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Abstract

Quinoa is a pseudocereal that has gained more attention in the last decades, due to
its outstanding nutritional value. Quinoa has a very good protein quality and
content, with a complete amino acid profile; it is also rich in minerals and
bioactive compounds. However, quinoa, like other cereals and legumes, has
phytate which inhibits the absorption of essential minerals. High content of
phytate is usually associated with vegetarian diets and diets of rural areas of
developing countries. Such diets may lead to mineral deficiencies. Fermentation
of quinoa has been shown to be a very effective method for reducing the phytate
content and therefore increasing the bioavailability of essential divalent minerals
such as iron, calcium and zinc. Fermentation has also been investigated for its
effect on improving the antioxidant capacity and content of phenolic compounds,
which are considered health-promoting molecules. In addition, this chapter also
presents information on the organoleptic changes that occur during quinoa
fermentation, which in some cases were shown to be negative. Successful
research has been done on the use of dry toasting, either before or after fermenta-
tion, to improve the sensory properties of the fermented quinoa. Fermented
quinoa, besides having the attributes of being nutritionally adequate, safe and
healthy, should also have good sensory properties, which are indispensable for its
broad acceptability.
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15.1 Introduction

Quinoa (Chenopodium quinoa Willd.) is an Andean pseudocereal; it was called ‘the
mother grain’ by the Incas; their argument was that quinoa is a very resistant crop
with the ability to grow in arid and salty soils, like those found in the Andes of
Bolivia and Chile. Moreover, it grows in conditions of water scarcity and has high
resistance to extreme temperatures as low as �4 �C–38 �C (Jacobsen et al. 2003;
Ruiz et al. 2014). Quinoa has a balanced nutrient profile characterized by good
protein quantity and quality, which is in fact generally superior to those of cereal
grains such as wheat and rice. It contains essential amino acids (i.e. lysine, methio-
nine and threonine) that are particularly low in vegetal protein sources (Vilcacundo
and Hernández-Ledesma 2017). Quinoa’s protein content has been reported to be
between 13.1 and 16.7%, which is comparable to soy and milk protein (Vilcacundo
and Hernández-Ledesma 2017). The reported protein quality for quinoa is 81–90%,
close to that of casein which is 100%. Its protein digestibility is 83% also close to
that of casein (91%) (D’Amico et al. 2017). Quinoa grains contain 7.8–14% of fibre
(higher than rice 0.4%, wheat 2.7% and corn 1.7%), especially insoluble fibre; about
78% of its fibre content is insoluble and 22% soluble (Alvarez-Jubete et al. 2010).
Quinoa is considered a good source of many micronutrients such as riboflavin,
thiamine, folate and α- and β-tocopherol (Alvarez-Jubete et al. 2010; Repo-
Carrasco-Valencia and Serna 2011). More importantly, seed has more Ca, Fe, Mn,
Mg, Cu and K than other cereals (Konishi et al. 2004; Ruales and Nair 1993).
Moreover, quinoa also contains a high amount of natural antioxidants with health-
promoting properties, including saponins, phytosterols, phenolics, flavonoids,
tocopherols and bioactive peptides (Alvarez-Jubete et al. 2010; Montemurro et al.
2019; Navruz-Varli and Sanlier 2016; Vega-Gálvez et al. 2010). Furthermore, there
is a special interest on quinoa as gluten-free grain for people who are affected by
gluten intolerances and coeliac disease (Jacobsen et al. 2003).

Quinoa has, however, some anti-nutritional compounds such saponins, which are
responsible for the bitter taste and may be toxic in high concentrations; some
saponins were found to form complexes with iron, thus reducing its bioavailability
(Ruales and Nair 1993). Saponins are located on the outer layers of the grains, and
can be removed by washing the grains thoroughly with water or by polishing the
grains (Ruales and Nair 1993). Another compound found in seed is phytic acid,
commonly found as salt phytates; it is negatively charged with 1–6 phosphate
groups, which act as strong chelators of divalent cations. Thus, it inhibits the
absorption of essential minerals such as zinc, iron and calcium by making them
immersed in insoluble complexes (Weaver and Kannan 2002). Quinoa has also
polyphenols, which are antioxidants, but they also have the ability to form insoluble
complexes with divalent minerals, reducing their bioavailability (Petry et al. 2010;
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Sandberg 2002). On the other hand, polyphenols have antioxidant properties that
have been widely studied. Polyphenols have shown to have health-promoting effects
that are beyond modulation of oxidative stress (Scalbert et al. 2005).

Besides the nutritional quality, many health benefits are also reported, such as
considerably positive effects on metabolic, cardiovascular and gastrointestinal health
mostly studied in experimental in vivo models (mice, rats) (Noratto et al. 2019) but
also few studies in humans (Bastidas et al. 2016; Navruz-Varli and Sanlier 2016;
Noratto et al. 2019).

There is a growing trend on health-conscious consumers, who show preference
towards more nutritious foods and value-added products from which they can get
more than just taste but also good nutrients and possible health benefits. Innovations
in food industry are increasing the opportunities for consumers to supplement or
replace common cereal grains (rice, wheat, corn) with higher nutritional value
options such as quinoa, and products derived. This highlights the importance of
research on processing, with a special attention for populations that need to follow
gluten-free diets, to maintain a good lifestyle without complications. There is
agreement on the fact that development of new food products with improved
nutritional quality and health-promoting effects is pursued for industries and
demanded by consumers. Quinoa has become one of the prime alternative grains
that motivates further research towards using conventional and innovative food
processing methods to reduce its anti-nutritional compounds and improve its
palatability.

15.2 Fermentation

Fermentation is an ancient food processing method which was first used in the East
and Southeast Asian regions as an effective method for food preservation. Its use
was mainly to change or improve sensory properties such as flavour, taste, colour
and overall acceptability. Nowadays, fermentation of cereals and pseudocereals is
getting more importance due to the interesting nutritional and sensorial changes that
can be achieved in the food matrix. Furthermore, modification made by microflora
during the fermentation process may release bioactive ingredients that are beneficial
to human health.

Fermentation is a metabolic process, subjected to the effect of microbial enzymes
(i.e. amylases, proteases and lipases), which liberates energy by biochemical trans-
formation of carbohydrates, proteins and lipids into products with particular tastes,
aromas and textures that are many times preferred by the consumers (Caplice and
Fitzgerald 1999). In addition, the conditions achieved by fermentation (pH < 4.5)
are essential to ensure the microbiological safety and shelf life of the product.

Currently, fermentation of cereals and pseudocereals is increasing in importance;
during such fermentations there is a production of compounds that transform the
organoleptic characteristics (i.e. aroma, texture, flavour) of the product. In addition,
it has been reported that through fermentation, an improvement on nutritional
properties can be achieved, which would in turn have a positive effect on human
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health (Bourdichon et al. 2012). Different authors have shown that cereals and
pseudocereals, rich in nutrients, are particularly good medium for microbial
fermentations. For example, quinoa is rich in polysaccharides, which are used during
fermentation as a source of carbon and energy by the microorganisms. Seeds,
besides carbohydrates, also contain other growth factors such as vitamins and
minerals, which create a good environment for microorganism growth (Montemurro
et al. 2019). Cereals and pseudocereals contain indigenous microbiota, lactic acid
bacteria (LAB), mould and enterobacteria that compete for nutrients during fermen-
tation; thus, it is very common to add starter culture in fermentation, to ensure that
desirable bacteria are grown above the least desirable. During fermentation
conditions such as pH, temperature, water, salt concentration and composition of
the food matrix can be modified in order to favour the growth of desirable bacteria
(Castro-Alba et al. 2019b, c; Rollan et al. 2019; Salovaara and Gänzle 2011).

Lactic acid fermentation, carried out by laboratory, is one of the preferred
processes for fermentation of cereals and pseudocereals; it was shown that through
this method, the nutritional and functional qualities of foods can be improved in
various ways. It was reported that seeds decrease mineral inhibitors such as phytates
and tannins (Castro-Alba et al. 2019b, c; Rollan et al. 2019), and increase the
antioxidant capacity and total phenolic content (Rocchetti et al. 2019; Rollan et al.
2019). These changes can promote a positive effect on the nutritional status, immune
system and overall health of the consumers.

The group of microorganisms that have been used to ferment and preserve foods
since ancient times includes microorganisms from Lactobacillus, Pediococcus,
Streptococcus and Leuconostoc genera; they are generally recognized as safe
(GRAS). During fermentation, catabolism is undertaken via two main routes:
homo- and heterofermentative (Axelsson et al. 1989). Microorganisms produce
lactic acid from hexoses, and since they lack functional haem-linked electron
transport chains and Krebs cycle, they obtain the needed energy through substrate
phosphorylation (Caplice and Fitzgerald 1999).

The ones classified as homofermenters are Pediococcus, Lactococcus, Strepto-
coccus and some lactobacilli. They produce lactic acid as the major end product of
glucose fermentation. Heterofermenters such as Weissella, Leuconostoc and some
lactobacilli produce, via the hexose monophosphate pathway, equimolar amounts of
lactate, CO2 and ethanol from glucose (Caplice and Fitzgerald 1999).

Various strains of microorganisms have been used for seed fermentation; one of
the most common fermentation products is sourdough bread, for which the following
LAB strains have been used, L. plantarum, L. brevis, Lc lactis, Leuc. mesenteroides,
Leuc. citreum and E. casseliflavus (Ruiz Rodríguez et al. 2016). Rizzello et al.
(2016) have reported that strains such as L. plantarum, P. pentosaceus and
L. rossiae are good inocula for fermentation, based on the best acidification, release
of free amino acids and growth capability (Rizzello et al. 2016). The number of
cereal products obtained by LAB fermentation is quite ample; however, the number
of fermented products is more limited and slowly increasing. Table 15.1 shows a
summary of fermented products obtained with different types of fermentative
microorganisms.
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15.2.1 Fermentation Effect on Phytate Content and Mineral
Bioavailability

Even though quinoa has an outstanding nutritional profile, it also has compounds
such as phytates that can inhibit the bioavailability of essential minerals. This is
particularly important in rural areas in developing countries, where the common is
monotonous and plant-based diets containing little or no animal products. This
problem also concerns to vegetarian and vegan diets, which are trendier in developed
countries. In such diets, bioavailability of minerals is low, due to the lack of meat
products and the presence of phytate. Quinoa grains contain phytates in a range of
8.44–22.8 g/kg (Castro-Alba et al. 2019a; Lazarte et al. 2015; Tang et al. 2015). It is
reported that phytate in cereals is located in the aleurone layers adherent to bran

Table 15.1 Microorganisms commonly used to obtain fermented quinoa products

Product Microorganisms used in fermentation Country Reference

Fermented
quinoa flour

L. plantarum 299v Sweden-
Bolivia

Castro-Alba et al.
(2019b); Castro-Alba
et al. (2019c)

Sourdough
bread

L. plantarum, E. faecium, E. mundtii,
W. cibaria, L. rhamnosus, Lc. lactis

Argentina Ruiz Rodríguez et al.
(2016)

Fermented
quinoa
beverage

Lactobacillus plantarum,
Lactobacillus casei, Lactococcus
lactis

Finland Ludena Urquizo et al.
(2017)

Quinoa
suspension-
soup

Lactobacillus plantarum 1 Colombia Bolívar-Monsalve et al.
(2018)

Mixed
pseudocereal
sourdough

Yeast and LAB Spain Carbó et al. (2020)

Pasta with
fermented
quinoa

L. plantarum CRL2107, CRL 1964
Lc. mesenteroides CRL 2131,
L. rhamnosus CRL 1963, CRL 1984
and CRL 1983

Argentina Carrizo et al. (2020)

Sourdough
bread

Lactobacillus plantarum JCM1149
and LP 1

Colombia Ceballos-González
et al. (2018)

Fermented
quinoa slurry

L. plantarum CRL 778 Argentina Dallagnol et al. (2013)

Sourdough
bread

Autochthonous isolated lactic acid
bacteria from quinoa

Italy Rizzello et al. (2016)

Cooked and
fermented
quinoa

Isolated bacteria from quinoa
Lactobacillus paracasei A1 2.6 and
Pediococcus pentosaceus
GS�B

Italy Rocchetti et al. (2019)

Solid-state
fermented
quinoa

Aspergillus oryzae, Rhizopus
oligosporus and Neurospora
intermedia

Poland Starzyńska-
Janiszewska et al.
(2019)
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fraction; however, in quinoa, phytate is evenly distributed in the endosperm (Ruales
and Nair 1993).

Phytate (myo-inositol hexakisphosphate, IP6) is the main phosphorus storage
compound in pseudocereals and cereals; it is a strong chelator that binds divalent
mineral cations to form insoluble compounds (Weaver and Kannan 2002). The
resulting complexes are difficult for humans to hydrolyse during gastrointestinal
digestion, thus making the minerals less available for absorption. Phytate forms
insoluble complexes with nutritionally important essential minerals such as zinc,
iron and calcium, therefore having an adverse health effect, particularly in
populations that follow plant-based diets (Sandberg 2002; Troesch et al. 2013;
Weaver and Kannan 2002). The stability of complexes formed by phytic acid and
divalent minerals is influenced by pH, the number of phosphate groups in the phytate
ring and the molar concentrations of phytate and mineral present in the food matrix.
Thus, the more phytate in the food, the least bioavailable are the divalent essential
minerals. Also, in the food matrix are found enzymes such as phytases, which are a
subgroup of acid phosphatases. Phytase has the ability to hydrolyse phytates (IP5,
IP6) and inorganic phosphate (Pi) (Sandberg and Andlid 2002), through hydrolysis
of phytate. During hydrolysis, the phosphate groups are removed and thus divalent
minerals are released, and their solubility increases making them more bioavailable
for absorption during gastrointestinal digestion (Sandberg and Andlid 2002). This is
one of the main drivers to investigate different quinoa processing techniques to
achieve a significant reduction of phytate content.

Fermentation has been successfully used to reduce the phytate content of cereals
and pseudocereals, including quinoa. The principle by which the phytate content is
reduced during fermentation is enzymatic hydrolysis taking place during the fer-
mentation (Fig. 15.1). The pH and temperature of fermentation can activate the
endogenous phytase in the food matrix and initiate phytate hydrolysis, where ions of
divalent minerals will be set free of the phosphate groups, thus being more available
for absorption and utilization in the body (Sandberg 2002; Sandberg and Andlid
2002). Phytase can also be secreted by microorganisms to the food matrix during
fermentation or in in vitro experiments. Some microorganisms showed to efficiently

Fig. 15.1 Enzymatic hydrolysis of phytate (adapted from Lazarte 2014)
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degrade phytate as a source of phosphorus and energy required for growth (Sandberg
and Andlid 2002). Some bacteria showed to be able to degrade phytate during
growth by producing extracellular phytases, for example, E. coli, Bacillus subtilis,
Pseudomonas spp. and Klebsiella terrigena have been able to manifest phytase
activity (Greiner and Alminger 1999; Greiner et al. 2001).

Quinoa fermentation has been investigated by various researchers from different
countries in South America and Europe. Castro-Alba et al. (2019b) reported the
degradation of phytate in quinoa grains and flour fermented spontaneously and with
Lactobacillus plantarum 299v. Their findings (Fig. 15.2a) showed that phytate
content was reduced by 47–51% in grains during fermentation, while a phytate
reduction of up to 83–85% was achieved when flour was fermented. The authors
argued that fermentation of flour is more effective than grains since phytate is not
only located in the seed coat but in the entire food matrix. Quinoa flour also presents
an increased surface area than the grains, which allow for an easier diffusion of water
and nutrients, and probably more contact of phytase and phytate for the enzymatic
hydrolysis (Castro-Alba et al. 2019b). The mechanism by which phytate is reduced
during fermentation is the activation of endogenous phytase at the fermentation
conditions (pH range 4–5) which leads to enzymatic hydrolysis of phytate. Castro-
Alba et al. (2019b) reported a reduction of pH from 6.2 to 3.82 and an increase of
lactic acid from 14.1 to 75.2 g/kg (Fig. 15.2b); such conditions are reported to be
favourable for activation of endogenous phytase activity. It is also reported that
quinoa fermented with selected starters of LAB had a phytase activity of 2.75 times
higher than phytase activity in raw flour, which may support the theories of phytate
reduction during fermentation (Rizzello et al. 2016). Another hypothesis is that
during fermentation, certain microbial strains are capable of exhibiting phytase
activity; this was shown in various studies of fermentation of cereals (Cizeikiene
et al. 2015; De Angelis et al. 2003). However, there is scarce information on phytase
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activity of autochthonous quinoa LAB. Lactobacillus plantarum CRL2106 is one of
the few strains isolated from quinoa that showed phytase activity (730 � 25 U/mL)
(Carrizo et al. 2016).

To further elucidate the differences between spontaneous fermentation and fer-
mentation with added bacteria Lactobacillus plantarum 299v, Castro-Alba et al.
(2019b) analysed the kinetics of phytate degradation in these fermentations. The
degradation rate of phytate was suggested to follow a first-order reaction, propor-
tional to the available phytate for degradation. It was shown that the addition of
inoculum L. plantarum induced a faster phytate degradation, demonstrated by the
degradation rate constants (Kphy), �0.25 h�1 for fermentation with inoculum and
�0.16 h�1 for spontaneous. The use of L. plantarum 299v resulted in a faster pH
reduction and a higher production of lactic acid than in a spontaneous fermentation;
these conditions may have facilitated the faster phytate degradation during fermen-
tation. Table 15.2 shows a summary of studies of fermentation; it presents the
microorganisms used, fermentation parameters and yield of phytate reduction.

15.2.2 Fermentation Effect on Phenolic Compounds and Total
Antioxidant Capacity

Seeds are reported to contain phenolic compounds such as flavonoids (i.e. glycosidic
forms of the flavonoids, kaempferol and quercetin) and phenolic acids (Alvarez-
Jubete et al. 2010; Rocchetti et al. 2017). Bound phenolics are especially important
for their ability to establish complexes with the food matrix components. Later on,
phenolic compounds are released during gastrointestinal digestion, making them
available for bacterial microflora and promoting antioxidant environment (Rocchetti
et al. 2018). Phenolic compounds have gained greater importance in the last years as
health-promoting compounds; evidence supports their positive effect on the preven-
tion of osteoporosis and cardiovascular diseases; it was also suggested that they have
a positive role in the prevention of diabetes and neurodegenerative diseases (Scalbert
et al. 2005).

It has been reported that fermentation has a significant effect on increasing the
total phenolic compounds (TCP) and antioxidant capacity. It was explained that the
changes on bioactive compounds, such as polyphenols and other antioxidants,
during fermentation of cereals and pseudocereals are due to the metabolic activity
of the microorganisms (Đorđević et al. 2010; Katina et al. 2007a).

Quinoa fermentation performed with two different strains of S. cerevisiae showed
an increase of TCP levels by about 55% with respect to raw quinoa grains (Carciochi
et al. 2016). TCP was also reported to be twofold higher sourdough bread as
compared to raw quinoa (Rizzello et al. 2016). During fermentation, various micro-
bial enzymes may prompt cell structure breakdown and hydrolyse insoluble and
esterified phenolic compounds, thus facilitating their release into the food matrix
(Đorđević et al. 2010). Enzymes such as esterase were also reported to be activated
during sourdough fermentation conditions; this enzyme has the ability to hydrolyse
complex phenolic compounds and their glycosylated structures into corresponding
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phenolic acids (Nionelli et al. 2014; Rizzello et al. 2016). However, other authors
have reported that there were not significant changes in TCP in cooked and
fermented quinoa with isolated bacteria (P. pentosaceus, L. paracasei) (Rocchetti
et al. 2019). It seems that prior treatments, such cooking may affect the changes in
TCP; another important factor may be the type of bacteria strains used for
fermentation.

Antioxidant capacity has also been reported to increase during fermentation.
Antioxidant capacity can be measured by different methods such as DPPH (radical
scavenging activity), ABTS (radical scavenging assay), FRAP (ferric-reducing
ability power) and ORAC (radical scavenging). In the study presented by Carciochi
et al. (2016), the results of DPPH•, ABTS and FRAP showed similar trends in the
antioxidant activity of quinoa grains before and after fermentation (Fig. 15.3). In
experiments where seed was fermented with two strains of S. cerevisiae, DPPH
showed a significant increase of 33 and 43%, ABTS increased by 22 and 27% and
FRAP increased by 50 and 51%. In the case of spontaneous fermentation, the
changes in antioxidant capacity were not significant. A 72% increase in antioxidant
activity (DPPH•) was also reported for quinoa sourdough bread, fermented with
bacteria (Rizzello et al. 2016). Other authors have analysed the changes in antioxi-
dant capacity as FRAP and ORAC in cooked fermented quinoa with P. pentosaceus
and L. paracasei; interestingly their results after fermentation showed that FRAP
decreased to not-detectable levels, while ORAC showed a significant increase after
fermentation (Rocchetti et al. 2019). The authors discussed the results indicating that

Fig. 15.3 Total phenolic
content (TCP) and antioxidant
capacity (DPPH•, ABTS•+ and
FRAP) values of raw and
processed quinoa seeds
(Carciochi et al. 2016).
(*Fermentation baker’s
yeast ¼ Saccharomyces
cerevisiae NBRC 2375,
brewer’s
yeast ¼ Saccharomyces
cerevisiae NBRC 1951) and
natural
fermentation ¼ spontaneous
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the increase in antioxidant capacity may be affected by various factors such as the
pH, temperature, fermentation time, microorganism species, aerobic conditions as
well as solvent and water ratios during extraction. Further studies on the effect of
fermentation on TCP and antioxidant capacity using other type of microorganisms
and varying fermentation conditions would add valuable information to this field.

Fermentation also showed an effect on the phenolic profile. In raw quinoa, four
free phenolic acids were identified ( p-hydroxybenzoic, p-coumaric, ferulic and
vanillic acids), and two flavonoids (kaempferol and quercetin) (Carciochi et al.
2016; Tang et al. 2015). A significant increase on the content of phenolic acids
(i.e. p-OH-benzoic acid, vanillic acid, and p-coumaric acid) was observed after
fermentation of seeds with two strains of S. cerevisiae (Table 15.3). It was argued
that the increase on the content of phenolic acids was due to hydrolytic enzymes,
produced by bacteria, capable of releasing insoluble bound-phenolic acids and/or
conjugated phenolic acids from the grains (Carciochi et al. 2016). This mechanism
of increased phenolic acids during fermentation has also been reported for other food
matrices, for example, rye (Katina et al. 2007b) and wheat bran fermentation (Moore
et al. 2007). Another theory backing up these changes is that the reduction of pH
(4.9–5.5) during fermentation may be optimum for activation of endogenous or
microbial enzymes that degrade the cell wall and facilitate the release of phenolic
acids (Carciochi et al. 2016; Katina et al. 2007b). On the other hand, the same
authors reported that the content of flavonoid compounds (quercetin and
kaempferol) was decreased to not-detectable levels after the fermentation (Carciochi
et al. 2016). This decrease was attributed to the more acidity conditions reached
during fermentation pH <4 (3.92) (Carciochi et al. 2016). Low pH conditions were
reported for other food matrices to significantly reduce the activity of cell wall-
degrading enzymes, thus interfering in the release of insoluble-bound phenolic
compounds (Hur et al. 2014). The magnitude of changes in the content of phenolic
compounds will depend upon the microorganisms used as starter culture, as well as
the end pH of the fermentation (Svensson et al. 2010). Further studies appear to be
worthwhile to elucidate the different mechanisms that lead to variations on phenolic
compounds during fermentation.

15.3 Animal and Human Studies on the Nutritional and Health
Benefits

The mineral bioavailability of fermented flour was investigated in an animal study;
iron in the liver and zinc content in the femur of rats were used as indicators of iron
and zinc bioavailability, respectively (Castro-Alba 2019). The author found that the
concentration of iron in the liver of rats fed fermented seed increased by 55%
compared to rats fed unfermented flour. Similarly the zinc in the femur increased
by 54% for rats fed the fermented diet (Castro-Alba 2019). It was discussed that the
mechanism by which the iron bioavailability is increased in fermented foods is due
to the phytate reduction, which is related to the increased solubility of minerals in the
small intestine, facilitating then their absorption (Sandberg 2002; Schlemmer et al.
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2009). Moreover, fermented seed has shown higher content of organic acids, such as
lactic acid (Castro-Alba 2019; Castro-Alba et al. 2019b, c; Valencia et al. 1999),
which could in turn improve the absorption of iron in the small intestine (Bering
et al. 2006). In another animal study, Carrizo et al. (2020) reported an increase in
vitamin B2 (riboflavin) and B9 (folate) content in mice fed pasta made of fermented
quinoa compared to animals feed control pasta made of unfermented flour. In
addition it was shown that fermentation increases resistant starch and delays gastric
emptying by organic acids produced during fermentation; this condition tends to
reduce the glycaemic index (GI) of fermented cereals and pseudocereals (Östman
et al. 2005; Scazzina et al. 2009). In this regard, it was found in an animal study that
rats fed diets with fermented nutrition showed a decrease on blood glucose and lipid
levels, indicating that fermentation potentiates the ability to reduce the GI
(de Oliveira Lopes et al. 2019). Other researchers have associated the presence of
phytochemicals and bioactive compounds with its glucose-lowering effect (Paśko
et al. 2010). There is a huge potential for further investigation on this topic; in
general low GI diets have shown to be healthier and effective in the prevention and
control of obesity, diabetes and cardiovascular diseases (Brand-Miller et al. 2003).
While some studies have already been conducted on the positive effects of quinoa on
reducing glucose and cholesterol and preventing obesity, diabetes and cardiovascu-
lar diseases (Bastidas et al. 2016; Navruz-Varli and Sanlier 2016; Noratto et al. 2019;
Paśko et al. 2010; Ruiz et al. 2017), it remains relevant to further investigate the
health effects of fermented seeds.

15.4 Dry Roasting

It is quiet documented that fermentation of cereals may positively influence sensory
properties of end products due to the production of flavour-enhancing compounds
(Rollan et al. 2019). However, during fermentation of pseudocereals, it has been
challenging to achieve a good palatability and acceptable sensory properties,
attributed to the production of off-flavour compounds from sulphur amino acids
(Di Renzo et al. 2018). Within all microorganisms, it was found that dough
fermented with microbial strains had better palatability and sensory properties that
can be further improved (Corsetti and Settanni 2007; Montemurro et al. 2019). Dry
roasting has been investigated for some authors as a process to improve the sensory
properties of fermented products.

Dry roasting is a heating process that has been used since ancient times to cook
and enhance flavour of raw quinoa. Factors such as particle size, temperature and
time of process should be taken into account to obtain an appetizing dry-roasted food
product. Seeds can be dry roasted as whole grains or as a flour. Grain’s size ranges
between 1.0 and 2.6 mm (Bertero et al. 2004), being this size small enough to dry
roasting in a tray in an oven or in frying pan on the stove. Temperature is an
important parameter to be controlled during dry roasting process. Temperatures
between 120 �C and 200 �C have been used for dry roasting (Brady et al. 2007;
Castro-Alba et al. 2019c; Nickel et al. 2016). The temperature of the process is
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directly related to the development of flavour compounds. A quinoa sample that is
treated at different temperatures develops different flavour profiles. The dry roasting
time is interlinked with the temperature. Usually high dry roasting temperature is
applied together with short dry roasting time, or vice versa.

It has been reported that there are different effects of dry roasting on antinutrient
and mineral inhibitors present in grains. Regarding saponin content, Brady et al.
(2007) reported that the chemical profile of flour changed after dry roasting at 200 �C
for 10 min. They suggested that dry roasting resulted in degradation of saponins due
to the increasing in the content of a triterpenoid structure, an aglycon of the major
saponin present. On the other side, Nickel et al. (2016) found that there was not a
significant change in saponin content of washed quinoa grains heat-treated at 200 �C
for 10 min.

Phytate content can be also diminished by heat treatments. Castro-Alba (2019)
showed that dry roasting had a significant effect on phytate content of grains. The
grains were subjected to a heating treatment at 120 �C for 5 min resulting in a 20%
phytate degradation from the initial levels, which can have a positive influence on
improving the bioavailability of divalent minerals.

Phenolic compounds can also be affected in their composition after dry roasting.
Nickel et al. (2016) reported that the heat treatment at 200 �C for 15 min significantly
decreased the content of total phenolic compounds in washed grains, and they
suggested this reduction was mainly due to the high temperature used during this
treatment. It was also shown that the antioxidant activity was decreased, mainly
because this activity is directly correlated with the total phenolic content. Con-
versely, it was shown that the total phenolic and total flavonoid content increased
due to increase in dry roasting temperature, while the processing time had a minor
but significant effect (Carciochi et al. 2016). As a result of the increase in these
compounds, the antioxidant activity of dry-roasted quinoa grains was increased
between 78 and 135% compared to non-dry-roasted grains.

15.5 Sensory Properties of Roasted Seeds

To improve the flavour and colour of fermented quinoa, Castro-Alba (2019) have
performed dry roasting at different stages of their process. In a process, grains before
lactic acid fermentation were dry roasted at 120 �C for 5 min, and in another process
flour, after fermentation, was dry roasted at 120 �C for 3 min. In these processes, the
temperature and the pH range (4.28–6.70) were appropriate parameters to develop
flavour and colour compounds through the Maillard reaction, which occurs between
amino acids and sugars (Fayle and Gerrard 2002). Quinoa has a high content of
amino acids, e.g. lysine (5.6–6.0 g/100 g protein) (Repo-Carrasco et al. 2003), which
is the main amino acid involved in the Maillard reaction. Moreover, the sugar
content of raw grains is increased after lactic acid fermentation due to starch
hydrolysis during this process (Dallagnol et al. 2013).

The typical flavour compounds formed during dry roasting are aldehydes,
pyrazines, pyrroles and furfurals. Alkylpyrazines, acylpyridines, furans, furanones
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and pyranones are products of the Maillard reaction. Acylpyridines, which are
regarded as unpleasant, are also formed during this reaction (Van Boekel 2006). It
was also reported that the degradation of saponin content during dry roasting may
have a positive influence on the sensory properties of quinoa. Less saponin content
in quinoa grains may result in a more palatable quinoa product (Brady et al. 2007).

Colour development during the Maillard reaction is related to the formation of
5-hydroxymethylfurfural (HMF), which is a precursor to the formation of brown
polymers called melanoidins (Parisi and Luo 2018). In this regard, it was reported
that brown polymers were formed when grains were dry roasted at 130 �C (Carciochi
et al. 2016). Castro-Alba (2019) reported that colour development during dry
roasting of fermented flour was faster than in quinoa grains, attributed to the higher
content of free amino acids and sugars as well as the pH range (4.0–5.0) which
favoured the formation of colour compounds.

The acceptability of dry-roasted fermented seeds was evaluated by including it in
different food products. It has been reported that the acceptability of porridges
prepared with fermented flour that was dry roasted was comparable to the accept-
ability of a porridge prepared with dry-roasted flour (Castro-Alba et al. 2019c).
Furthermore, there was no significant difference in the sensory properties of the
products if dry roasting was conducted before or after fermentation; the products
obtained similar colour, odour/aroma, taste, aftertaste and texture scores. The
authors mention that this similarity is due to the fact that the dry roasting of grains
develops flavour compounds and reduces the formation of off-flavour compounds
during fermentation, as well as the reduction of volatile off-flavour compounds and
formation of more flavour compounds during dry roasting of fermented flour.

The influence of roasting time on the sensory properties was also investigated;
grains were roasted for 15, 30 and 45 min at 177 �C, where the sensory scores for
appearance, colour, flavour, texture and overall acceptability were decreasing as the
roasting time increased (Rothschild et al. 2015). Thus, to obtain acceptable sensory
properties of quinoa products, it is important to find the most appropriate combina-
tion of time and temperature.

15.6 Conclusion

Quinoa is an interesting alternative to cereals, e.g. as gluten-free crop, which
provides high amount of important essential minerals such as zinc, iron and calcium.
However, it also contains phytates that inhibit the bioavailability of these minerals.
Fermentation is an effective processing alternative to improve nutritional properties,
e.g. reduce the phytate content and increase the bioavailability of limiting minerals.
Moreover, fermentation has also shown an increase in the content of important
polyphenols which could have positive health implications. Regrettably,
off-flavours appear when it is fermented, which reduce the sensory properties. The
addition of a well-balanced dry roasting process proved to significantly improve the
taste of the final fermented product. In food industry, despite the nutritious and
healthiness of food products, good sensory properties remain an essential requisite
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for broad acceptability of products. Therefore, further research on nutritious food
development should be hand by hand with research on additional processes to
improve the sensory properties of fermented products.
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