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Abstract

One of the major challenges facing the world nowadays is to ensure enough access to
healthy food for a growing population. Under this food scenario, it should be noted that
increasing food production is as important as improving its nutritional quality. Thus, dif-
ferent agronomy research and innovation programs have pursued food security through
the increase in the quantity and nutritional quality of plant-based foods. One key aspect
in this respect is to increase agrobiodiversity by expanding the cultivation of underuti-
lized highly nutritious crops such as chia, quinoa, or amaranth. The outstanding nutri-
tional value of these crops resides in the compositional characteristics of their seeds,
which include the presence of significant levels (and a good balance) of proteins, essen-
tial amino acids, lipids, and other components such as phenols, minerals, fiber, or vita-
mins, all contributing to support nutritious diets that also has health benefits such as the
prevention of cardiovascular diseases. All of them, chia, amaranth, and quinoa, are con-
sidered emerging crops outside their center of origin (which is mainly located in South
America), and their cultivation has been expanded worldwide in the last decade. This
review mainly highlights recent knowledge about the nutritional characteristics of these
three Latin American crops, with the aim of providing an updated information regarding

the compositional profiles of their seeds.
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energy intake, with three (rice, maize, and wheat) making up two-
thirds of this (Figure 1). These three are the staples of over 4000 mil-

According to the Food and Agriculture Organization of the United
Nations (FAO), the world is in a precarious position in regard to feed-
ing our future world population. More than 50,000 edible plant spe-
cies exist in the world, but only a few hundred contribute significantly
to food supplies. Only 15 crop plants provide 90% of the world'’s food

lion people. However, millions of people around the world suffer from

a lack of a balanced nutritious diet, which will likely rise as the global

population expands to an estimated 10 billion by 2050.1~2
Meanwhile, climate change is unleashing weather conditions,

pests, and diseases that our current crops struggle to cope with. This
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FIGURE 1 Catalogue of useful plant species classified by their uses. As indicated in the figure, among the 5538 plant species used for food,

15 plant species are providing 90% of the food energy.!™2
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FIGURE 2 Scheme of potential applications and contributions of the neglected and underutilized species quinoa, amaranth, and chia.

is a consequence, at least partially, of the huge reduction of agrobiodi-
versity that led to the necessity of making food production systems
more diverse, resilient, and environmentally sustainable. Therefore,
sustainable use and conservation the widest biodiversity of crops is
essential to food security and sustainable agriculture.*>

In line with this, one possible option is to rescue neglected
and underutilized crop plants able to grow under less favorable
weather conditions that could be suitable to be used as staple crops
(Figure 2).

On the other hand, the search for “new foods for new needs” in
recent years has led to a significant increase in the global food
demand for new plant-based products specially those obtained from
emerging crops such as ancient cereals, pseudocereals, and pulses
which possess high nutritional value. In fact, some of these crops are
known as superfoods and this is attributed to their nutritional profiles

that, mainly in recent years, have proven results benefiting human and
animal health.®~8

Nutrients required to sustain basic functions for the human body
are obtained from a balanced diet. The nutrients considered essential
for human health are mainly grouped in carbohydrates, lipids, proteins,
vitamins, minerals, and water. All are contained in a proper balance in
quinoa, amaranth, and chia, which therefore constitute nutritious
foods for human diets.”° Furthermore, in addition to having a high
nutritional value, the seeds of these crops are gluten free, making
them suitable and safe for people with celiac disease (a serious
genetic autoimmune disease that interferes with the absorption of
nutrients and affects the villi of the small intestine due to gluten intol-
erance)!! providing starch, fiber, proteins with a balanced amino acid
profile, lipids rich in polyunsaturated fatty acids, minerals, and vita-
mins.*2 Moreover, different plant parts of these crops can be eaten,
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although still are mainly consumed their seeds. In addition, they con-
tain other molecules that have health beneficial effects including beta-

61013 and the extracts

lains, phenolic compounds, and phytosterols
obtained from these crops have been used to enrich other traditional
foods.**

The outstanding genetic diversity of these crops gives them an excel-
lent capacity to adapt to different environments®® which is especially rele-
vant considering the current climate change prospects. This remarkably
adaptation capacity is expected to impact on agricultural, environmental
sustainability, and food security. Since sustainability is a multi-faceted
issue, the food production system, and our diets can play a crucial role
minimizing the negative impacts on the environment. Thus, ensuring a
sustainable and healthy food future is a task for global cooperation.

Considering the importance of the nutritional properties of qui-
noa, chia, and amaranth, the purpose of this review is to provide
updated information on the nutritional profiles of these emerging

crops highlighting the impact on human diet and health.

NUTRITIONAL PROPERTIES OF QUINOA
(CHENOPODIUM QUINOA WILLD)

Quinoa (Chenopidium quinoa Willd.), of the Chenopodiaceae family, is
native to the Andes and originated in Peru and Bolivia, around Lake
Titicaca. This crop, with a high nutritional density, is considered a
complete food. Quinoa has a high protein, vitamins, lipids, fiber, and
minerals content and an excellent balance of essential amino acids.*®
In addition, quinoa has been found to contain numerous phytochemi-
cals, including saponins, phytosterols, phytoecdysteroids, phenolic
compounds, and bioactive peptides, all with a high functional role, giv-
ing them not only nutritional value, but also pharmaceutical and thera-
peutic roles surpassing traditional cereals such as rice, wheat, corn,
and others in nutritional and functional quality!”*® (Table 1). Quinoa
has also been reported to have excellent technological potential, with
many options for the creation of new foods, especially for gluten-free
alternatives used in formulations.?

Proteins and amino acids

Seed protein content is an important trait affecting nutritional quality.
The quinoa seed has a high quantity and quality of protein compared
to cereal grains. The protein content varies according to the variety
analyzed but ranges from 11% to 19%.20-27

As mentioned, another interesting fact about quinoa is that its
seed is gluten-free, which makes it can be consumed by patients with
celiac disease. In addition, quinoa protein has a low prolamin content
(0.5%-7.0%), making it low in allergenicity.28-3¢

The amino acid profile also gives quinoa a high nutritional value.
In fact, quinoa contains adequate levels of all essential amino acids.>?
It is exceptionally high in essential amino acids lysine, for instance,
which is deficient in many cereal grains. Similarly, quinoa seeds are

also rich in methionine.3233
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TABLE 1 Bioactive compounds and properties of the major
phytochemicals identified in quinoa plants (Chenopodium quinoa W.).

BIOACTIVE COMPOUNDS

HEALTH RELATED BENEFITS®

Phenolic
compounds

Ferulic acid
Vanillic acid
Rosmarinic acid
Chlorogenic acid

Flavonoid compounds

Quercetin

Therapeutic potenctial against cancer

Anti-inflammatory

Kaempferon Anti-obesity
Vitaming Vicamin A Cardioprotective effects
Vitamin B1, B2, BS, Neurod ve disord
B6 and BS eurodegenerative disorders
Vitamin C Anti-diabeti .
Vitamin £ nti-diabetic properties
Phytosterols -Sitosterol
Y B Anti-allergenic activities observed in vitro
Lipids Linoleic acid

a Linolenic acid Low prolamin content

Betalains Betacyanins Antiviral and antibacterial agents
Betaxanthins

Anti-neoplastic pharmacophor agents

Peptides IQAEGGLT, DKDYPK,

GEHGSDGNV Low glycemix index

Phytoecdysteroids

Quinoa (Chenopodium quinoa)

Improves intestinal microbiota

Glycine betaine
High antioxidant capacity

Saponins

Anti-lipidemic capacity

2To confirm the associated health benefits further studies are required in
order to prove their benefits and putative risks.

Carbohydrates and fiber

Carbohydrates represent the largest proportion of macronutrients in
quinoa seeds, accounting for 58%-64% of the seed’s dry matter (DM).
Starch represents the main form of carbohydrate in the seed, consist-
ing of small granules of approximately 1.5 pum in diameter.>* However,
quinoa seeds have a lower carbohydrate content than cereals such as
wheat, corn or rice, whose carbohydrate percentages range from 78%
to 81% of dry matter.2” In quinoa, the carbohydrate content varies lit-
tle between the different varieties of grain, although carbohydrate
levels are slightly higher in white and black varieties.?® Free sugar con-
tent in quinoa is generally low, and the main sugars are sucrose, glu-
cose, fructose, arabinose, and maltose.>* This makes quinoa a species
with a low glycemic index: less than 55 on a scale of 0-100 is consid-
ered a low glycemic index, and quinoa’s varies between 35 and
53, depending on the form of consumption.?® In contrast, recent stud-
ies involving several varieties of quinoa have found that the glycemic
index of quinoa averages around 63.3°

Fiber is the carbohydrate fraction most resistant to enzymatic
digestion and absorption by the intestine, where it is partially fermen-
ted. Dietary intake of fiber is considered essential for optimal diges-
tive health: fiber induces satiety, lowers cholesterol, and improves
intestinal microbiota, among other benefits.34%” The total fiber con-
tent of quinoa is proportionally higher than that of other cereals, and
total, insoluble and soluble fiber levels have been found to range from
14% to 20%, 10% to 14%, and 3.7% to 5.9% respectively.>® The main
components of dietary fiber are non-starch polysaccharides, resistant
starch, and non-digestible oligosaccharides.>> Chemical analysis of the
fiber in quinoa seeds has shown that cellulose (52%) and hemicellu-
lose (41%) are the main components, while pectins (4.7%) and lignins

(1.7%) are less abundant.*°
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Lipids

The total lipid content of quinoa seeds varies significantly depending
on the variety tested, ranging from 2% to 10%.2° It has been esti-
mated that quinoa oil production would vary between 80 and 400 kg/
ha of oil.** Therefore, it has been proposed that quinoa could be an
alternative oil seed crop.*? Analysis of the fatty acid profile of quinoa
seed has shown that it is rich in unsaturated fatty acids (70.0%-
89.4%).31*3 Curti et al.*! analyzed the fatty acid profile of quinoa vari-
eties grown at sea level and found that, among the unsaturated fatty
acids, the most abundant was linoleic acid (28.3-44.0 g/kg whole
seeds), followed by oleic acid (8.6-18.0 g/kg whole seeds) and
a-linolenic acid (2.75-5.07 g/kg whole seeds). Among the saturated
fatty acids, the most abundant was palmitic acid (5.2-8.4 g/kg whole
seeds). In general, these data agree with findings in other studies car-
ried out on quinoa seeds, in which the most abundant unsaturated
fatty acid has always been linoleic acid, and the most abundant satu-
rated fatty acid was palmitic acid.?”*4"*¢ The ratio of unsaturated
fatty acids to saturated fatty acids was between 6 and 8. Omega-3
(C18:3, omega-3, a-linolenic acid) and omega-6 (C18:2, omega-6, lino-
leic acid) fatty acids are considered essential fatty acids, since they are
necessary for our health, but our body cannot synthesize them. Our
diet must contain enough of these fatty acids, according to current
recommendations, as their deficiency or imbalance can lead to serious
metabolic disorders.>! Quinoa oil has a good omega-6/omega-3 ratio,

which is usually about 6/1.2

Phytosterols

In recent years, phytosterols have become increasingly important
because they have been shown to lower blood levels of low-density
lipoprotein (LDL) cholesterol and help preventing heart diseases.*”
Chen et al.*® observed that phytosterol levels varied according to the
origin of the quinoa oil tested, with some varieties exceeding
45.0 mg/g of oil. The same study showed that the most abundant
phytosterol was p-sitosterol (19.6-46.6 mg/g), followed by stigmas-
terol (8.7-20.1 mg/g), and campesterol (0.4-2.0 mg/g). However,
when the phytosterol content of whole quinoa flour was analyzed, its
concentration was approximately 0.80 mg/g; once again, S-sitosterol

was the most abundant phytosterol.*

Vitamins

The intake of vitamins in the diet is essential for human health. The
main sources of vitamins in human diet are usually vegetables and
fruits. Quinoa seed can be an important source of vitamins, as it is rich
in a significant number of them,'®22 including the following: riboflavin
(vitamin B2, 0.32-0.39 mg/100g), thiamin (vitamin B1, 0.36-
0.40 mg/100 g), panthothenic acid (vitamin B5, 0.61 mg/100 g),
pyrodoxine (vitamin B6, 0.20 mg/100 g), and folic acid (vitamin B9,

23.50-78.10 mg/100 g). They also contain vitamin A (14.50 mg/100 g),

ascorbic acid (vitamin C, 4.00-16.40 mg/100 g), and tocopherol
(vitamin E, 1.73-5.37 mg/100 g). Besides, quinoa seeds contain
different tocopherol isoforms: the most abundant is y-tocopherol
(47-53 pg/g), followed by a-tocopherol (17-26 ug/g) and finally
&- and p-tocopherol (<5 ug/g).*®

Minerals

The ash content of quinoa seeds is high (2.4%-4.8%) compared to cereal
grains such as wheat (1.8%) or rice (0.5%).2%2¢ Quinoa is a good source of
several minerals, including the micronutrients calcium, manganese, magne-
sium, phosphorus, iron, and copper. The mineral content can change
depending on several variables, including climate, soil, quinoa variety, and

1.2 the concentrations

the fertilizer application.*’ According to Angeliet a
of calcium (514-1274 mg/kg), phosphorus (1400-5270 mg/kg), iron (14-
168 mg/kg), magnesium (1741-5020 mg/kg), zinc (21.5-48.0 mg/kg), cop-
per (2-51 mg/kg), and potassium (6490-14,678 mg/kg) vary widely in
their seeds, although they are always present in sufficient quantities for
the human diet.

It should be noted that a balanced mineral intake is crucial for
human health. Low dietary mineral intake can cause a number of dif-
ferent adverse health effects. For example, low intakes of micronutri-
ents such as zinc, iron, and copper have been found to be associated
with increased depression.”® Zinc deficiency, which affects a signifi-
cant number of people in developing countries, can lead to growth
retardation, hypogonadism, immune system dysfunction, and cogni-
tive impairment. It is mainly associated with deficient zinc absorption
mediated by complexation due to the high phytate content of the
cereals consumed in these countries.>? In this regard, quinoa consti-
tutes a good mineral source as their general content appears in

greater concentrations in most part of cereal grains.

Polyphenols

Polyphenols are possibly one of the most studied functional phyto-
chemicals. They have been shown to have a broad bioactivity and high
antioxidant capacity, and their consumption has been found to
favor hypocholesteremia, immunostimulating, and antihypertensive
effects.>? Polyphenols are mainly classified into two main groups: fla-
vonoids and phenolic acids. The flavonoids are further divided into fla-
vones, flavonones, flavanols, flavonols, and isoflavones, while the
phenolic acids are classified into hydroxybenzoic and hydroxycinnamic
acids. Analyzing the phenolic content of different varieties of quinoa

|~53

(white, red, and black), Tang et al.”” observed the presence of 23 phe-

nolic compounds, most of which were phenolic acids; the most abun-
dant phenolic acids were ferulic acid and vanillic acid and their
derivatives. The most abundant flavonoids were quercetin and
kaempferol and their glycosides. The total phenolic compound con-
tent in quinoa may vary depending on the variety, as well as on other

factors like the climatic conditions and type of fertilization used.”*

|55

Han et a observed that dark quinoa varieties, for instance,
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contained higher levels of ferulic acid and gallic acid in both, free and
bound forms.

In some cases, quinoa seeds need to be processed for consump-
tion (for instance, when saponins are present in large amounts), and
also different cooking methods can be used, both significantly affect-
ing the polyphenol content. Gu et al.> observed that steaming had
the greatest effect on phenolic compounds, leading to a significant
loss of phenolic/flavonoid compounds, thus reducing their antioxidant
capacity. However, germination methods have been found to increase

the levels of phenolic compounds.

Betalains

Betalains are water-soluble plant pigments that are characteristic of
plants belonging to the order Caryophyllales, to which quinoa belongs.
However, few studies have been carried out on the betalain composi-
tion of quinoa seeds.®” The analysis of quinoa seeds of different varie-
ties has made it possible to identify betalains as the main factor
responsible for their color: the pigment betanin and its isomer isobeta-
nin are responsible for the red-violet varieties and the betaxanthins
for yellow-orange pigmentation.?>>% Interestingly, in recent years, the
ability of betalains to act as free radical's scavengers has also been
proposed.*®

Glycine betaine

Glycine betaine is a quaternary ammonium compound synthesized in
bacteria, marine invertebrates, plants, and mammals.>® Glycine betaine
is accumulated as osmoprotectan in plants exposed to different stres-
ses such as salinity, drought, heavy metals, heat, and cold stress.”’
Glycine betaine synthesis mainly occurs in halophyte species, and only
a few crop plants synthetize and accumulate this compound. Quinoa,
a halophyte, belongs to the Amaranthaceae family, as do many halo-
phyte species. Quinoa seeds contain a high concentration of glycine
betaine (3930-6000 pg/g DM) in comparison to cereals and cereal-
like crops, such as raw grain wheat (1150-1320 pg/g DM), oats (280-
388 ug/g DM), rye (1530-1760 pg/g DM), or barley (460-980 ug/g
DM).60—62

Playing a critical role in human metabolism, glycine betaine
functions as a methyl donor and as an osmolyte, mainly in the kid-
ney and liver. Glycine betaine is also involved in the regulation of
plasmatic homocysteine, reducing its concentration and decreasing

vascular disease risk.®°

Although our bodies synthesize glycine beta-
ine, we need an additional supply in our diet. Cereal foods are the
main sources of glycine betaine in western Europe, accounting for
60%-67% of the total glycine betaine ingested.®® However, people
with celiac disease cannot consume these foods due to the pres-
ence of gluten. It has been therefore proposed that the consump-
tion of the quinoa seed, given its high levels of glycine betaine,
could be a suitable supplement to replace glycine betaine intake

from other cereals.
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Anti-nutritional components

The main component with anti-nutritional capacity in the quinoa
seeds is phytic acid. Phytic acid (myoinositol 1,2,3,4,5,6-hexakis dihy-
drogen phosphate) is mainly found in cereals and legumes, and consti-
tutes a form of phosphorus storage in many plant species.

Phytic acid is mainly found in the outer layers of grains and seeds
of most cereals and legumes in concentrations that ranged between
1% and 3% of the total dry matter. In quinoa seeds, the phytic acid is
located in the external layers as well as in the endosperm. Phytic acid
levels in quinoa are generally low, ranging from 1.0 to 1.3 g/100 g.¢%7%°
Different studies have demonstrated that phytic acid inhibits mineral
uptake in the human gut because it binds minerals to form insoluble
complexes with divalent cations such as zinc, iron, and calcium.®® It has
been observed that the fermentation process can significantly degrade
the phytate content in quinoa flour and to a lesser extent in the quinoa
seed.®”

Saponins are natural detergents found in many plant species.
These compounds have a skeleton derived from the 30-carbon pre-
cursor oxidosqualene to which glycosyl residues are attached. Sapo-
nins are described as natural protectants in plants against microbial
infections and bird/insect attacks.®® The quinoa seeds contain sapo-
nins, which are mainly located in the pericarp and on the basis of its
saponin content quinoa can be classified as sweet, when saponin
levels are below 0.11%, or bitter, when the levels are above 0.11%.6°
Saponin accumulation increases the bitterness of quinoa, influencing
its taste and digestibility. For this reason, one of the objetives of cer-
tain quinoa breeding programs is to obtain sweet varieties by reducing
the saponin content in seeds to avoid the process of scarification
which may reduce its productivity and marketing affecting its nutri-
tional quality.31:¢?

Recently, however, the pharmacological activities of saponins
have been reported, including their role as antioxidants, potent anti-

neoplastic pharmacophores, and antiviral/antibacterial agents.”®

NUTRITIONAL PROPERTIES OF
AMARANTHUS (KIWICHA (AMARANTHUS
CAUDATUS L.), AMARANTH (AMARANTHUS
CRUENTUS L.), AND AMARANTH
(AMARANTHUS HYPOCHONDRIACUS L.))

Amaranthus spp. has been a source of nutritious food for many centu-
ries in Africa, Asia, Mesoamerica, and South America. About 60 species
were native to the Americas and a total of about 15 others to Europe,

7172 A cruentus, and

Asia, Africa, and Australia. caudatus, A.
A. hypochondriacus are the main species cultivated due to the charac-
teristics of their seeds. Generally, amaranth is an underutilized crop
with high nutritional quality and is considered an alternative crop for
sustainable food production. Amaranth is a potential source of high
quality protein (which includes an outstanding balance of essential
amino acids), dietary fiber and lipids rich in unsaturated fatty acids,

also with desirable levels of minerals, vitamins, in addition to other
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TABLE 2 Bioactive compounds and properties of the major
phytochemical identified in three species of amaranth (Amaranthus
caudatus L., Amaranthus cruentus L., and Amaranthus
hypochondriacus L.).

BIOACTIVE COMPOUNDS HEALTH RELATED BENEFITS?

o Linolenic acid Atherogenic

Amaranthin
Isoamaranthin

Betalains . . .
Anti-hyperlipidemic

Antioxidant activity

Peptides YP, LPP, GGEDE

Phenolic Ferulic acid
compounds Gallic acid Hypoglucemic
Hydroxybenzoic acid _i
Flavonoid Quercetin » Anti-diabetic activity
compounds Rutin
Kaempferol _g Activates immune system
Isorhamnetin +—
= Anti-neoplasic pharmacophores
Vitamins Vitamin B1, B2, B3, B6 E
and B9 S Cardioprotective/ Regulates arterial
Vitamin E
Phytosterols Spinasterol g pressure
Sitosterol
Anti-hypercholesterolemic/ anti-
Lipids Linoleic acid -
o+
c
©
—
©

Glycine betaine Antiviral and antibacterial agents

Saponins

2To confirm the associated health benefits further studies are required in
order to prove their benefits and putative risks.

bioactive components such as phytosterols, squalene, saponins, poly-
phenols, and others (Table 2). Amaranth is currently in demand by
specific consumers, such as people with diabetes and coeliac

disease.”"7>

Proteins and amino acids

The protein of amaranth is of an unusual high quality due to its out-
standing balance and high levels of essential amino acids. The protein
content of amaranth can vary, depending on the species analyzed,
between 13% and 19%.”%7%77 It thus has higher protein contents
than maize, wheat or rice, although the amount is similar to that found
in quinoa and slightly lower than that found in chia. Aguilar et al.”®
observed that A. cruentus contained between 13.20% and 15.07%
protein depending on the variety, while A. hypochondriacus contained
16.20%. According to several authors, the most abundant proteins in
amaranth seeds are albumin (65%), globulin (17%), prolamin (11%),
and glutelin (7%). For example, the levels of tryptophan and lysine in
amaranth seeds are higher than those found in rice, wheat and maize.
A. caudatus is characterized by having higher levels of lysine (4.8-
6.7 g/100 g protein), isoleucine (3.6-5.2 g/100 g protein), threonine
(3.3-5.1 g/100 g protein), tryptophan (1.1-1.8 g/100 g protein), and
sulfur amino acids (4.5-4.9 g/100 g protein) than other amaranth

species.”!

Carbohydrates and fiber

The carbohydrate content of amaranth is high at approximately

65-75 g/100 g of dry seeds.”” Starch is the main component of the

amaranth seed, accounting for 48%-65% of the total dry weight. The
starch grain is polygonal and 1-3 microns in size.2° Studies in
A. hybridus and A. hypochondriacus show that the main component is
branched amylopectin. The main sugar present in the A. cruentus seed
is sucrose, at 0.58-2.26 g/100 g DM.8%82 Other sugars present in
A. cruentrus and A. caudatus are fructose (0.12-0.17 g/100 g DM),
glucose (0.34-0.42 g/100 g DM), inositol (0.02-0.04 g/100 g DM),
maltose (0.24-0.28 g/100 g DM), and raffinose (0.39-0.48 g/100 g
DM).2%84 On the other hand, the fiber content varies between 2.2%
and 8.1% with the soluble dietary fiber fraction representing 14% of

the total fiber content.”®

Lipids

The lipid content in amaranth seeds ranges from 5% to 13%.8* Ama-
ranth has high quality lipids that contain significant levels of polyun-
saturated fatty acids. Tang et al®> have analyzed the fatty acid
content in different varieties and species of amaranth grown in
Ontario (Canada). The total polyunsaturated fatty acid content was
72.09%. The most abundant fatty acid in all the varieties and species
analyzed was linoleic acid (omega-6), which represented 43.9%-
44.1% of the lipid content in Amaranthus spp., 37.1%-45.8% in
A. cruentus and 44.3%-45.9% in A. hypochondriacus. On the other
hand, a-linolenic acid (omega-3), showed levels of range 0.64%-
0.70% in Amaranthus spp., 0.65%-1.33% in A. cruentus, and 0.81%-
1.40% in A. hypochondriacus; these levels are lower than those
observed in quinoa.

Among the saturated fatty acids, the most abundant was palmitic
acid, whose contents varied between 18.9%-19.3% in Amaranthus spp.,
19.0%-20.2% in A. cruentus, and 18.8%-19.0% in A. hypochondriacus.
Other authors such as Ayorinde et al.B¢ have obtained similar results,
noting that polyunsaturated fatty acids represented 73% of the total
fatty acids, and that linoleic acid (omega-6) was the most abundant rang-
ing 44.5%-47.8%.**%7 Calculations of the omega-6/omega-3 ratio in
amaranth oil usually range between 5.9 and 69, which indicates that the
quality of the oil is significantly lower than that of other pseudocereals

such as quinoa or chia. #8587

Phytosterols

As mentioned previously, clinical studies consistently indicate that the
intake of bioactive compounds “phytosterols” is associated with a sig-
nificant reduction in the levels of low-density lipoprotein cholesterol
(LDL-cholesterol) and cardiovascular disease.®8%?

The phytosterol content in amaranth seeds is higher than in many
vegetables and fruits.”® Analysis of the different phytosterols present
in amaranth seeds shows that the most abundant are sitosterol and
spinasterol, whose concentrations vary according to the amaranth
species analyzed.?®?2 Berger et al.” found that amaranth oil con-
tained a phytosterol concentration of 2.73 g/100 g and that spinas-
terol and sitosterol were the most abundant (34.2%, both compounds



THE POTENTIAL OF QUINOA, AMARANTH AND CHIA FOR FOOD SECURITY WORLDWIDE

|92 |90

coelute). Similarly, Ogrodowska et a and Marcone et a also
observed that both of these compounds were the most abundant phy-

tosterols in amaranth seeds (55-100 mg/100 g of seeds).

Vitamins

Amaranth seeds are not different from those of cereals in terms of
vitamin composition. The vitamin contents of A. caudatus are in the
following ranges: thiamin (vitamin B1, 0.072-0.240 mg/100 g), ribo-
flavin (vitamin B2, 0.18-2.70 mg/100 g), nicotinamide (vitamin B3,
0.89-1.00 mg/100 g), pirodoxin (vitamin B6, 0.59 mg/100 g), and folic
acid (vitamin B9, 0.08 mg/100 g). Amaranth seeds also contain signifi-
cant amounts of tocopherol (vitamin E) and tocotrienol”?879%9% and
accumulate significantly higher amounts of both - and y-tocotrienols
compared to grain cereals. In A. cruentus and A. hypochondriacus
varieties, the following levels have been detected: a-tocopherol
(2.97-15.65 pg/g seed), p-tocotrienol (5.92-11.47 ug/g seed), and
y-tocotrienol (0.95-8.69 pg/g seed). Besides, Ogrodowska et al.”?
observed the following levels of tocopherols in A. cruentus:
a-tocopherol (19.1 pg/g seed), p-tocopherol (40.7 pg/g seed),
y-tocopherol (12.9 pg/g seed), and &-tocopherol (33.4 pg/g seed).

Minerals

The ash content in amaranth is found within the range of 2.88%-
3.90%.7182929495 The mineral content of both, micronutrients and
macronutrients, is affected by agronomical and climatic conditions.
Amaranth stands out for having high levels of iron and potassium,
which makes it an important source of these minerals for diets low in
them. In Amaranthus caudatus seeds, the mineral contents are as fol-
lows: phosphorus (5600-5800 mg/kg), potassium (4870-5000 mg/kg),
magnesium (2800-2900 mg/kg), calcium (1760-1800 mg/kg), iron
(90-140 mg/kg), manganese (13.00-33.30 mg/kg), and copper (9.00-
12.00 mg/kg).**®2 In Amaranthus cruentus, these minerals can be
found in the following ranges: phosphorus (560-6000 mg/kg), potas-
sium (7350-7700 mg/kg), magnesium (3120-4250 mg/kg), calcium
(2000-2830 mg/kg), iron (1.4-2.9 mg/kg), manganese (24-41 mg/kg),
and copper (9.00-12.50 mg/kg).8287

Polyphenols

As mentioned above, polyphenols play a very relevant role in human
nutrition given their high antioxidant capacity, reducing the risk of car-
diovascular diseases and also, chronic inflammation. Bioactive phyto-
chemicals are mainly located in the seed coat of amaranth seeds,
functioning as a chemical defense against insects and microorganisms.
The total concentrations of phenolic acids found in amaranth seeds
range between 168-329 mg/kg, with the extractable fraction of phe-
nols ranging between 7% and 14%.8* The most abundant free pheno-

lic acids in amaranth seeds are gallic acid (11-440 mg/kg dry seed),
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ferulic acid (120-620 mg/kg dry seed), and p-hydroxybenzoic acid
(8.5-20.9 mg/kg dry seed).”184?¢ On the other hand, the most abun-
dant flavonoids are quercetin (214-843 mg/kg dry seed) and rutin
(7-592 mg/kg dry seed).®*

Betalains

Betalains are other phytochemicals that have been identified in
A. caudatus, mainly betacyanins and betaxanthins, which are a type of
indole-derived pigments with a red and yellow color that is used as a
natural food colorant, but also acts as an efficient scavenger of reac-
tive oxygen species (ROS) and in the antioxidant capacity/activity of
defense mechanisms.”” The main betalains identified in A. caudatus
are amaranthin (151.3 mg/kg) and isoamaranthin (58.7 mg/kg).%*

NUTRITIONAL PROPERTIES OF CHIA (SALVIA
HISPANICA L.)

Chia (Salvia hispdnica L.), of the Lamiaceae family, is native to the cen-

98,99

tral valleys of Mexico and northern Guatemala and was one of

the main staple crops of pre-Columbian societies, who used the seeds
for the preparation of various medicines, foods, and paintings.1°%:101
Chia seeds are a good source of minerals and vitamins, as well as bio-
active compounds with high antioxidant activity, particularly polyphe-
nols and tocopherols, and show a high content of dietary fiber and

proteins30 (rich in many essential amino acids) (Table 3).

Proteins and amino acids

Chia seeds have high protein contents, varying between 16% and

9:99.102-104 504 high levels of certain

24% depending on their origin,
amino acids such as aspartic and glutamic acid, serine, alanine, and gly-
cine.1> Regarding the free amino acid content, at least 10 amino acids

are present in chia seeds, and the most abundant are arginine, leucine,

TABLE 3 Bioactive compounds and properties of the major
phytochemical identified in chia plants (Salvia hispdnica L.).

BIOACTIVE COMPOUNDS HEALTH RELATED BENEFITS*
Phenolic Rosmarinic acid Hypotensive effeccts
compounds Protocatechuic ethyl ester [e)
Caffeic acid Q Hypoglycaemic effects
Gallic acid 'E
Salviaflaside S Immunostimulatory effects
- - % Anti-inflammatory effects
Flavonoid Methylquercetin —~
compounds Daidzin § Cardioprotective effects
- =
Phytosterols p-Sitosterol = Antioxidant activity
Stigmasterol B
Campesterol (921 Anti-lipidemic effects
~
Lipids r){-Lln(J.Ielc ?c‘d [°] Antimicrobial
Linoleic acid —
Vitamin B1, B2 and B3 (@) Achylhestherapeuhc potenctial
Vitamins Vitamin C against cancer
Vitamin E

®To confirm the associated health benefits further studies are required in
order to prove their benefits and putative risks.
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phenylalanine, lysine, and valine.'°® Due to the physico-chemical char-
acteristics of chia proteins, such as their high emulsifying capacity,
good foam stability and viscosity, chia proteins are a very promising
food additive for improving food quality as well as for increasing the
shelf life of certain foods.®® In fact, the use of chia flour has signifi-
cantly risen in recent years, and it has also proven to be valuable in
the elaboration of gluten-free products.

Carbohydrates and fiber

The carbohydrate content in chia varies significantly depending on
the seed origin, ranging from 26.9% to 42.1%.21% The dietary fiber
content can vary from 30.2% to 34.4%, and the ingestion of 100 g of
chia seeds meets in more than 100% the recommended fiber dietary
intake.?1%* From the total fiber content found in chia, the insoluble
fraction accounts for 85%-93%, while the soluble fraction accounts
for 7%-15%.111%7 Interestingly, the dietary fiber content in chia is
higher than that found in crops, such as quinoa (7.0 g/100 g), ama-
ranth (6.7 g/100 g), peanuts (8.5 g/100 g), and soybean (9.6 g/100 g).
It is also known that defatted chia flour contains 40% fiber, and 5%-

10% is soluble fiber, which is part of the mucilage.1°®

Lipids

The chia seed is highly rich in lipids: the total lipid content is between
27.5% and 40.2%.2:102-104106.109 The fatty acid profile is of great
interest, as it is quite rich in polyunsaturated fatty acids. Researchers
have found that the main constituent in chia oil is a-linolenic acid
(omega-3), which ranges from 45.3% to 64.8%, followed by and lino-
leic acid (15.3%-22.5%).2289598 Ayerza and Coates'®? showed that
a-linolenic acid levels were affected by the growing conditions, vary-
ing from 56.9% to 64.8%. Other saturated and monounsaturated fatty
acids have been found in lower amounts including palmitic acid
(5.10%-8.53%) and oleic acid (7.3%-18.1%). The ratio of omega-3/
omega-6 founding chia is optimal, varying between 3.0 and 3.8, which

possess important health benefits.

Phytosterol

Chia seed contains an unusually high content of phytosterols and
have been associated with a wide range of physiological functions in
human health. These compounds have been shown to have cardiac,
anti-inflammatory, control of diabetes, hypertension, and antioxidant
effects.2%® Ciftci et al.'>® have shown that chia seed lipids contain
phytosterols (4.13 g/kg of lipids), mainly campesterol (0.47 g/kg of
lipids), stigmasterol (1.25 g/kg of lipids), and g-sitosterol (2.06 g/kg of
lipids). Rokosik et al.’ have obtained similar results from cold-
pressed chia oil: out of the 4.55 g/kg phytosterols detected, the most
abundant was f-sitosterol (2.16 g/kg of lipids), followed by stigmas-
terol (1.99 g/kg of lipids) and campesterol (0.40 g/kg of lipids).

Vitamins

Chia seeds can be considered a good source of B vitamins. Ranging
between 6.1 and 8.8 mg/100 g, its niacin (vitamin B3) levels are high
compared to those found in other grains or seeds such as corn, soy-
beans, or rice.”'°? The concentrations of thiamin (vitamin B1, 0.18-
0.60 mg/100 g) and riboflavin (vitamin B2, 0.04-0.20 mg/100 g) in
chia are similar to those found in rice and maize, although lower than
those of soybean and safflower.” 105198 The levels of other vitamins,
such as vitamin C (1.6 mg/100 g), vitamin A (44 1U), and folate
(49 ug/100 g), are relatively low compared to other grains and seeds.”
The levels of vitamin E have been found to vary between 0.5 and
8.2 mg/100 g.1*2113 A study in rats showed that a chia-rich diet sig-
nificantly increased vitamin B12 levels, suggesting that chia may be a
good additive for vegan diets where vitamin B12 levels may be

low 114

Minerals

The ash content of chia seeds (between 2.79% and 4.80%) is high
compared to that of other grains and seeds such as rice, amaranth,
or quinoa.”1%4112 Chia seed is very rich in phosphorus (4930-
8600 mg/kg), potassium (4070-8630 mg/kg), calcium (2970-
6310 mg/kg), magnesium (1950-3500 mg/kg), iron (25-164 mg/kg),
zinc (26-47 mg/kg), and copper (4.1-13.2 mg/kg). Da Silva et al.}1?
have shown that the mineral content can be affected by the cultiva-
tion location and climatic conditions. A comparison of the calcium
and magnesium content in chia versus that in cow’s milk (100-
140 mg Ca/100 ml, 10-15 mg Mg/100 ml),**> showed that chia con-
tains six times more calcium and 20 times more magnesium,
highlighting the outstanding role as a mineral source when incorpo-

rated in our diets.

Polyphenols

Pigni et al.''® have analyzed the polyphenol contents in the meal
obtained after oil extraction from chia seeds. Analysis of the polyphe-
nol profile identified 14 compounds, of which 12 were hydroxycin-
namic acid derivatives; the other two were quinic acid and the
flavonoid methylquercetin. Ten of the hydrocinnamic acid-derived
compounds were related to caffeic acid, while the remaining two were
related to ferulic and fertaric acid. However, the two most abundant
compounds, up to 10 times more abundant than the rest, were ros-
marinic acid (33.97 mg/100g) and its glycosylated derivative
(Salviaflaside, 30.69 mg/100 g). Other authors have obtained similar
results, identifying 29 different phenolic acids and showing that
hydroxycinnamic acids and their derivatives are the most repre-
sented.’> On the other hand, Martinez-Cruz et al.'*® observed that
the most abundant phenolic compounds in chia seeds were rosmarinic
acid 0.92, protocatechuic ethyl ester 0.74, caffeic acid 0.02, gallic acid
0.01, and daidzin 0.006 mg/g seed.
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CONCLUSION

One of the most important impacts of climate change is its effect on
agriculture and food safety, and, as a result, on human nutrition.

This fact highlights the urgent need of establishing new alterna-
tive nutritious crops, environmentally sustainable, able to contribute
to improve our diet, ensuring food security and food quality.

Current research has indicated that some of the compounds
found in emerging crops, such as quinoa, amaranth, and chia, could
provide beneficial effects linked not only to their nutritional proper-
ties, but also due to their pharmaceutical and therapeutic effects. This
review has described the most recent information regarding the com-
positional profiles of their seeds which will contribute to establishing
these emergent crops as healthy foods for developing functional
products. Due to more vegan and vegetarian diets, an increasing use
of vegetable protein has been required to support the production of
protein-rich foods which can replace animal proteins in the human
diet. Amaranth, chia, and quinoa seeds contain proteins which have
biological and functional properties that provide high nutritional bene-
fits due to their reasonably well-balanced amino acid content. In sum-
mary, these seeds are also rich in unsaturated fatty acids (Omega-3,
omega-6), vitamins (A, B1, B2, B5, B6, B9, B12, E), polyphenols,
glycine-betaine, and with mineral content rich in calcium, phosphorus,
iron, and potassium.

Currently, these nutritional, pharmaceutical, and therapeutic char-
acteristics alone consolidate quinoa, amaranthus, and chia as versatile
future food crops that could eventually become staple foods in the

twenty-first century.
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