while high PV values, low breakdown and
setback values have been associated with a sticky texture in
cooked rice (Limpisut and Jindal, 2002). Likewise, studies on
cooked quinoa samples reported negative correlations between
texture parameters (hardness, cohesiveness, gumminess and
chewiness) and setback or breakdown (Wu et al, 2014).
Moreover, Wu et al. (2017) reported Breakdown values in
different analyses performed on starch of quinoa varieties
between 0.144 and 1.428 Pa-s and for Setback between 0.636
and 1.68 Pa-s, which are above those reported in this work.
The differences found are due to the fact that quinoa flour
contains other molecules such as lipids and proteins and fiber
that influence the viscosity values. On the other hand, differences
in protein structures help explain the differences in rheological
properties studied (Table 1), but would also have an effect on
functional properties mainly in their ability to form gels, foams
or emulsions (Sanchez-Mendoza et al., 2017).

Functional group analysis through FTIR

During the analysis of the FTIR spectra, it was possible to
observe signals typical of flour components such as amylopectin
and amylose, which are related to the crystalline and amorphous
states. In addition, the process of deconvolution of the
spectrum or of a specific region made it possible to obtain
specific information on the structural organization of the flours
analyzed. Figure 3A shows the spectra obtained from the FTIR
study of the flours of the Puno and Soracd cultivars in the regions
analyzed. Figures 3B,C presents the spectra after deconvolution
of the peaks in the region of the secondary structures of the
proteins. It was observed that for starch content (amylose and
amylopectin), between the bands of 800 and 1,200 cm~!, and
for protein content, in the range of 1,600 and 1,710 cm~ L,
the spectra presented similar patterns, with some differences
attributed to the composition of each cultivar. The spectroscopic
analysis of the 6 cultivars on the peaks of interest is summarized
in Figure 4.

Figure 4 shows the results of the infrared spectroscopy
analysis of the flours of the different quinoa cultivars. Figure 4A
shows the results in terms of intensity of the bands of the
peaks of the regions 2,922, 1,633 and 1,016 cm ™!, corresponding
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Cultivar Peak viscosity Trough Final Viscosity Breakdown Setback Pa-s
Pa-s Pa-s Pas Pas Pas

Pasankalla 0.13 £ 0.01° 0.09 £ 0.01° 0.16 £ 0.01° 0.042 + 0.008> 0.076 £ 0.014°
Soracd 0.13 £ 0.02° 0.07 £ 0.01%> 0.08 +0.01° 0.06 + 0.03% 0.01 +0.01°
Titicaca 0.16 £ 0.01°* 0.062 = 0.003% 0.16 = 0.03* 0.10 £ 0.01° 0.100 = 0.028
Narifio 0.094 + 0.003¢ 0.066 + 0.002" 0.083 + 0.009" 0.028 + 0.002" 0.016 + 0.005"
Blanca Real 0.115 + 0.002b¢ 0.077 % 0.006™ 0.10 4 0.01° 0.038 + 0.008" 0.024 + 0.003"
Puno 0.065 + 0.005¢ 0.052 + 0.003¢ 0.08 £ 0.01° 0.012 + 0.003¢ 0.029 + 0.014°

Different lowercase letters mean significant differences (p < 0.05).
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FIGURE 3
Examples of FTIR spectra obtained in the 800 and 3,000 cm™!
region (A) and of the deconvolution in the protein region at
1,600 and 1,710 cm~! (B,C).

to the C-H, C=0, C-O-C bonds, respectively, for the quinoa
cultivars analyzed. The analysis of these specific bands have been
used for their association with lipid (Rodrigues et al., 2019),
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protein (Barth, 2007) and carbohydrate (Mulkrimin et al., 2019)
contents, respectively. In this regard, it can be said that with
respect to the 2,922 cm~! band, a proportional relationship
was found with the results obtained in the proximal analysis
(Figure 1), since the Puno, Pasankalla and Blanca real cultivars
were those with the highest intensity of the peaks in this
band. Likewise, in the case of proteins, it was found that the
Pasankalla, Soraca and Titicaca cultivars were those with the
highest peak intensity in the 1,633 cm~! band, which is also
in agreement with what was observed in Figure 1. Finally,
as for the 1,016 cm™! band, the intensity relationship did
not have a direct relationship with the carbohydrate content
of the proximal analysis, possibly due to interferences in
this region.

On the other hand, the deconvolution process of the peaks
in the region of 1,600 and 1,710 cm~! (Yang et al., 2015),
allowed finding structural information of the proteins, such
as their secondary structures. Also, the deconvolution in the
1,016 cm™! band (Roa Acosta et al., 2020) allowed to relate
the crystallinity and amorphicity of the starch granules. This
is important to know about the functionality of the flours,
which depends not only on the concentration of proteins
and starches, but also on their conformation or molecular
organization. The amide I region has been determined between
1,600 and 1,700 cm™!. This region is characterized as the
spectral region most sensitive to the secondary structures of the
protein, and the vibrations mostly correspond to the vibration
and stretching of the peptide bonds C=0 (Sadat and Joye, 2020).
Deconvolution analysis allowed the identification of structures
such as B-sheet (1,624-1,642 cmfl), Random Coil (1,645-
1,648 cmfl), a-helix (1,653-1,656 cmfl) and B-turns (1,667-
1,694 cm_l). Figure 4B summarizes the areas of the bands
associated with these protein structures. All cultivars showed
variability in peak area in each of the secondary structures. In
the flours from the Titicaca and Narifio cultivars, p -sheet 2
(1,627 cm™!) and B -turns 2 (1,675 cm~ 1) structures stand
out, respectively, in Soracd and Puno, a-helix type structures
(1,656 cm™1), while in Blanca real and Pasankalla Random
Coil structures (1,648 cm™1). The significant differences (p
< 0.05) found in the intensity of the peaks of each protein
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FIGURE 4

Summary of FTIR results of the analysis of quinoa cultivars. The
average with different letters shows significant difference (p <
0.05). In (A), the results are reported with respect to the
normalized intensity, while in (B,C), the results are presented
with respect to the area under the curve of the peaks of interest.

structure are associated with cultivar differences, but also
with the effect of the production area, soil and climatic
conditions and/or agronomic practices (Wang et al,, 2020).
It is important to highlight that the differences in secondary
structures could be used as a cultivar-specific fingerprint
for quality control processes, flour adulteration and even
identification of genetic variability (Zeng et al., 2011). Moreover,
differences in secondary structure affect the functionality of
the protein. Figure 4C summarizes the intensity of the peaks
in the regions associated with the starch molecules (between
800 cm ™! and 1,300 cm™!). In infrared spectroscopy analysis,
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the 1,076 and 1,145 cm™! bands have been used to analyze
specific carbohydrate vibrations (Wiercigroch et al., 2017). It
was found that among the cultivars evaluated, there were
significant differences (p < 0.05) in the intensities of these
two bands (1,076 and 1,145 cm_l). In addition, a higher
intensity was found in the cultivars Titicaca Soracd, Pasankalla
and Narifo.

Infrared spectroscopy has been a technique used to
study changes in protein structures. For example, Bock and
Damodaran (2013) used it to determine changes in gluten
secondary structure in model doughs added with wheat bran.
Changes in protein structures can be influenced by moisture
content, causing an alteration in the water-solute interaction
(Marti et al, 2016). Whereas, heat treatment alters the
conformation of the protein-starch structure. In starch, the
crystalline/amorphous ratio is modified by the gelatinization
process, while B-turns structures can collapse to form B-
sheet structures within proteins. Hydrothermal treatment causes
depolymerization of the starch granule, releasing low molecular
weight amylopectin and amylose. Likewise, partial denaturation
of the protein and changes in the secondary structures also occur
in this process. Therefore, it is possible that during the cooling
of the dispersions, protein-protein and polysaccharide-protein
interactions with water are formed. All these phenomena help
to explain the differences found in the consistency and fluidity
indices of the quinoa flours before and after the heating process
(Figure 2). It is also important to note that the differences in
secondary structures could facilitate the use of these flours in
baking, since an increase in B-sheet content and a decrease in
B-turn (B-spiral) content could contribute with the poor quality
of the bread. Gluten exists predominantly in B-sheet structures
in flour doughs, and the relative amount of the secondary
structures follows the order $-sheet > unordered > B-turn > a-
helix (Bock and Damodaran, 2013). In the Figure 4B, the cultivar
with the best protein distribution to be used in the formation of
dough is Titicaca. However, it is possible that their tendency to
retrograde is greater compared to flours from other cultivars as
observed in Table 1, in the setback value and in Figure 4C for the
ratio 1,041/1,014 cm ™1,

In the cluster analysis, four hierarchical groups were
established (Figure 5A). The analysis was done using a divisive
technique, resulting in a top-down clustering, where all samples
were born from the same group and then branched. In addition,
a distance analysis was performed using the Manhattan metric
and a Ward criterion, which grouped the quinoa cultivars
into 4 clusters. The first group (red) consisted of two quinoa
cultivars with high carbohydrate content, low protein content
and low values of peak viscosity, breakdown, and setback
(pasting properties). The second group (green) is made up of
two cultivars of productive importance in the central region
of Colombia, which were characterized by intermediate values
of rheological and physicochemical properties. The third group
consisted of the cultivar Pasankalla, and presents the highest
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FIGURE 5
Hierarchical cluster analysis of the evaluated quinoa functional properties (A). Spearman correlation analysis between physicochemical,
rheological and structural variables (B). Principal components analysis PCA of the physicochemical, rheological and structural variables (C). In
(B), C.Ois C=0; C.His C-H; C.O.Cis C-O-C; R.996.1012 is 996/1,014 cm~! ratio; R.1076.1145 is 1,076/1,145 cm~! ratio; PV is Peak viscosity; TV
is Trough viscosity; BD is Breakdown viscosity; SB is Setback viscosity; Ka and na are Consistency index and flow index after heating,
respectively; Kb and nb are consistency index and Flow index before heating respectively.

values of final viscosity, setback and trough viscosity. Finally,
the last group was constituted by the Titicaca cultivar, which was
characterized by a high protein content and a low lipid content.

Spearman correlation analysis (Figure 5B), showed that
there were significant positive correlations between flow and
pasting properties, mainly between Ka and SB (r = 0.93), and
between Ka and FV (r = 0.88). A negative correlation between
Ka and na (r = —0.97) is also highlighted. In addition, a
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significantly positive correlation was found between protein
content and PV (r = 0.89) and between protein and BD (r
= 0.78), which is associated with the functional properties of
quinoa flour.

To evaluate the differences between the flours of the quinoa
cultivars and identify the most significant variables, a PCA
was performed (Figure 5C). The PCA grouped the different
cultivars in the four quarters in a similar way to the grouping
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of the hierarchical analysis, showing common characteristics
among some cultivars, as discussed above. The cumulative
variance explained by the first three dimensions of the model
was 95.1%. In Figure 5C, viscosity parameters (SB, PV, Ka, na)
and carbohydrates content mainly affected the dimension 1
(Dim 1). It is noteworthy that the high carbohydrate content,
as well as the low percentage of protein, grouped the Puno
and Narifio cultivars together, differentiating them from the
others. Furthermore, the ratio 1,041/1,014 cm ! and the a-helix
protein structure presented a high contribution to dimension 2
(Dim 2). The ratio 1,041/1,014 cm 1 has been used to relate
the molecular organization of the starch granule, represented
by its crystalline and amorphous fraction, associated with
amylopectin and amylose, respectively. The p-sheet structures
showed the highest contribution to dimension 3 (Dim 3). These
structures could be associated with the functionality of the
flours of the different quinoa cultivars. For example, the Titicaca
cultivar, due to its high presence of B-sheet structures, could
generate more elastic mechanical properties in applications
such as baked goods. While the Soracd cultivar, due to its
high content of a-helix structures, would present a more rigid
mechanical behavior which would be more appropriate for
biscuit applications.

Conclusion

The study of flours from six quinoa cultivars provided
information on their chemical composition, rheological
properties and protein structure. It was concluded that in
terms of protein content, the Titicaca and Pasankalla cultivars
have the highest potential, while in terms of lipid content,
the Puno, Pasankalla and Blanca Real cultivars have the
highest potential.

The sequential rheological analysis of flow pasting
flow showed that a process of cooking or heating of
the dispersions can modify the type of flow, decreasing
their dilatant behavior, even changing from dilatant to
Newtonian (depending on the cultivar). These properties
allow inferring about the possible applications of quinoa
flour, for example, to be used as a nutritional contributor or
a viscosity modifier in the formulation of different types of
nutritional beverages.

The FTIR analysis allowed us to determine the structural
characteristics of each cultivar and, at the same time, to
determine certain functionality to be used in food applications
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