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Agriculture is extremely vulnerable to climate change and crop production is
severely hampered by climate extremes. Not only does it cost growers over US
$170BlIn in lost production, but it also has major implications for global food
security. In this study, we argue that, under current climate scenarios, agriculture
in the 21°' century will become saline, severely limiting (or even making
impossible) the use of traditional cereal crops for human caloric intake. As
regaining the lost abiotic stress tolerance can only be achieved using modern
gene editing technologies and given uncertainties on when and to what extent
the public will embrace such new technologies, de novo domestication of
already tolerant wild species or semi-domesticated “orphan” species is
arguably the most efficient way to proceed. One of them is quinoa
(Chenopodium quinoa), which is the focus of this review. Accordingly, we
comprehensively evaluated the nutritional qualities of quinoa and discussed
the benefits of using quinoa as a viable alternative to traditional cereals from
both agronomical and nutritional points of view. We also highlight the existing
gaps in the knowledge and the next steps required to ensure public acceptance
of quinoa in a daily diet, alongside (or instead of) traditional cereals such as wheat
or rice.
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1 Cereal grain production under
future climate scenarios

Agriculture is highly vulnerable to climate change, and crop
production is severely hampered by climate extremes such as heat,
drought, waterlogging, and salinity (Suzuki et al., 2014; Zandalinas
and Mittler, 2022). Regardless of the nature of current global
warming (e.g., anthropogenic vs. natural), the implications for the
profitability and sustainability of agricultural production systems
are substantial (Palmgren and Shabala, 2024) and already come at a
massive cost. It was estimated that the overall loss in crop
production from climate-driven abiotic stresses exceeds US$ 170
Bln p.a. and represents a major threat to global food security
(Razzaq et al., 2021). Abiotic stress tolerance was present in wild
relatives of modern crops but was lost (or very significantly
weakened) during domestication (Doebley et al., 2006; Palmgren
et al., 2015; Menguer et al., 2017; Yolcu et al.,, 2020; Rawat et al.,
2022). In addition, both the intensity and frequency of extreme
weather events will increase (Ebi et al.,, 2021; Barriopedro et al,
2023; Gonzalez-Trujillo et al., 2023; Chen et al., 2024). Combined
with the current trends in population growth and the extent of
urbanization (at the expense of agricultural land), this poses a
significant threat to global food security in the next decade(s).

The major primary climate-driven constraints on crop
production are global warming and the associated increase in the
severity and frequency of drought events. Currently, 40% of the
entire land area of our planet is classified as drylands (Earth.org,
2024) and is increasing at an alarming rate (Vicente-Serrano et al.,
2024). It is expected that by the end of this century, over 50% of the
agricultural land will become arid or semi-arid and could be made
produced only by irrigation. Right now, 70% of all cultivated land in
Pakistan (the 5 most populous country in the world) and 42% of
land in India (the world’s most populous country) are on irrigation
(Liu et al,, 2020a), and this proportion is only going to increase.
Putting it in plain language: in a decade, most of the world’s
agriculture will become irrigated.

The increasing reliance on irrigation comes with the caveat of
soil salinization. Good-quality irrigation water is a scarce resource.
As a result, a significant amount of salt (between 3 and 6 tons; Liu
etal,, 2020a) is added to each hectare of irrigated land every year. At
the same time, all major staple crops that provide a bulk of calories
for humans (such as wheat, rice, maize, and soybeans) are highly
salt-sensitive (see below). Being selected for reduced Na*
accumulation in the shoot, elite cultivars of these species exclude
95 to 97% of salt from uptake (Munns, 2002) causing a massive
salinity build-up in the rhizosphere (see Liu et al, 2020a for
modelling) and further exacerbating salinity issues. Therefore,
mankind can rely on traditional cereals to meet their dietary
needs under future climate scenarios.

To answer this question, we conducted a meta-analysis of the
literature summarizing effects of salinity on production of wheat
and rice, two major cereal crops collectively provide ~ 40% of total
calorie intake by humans. In both species, the grain yield showed a
progressive dose-dependent decline with increasing salinity
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(Figure 1). Rice is extremely sensitive to salinity, with no grain
yield produced at salinity levels exceeding 10 dS/m (an equivalent of
100 mM NaCl, or approximately 20% of seawater salt
concentration; Figure 1B). Wheat is doing slightly better
(Figure 1A); however, a 50% decline in grain yield is observed at
salinities of around 9 dS/m, a level of salt found in irrigation water
in most populous countries (e.g. China, India, USA, Mexico,
Pakistan) affected by salinity (Liu et al., 2020a). Extrapolating the
current trends in electrical conductivity of saline water (Liu et al.,
2020a), one can predict that by 2050, the average salinity level in the
soil will be within the 12-13 dS/m range (blue dotted line in
Figure 1 panels). These salinity levels will be not only
incompatible with rice production, but also reduce wheat
production by ~ 70% (Figure 1A). Thus, based on the weighted
average contribution, the mankind will be short of ~39% calories
produced by these two cereal crops.

2 What are alternatives?

Broadly, three possible options are available. One is the
extensification of agriculture; that is, using more land for
agricultural purposes. This option is not viable because most of the
arable hands have already been used. The second option is to regain
abiotic stress (and, specifically, salinity) tolerance lost during
domestication (Rawat et al., 2022; Palmgren and Shabala, 2024).
Termed as “rewilding” (Palmgren et al., 2015), this concept implies
identification of genes important for survival in challenging
environments (that were lost during the domestication process) in
wild relatives and reintroduced into modern crops (Palmgren et al,
2015). This option is technically viable but will require broad public
acceptance of products created using gene editing technologies, as well
as legislative hurdles. Worldwide, consumers have limited
understanding, misconceptions, and unfamiliarity with plant gene
technologies in agriculture (Wunderlich and Gatto, 2015; Wozniak-
Gientka et al., 2022) and the extent to which the general public will
embrace such new technologies. In this context, de novo domestication
of already-tolerant wild species or semi-domesticated “orphan” species
is arguably the most efficient way to proceed. One of them is quinoa
(Chenopodium quinoa), which is the focus of this review.

3 Quinoa as a viable alternative to
traditional cereals

Quinoa has been used as a staple food owing to its high
nutritional qualities by ancient Andean societies for thousands of
years but is still classified as a “semi-domesticated” (Lopes-Marques
et al., 2020; Venlet et al., 2021). It is native to Chile, Bolivia, and the
Peru mountains and is designated as a “Golden Grain” (Angeli
et al,, 2020; Yadav et al., 2023). The native geographical region of
quinoa extends from south-central Chile to Southern Columbia,
along with subtropical Bolivia and north-western Argentina (Costa
Tartara et al., 2012). Peru is the main producer of quinoa, followed
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Effect of soil salinity on grain yield in wheat (A), rice (B) and quinoa (C) species. Data is collated based on 11 papers describing performance of 38
genotypes for wheat; 9 papers/31 genotypes for rice; and 12 papers/35 genotypes for quinoa. Each symbol represents a specific genotype. In

(A) circles represent bread wheat (Triticum aestivum) while triangles define durum (Triticum turgidum ssp. durum) wheat genotypes. The slopes of
the red dotted lines illustrate differences in sensitivity of species to increasing soil salinity. Shaded boxes represent the current range of salinities
experience by crops in major grain producing countries experiencing salinity issues (China, India, USA, Mexico, Pakistan, Australia). The bold vertical
dotted line shows a predicted values of soil salinity in 2050 derived from trends in changes in EC values in irrigation water (based on Liu et al.,
2020a). (D) - grain yield of three species grown at salinities predicted for 2050.

by Ecuador and Bolivia (Alandia et al., 2020), while France, the
USA, and Canada are the leading importers of quinoa. Currently,
quinoa is cultivated over 188,000 ha, producing ~175,000 tons per
annum (FAOSTAT, 2022; Pathan et al., 2023). In 2020, the global
quinoa market was valued at approximately 72 billion USD, and
this market is predicted to exceed 149 billion USD by 2026
(Shahbandeh, 2021). Owing to rising demand and its potential to
enhance global food security, quinoa farming has recently expanded
outside its native Andean region. Quinoa has exceptional
nutritional (low glycaemic index; gluten-free; possesses all
necessary carbohydrates, lipids, amino acids, vitamins, minerals,
protein, and dietary fibres) and has been named by WHO as the
“most nutritionally balanced crop on planet” (Angeli et al., 2020).
As a result, quinoa cultivation has shifted from just six 50 years ago
to over 120 countries now (Alandia et al., 2020). However, global
quinoa production represents only a small fraction of the global
cereal market (e.g., 175,000 metric tons for quinoa vs. 789,000,000
metric tons for wheat in 2022; statista.com).

Most importantly, quinoa is superbly adapted to hostile
environmental conditions, including soil salinity, drought, and low
fertile soils (Ain et al., 2023) and thus possesses great potential for
growth in arid and semi-arid regions of Asia and Africa (Jacobsen et al,,
2003). Given the reduced ability of some important cereal crops,
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including wheat and barley, to survive in arid areas (Houshmand et
al., 2005; Aly et al, 2016), quinoa is being grown as a drought- and salt-
tolerant alternative in Saudi Arabia, Europe, Morocco, Egypt, and the
United States of Emirates (Taaime et al, 2023). Being classified as a
halophyte, quinoa in fact benefit from the presence of significant
amounts of salt in the rhizosphere, showing the highest yield at
salinities of 8 to 10 dS/m (Shabala, 2013; Figure 1C). Moreover,
quinoa yield remains relatively stable across a broad range of salinities
(up to 20 dS/m; Figure 1B), with some varieties being able to produce
significant quantities of grain, even at seawater salt concentrations
(Adolf et al, 2013). When benchmarked under future climate
scenarios, quinoa yield in 2050 will exceed that of wheat by nearly 3-
fold (Figure 1D) when grown under irrigated conditions. Under non-
irrigated conditions, quinoa already outperforms traditional cereals such
as wheat in many parts of the world. For example, the 5-year average
wheat yield in Australia in 2019-2024 was 2.4 t/ha, (https://
ipad.fas.usda.gov/countrysummary/Default.aspx?id=AS&crop=Wheat),
with a lowest value of 1.5 t/ha in the driest 2019/2020. The quinoa
yield was comparable to or even higher than these values
(Figure 1C). For example, some quinoa lines achieved the seed
yield of 3-3.1 t/ha under rainfed conditions in Western Australia
(Dhammu et al,, 2019); this is much more than average wheat yield
of 1.7 t/ha for the state (Anderson et al., 2016).
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4 Biological and genetic features of
quinoa

Quinoa is primarily an autogamous (self-pollinated) plant with
variable rates of natural hybridization (10-17%), which depends on
the correlation between flowering and the availability of pollen
vectors (Spehar and Santos, 2005; Murphy et al., 2018). It is
gynomonoecious (i.e., flowers and female parts are present on the
same individual) and possesses numerous small flowers of usually
three fundamental types, typically 3-4 mm in size: achlamydeous
females, hermaphrodites, and chlamydeous females. These flowers
form a panicle-type inflorescence that ranges in length from 15 cm
to 70 cm. The structure is highly branched with a central axis that
gives rise to secondary and tertiary branches. Manual emasculation
for the hybridization of quinoa is difficult because of the presence of
small flowers (Zurita-Silva et al., 2014). Certain cultivars exhibit
partial or complete male sterility in their flowers, which has been a
valuable tool in crop breeding and hybrid development (Bhargava
et al., 2006; Gomez-Pando et al., 2019).

Cytological studies have indicated that quinoa is an
allotetraploid species with a chromosome number of 2n = 4x =
36 and a basic chromosome count of x = 9. Quinoa species
primarily exhibit diploid and tetrasomic chromosomal
segregation (El-Harty et al., 2021). The occurrence of both
disomic and tetrasomic segregations at a particular locus is
uncommon but can be attributed to the mutual exchange of
fragments between homologous chromosomes. Based on
morphology, quinoa has been categorized as Chenopodium,
subsection C. berlandieri, North American diploid C. watsonii A.
Nels, C. neomexicanum Standl., South American tetraploid weed C.
hircinum, and Andean wild diploid C. philippianum (Jellen et al.,
2010; Bhargava and Ohri, 2016). The origin of quinoa can be traced
to the diploid ancestors C. carnasolum and C. pallidicaule, and the
tetraploid species C. quinoa var. melanospermum and C. hircinum
(Mujica and Jacobsen, 2006). The organization and genomic
distribution of the 45S nucleolus organizer region (NOR) and 5S
ribosomal RNA (rRNA) genes in quinoa have been studied using
molecular cytogenetic analysis, which supports this theory. The
close relationship between the tetraploid C. berlandieri and C.
quinoa has been confirmed by DNA sequence analysis of NOR
intergenic spacers (IGS). Similarly, two distinct non-transcribed
spacer (NTS) sequence classes were identified by the
characterization of a 55 rDNA spacer region, suggesting that they
most likely descended from the two subgenomes of the
allopolyploid C. quinoa (Kolano et al., 2008).

5 Nutritional composition
5.1 Proteins and amino acids
Quinoa is enriched with proteins and contains 7-15% higher

amounts of essential amino acids and proteins as compared to the
major cereals for agriculture and world food such as rice, wheat, and
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corn (Pathan and Siddiqui, 2022); its protein content is also 14 to
19% higher compared with those species (Bazile, 2023). Moreover,
quinoa grains contain albumins and globulins as storage proteins,
comprising 44-77% of the total protein content, whereas
prolamines make up only 0.5-0.7%, which is significantly lower
than in other cereals (Kierulf et al., 2020). The remaining proteins
include 1.7% prolamins and 23.16% glutelin, essential for
germination (Tavano et al, 2022). Even in small quantities,
prolamins are significant for sulphur-rich amino acids. 11S
globulin and 2S albumin genes are responsible for the synthesis of
these storage proteins (Dakhili et al., 2019). The seeds also contain
essential high-quality amino acids, such as lysine, histidine, and
methionine, compared to other cereal grains (Bhargava et al., 2009).
Based on recommendations for adults, quinoa provides an adequate
quantity of essential and non-essential amino acids, such as lysine,
tyrosine, cysteine, valine, phenylalanine, and tryptophan. Moreover,
sulphur-containing amino acids, such as methionine and cysteine,
are particularly present in high amounts at levels comparable to
those of soybean and barley, and the histidine protein content of
quinoa is higher than that of wheat, soy, and barley proteins
(Dalkhili et al., 2019). Importantly, while stress conditions such as
salinity reduce protein content in wheat and barley by 17% and
21%, respectively, quinoa grains increase protein content by 12%
under salinity stress (Aloisi et al., 2016).

Most cereals, including wheat and rice, have a higher gluten
content. Gluten intolerance is a serious health issue for many people
(Sabenga et al,, 2021), and high gluten content in food can cause
serious health issues for people with non-celiac gluten sensitivity
and celiac disease, leading to symptoms such as gastrointestinal
distress, skin itchiness, and severe allergic reactions. Quinoa is
gluten-free (Satheesh and Fanta, 2018; Villacres et al., 2022) and
ideally suited as a substitute for wheat for protein consumption.
Proteins are very complex in structure, and protein digestibility
depends on several factors, including the amino acid profile, protein
folding, pH, temperature, and ionic strength. One of the problems
associated with human-related protein indigestibility is related to
structural peculiarities (Becker and Yu, 2013). However, the protein
in quinoa grains is highly digestible, with a 91.6% higher absorbance
and digestibility (Ruales et al., 2002), which is greater than those
other cereals such as corn (36%), rice (56%), and wheat (49%) (Li
etal., 2021). In recent years, there has been growing attention in the
pharmaceutical industry to the use of quinoa as a source of bioactive
peptides (Hernandez-Ledesma, 2019). The presence of lunasin, a
peptide known for its cancer-preventive properties, in quinoa
makes it an attractive plant with pharmaceutical significance
(Guo et al., 2023). Furthermore, quinoa contains bioactive
compounds that effectively neutralize the strong oxygen radical
2,2'-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid) and cations
(ABTS+) to minimize oxidative damage at the cellular level (Hao
et al,, 2020). Certain inhibitory effects by quinoa derived bioactive
molecules are reported on the production of inflammatory markers
like tumour necrosis factor, interleukin-6 (IL-6), and nitric oxide
production in lipopolysaccharide (LPS)-stimulated RAW264.7
macrophages (Hao et al., 2020). The RGQVIYVL peptide inhibits
the activity of angiotensin-I-converting enzyme and effectively
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regulates blood pressure. Similarly, other peptides, QFLLAGR and
ASPKPSSA, in quinoa also showed iron chelating and free radical
scavenging activities, further supporting cardiovascular health.

5.2 Carbohydrates

Carbohydrates form the major portion of seed dry weight
matter (67-74%) and comprise starch (55-65%), soluble fibres
(1.3-6.1%), and dietary fibres (1.1-16.3%) (Filho et al., 2017; Shah
and Khan, 2022). Quinoa contains ~3% sugar (mostly D-ribose and
D-galactose) as well as minor quantities of fructose and glucose
(Mohamed Ahmed et al, 2021). Amylose and amylopectin are
primarily responsible for starch synthesis. In quinoa, amylose,
which constitutes approximately 11-12% of the starch, is
synthesized primarily by Granule-Bound Starch Synthase I
(GBSSI), encoded by the GBSSI gene. Amylopectin makes up
most of the starch produced through the action of several
enzymes, including Starch Branching Enzymes (e.g., SBEI and
SBEII), starch synthase (e.g., SSII, SSIII), and starch branching
enzymes (e.g., ISA1, ISA2). These enzymes are encoded by their
respective genes and collectively contribute to the unique starch
properties of quinoa (Srichuwong et al., 2005; Wang et al., 2023).
According to Tukomane and Varavinit (2008), quinoa contains
77.5% amylopectin starch content with an average of 317 branching
and polymerization degrees of 6700 glucose units per fraction,
which is comparable to certain rice cultivars. Compared with
starches from other grains, quinoa amylopectin contains a
significant number of short chains, ranging from 8 to 12 units,
and a smaller number of longer chains, ranging from 13 to 20 units
(Satheesh and Fanta, 2018). The presence of both short and long
chains in quinoa amylopectin affects its functional properties
including digestibility and texture. Amylopectin, with a significant
number of short chains, improves the digestibility of starch, which
might affect blood sugar levels more quickly, whereas starch with
longer chains has low digestibility and glycaemic index (Srichuwong
et al., 2017). Moreover, the unique composition of quinoa starch,
with shorter and longer amylopectin chains, influences its
gelatinization activity. The standard gelatinization temperature for
starch usually ranges from 60°C to 75°C (Ai and Jane, 2017). The
gelatinization temperature influences the cooking methods, texture,
and nutritional properties of grains in various food and industrial
applications. The gelatinization temperature range of quinoa starch
was observed between 62.6°C and 67°C (Li and Zhu, 2017), which is
lower than the gelatinization temperature of rice starch 78°C
(Waters et al., 2006).

5.3 Fatty acids

The human body requires essential fatty acids from the diet
because they are unable to synthesize all the fatty acids. In this
context, quinoa is considered to have high quality and quantity of
lipid content in its seed oil. Lipid bodies are storage components
found in embryo and endosperm cells (Varma and Jain, 2021). The
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oil content of quinoa varies from 1.8%-9.5% which contains
important fatty acids such as oleic acids, alpha-linolenic acid, and
linolenic acid, as well as high antioxidant levels - and y-tocopherol
(Satheesh and Fanta, 2018). Four isomers of tocopherols with
different antioxidant properties are present. The oil obtained from
quinoa seeds contained a slightly higher concentration of y-
tocopherol than corn germ oil, which contained 251 ppm of o-
tocopherol and 558 ppm of y-tocopherol. Thus, quinoa has a long
life because of the antioxidant properties of y-tocopherol and its
high oil content (Maldonado-Alvarado et al., 2023). Moreover,
quinoa contains lecithin (1.8%), unsaponifiable matter (5.2%),
and sterols (1.5%) and has a refractive index of 1.4637 at 25°C, an
iodine value (Wijs) of 129, an acid number of 0.5 (Filho et al., 2017).
Furthermore, quinoa oil contains 85% unsaturated fatty acids and
15% saturated fatty acids (Ryan et al., 2007; Satheesh and Fanta,
2018). The stearoyl-ACP desaturase (SAD) gene regulates the
overall unsaturated-to-saturated fatty acid ratio in quinoa by
converting saturated stearic acid to unsaturated oleic acid (Tupec
et al,, 2022). Overall, the high proportion of unsaturated fats,
particularly polyunsaturated fats, makes quinoa oil a better choice
for supporting both health benefits and stability. Triglycerides 85-
95% are the most abundant and essential fatty acids in quinoa oil;
the rest are made of phospholipids (1-3%), sterols (1-2%),
tocopherols (0.5-1%), and free fatty acids (0.1-0.5%) (Pellegrini
et al,, 2018).

5.4 Minerals and vitamins

Quinoa grains contain more Mg, Fe, Ca, Zn, K, Fe, and copper
(Cu) than typical cereals, making them a rich source of minerals. K,
Ca, Mg, and phosphorus (P) are required in a balanced human diet
at levels of 454, 87.4, 190, and 956 mg/100 g, respectively (Brevik
et al,, 2020). In quinoa, the Ca: P and Ca: Mg ratios are 1:6 and 1:3,
respectively, which are greater than the ideal ratios (Tan, 2020).
Quinoa has approximately twice the K content relative to wheat,
whereas it is four and eight times higher than that of corn and rice,
respectively. Similarly, Fe performs various important functions,
such as transporting oxygen in red blood cells, and remains the
most important micronutrient in the human body; hence, quinoa
has three times more Fe content than wheat and five times the
content of rice (Vega-Galvez et al.,, 2010). Zinc is important for
health and participates in various chemical reactions as a cofactor in
the body. The Zn content of quinoa is twice and four times higher
than that of maize and wheat, respectively, whereas rice lacks this
mineral (Filho et al., 2017). Only the Mn concentration was higher
in wheat than in quinoa, with rice containing half and only a fifth in
maize. Manganese is important for the growth, development, and
metabolism of the body (Xiao et al, 2020; Tjaz et al,, 2021).
However, mineral concentrations appear to change significantly
owing to different soil conditions, fertilization treatments, and
climate (Gojon et al.,, 2023).

Furthermore, quinoa is rich in vitamin B6 (0.20 mg/g), vitamin
C (1.4 mg/g), folic acid (78.1 mg/g), and pantothenic acid (0.61 g/
mg). Quinoa contains vitamin E, vitamins Bl and B2, and -
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carotene, which are not present in pseudo-cereal crops. In addition,
other vitamins, such as niacin, Y, -carotene, tocotrienols, and
tocopherols, are also found in quinoa seeds. Compared with other
pseudo-cereals, quinoa has a high concentration of total folate,
riboflavin, vitamin B6, and niacin (Navruz-Varli and Sanlier, 2016;
Shah and Khan, 2022). Owing to its rich nutritional profile,
integrating quinoa into regular diets can significantly enhance
nutrient intake and promote overall health.

6 Phytochemicals in quinoa

6.1 Betalains

Betalain, a water-soluble phytochemical present in quinoa, acts
as a natural antioxidant and contributes to cancer (Samtiya et al.,
2021). The quinoa vegetative portion and seeds are colored yellow,
black, and red owing to betalain. Red-orange and violet-red
betaxanthins that synthesize betalain pigments consist of
nitrogen-aromatic indole compounds derived from tyrosine
(Hussain et al., 2021). Quinoa varieties with purple or red seed
colour typically contain 0.15 and 6.10 mg/100 g betalain (sum of
both betacyanins and betaxanthins), which includes both
betaxanthins and betacyanins. However, yellow seeds have little to
no betalain content. The lack of these pigments results in lighter
seed colour (Escribano et al, 2017). The variation in betalain
content among quinoa varieties is likely due to genetic
differences. Quinoa seeds contain the highest concentrations of
isobetanin and betanin, both of which have similar health-
promoting properties, such as antibacterial, anti-inflammatory,
and antioxidant activities. However, betalain showed greater
antioxidant activity than polyphenols. Betalain is the main
component of functional foods because of its antibacterial,
anticancer, and antilipidemic properties (Calva-Estrada et al,
2022). Recent studies have explored microencapsulation to
stabilize betalain and related substances (Aguilar-Tuesta et al,
2018). High betacyanin and low saponin microencapsulation
levels exhibit numerous health-promoting attributes, including
food colour. The European Union and the United States Food
and Drug Administration (US FDA) approved betalain as a natural
food color with E-number (E-162) for its utilization in soups,
sauces, dairy products, and medicines (Nascer et al, 2019;
Hussain et al., 2021). The combination of betalain and saponin is
beneficial for both food and pharmaceutical applications
(Esatbeyoglu et al., 2015).

6.2 Phytoecdysteroids

Phytoecdysteroids are secondary metabolites that
protect plants from insect pests, whereas nematodes are
cyclopentanoperhydrophenanthrene-ringed polyhydroxylated
chemicals. Its structural makeup varies significantly depending on
the number of carbon atoms present in the structure. They are
classified as C27- and C28-phytoecdysteroids and are mainly
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located in the main region of the grain as polar/non-polar and
free-conjugated compounds (Dinan et al,, 2021). Quinoa is the
only pseudo-cereal with a considerable concentration of
phytoecdysteroids, ranging from 138 pg/g to 570 pg/g (Hussain
et al,, 2021). The quinoa plant contains approximately 36 different
types of phytoecdysteroids, with the highest concentration found in
C27 phytoecdysteroids, which offers numerous health benefits (Graf
et al., 2016). For instance, phytoecdysteroids exhibit antioxidant
potential because of their free radical scavenging activity and metal
ion chelating ability, making them useful for preventing skin aging
(Lin et al.,, 2019; Sidorova et al., 2022). Unlike synthetic anabolic
steroids, which can cause significant health risks, phytoecdysteroids
provide a non-toxic alternative for athletes and bodybuilders that
naturally enhances protein synthesis and supports muscle growth
(Bathori et al., 2008). These bioactive substances also play a
significant role in promoting the growth of skeletal muscles,
which is crucial for enhancing physical performance (Bathori
et al., 2008). Similarly, numerous in vivo studies have
demonstrated the effectiveness of quinoa phytoecdysteroids in
combating obesity. A previous study revealed that incorporating
quinoa extract into a high-fat diet helps in obesity management
(Cao et al, 2020). Dietary administration of quinoa resulted in
decreased fat mass, mainly through increased faecal defecation of
lipids and carbohydrate oxidation. Furthermore, quinoa
phytoecdysteroids may help prevent diabetes by reducing
oxidative degradation and improving blood glucose transport in
the blood (Zang et al., 2024).

6.3 Phenolic compounds

Natural organic molecules, also known as phenols, consist of
aromatic rings linked to one or more hydroxyl groups. They can be
divided into two subgroups, simple and complex phenols, depending
on the presence of benzene rings (Abbas et al., 2017). The cell walls of
quinoa leaves contain phenolic acids in both the free and chemically
bound forms (Hernandez-Ledesma, 2019). Numerous types of
phenolic acids, including hydroxybenzoic acid and hydroxycinnamic
acid, are found in quinoa seeds and leaves, and have significant health-
promoting properties, such as anticarcinogenic, antioxidative,
antihypertensive, and antidiabetic properties. Most polyphenols in
quinoa are flavanol-type flavonoids, primarily quercetin, kaempferol,
and their derivatives (Balakrishnan and Schneider, 2020). Rutin,
morin, neohesperidin, vitexin, and other flavonoids have been
linked with quinoa (Pasko et al, 2008). Numerous studies have
shown that the total phenolic content of quinoa increases
considerably after germination. Germination activates enzymes in
quinoa seeds that break down stored compounds, resulting in the
release and synthesis of phenolic compounds (Darwish et al., 2021; Liu
etal., 2020b; Bhinder et al,, 2021). The total phenolic content of quinoa
is affected by color, genotype, and growing conditions (Han et al,
2019). Flavanol glycosides (Gomez-Caravaca et al, 2011). Quinoa
contains 12 distinct types of flavanol glycosides, mainly derivatives of
kaempferol and quercetin, with an average individual concentration of
839 ug/g on a dry-weight basis (Li et al., 2021).
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6.4 Saponins

In the Plant Kingdom, saponins are present in at least 400 plant
species from 40 different families. The term “saponin” is derived
from the Latin word “sapo,” meaning soap, because of its surfactant
properties that allow it to produce persistent, soap-like foam when
agitated in an aqueous solution. Saponins decrease vitamin
absorption and form complexes with sterols that are structurally
similar to fat-soluble vitamins, which further interferes with
vitamin absorption and sterol activity (El Hazzam et al., 2020;
Otterbach et al, 2021). The bitter taste of saponins makes them
poisonous in large quantities. The presence of saponins in quinoa is
commonly believed to serve as a defence mechanism against natural
enemies owing to their bitter and toxic properties (Dong et al,
2020). For example, a crude saponin extract of C. quinoa has
antifungal properties (Pillimue et al, 2024). Moreover, quinoa
saponins significantly improve the germination rate of rice seeds
and show a biocidal effect against the rice seed-eating snail,
Pomacea canaliculata (Lin et al., 2019; Zaynab et al., 2021).
Recent genetic studies have identified the key genes involved in
the regulation of saponin metabolism in quinoa. Similarly,
expression analysis in quinoa has revealed that TSARLI is mainly
expressed in immature seeds and flowers (Jarvis et al., 2017; Trinh
et al., 2024), whereas TSARL2 is expressed only in root tissues
(Trinh et al,, 2024). The TSAR binding motif has been detected
upstream of various genes in the saponin biosynthetic pathway in
quinoa. A comparison of TSARLI transcripts between bitter and
sweet quinoa accessions identified an alternative splicing event in
sweet accessions that resulted from a single nucleotide
polymorphism (SNP) affecting the intron/exon splicing boundary.
In sweet quinoa varieties, further analysis of TSARLI showed
various independent gene mutations that co-segregated with the
sweet phenotype, suggesting that this gene controls saponin levels in
seeds (Jarvis et al., 2017; Otterbach et al., 2021; Trinh et al., 2024).

Numerous biological, chemical, and physiological properties of
saponins are known, including hemolytic, anti-inflammatory,
antibacterial, antiviral, and cytotoxic effects (Tan et al., 2022).
Like, four fractions of quinoa saponins Q30, Q50, Q70, and Q90
extracted from quinoa have shown anti-inflammatory effects. The
saponin fractions inhibited the production of inflammatory
cytokines such as interleukin-6 and tumour necrosis factor in
lipopolysaccharide-induced RAW264.7 cells (Wijesekara et al.,
2024). Another study showed that quinoa saponins enhance
antibody responses (IgA and IgG) by increasing mucosal
permeability for greater antigen absorption (Yao et al, 2015).
Moreover, they affect the absorption of specific minerals and
vitamins as well as the growth of eating organisms (San Martin
et al,, 2008). Currently, 40 saponins have been reported, and the
four major sapogenins of quinoa are phytolaccagenic acid,
hederagenin, 30-O-methyl-espergulagenate, and oleanolic acid
(Otterbach et al, 2021). In quinoa, saponin concentrations vary
from 0.1% to 5.0%. Quinoa can be bitter or sweet, depending on the
quinoa variety and saponin concentration. They can be used in the
production of beer, detergents, cosmetics, fire extinguishers, and
immunologic adjuvants in vaccines (Tan et al., 2022).
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7 Factors affecting nutritional
composition of quinoa

In recent years, farmers have been encouraged to cultivate
quinoa instead of traditional crops because of their nutritional
benefits and increasing demand in the global market. The crop
requires appropriate agronomic practices such as optimal crop
geometry, water management, high-yielding cultivars, correct
nutrition, and proper harvesting to ensure enhanced nutritional
components and gain yield. Agronomic approaches employed in
crop production systems can regulate plant development (i.e., shelf
life, colour, texture, and appearance) by improving grain quality
attributes and altering the transcriptome.

7.1 Sowing date

Sowing is a crucial agrotechnology, as seedling emergence
affects the plant population, grain quality, and yield. In mid-
October in India, November-December in Morocco, and mid-
November in Bhutan are the preferred sowing times for quinoa
cultivars with high yield (Ramesh et al., 2019; Dorji et al., 20205
Taaime et al.,, 2022). These conditions decreased the risk of heat
stress and ensured better grain filling to achieve higher yields.
Rathore et al. (2019) observed that the proximal composition of
quinoa seeds is affected by sowing time. Higher protein and fat
contents were observed in quinoa seeds sown in January, likely
because of thermal conditions during grain filling. Late sowing
increases air temperature and reduces rainfall, resulting in less
nitrogen leaching from the soil and a gradual increase in protein
content (Zulkadir and Idikut, 2021). The protein content in quinoa
varies from 13.5% to 17.7% based on the different sowing dates
(Temel and Keskin, 2019). Moreover, variations in sowing time and
rising air temperatures resulted in an increase in Mg and P levels in
late sowing; however, this increase declined in late sowing (Zou et
al., 2021). This decline was attributed to the grain-filling and
flowering periods of quinoa, a short-day plant, coinciding with
the maximum day length and high temperature (Zulkadir, 2021).
Similarly, variations in P and Mg contents have been reported in
quinoa varieties (Kaya and Aydemir, 2020; Gomez et al., 2021).
When cultivated at the Research and Didactic Station in Psary, early
August-sown quinoa accumulated 39.4% less N-NO; and 44.4%
more P. A gradual delay in harvest results in an increase in Mg and
Ca levels and a reduction in P content among different quinoa
varieties (Liu et al., 2021; Adamczewska-Sowinska et al., 2021).

7.2 Temperature

Temperature is the primary abiotic factor influencing quinoa
germination, development, quality, and production. The ideal
temperature for quinoa germination is approximately 8-10 °C
(Ayala et al, 2020); however, it grows well in later stages at
temperatures ranging from 15 °C to 20 °C and can even tolerate
extreme temperatures — 8 °C or 38 °C (Ain et al., 2023). The fatty acid
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content of quinoa is directly affected by temperature (Matias et al,
2022). Linolenic acid is a major fatty acid found in higher contents at
the seed-filling stage in quinoa due to elevated temperatures. This
temperature-dependent response is similar to the response observed
by Curti et al. (2020), who demonstrated that most of the quinoa
cultivars produced less polyunsaturated fatty acids (PUFA), including
oleic acid, under high temperature (except for linolenic acid). The
increase in the concentration of unsaturated fatty acids in quinoa
seeds at high temperatures during the seed-filling stage might be due
to the temperature-sensitive nature of fatty acid biosynthesis. Elevated
temperatures also accelerate the enzyme activity involved in the
desaturation process, particularly the conversion of saturated fatty
acids to polyunsaturated fatty acids such as linoleic acid. The increase
in enzymatic activity changes the equilibrium towards the production
of linoleic acid (Song and Tang, 2023). Matias et al. (2022) also
reported changes in the fatty acid composition with significantly
lower monounsaturated fatty acids with changing temperature,
whereas there was no change in the overall amount of saturated
fatty acids. The various impacts of temperature on the concentrations
of seed elements in quinoa were also revealed such as, plants grown at
a shoot temperature of 22 °C and root temperature of 30 °C exhibited
lower concentrations of elements such as Cd, B, As, Al, Rb, Sr, Cu,
and Ni (Tovar et al,, 2020).

7.3 Fertilizers and water management

Quinoa is known for its low nutrient requirements and ability to
grow in impoverished soils (Jacobsen et al., 2003; Adolf et al., 2013).
However, N fertilization can improve the quinoa’s ability to grow
under drought conditions (Bascuiian-Godoy et al., 2018; Zamani
et al., 2023) and further boost the nutritive value of quinoa by
improving protein content in grains and enhancing P, K, and N
concentrations in quinoa (Ibrahim et al., 2020). Gomaa (2013) and
Wang et al. (2020) reported that appropriate N supply was the
dominant factor for protein accumulation in quinoa seeds. N
fertilization significantly affects the chemical traits of quinoa,
including the contents of N, P, K, total protein, starch, fat, and
ash (Wali et al., 2022; Van Minh et al., 2022). Vermicompost serves
as an organic nutrient source for quinoa cultivation. Applying 5
tons/ha of vermicompost results in an increase in quinoa grain
output along with higher crude fiber, fat, and carbohydrate (Rathore
and Kumar, 2021).

The water requirement of quinoa is low, and it can tolerate dry
spells, yet irrigation has a significant impact on quality and
productivity (Angeli et al., 2020). Different irrigation treatments
influenced the concentrations of several seed minerals in quinoa,
including Cu, Ca, Mg, P, Fe, and Zn. The concentrations of Mg, Fe,
and P were enhanced under irrigated conditions, whereas Zn, Ca,
and Cu concentrations increased under drought conditions
(Walters et al,, 2016). One reason for the difference in mineral
concentrations between water-deficient and irrigated plants might
be the variations in seed size and plants. Irrigation at crucial stages,
such as germination, seed set, and initial flowering, ensures high
mineral concentrations and maximum grain yield. In the last two
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decades, metabolomics has emerged as a robust molecular profiling
technology, and its results can be integrated with data from other
technologies (Riekeberg and Powers, 2017; Tong and Nikoloski,
2021). These developments have enabled the identification and
annotation of previously unknown metabolites as well as the
documentation of underlying biochemical reactions and
associated enzymes (Sharma et al., 2021).

8 Unanswered questions and a way
forward

As shown in this study (Figure 1), the use of traditional cereal
crops such as wheat or rice will be severely hampered by future
climate scenarios, making their production economically unfeasible
and unsustainable. Quinoa (Chenopodium quinoa) has a great
potential to occupy this niche. However, before this can happen,
several issues need to be resolved. These can be roughly divided into
two categories: biological and social.

8.1 Biological aspects

From an agronomical perspective, quinoa can tolerate both
salinity and drought stress and is ideally suited for cool-climate
production systems. However, originating from high-altitude regions
in South America, it is less suitable for production at high
temperatures (unless irrigation is used). This trait needs
improvement, along with its photoperiodic sensitivity (most quinoa
genotypes have a requirement for a short day), tolerance to downy
mildew, and several yield-related components, such as seed size and
shattering and pre-harvest sprouting (Lopes-Marques et al., 2020).
High quantities of saponins are also considered a major hurdle, as
they imply an extra step in food processing. Improving these traits
using genetic means will accelerate the broader use of quinoa in
agricultural production systems. With over 16,000 quinoa accessions
existing and given the availability of several high-quality genome
drafts (Jarvis et al., 2017; Zou et al., 2017), such genetic improvement
should be rather straightforward and are only hindered by the lack of
dedicated funding. The task is not trivial but still much easier than
regaining abiotic stress tolerance in traditional cereal crops (see
arguments in Palmgren and Shabala, 2024).

In broad terms, the above tasks can be divided into short-term (1-
5 years) and long-term (over 5 years). The former should focus on
applying existing genomic tools to address immediate challenges in
quinoa production. Marker-assisted selection (MAS) can be employed
to rapidly introgressed known disease-resistance genes, such as those
conferring resistance to downy mildew or fungal pathogens, into elite
quinoa lines. Similarly, high-throughput phenotyping and genomic
screening can identify accessions with desirable abiotic stress tolerance
traits such as salt tolerance mediated by NHXI transporters or
drought resilience linked to osmoprotectants biosynthesis enabling
faster development of climate-resilient varieties (Lozano-Isla et al,
2025). These efforts can be accelerated by leveraging publicly available
quinoa genome assemblies (e.g., Chenopodium quinoa v1.0) and trait-
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associated SNP markers from recent genome-wide association studies
(GWAS) (Maldonado-Taipe et al., 2022; Rahman et al., 2024). For the
medium- and long-term objectives, genomic selection (GS) and gene
editing hold significant promise. GS models trained on large-scale
quinoa germplasm datasets can predict breeding values for complex
traits like yield stability, protein content, and saponin levels, reducing
reliance on time-consuming phenotypic selection (Kumar et al., 2021).
Additionally, CRISPR-Cas9 could be used to precisely edit genes
involved in anti-nutritional factors, such as the CYP72A family
responsible for bitter saponin production, facilitating the
development of “sweet” quinoa varieties without lengthy
backcrossing (Liu et al., 2019). Hybrid breeding programs could
also benefit from genomic insights by identifying heterotic groups
and optimizing cross-combinations using SNP-based genetic distance
analyses. Quinoa improvement may also shift toward transformative
genetic engineering and synthetic biology approaches. For example,
metabolic engineering of lysine biosynthesis pathways (AK1, DHDPS)
could improve quinoa’s protein quality, making it a more complete
dietary staple (Kickens et al., 2022). Exploring the genetic diversity of
wild relatives (e.g, C. berlandieri) through de novo domestication
could also unlock novel alleles for extreme heat tolerance or pest
resistance. These efforts will require advanced genomic resources, such
as a fully annotated pan-genome encompassing global quinoa
diversity, as well as interdisciplinary collaboration between breeders,
bioinformaticians, and biotechnologists.

In parallel to promoting quinoa as a potential substitute for
traditional cereals, some of its key traits conferring superior abiotic
stress tolerance may also be potentially introduced in wheat and rice
(Chen et al.,, 2022; Shabala and Palmgren, 2020). It was argued that
the traditional focus of breeders on targeting SOS1 and HKT1 genes
to improve salinity stress tolerance in these species is
counterproductive (Shabala et al., 2025) and called for a need for a
major shift in a breeding paradigm to incorporate some halophytic
traits that were present in wild relatives but were lost in modern crops
during domestication (Rawat et al, 2022). Amongst the latter,
efficient vacuolar Na' sequestration, ROS desensitization,
succulence, and a possibility for salt deposition in trichomes have
been named as most promising novel traits. In this context, quinoa
represents an ideal model species, ticking on all “boxes” such as
possessing a superior ability to prevent back-leak of toxic Na* from
vacuole into cytosol by efficient control of slow (SV) and fast (FV)
vacuolar ion channels (Bonales-Alatorre et al., 2013a, b); reduced
sensitivity of K™ transporters to ROS (Tanveer et al., 2024); and ability
of deposit substantial amount of salt into epidermal bladder cells
(Kiani-Pouya et al, 2017; Bohm et al, 2018). By using modern
breeding technologies, these features may be incorporated into cereal
elite germplasm, to regain abiotic stress tolerance.

8.2 Social aspects

The global expansion of quinoa over the past few decades
highlights its strong potential for economic scalability, which is a
critical factor supporting its adoption by farmers. The number of
countries importing quinoa is increasing, with new producers
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emerging and cultivation expanding outside the Andean regions.
This growing geographical distribution reflects quinoa rising
importance in the international market. The increase in demand
for gluten-free, high-protein foods across North America, Europe,
and Asia has created new opportunities for farmers to adopt quinoa
as a profitable crop. Moreover, the development of value-added
products such as quinoa flour, starch, milk, and processed snacks
has further enhanced its commercial application.

Importantly, quinoa is primarily cultivated by smallholder and
family farms in both traditional and newly adopting regions,
emphasizing its suitability for scalable, low-input farming
systems. Countries such as China, Canada, and France have
increase significant growth in quinoa production, scaling up from
fewer than 100 farmers in 2012 to hundreds by 2018, with China
alone reaching 17,000 hectares by 2019 (Xiu-Shi et al,, 2019). In
many new production areas, quinoa is introduced to diversify
cropping systems or replace less resilient crops an approach
driven to adapt agriculture due to increasing impacts of climate
change. However, to sustain this growth and ensure long-term
farmer engagement, it is essential to establish stable market
channels and secure favourable pricing to enhance farmer
incomes and encourage continued cultivation.

The social aspects of this issue should not be underestimated.
Rice is a traditional food for more than half of the world’s
population, especially in Asia and Sub-Saharan Africa, and
replacing it with quinoa may clash with many traditional values
and habits. The same may be true for wheat as well. Thus, the
acceptance of quinoa as a major staple food requires time. Recent
surveys conducted in various regions have provided a clear link
between cultural background and consumer acceptance of quinoa.
The survey of 381 peoples in Lima revealed that individuals with
stronger ethnic identities were less willing to consume quinoa,
suggesting that cultural perceptions and traditional food
preferences play a crucial role in dietary choices (Higuchi et al,
2022). Similarly, Wang et al. (2024) conduct survey analysis of 1078
individuals in 16 different administrative districts of Shanghai and
demonstrated that only 38.22% of individuals have purchased
quinoa products. The trust in nutrition and personal norms
significantly influenced the willingness to purchase quinoa
products. In Europe, consumer acceptance of quinoa is mostly
influenced by health perceptions, dietary habits, and product
availability. A cross-sectional survey conducted in Italy analyzed
the nutritional quality of quinoa food products available in the
market and found that consumers are attracted to quinoa due to its
nutritional benefits, gluten-free nature, and ethical rights associated
with its production (Melini et al., 2023). These findings underscore
the importance of cultural factors in consuming quinoa in market,
as acceptance is not only based on nutritional value but also on
cultural perceptions and compatibility.

Importantly, this cultural shift should come from the grassroots
rather than being imposed from the top. In lay terms, farmers need
to realize that the production of traditional cereal crops cannot be
considered a long-term strategy, due to economic reasons, and
make this paradigm shift on their own. Appropriate government
incentives may accelerate this process.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1636565
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Author contributions

HS: Writing - original draft, Investigation, Funding
acquisition. WK: Writing - original draft, Investigation, Data
curation, Conceptualization. MT: Methodology, Investigation,
Conceptualization, Writing - review & editing. UL: Writing -
review & editing, Data curation, Methodology, Conceptualization.
ZL: Writing - review & editing, Supervision. SS: Writing — original
draft, Conceptualization, Data curation, Supervision, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. The authors acknowledge
financial support from the China Scholarship Council (202208155005)
and the National Foreign Experts Project (D20240074).

Acknowledgments

Authors would like to acknowledge all contributors who
assisted them in this review paper.

References

Abbas, M., Saeed, F., Anjum, F. M., Afzaal, M., Tufail, T., Bashir, M. S, et al. (2017).
Natural polyphenols: An overview. Int. J. Food Prop. 20, 1689-1699. doi: 10.1080/
10942912.2016.1220393

Adamczewska-Sowinska, K., Sowinski, J., and Jama-Rodzenska, A. (2021). The effect
of sowing date and harvest time on leafy greens of quinoa (Chenopodium quinoa
Willd.) yield and selected nutritional parameters. Agriculture 11, 405. doi: 10.3390/
agriculture11050405

Adolf, V. L, Jacobsen, S.-E., and Shabala, S. (2013). Salt tolerance mechanisms in
quinoa (Chenopodium quinoa Willd.). Env. Exp. Botany. 92, 43-54. doi: 10.1016/
j.envexpbot.2012.07.004

Aguilar-Tuesta, S., Mamani-Navarro, W., Espinoza-Silva, C., Basilio-Atencio, J., and
Condezo-Hoyos, L. (2018). Microencapsulated betacyanin from colored organic
quinoa (Chenopodium quinoa Willd.): Optimization, physicochemical
characterization, and accelerated storage stability. J. Sci. Food Agric. 98, 5873-5883.
doi: 10.1002/jsfa.9152

Ai, Y., and Jane, J. L. (2015). Gelatinization and rheological properties of starch.
Starch-Stiirke 67, 213-224. doi: 10.1002/star.201400201

Ain, Q. T, Siddique, K., Bawazeer, S., Ali, I, Mazhar, M., Rasool, R,, et al. (2023).
Adaptive mechanisms in quinoa for coping in stressful environments: An update. Peer
J. 11, e14832. doi: 10.7717/peerj.14832

Alandia, G., Rodriguez, J. P., Jacobsen, S. E., Bazile, D., and Condori, B. (2020).
Global expansion of quinoa and challenges for the Andean region. Global Food Secur.
26, 100429. doi: 10.1016/j.gfs.2020.100429

Aloisi, I, Parrotta, L., Ruiz, K. B., Landi, C., Bini, L., Cai, G., et al. (2016). New insight
into quinoa seed quality under salinity: Changes in proteomic and amino acid profiles,
phenolic content, and antioxidant activity of protein extracts. Front. Plant Sci. 7, 656.
doi: 10.3389/fpls.2016.00656

Aly, A. A, Al-Omran, A. M,, Sallam, A. S., Al-Wabel, M. L, and Al-Shayaa, M. S.
(2016). Vegetation cover change detection and assessment in arid environment using
multi-temporal remote sensing images and ecosystem management approach. Solid
Earth. 7, 713-725. doi: 10.5194/se-7-713-2016

Anderson, W. K., Stephens, D., and Siddique, K. H. (2016). Dryland agriculture in
Australia: Experiences and innovations. Innov. Dryland Agric., 299-319. doi: 10.1007/
978-3-319-47928-6_11

Angeli, V., Miguel Silva, P., Crispim Massuela, D., Khan, M. W., Hamar, A.,
Khajehei, F., et al. (2020). Quinoa (Chenopodium quinoa Willd.): An overview of

Frontiers in Plant Science

10.3389/fpls.2025.1636565

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

the potentials of the “golden grain” and socio-economic and environmental aspects of
its cultivation and marketization. Foods 9, 216. doi: 10.3390/foods9020216

Ayala, C,, Fuentes, F., and Contreras, S. (2020). Dormancy and cardinal temperatures
for germination in seed from nine quinoa genotypes cultivated in Chile. Plant Genet.
Resour. 18, 143-148. doi: 10.1017/S1479262120000209

Balakrishnan, G., and Schneider, R. G. (2020). Quinoa flavonoids and their bio
accessibility during in vitro gastrointestinal digestion. J. Cereal Sci. 95, 103070.
doi: 10.1016/j.jcs.2020.103070

Barriopedro, D., Garcia-Herrera, R., Ordoiez, C., Miralles, D. G., and Salcedo-Sanz,
S. (2023). Heat waves: Physical understanding and scientific challenges. Rev.
Geophysics. 61. doi: 10.1029/2022RG000780

_ Bascunan-Godoy, L., Sanhueza, C., Hernandez, C. E., Cifuentes, L., Pinto, K.,
Alvarez, R, et al. (2018). Nitrogen supply affects photosynthesis and photoprotective
attributes during drought-induced senescence in quinoa. Front. Plant Sci. 9, 994.
doi: 10.3389/fpls.2018.00994

Bathori, M., Toth, N., Hunyadi, A., Marki, A., and Zador, E. (2008).
Phytoecdysteroids and anabolic-androgenic steroids: Structure and effects on
humans. Curr. Med. Chem. 15, 75-91. doi: 10.2174/092986708783330674

Bazile, D. (2023). Global trends in the worldwide expansion of quinoa cultivation.
Biol. Life Sci. Forum 25, 13. doi: 10.3390/blsf2023025013

Becker, P. M., and Yu, P. (2013). What makes protein indigestible from tissue-
related, cellular, and molecular aspects? Mol. Nutr. Food Res. 57, 1695-1707.
doi: 10.1002/mnfr.201200592

Bhargava, A., and Ohri, D. (2016). Origin of genetic variability and improvement of
quinoa (Chenopodium quinoa Willd.). Gene Pool Divers. Crop Improv. 1, 241-270.

Bhargava, A., Shukla, S., Kumar, R, and Ohri, D. (2009). Metroglyph analysis of
morphological variation in Chenopodium spp. World J. Agric. Sci. 5, 117-120.

Bhargava, A., Shukla, S., and Ohri, D. (2006). Chenopodium quinoa an Indian
perspective. Ind. Crops Prod. 23, 73-87. doi: 10.1016/j.indcrop.2005.04.002

Bhinder, S., Kumari, S., Singh, B., Kaur, A., and Singh, N. (2021). Impact of
germination on phenolic composition, antioxidant properties, antinutritional factors,
mineral content, and Maillard reaction products of malted quinoa flour. Food Chem.
346, 128915. doi: 10.1016/j.foodchem.2020.128915

Bohm, J., Messerer, M., Muller, H. M., Scholz-Starke, J., Gradogna, A., Scherzer,
S., et al. (2018). Understanding the molecular salt sequestration in epidermal

frontiersin.org


https://doi.org/10.1080/10942912.2016.1220393
https://doi.org/10.1080/10942912.2016.1220393
https://doi.org/10.3390/agriculture11050405
https://doi.org/10.3390/agriculture11050405
https://doi.org/10.1016/j.envexpbot.2012.07.004
https://doi.org/10.1016/j.envexpbot.2012.07.004
https://doi.org/10.1002/jsfa.9152
https://doi.org/10.1002/star.201400201
https://doi.org/10.7717/peerj.14832
https://doi.org/10.1016/j.gfs.2020.100429
https://doi.org/10.3389/fpls.2016.00656
https://doi.org/10.5194/se-7-713-2016
https://doi.org/10.1007/978-3-319-47928-6_11
https://doi.org/10.1007/978-3-319-47928-6_11
https://doi.org/10.3390/foods9020216
https://doi.org/10.1017/S1479262120000209
https://doi.org/10.1016/j.jcs.2020.103070
https://doi.org/10.1029/2022RG000780
https://doi.org/10.3389/fpls.2018.00994
https://doi.org/10.2174/092986708783330674
https://doi.org/10.3390/blsf2023025013
https://doi.org/10.1002/mnfr.201200592
https://doi.org/10.1016/j.indcrop.2005.04.002
https://doi.org/10.1016/j.foodchem.2020.128915
https://doi.org/10.3389/fpls.2025.1636565
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

bladder cells of Chenopodium quinoa. Curr. Biol. 28, 1-11. doi: 10.1016/
j.cub.2018.08.004

Bonales-Alatorre, E., Pottosin, I, Shabala, L., Chen, Z. H., Zeng, F., Jacobsen, S.-E.,
et al. (2013b). Differential activity of plasma and vacuolar membrane transporters
contributes to genotypic differences in salinity tolerance in a halophyte species,
Chenopodium quinoa. Int. J. Mol. Sci. 14, 9267-9285. doi: 10.3390/ijms14059267

Bonales-Alatorre, E., Shabala, S., Chen, Z. H., and Pottosin, 1. (2013a). Reduced
tonoplast FV and SV channels activity is essential for conferring salinity tolerance in a
facultative halophyte, Chenopodium quinoa. Plant Physiol. 162, 940-952. doi: 10.1104/
pp.113.216572

Brevik, E. C,, Slaughter, L., Singh, B. R,, Steffan, J. J., Collier, D., Barnhart, P., et al.
(2020). Soil and human health: Current status and future needs. Air Soil Water Res. 13,
1178622120934441. doi: 10.1177/1178622120934441

Calva-Estrada, S. J., Jiménez-Fernandez, M., and Lugo-Cervantes, E. (2022).
Betalains and their applications in food: The current state of processing, stability,
and future opportunities in the industry. Food Chem. Mol. Sci. 4, 100089. doi: 10.1016/
j.fochms.2022.100089

Cao, Y., Zou, L, Li, W,, Song, Y., Zhao, G., and Hu, Y. (2020). Dietary quinoa
(Chenopodium quinoa Willd.) polysaccharides ameliorate high-fat diet-induced
hyperlipidaemia and modulate gut microbiota. Int. J. Biol. Macromol. 163, 55-65.
doi: 10.1016/j.ijbiomac.2020.06.241

Chen, S., Peng, W., Ansah, E. O., Xiong, F., and Wu, Y. (2022). Encoded C4
homologue enzymes genes function under abiotic stresses in C3 plant. Plant Signal.
Behav. 17, 2115634. doi: 10.1080/15592324.2022.2115634

Chen, X., Zhao, C. C,, Yun, P., Yu, M., Zhou, M. X,, Chen, Z. H,, et al. (2024). Climate-
resilient crops: Lessons from xerophytes. Plant J. 117, 1815-1835. doi: 10.1111/tp;j.16549

Costa Tartara, S. M., Manifesto, M. M., Bramardi, S. J., and Bertero, H. D. (2012).
Genetic structure in cultivated quinoa (Chenopodium quinoa Willd.), a reflection of
landscape structure in Northwest Argentina. Conserv. Genet. 13, 1027-1038.
doi: 10.1007/s10592-012-0350-1

Curti, R. N., del Carmen Sanahuja, M., Vidueiros, S. M., Curti, C. A,, Pallaro, A. N,,
and Bertero, H. D. (2020). Oil quality in sea-level quinoa as determined by cultivar-
specific responses to temperature and radiation conditions. J. Sci. Food Agric. 100,
1358-1361. doi: 10.1002/jsfa.10092

Dakhili, S., Abdolalizadeh, L., Hosseini, S. M., Shojaee-Aliabadi, S., and
Mirmoghtadaie, L. (2019). Quinoa protein: Composition, structure, and functional
properties. Food Chem. 299, 125161. doi: 10.1016/j.foodchem.2019.125161

Darwish, A. M., Al-Jumayi, H. A,, and Elhendy, H. A. (2021). Effect of germination
on the nutritional profile of quinoa (Chenopodium quinoa Willd.) seeds and its anti-
anemic potential in Sprague-Dawley male albino rats. Cereal Chem. 98, 315-327.
doi: 10.1002/cche.10366

Dhammu, H. S., Snowball, R., Warmington, M., D’Antuono, M. F,, and Sharma, D. L.
(2019). “Quinoa agronomy in Western Australia,” in Australian Soc. Agronomy 19th
Annual Conference (NSW, Wagga Wagga), 1-4. Available online at: https:/library.
dpird.wa.gov.au/conf_papers/59 (Accessed August 25, 2019).

Dinan, L., Mamadalieva, N. Z., and Lafont, R. (2021). “Dietary phytoecdysteroids,” in
Handbook of Dietary Phytochemicals. Eds. J. Xiao, S. D. Sarker and Y. Asakawa (USA:
Springer Singapore), 1541-1593.

Doebley, J. F., Gaut, B. S., and Smith, B. D. (2006). The molecular genetics of crop
domestication. Cell 127, 1309-1321. doi: 10.1016/j.cell.2006.12.006

Dong, S., Yang, X., Zhao, L., Zhang, F.,, Hou, Z., and Xue, P. (2020). Antibacterial
activity and mechanism of action saponins from Chenopodium quinoa Willd. husks
against foodborne pathogenic bacteria. Ind. Crops Prod. 149, 112350. doi: 10.1016/
j.indcrop.2020.112350

Dorji, S., Wangdi, S., and Tshomo, S. (2020). Identification of suitable sowing time for
quinoa (Chenopodium quinoa Willd.) at Samtenling. Bhutanese J. Agric. 2, 115-126.

Ebi, K. L., Vanos, J., Baldwin, J. W, Bell, J. E., Hondula, D. M., Errett, N. A,, et al. (2021).
Extreme weather and climate change: Population health and health system implications.
Annu. Rev. Public Health 42, 293-315. doi: 10.1146/annurev-publhealth-012420-105026

El-Harty, E. H,, Ghazy, A., Alateeq, T. K., Al-Faifi, S. A., Khan, M. A., Afzal, M., et al.
(2021). Morphological and molecular characterization of quinoa genotypes. Agriculture
11, 286. doi: 10.3390/agriculture11040286

El Hazzam, K., Hafsa, J., Sobeh, M., Mhada, M., Taourirte, M., El Kacimi, K., et al.
(2020). An insight into saponins from quinoa (Chenopodium quinoa Willd): A review.
Molecules 25, 1059. doi: 10.3390/molecules25051059

Earth Organization. (2024). https://earth.org/more-than-40-of-worlds-land-now-
permanently-dry-un-report-warns/ (Accessed December 10, 2024).

Esatbeyoglu, T., Wagner, A. E., Schini-Kerth, V. B., and Rimbach, G. (2015). Betanin
—A food colorant with biological activity. Mol. Nutr. Food Res. 59, 36-47. doi: 10.1002/
mnfr.201400484

Escribano, J., Cabanes, J., Jiménez-Atiénzar, M., Ibafiez-Tremolada, M., Gomez-
Pando, L. R,, Garcia-Carmona, F., et al. (2017). Characterization of betalains, saponins
and antioxidant power in differently colored quinoa (Chenopodium quinoa) varieties.
Food Chem. 234, 285-294. doi: 10.1016/j.foodchem.2017.04.187

FAOSTAT (2022).FAOSTAT database. Available online at: https://www.fao.org/
faostat/en/data/QCL.

Frontiers in Plant Science

11

10.3389/fpls.2025.1636565

Filho, A. M. M., Pirozi, M. R,, Borges, J. T. D. S,, Pinheiro Sant’Ana, H. M., Chaves, ]. B. P,,
and Coimbra, J. S. D. R. (2017). Quinoa: Nutritional, functional, and antinutritional aspects.
Crit. Rev. Food Sci. Nutr. 57, 1618-1630. doi: 10.1080/10408398.2014.1001811

Gojon, A., Cassan, O., Bach, L., Lejay, L., and Martin, A. (2023). The decline of plant
mineral nutrition under rising CO, Physiological and molecular aspects of a bad deal.
Trends Plant Sci. 28, 185-198. doi: 10.1016/j.tplants.2022.09.002

Gomaa, E. F. (2013). Effect of nitrogen, phosphorus and biofertilizers on quinoa
plant. J. Appl. Sci. Res. 9, 5210-5222.

Gomez, M. J. R. ], Prieto, ]. M., Sobrado, V. C., and Magro, P. C. (2021). Nutritional
characterization of six quinoa (Chenopodium quinoa Willd) varieties cultivated in
Southern Europe. J. Food Compos. Anal. 99, 103876. doi: 10.1016/j.jfca.2021.103876

Gomez-Caravaca, A. M., Segura-Carretero, A., Fernandez-Gutierrez, A., and Caboni,
M. F. (2011). Simultaneous determination of phenolic compounds and saponins in
quinoa (Chenopodium quinoa Willd) by a liquid chromatography-diode array
detection—electrospray ionization-time-of-flight mass spectrometry methodology. J.
Agric. Food Chem. 59, 10815-10825.

Gomez-Pando, L. R, Aguilar-Castellanos, E., and Ibafiez-Tremolada, M. (2019).
“Quinoa (Chenopodium quinoa Willd.) breeding,” in Adv. Plant Breed. Strateg. Cereals,
vol. 5. Eds. M. A. Jameel, M. J. Shree and V. J. Dennis, 259-316.

Gonzalez-Trujillo, J. D., Roman-Cuesta, R. M., Muiiz-Castillo, A. I., Amaral, C. H,,
and AraGjo, M. B. (2023). Multiple dimensions of extreme weather events and their
impacts on biodiversity. Climatic Change 176, 155. doi: 10.1007/s10584-023-03622-0

Graf, B. L., Rojo, L. E., Delatorre-Herrera, J., Poulev, A., Calfio, C., and Raskin, L.
(2016). Phytoecdysteroids and flavonoid glycosides among Chilean and commercial
sources of Chenopodium quinoa: Variation and correlation to physico-chemical
characteristics. J. Sci. Food Agric. 96, 633-643. doi: 10.1002/jsfa.7134

Guo, H.,, Hao, Y., Yang, X, Ren, G., and Richel, A. (2023). Exploration on bioactive
properties of quinoa protein hydrolysate and peptides: A review. Crit. Rev. Food Sci.
Nutr. 63, 2896-2909. doi: 10.1080/10408398.2021.1982860

Han, Y., Chi, Y., Chi, J., Zhang, M., Zhang, R,, Fan, R,, et al. (2019). Changes in
saponins, phenolics, and antioxidant activity of quinoa (Chenopodium quinoa Willd)
during the milling process. LWT 114, 108381. doi: 10.1016/j.1wt.2019.108381

Hao, Y. Y, Fan, X,, Guo, H,, Yao, Y., Ren, G, and Lv, X. (2020). Overexpression of the
bioactive lunasin peptide in soybean and evaluation of its anti-inflammatory and anti-cancer
activities in vitro. J. Biosci. Bioeng. 129, 395-404. doi: 10.1016/j.jbiosc.2019.11.001

Hernandez-Ledesma, B. (2019). Quinoa (Chenopodium quinoa Willd.) as a source of
nutrients and bioactive compounds: A review. Bioactive Compd. Health Dis. 2, 27-47.
doi: 10.31989/bchd.v2i3.556

Higuchi, A., Morales, L. E., Sanchez-Pérez, L. A., and Machara, R. (2022). The
influence of ethnic identity on Peruvian quinoa consumption: a top lima and modern
metropolitan lima approach. J. Ethn Foods 9, 39. doi: 10.1186/s42779-022-00148-1

Houshmand, S., Arzani, A., Maibody, S. A. M., and Feizi, M. (2005). Evaluation of
salt-tolerant genotypes of durum wheat derived from in vitro and field experiments.
Field Crops Res. 91, 345-354. doi: 10.1016/j.fcr.2004.08.004

Hussain, M. I, Farooq, M., Syed, Q. A., Ishaq, A., Al-Ghamdi, A. A., and Hatamleh,
A. A. (2021). Botany, nutritional value, phytochemical composition and biological
activities of quinoa. Plants 10, 2258. doi: 10.3390/plants10112258

Ibrahim, J. F., Seif, S. A., El-Deepah, H. R. A., and Saad, M. (2020). Impact of different
rates and split application of NPK fertilizer on quinoa (Chenopodium quinoa Willd.) in
sandy soil. Am.-Eurasian J. Agron. 13, 70-77. doi: 10.5829/idosi.aeja.2020.70.77

Tjaz, A., Mumtaz, M. Z., Wang, X., Ahmad, M., Saqgib, M., Magbool, H., et al. (2021).
Insights into manganese solubilizing Bacillus spp. for improving plant growth and
manganese uptake in maize. Front. Plant Sci. 12, 719504. doi: 10.3389/fpls.2021.719504

Jacobsen, S. E., Mujica, A., and Jensen, C. R. (2003). The resistance of quinoa
(Chenopodium quinoa Willd.) to adverse abiotic factors. Food Rev. Int. 19, 99-109.
doi: 10.1081/FRI-120018872

Jarvis, D. E., Ho, Y. S,, Lightfoot, D. J., Schméckel, S. M., Li, B., Borm, T. ], et al.
(2017). The genome of Chenopodium quinoa. Nature 542, 307-312. doi: 10.1038/
nature21370

Jellen, E. N., Kolano, B. A., Sederberg, M. C., Bonifacio, A., and Maughan, P. J.
(2010). “Chenopodium,” in Wild Crop Relatives: Genomic and Breeding Resources:
Legume Crops and Forages. Ed. C. Kole (Springer Berlin Heidelberg, Berlin,
Heidelberg), 35-61.

Kaya, E., and Aydemir, S. K. (2020). Determining the forage yield, quality, and
nutritional element contents of quinoa cultivars and correlation analysis on these
parameters. Pak. J. Agric. Sci. 57, 311-317. doi: 10.21162/PAKJAS/20.7229

Kiani-Pouya, A., Roessner, U, Jayasinghe, N. S., Lutz, A., Rupasinghe, T., Bazihizina,
N., et al. (2017). Epidermal bladder cells confer salinity stress tolerance in the halophyte
quinoa and Atriplex species. Plant Cell Environ. 40, 1900-1915. doi: 10.1111/pce.12995

Kiekens, R., De Koning, R., Toili, M. E. M., and Angenon, G. (2022). The hidden
potential of high-throughput RNA-Seq re-analysis, a case study for DHDPS, key
enzyme of the aspartate-derived lysine biosynthesis pathway and its role in abiotic and
biotic stress responses in soybean. Plants 11, 1762. doi: 10.3390/plants11131762

Kierulf, A., Whaley, J., Liu, W., Enayati, M., Tan, C., Perez-Herrera, M., et al. (2020).
Protein content of amaranth and quinoa starch plays a key role in their ability as
Pickering emulsifiers. Food Chem. 315, 126246. doi: 10.1016/j.foodchem.2020.126246

frontiersin.org


https://doi.org/10.1016/j.cub.2018.08.004
https://doi.org/10.1016/j.cub.2018.08.004
https://doi.org/10.3390/ijms14059267
https://doi.org/10.1104/pp.113.216572
https://doi.org/10.1104/pp.113.216572
https://doi.org/10.1177/1178622120934441
https://doi.org/10.1016/j.fochms.2022.100089
https://doi.org/10.1016/j.fochms.2022.100089
https://doi.org/10.1016/j.ijbiomac.2020.06.241
https://doi.org/10.1080/15592324.2022.2115634
https://doi.org/10.1111/tpj.16549
https://doi.org/10.1007/s10592-012-0350-1
https://doi.org/10.1002/jsfa.10092
https://doi.org/10.1016/j.foodchem.2019.125161
https://doi.org/10.1002/cche.10366
https://library.dpird.wa.gov.au/conf_papers/59
https://library.dpird.wa.gov.au/conf_papers/59
https://doi.org/10.1016/j.cell.2006.12.006
https://doi.org/10.1016/j.indcrop.2020.112350
https://doi.org/10.1016/j.indcrop.2020.112350
https://doi.org/10.1146/annurev-publhealth-012420-105026
https://doi.org/10.3390/agriculture11040286
https://doi.org/10.3390/molecules25051059
https://earth.org/more-than-40-of-worlds-land-now-permanently-dry-un-report-warns/
https://earth.org/more-than-40-of-worlds-land-now-permanently-dry-un-report-warns/
https://doi.org/10.1002/mnfr.201400484
https://doi.org/10.1002/mnfr.201400484
https://doi.org/10.1016/j.foodchem.2017.04.187
https://www.fao.org/faostat/en/data/QCL
https://www.fao.org/faostat/en/data/QCL
https://doi.org/10.1080/10408398.2014.1001811
https://doi.org/10.1016/j.tplants.2022.09.002
https://doi.org/10.1016/j.jfca.2021.103876
https://doi.org/10.1007/s10584-023-03622-0
https://doi.org/10.1002/jsfa.7134
https://doi.org/10.1080/10408398.2021.1982860
https://doi.org/10.1016/j.lwt.2019.108381
https://doi.org/10.1016/j.jbiosc.2019.11.001
https://doi.org/10.31989/bchd.v2i3.556
https://doi.org/10.1186/s42779-022-00148-1
https://doi.org/10.1016/j.fcr.2004.08.004
https://doi.org/10.3390/plants10112258
https://doi.org/10.5829/idosi.aeja.2020.70.77
https://doi.org/10.3389/fpls.2021.719504
https://doi.org/10.1081/FRI-120018872
https://doi.org/10.1038/nature21370
https://doi.org/10.1038/nature21370
https://doi.org/10.21162/PAKJAS/20.7229
https://doi.org/10.1111/pce.12995
https://doi.org/10.3390/plants11131762
https://doi.org/10.1016/j.foodchem.2020.126246
https://doi.org/10.3389/fpls.2025.1636565
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Kolano, B., Plucienniczak, A., Kwasniewski, M., and Maluszynska, J. (2008).
Chromosomal localization of a novel repetitive sequence in the Chenopodium
quinoa genome. J. Appl. Genet. 49, 313-320. doi: 10.1007/BF03195629

Kumar, A., Anju, T., Kumar, S., Chhapekar, S. S., Sreedharan, S., Singh, S., et al.
(2021). Integrating omics and gene editing tools for rapid improvement of traditional
food plants for diversified and sustainable food security. Int. J. Mol. Sci. 22, 8093.
doi: 10.3390/ijms22158093

Li, L, Lietz, G., and Seal, C. J. (2021). Phenolic, apparent antioxidant and nutritional
composition of quinoa (Chenopodium quinoa Willd.) seeds. Int. J. Food Sci. Technol.
56, 3245-3254. doi: 10.1111/ijfs.14962

Li, G., and Zhu, F. (2017). Physicochemical properties of quinoa flour as affected by
starch interactions. Food Chem. 221, 1560-1568. doi: 10.1016/j.foodchem.2016.10.137

Lin, M., Han, P,, Li, Y., Wang, W, Lai, D., and Zhou, L. (2019). Quinoa secondary
metabolites and their biological activities or functions. Molecules 24, 2512. doi: 10.3390/
molecules24132512

Liu, Q., Khakimov, B., Cardenas, P. D., Cozzi, F., Olsen, C. E., Jensen, K. R,, et al.
(2019). The cytochrome P450 CYP72A552 is key to production of hederagenin-based
saponins that mediate plant defense against herbivores. New Phytol. 222, 1599-1609.
doi: 10.1111/nph.15689

Liu, M. M,, Pan, T., Allakhverdiev, S. I, Yu, M., and Shabala, S. (2020a). Crop
halophytism: an environmentally sustainable solution for global food security. Trends
Plant Sci. 25, 630-635. doi: 10.1016/j.tplants.2020.04.008

Liu, M., Zhu, K., Yao, Y., Chen, Y., Guo, H., Ren, G, et al. (2020b). Antioxidant, anti-
inflammatory, and antitumor activities of phenolic compounds from white, red, and
black Chenopodium quinoa seed. Cereal Chem. 97, 703-713. doi: 10.1002/cche.10286

Liu, M., Yang, M., and Yang, H. (2021). Biomass production and nutritional
characteristics of quinoa subjected to cutting and sowing date in the midwestern
China. Grassl Sci. 673 (3), 215-224. doi: 10.1111/grs.12307

Lopez-Marques, R. L., Noerrevang, A. F., Ache, P., Moog, M, Visintainer, D., ‘Wendt, T.,
et al. (2020). Prospects for the accelerated improvement of the resilient crop quinoa. J. Exp.
Bot. 18, 5333-5347. doi: 10.1093/jxb/eraa285

Lozano-Isla, F., Kienbaum, L., Haussmann, B. I, and Schmid, K. (2025). A High-
Throughput Phenotyping Pipeline for Quinoa (Chenopodium quinoa) Panicles Using
Image Analysis with Convolutional Neural Networks. Plant Breed. doi: 10.1111/
pbr.13266

Maldonado-Alvarado, P., Pavon-Vargas, D. J., Abarca-Robles, J., Valencia-
Chamorro, S., and Haros, C. M. (2023). Effect of germination on the nutritional
properties, phytic acid content, and phytase activity of quinoa (Chenopodium quinoa
Willd). Foods 12, 389. doi: 10.3390/foods12020389

Maldonado-Taipe, N., Barbier, F., Schmid, K., Jung, C., and Emrani, N. (2022). High-
density mapping of quantitative trait loci controlling agronomically important traits in
quinoa (Chenopodium quinoa Willd.). Front. Plant Sci. 13, 916067. doi: 10.3389/
fpls.2022.916067

Matias, J., Rodriguez, M. J., Granado-Rodriguez, S., Cruz, V., Calvo, P., and Reguera,
M. (2022). Changes in quinoa seed fatty acid profile under heat stress field conditions.
Front. Nutr. 9, 820010. doi: 10.3389/fnut.2022.820010

Melini, F., Melini, V., and Galfo, M. (2023). A cross-sectional survey of the
nutritional quality of quinoa food products available in the Italian Market. Foods 12,
1562. doi: 10.3390/foods12081562

Menguer, P. K., Sperotto, R. A., and Ricachenevsky, F. K. (2017). A walk on the wild
side: Oryza species as source for rice abiotic stress tolerance. Genet. Mol. Biol. 40, 238
252. doi: 10.1590/1678-4685-gmb-2016-0093

Mohamed Ahmed, I. A., Al Juhaimi, F., and Ozcan, M. M. (2021). Insights into the
nutritional value and bioactive properties of quinoa (Chenopodium quinoa): past, present
and future prospective. Int. J. Food Sci. Technol. 56, 3726-3741. doi: 10.1111/ijfs.15011

Mujica, A., and Jacobsen, S. E. (2006). Quinoa (Chenopodium quinoa Willd.) and its
wild relatives. Economic botany of the Central Andes 32, 449-457.

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell
Environ. 25, 239-250. doi: 10.1046/j.0016-8025.2001.00808.x

Murphy, K. M., Matanguihan, J. B,, Fuentes, F. F,, Gomez-Pando, L. R, Jellen, E. N,,
Maughan, P. ], et al. (2018). Quinoa breeding and genomics. Plant Breed. Rev. 42, 257-320.
doi: 10.1002/9781119521358.ch7

Naseer, S., Hussain, S., and Abid, A. (2019). Betalain as a food colorant: its sources,
chemistry and health benefits: chemistry of betalain and its role as food colorant. Proc.
Pakistan Acad. Sci. B Life Environ. Sci. 56, 01-08.

Navruz-Varli, S., and Sanlier, N. (2016). Nutritional and health benefits of quinoa
(Chenopodium quinoa Willd.). J. Cereal Sci. 69, 371-376. doi: 10.1016/j.jcs.2016.05.004

Otterbach, S., Wellman, G., and Schméckel, S. M. (2021). “Saponins of quinoa: structure,
function and opportunities,” in The Quinoa Genome. Ed. M. S. Sandra, 119-138.

Pasko, P., Sajewicz, M., Gorinstein, S., and Zachwieja, Z. (2008). Analysis of selected
phenolic acids and flavonoids in Amaranthus cruentus and Chenopodium quinoa seeds
and sprouts by HPLC. Acta Chromatogr. 20, 661-672. doi: 10.1556/
AChrom.20.2008.4.11

Frontiers in Plant Science

10.3389/fpls.2025.1636565

Palmgren, M. G., Edenbrandt, A. K., Vedel, S. E., Andersen, M. M., Landes, X.,
Osterberg, J. T., et al. (2015). Are we ready for back-to-nature crop breeding? Trends
Plant Sci. 20, 155-164. doi: 10.1016/j.tplants.2014.11.003

Palmgren, M., and Shabala, S. (2024). Adapting crops for climate change: Regaining
lost abiotic stress tolerance in crops. Front. Sci. 2, 1416023. doi: 10.3389/
fsci.2024.1416023

Pathan, S., Ndunguru, G., Clark, K., and Ayele, A. G. (2023). Yield and nutritional
responses of quinoa (Chenopodium quinoa Willd.) genotypes to irrigated, rainfed, and
drought-stress environments. Front. Sustain. Food Syst. 7, 1242187. doi: 10.3389/
fsufs.2023.1242187

Pathan, S., and Siddiqui, R. A. (2022). Nutritional composition and bioactive
components in quinoa (Chenopodium quinoa Willd.) greens: A review. Nutrients 14,
558. doi: 10.3390/nu14030558

Pellegrini, M., Lucas-Gonzales, R, Ricci, A., Fontecha, J., Fernandez-Lopez, J., Pérez-
Alvarez, J. A, et al. (2018). Chemical, fatty acid, polyphenolic profile, techno-
functional, and antioxidant properties of flours obtained from quinoa (Chenopodium
quinoa Willd) seeds. Ind. Crops Prod. 111, 38-46. doi: 10.1016/j.indcrop.2017.10.006

Pillimué, J. S. U, Méndez, J. R. B., Beltran, G. A. V., and Jojoa, W. A. (2024).
Antifungal evaluation of saponins extracted from quinoa husk (Chenopodium quinoa
Willd) against Botrytis cinerea in strawberry. Rev. Fac. Nac. Agron. Medellin 77, 10679—
10690. doi: 10.15446/rfnam.v77n2.109082

Rahman, H., Vikram, P., Hu, Y., Asthana, S., Tanaji, A., Suryanarayanan, P., et al.
(2024). Mining genomic regions associated with agronomic and biochemical traits in
quinoa through GWAS. Sci. Rep. 14, 9205. doi: 10.1038/541598-024-59565-8

Ramesh, K., Devi, K. S., Gopinath, K. A., and Praveen, K. (2019). Geographical
adaptation of quinoa in India and agro techniques for higher productivity of quinoa. J.
Pharm. Phytochem. 8, 2930-2932.

Rathore, S., Bala, M., Gupta, M., and Kumar, R. (2019). Introduction of multipurpose
agro-industrial crop quinoa (Chenopodium quinoa) in western Himalayas. Indian J.
Agron. 64, 287-292. doi: 10.59797/ija.v64i2.5271

Rathore, S., and Kumar, R. (2021). Vermicompost fertilization and pinching
improves the growth, yield, and quality of super food (Chenopodium quinoa Willd.)
in the western Himalaya. Acta Physiol. Plant 43, 23. doi: 10.1007/s11738-020-03184-z

Rawat, N., Wungrampha, S., Singla-Pareek, S. L., Yu, M., Shabala, S., and Pareek, A.
(2022). Rewilding staple crops for the lost halophytism: Toward sustainability and
profitability of agricultural production systems. Mol. Plant 15, 45-64. doi: 10.1016/
j.molp.2021.12.003

Razzaq, A., Wani, S. H,, Saleem, F., Yu, M., Zhou, M., and Shabala, S. (2021).
Rewilding crops for climate resilience: Economic analysis and de novo domestication
strategies. J. Exp. Bot. 72, 6123-6139. doi: 10.1093/jxb/erab276

Riekeberg, E., and Powers, R. (2017). New frontiers in metabolomics: from
measurement to insight. F1000 Res. 6, 1541. doi: 10.12688/f1000research

Ruales, J., Grijalva, Y. D., Lopez-Jaramillo, P., and Nair, B. M. (2002). The nutritional
quality of an infant food from quinoa and its effect on the plasma level of insulin-like
growth factor-1 (IGF-1) in undernourished children. Int. J. Food Sci. Nutr. 53, 143-154.
doi: 10.1080/09637480220132157

Ryan, E., Galvin, K., O’Connor, T. P., Maguire, A. R, and O’Brien, N. M. (2007).
Phytosterol, squalene, tocopherol content, and fatty acid profile of selected seeds, grains,
and legumes. Plant Foods Hum. Nutr. 62, 85-91. doi: 10.1007/s11130-007-0046-8

Sabenga, C., Ribeiro, M., Sousa, T. D., Poeta, P., Bagulho, A. S., and Igrejas, G. (2021).
Wheat/gluten-related disorders and gluten-free diet misconceptions: A review. Foods
10, 1765. doi: 10.3390/foods10081765

Samtiya, M., Aluko, R. E., Dhewa, T., and Moreno-Rojas, J. M. (2021). Potential
health benefits of plant food-derived bioactive components: An overview. Foods. 10,
839. doi: 10.3390/foods10040839

San Martin, R., Ndjoko, K., and Hostettmann, K. (2008). Novel molluscicide against
Pomacea canaliculata based on quinoa (Chenopodium quinoa) saponins. Crop Prot. 27,
310-319. doi: 10.1016/j.cropro.2007.03.015

Satheesh, N., and Fanta, S. W. (2018). Review on structural, nutritional, and anti-
nutritional composition of Teff (Eragrostis tef) in comparison with Quinoa (Chenopodium
quinoa Willd.). Cogent Food Agric. 4, 1546942. doi: 10.1080/23311932.2018.1546942

Shabala, S. (2013). Learning from halophytes: Physiological basis and strategies to improve
abiotic stress tolerance in crops. Ann. Bot. 112, 1209-1221. doi: 10.1093/aob/mct205

Shabala, S., Chen, X., Yun, P., and Zhou, M. (2025). Salinity tolerance in wheat:
rethinking the targets. J. Exp. Bot., era132. doi: 10.1093/jxb/eraf152

Shabala, S., and Palmgren, M. (2020). Prospects for the accelerated improvement of
the resilient crop quinoa. J. Exp. Bot. 71, 5333-5347. doi: 10.1093/jxb/eraa285

Shah, S., and Khan, Y. (2022). Allelopathic potential, nutritional qualities, and
responses of Chenopodium quinoa (Willd.) to abiotic stress conditions—A review.
Turk. J. Bot. 46, 553-566. doi: 10.55730/1300-008X.2731

Sharma, V., Gupta, P., Kagolla, P., Hangargi, B., Veershetty, A., Ramrao, D. P., et al.
(2021). Metabolomics intervention towards better understanding of plant traits. Cells
10, 346. doi: 10.3390/cells10020346

frontiersin.org


https://doi.org/10.1007/BF03195629
https://doi.org/10.3390/ijms22158093
https://doi.org/10.1111/ijfs.14962
https://doi.org/10.1016/j.foodchem.2016.10.137
https://doi.org/10.3390/molecules24132512
https://doi.org/10.3390/molecules24132512
https://doi.org/10.1111/nph.15689
https://doi.org/10.1016/j.tplants.2020.04.008
https://doi.org/10.1002/cche.10286
https://doi.org/10.1111/grs.12307
https://doi.org/10.1093/jxb/eraa285
https://doi.org/10.1111/pbr.13266
https://doi.org/10.1111/pbr.13266
https://doi.org/10.3390/foods12020389
https://doi.org/10.3389/fpls.2022.916067
https://doi.org/10.3389/fpls.2022.916067
https://doi.org/10.3389/fnut.2022.820010
https://doi.org/10.3390/foods12081562
https://doi.org/10.1590/1678-4685-gmb-2016-0093
https://doi.org/10.1111/ijfs.15011
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1002/9781119521358.ch7
https://doi.org/10.1016/j.jcs.2016.05.004
https://doi.org/10.1556/AChrom.20.2008.4.11
https://doi.org/10.1556/AChrom.20.2008.4.11
https://doi.org/10.1016/j.tplants.2014.11.003
https://doi.org/10.3389/fsci.2024.1416023
https://doi.org/10.3389/fsci.2024.1416023
https://doi.org/10.3389/fsufs.2023.1242187
https://doi.org/10.3389/fsufs.2023.1242187
https://doi.org/10.3390/nu14030558
https://doi.org/10.1016/j.indcrop.2017.10.006
https://doi.org/10.15446/rfnam.v77n2.109082
https://doi.org/10.1038/s41598-024-59565-8
https://doi.org/10.59797/ija.v64i2.5271
https://doi.org/10.1007/s11738-020-03184-z
https://doi.org/10.1016/j.molp.2021.12.003
https://doi.org/10.1016/j.molp.2021.12.003
https://doi.org/10.1093/jxb/erab276
https://doi.org/10.12688/f1000research
https://doi.org/10.1080/09637480220132157
https://doi.org/10.1007/s11130-007-0046-8
https://doi.org/10.3390/foods10081765
https://doi.org/10.3390/foods10040839
https://doi.org/10.1016/j.cropro.2007.03.015
https://doi.org/10.1080/23311932.2018.1546942
https://doi.org/10.1093/aob/mct205
https://doi.org/10.1093/jxb/eraf152
https://doi.org/10.1093/jxb/eraa285
https://doi.org/10.55730/1300-008X.2731
https://doi.org/10.3390/cells10020346
https://doi.org/10.3389/fpls.2025.1636565
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Shahbandeh, M. (2021). Statista - Global Quinoa Market Value 2020-2026. Available online
at: https://www.statista.com/statistics/1128506/global-quinoa-market-value-by-country/.

Sidorova, Y. S., Shipelin, V. A, Petrov, N. A,, Zorin, S. N,, and Mazo, V. K. (2022).
Anxiolytic and antioxidant effect of phytoecdysteroids and polyphenols from
Chenopodium quinoa on an in vivo restraint stress model. Molecules 27, 9003.
doi: 10.3390/molecules27249003

Song, J., and Tang, Y. (2023). Effect of extrusion temperature on characteristic amino
acids, fatty acids, organic acids, and phenolics of white quinoa based on metabolomics.
Food Res. Int. 169, 112761. doi: 10.1016/j.foodres.2023.112761

Spehar, C. R,, and Santos, R. L. D. B. (2005). Agronomic performance of quinoa
selected in the Brazilian Savannah. Pesq. Agropec. Bras. 40, 609-612. doi: 10.1590/
$0100-204X2005000600012

Srichuwong, S., Curti, D., Austin, S., King, R., Lamothe, L., and Gloria-Hernandez, H.
(2017). Physicochemical properties and starch digestibility of whole grain sorghums,
millet, quinoa, and amaranth flours, as affected by starch and non-starch constituents.
Food Chem. 233, 1-10. doi: 10.1016/j.foodchem.2017.04.019

Srichuwong, S., Sunarti, T. C,, Mishima, T., Isono, N., and Hisamatsu, M. (2005).
Starches from different botanical sources I: Contribution of amylopectin fine structure
to thermal properties and enzyme digestibility. Carbohydr. Polym. 60, 529-538.
doi: 10.1016/j.carbpol.2005.03.004

Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., and Mittler, R. (2014). Abiotic
and biotic stress combinations. New Phytol. 203, 32-43. doi: 10.1111/nph.12797

Taaime, N., El Mejahed, K., Moussafir, M., Bouabid, R., Oukarroum, A., Choukr-
Allah, R, et al. (2022). Early sowing of quinoa cultivars benefits from rainy season and
enhances quinoa development, growth, and yield under arid condition in Morocco.
Sustainability 14, 4010. doi: 10.3390/su14074010

Taaime, N., Rafik, S., El Mejahed, K., Oukarroum, A., Choukr-Allah, R., Bouabid, R, et al.
(2023). Worldwide development of agronomic management practices for quinoa cultivation:
A systematic review. Front. Agron. 5, 1215441. doi: 10.3389/fagro.2023.1215441

Tan, M. (2020). Macro- and micromineral contents of different quinoa
(Chenopodium quinoa Willd.) varieties used as forage by cattle. Turk. J. Agric. For.
44, 46-53. doi: 10.3906/tar-1904-10

Tan, M., Zhao, Q., Wang, X, and Zhao, B. (2022). Study on extraction, isolation, and
biological activity of saponins from quinoa bran. J. Food Process. Preserv. 46, €17155.
doi: 10.1111/jfpp.17155

Tanveer, M., Wang, L., Huang, L., Zhou, M., Chen, Z.-H., and Shabala, S. (2024).
Understanding mechanisms for differential salinity tissue tolerance between quinoa
and spinach: zooming on ROS-inducible ion channels. Crop J. 12, 1357-1368.
doi: 10.1016/j.¢j.2024.03.001

Tavano, O. L., de Miguel Amista, M. J., Del Ciello, G., Rodrigues, M. C. M., Nishida, A.
M. B,, Valadares, L. A, et al. (2022). Isolation and evaluation of quinoa (Chenopodium
quinoa Willd.) protein fractions: A nutritional and bio-functional approach to the
globulin fraction. Curr. Res. Food Sci. 5, 1028-1037. doi: 10.1016/j.crfs.2022.06.006

Temel, I, and Keskin, B. (2019). The effects of different row spacing and intra-row
spacing on hay yield and some yield components of quinoa (Chenopodium quinoa
Willd.). J. Inst. Sci. Technol. 9, 522-532. doi: 10.21597/jist.480917

Tong, H., and Nikoloski, Z. (2021). Machine learning approaches for crop
improvement: Leveraging phenotypic and genotypic big data. J. Plant Physiol. 257,
153354. doi: 10.1016/j.jplph.2020.153354

Tovar, J. C., Quillatupa, C., Callen, S. T., Castillo, S. E., Pearson, P., Shamin, A., et al.
(2020). Heating quinoa shoots results in yield loss by inhibiting fruit production and
delaying maturity. Plant J. 102, 1058-1073. doi: 10.1111/tp;j.14699

Trinh, M. D. L,, Visintainer, D., Giinther, J., Osterberg, J. T., da Fonseca, R. R,, Fondevilla,
S., et al. (2024). Site-directed genotype screening for elimination of antinutritional saponins
in quinoa seeds identifies TSARL1 as a master controller of saponin biosynthesis selectively
in seeds. Plant Biotechnol. J. 22, 2216-2234. doi: 10.1111/pbi.14340

Tukomane, T., and Varavinit, S. (2008). Classification of rice starch amylose content
from rheological changes of starch paste after cold recrystallization. Starch-Stirke 60,
292-297. doi: 10.1002/star.200700672

Tupec, M., Culka, M., Machara, A., Machacek, S., Bim, D., Svatos, A, et al. (2022).
Understanding desaturation/hydroxylation activity of castor stearoyl 9-Desaturase
through rational mutagenesis. Comput. Struct. Biotechnol. J. 20, 1378-1388.
doi: 10.1016/j.csbj.2022.03.010

Van Minh, N, Hoang, D. T., Anh, D. T. P, and Long, N. V. (2022). Effect of nitrogen
and potassium on growth, yield, and seed quality of quinoa in ferralsols and acrisols
under rainfed conditions. J. Ecol. Eng. 23, 164-172. doi: 10.12911/22998993/146515

Varma, A, and Jain, A. (2021). “Taxonomy, morphology, and life cycle of quinoa,” in
Biology and Biotechnology of Quinoa: Super Grain for Food Security. Ed. A. Verma, 17-33.

Vega-Galvez, A., Miranda, M., Vergara, J., Uribe, E., Puente, L., and Martinez, E. A.
(2010). Nutrition facts and functional potential of quinoa (Chenopodium quinoa
Willd.), an ancient Andean grain: a review. J. Sci. Food Agric. 90, 2541-2547.
doi: 10.1002/jsfa.4158

Venlet, N. V., Hettinga, K. A., Schebesta, H., and Bernaz, N. (2021). Perspective: a

legal and nutritional perspective on the introduction of quinoa-based infant and follow-
on formula in the EU. Adv. Nutr. 12, 1100-1107. doi: 10.1093/advances/nmab041

Vicente-Serrano, S. M., Pricope, N. G., Toreti, A., Moran-Tejeda, E., Spinoni, J.,
Ocampo-Melgar, A., et al. (2024). The United Nations convention to combat

Frontiers in Plant Science

13

10.3389/fpls.2025.1636565

desertification report on rising aridity trends globally and associated biological and
agricultural implications. Global Change Biol. 30, €70009. doi: 10.1111/gcb.70009

Villacres, E., Quelal, M., Galarza, S., Iza, D., and Silva, E. (2022). Nutritional value
and bioactive compounds of leaves and grains from quinoa (Chenopodium quinoa
Willd.). Plants 11, 213. doi: 10.3390/plants11020213

Wali, A. M., Kenawey, M. K, Ibrahim, O. M., and El Lateef, E. A. (2022). Productivity
of Quinoa (Chenopodium quinoa L.) under new reclaimed soil conditions at north-
western coast of Egypt. Bull. Natl. Res. Cent. 46, 38.

Walters, H., Carpenter-Boggs, L., Desta, K., Yan, L., Matanguihan, J., and Murphy, K.
(2016). Effect of irrigation, intercrop, and cultivar on agronomic and nutritional
characteristics of quinoa. Agroecol. Sustain. Food Syst. 40, 783-803. doi: 10.1080/
21683565.2016.1177805

Wang, C,, Fu, X, Li, C, Liu, Z., Wang, S., Chen, T., et al. (2024). Trust in nutrition,
subjective norms and urban consumers’ purchase behaviour of quinoa products:
explanation based on preference heterogeneity. Front. Nutr. 11, 1511205.
doi: 10.3389/fnut.2024.1511205

Wang, L, Liu, L., Zhao, J., Li, C., Wu, H,, Zhao, H,, et al. (2023). Granule-bound starch
synthase in plants: Towards an understanding of their evolution, regulatory mechanisms,
applications, and perspectives. Plant Sci. 336, 111843. doi: 10.1016/j.plantsci.2023.111843

Wang, N., Wang, F.,, Shock, C. C,, Meng, C, and Qiao, L. (2020). Effects of
management practices on quinoa growth, seed yield, and quality. Agronomy 10, 445.
doi: 10.3390/agronomy10030445

Waters, D. L., Henry, R. ], Reinke, R. F., and Fitzgerald, M. A. (2006). Gelatinization
temperature of rice explained by polymorphisms in starch synthase. Plant Biotechnol. ].
4, 115-122. doi: 10.1111/j.1467-7652.2005.00162.x

Wijesekara, T., Luo, J., and Xu, B. (2024). Critical review on anti-inflammation effects
of saponins and their molecular mechanisms. Phytother. Res. 38, 2007-2022.
doi: 10.1002/ptr.8164

Wozniak-Gientka, E., Agata, T., Milica, P., Anna, B., Dennis, E., Nick, V., et al.
(2022). Public perception of plant gene technologies worldwide in the light of food
security. GM Crops Food 13, 218-241. doi: 10.1080/21645698.2022.2111946

Waunderlich, S., and Gatto, K. A. (2015). Consumer perception of genetically
modified organisms and sources of information. Adv. Nutr. 6, 842-851. doi: 10.3945/
an.115.008870

Xiao, Z., Pan, G., Li, X., Kuang, X,, Wang, W,, and Liu, W. (2020). Effects of
exogenous manganese on plant growth, subcellular distribution, chemical forms,
physiological, and biochemical traits in Cleome viscosa L. Ecotoxicol. Environ. Saf.
198, 110696. doi: 10.1016/j.ecoenv.2020.110696

Xiu-Shi, Y., Pei-You, Q., Hui-Min, G., and Gui-Xing, R. (2019). Quinoa industry
development in China. Ciencia e ivestigacion agraria: Rev. latinoamericana Cienc. la
agricultura 46, 208-219.

Yadav, R., Gore, P. G., Gupta, V., and Siddique, K. H. (2023). “Quinoa
(Chenopodium quinoa Willd.)—A smart crop for food and nutritional security,” in
Neglected and Underutilized Crops (Singapore: Academic Press), 23-43.

Yao, Y., Zhu, Y., Gao, Y., Shi, Z., Hu, Y., and Ren, G. (2015). Suppressive effects of
saponin-enriched extracts from quinoa on 3T3-L1 adipocyte differentiation. Food
Funct. 6, 3282-3290. doi: 10.1039/C5FO00716]

Yolcu, S., Alavilli, H., and Lee, B. H. (2020). Natural genetic resources from diverse
plants to improve abiotic stress tolerance in plants. Int. J. Mol Sci. 21, 8567.
doi: 10.3390/ijms21228567

Zamani, Z., Zeidali, E., Alizadeh, H. A, and Fathi, A. (2023). Effect of drought stress
and nitrogen chemical fertilizer on root properties and yield in three quinoa cultivars
(Chenopodium quinoa Willd). Crop Sci. Res. Arid Reg. 5, 487-500. doi: 10.22034/
csrar.2023.353966.1261

Zandalinas, S. I, and Mittler, R. (2022). Plant responses to multifactorial stress
combination. New Phytol. 234, 1161-1167. doi: 10.1111/nph.18087

Zang, Y., Ge, Y., Cao, Y., and Tang, H. (2024). Anti-diabetic effect of red quinoa
polysaccharide on type 2 diabetic mellitus mice induced by streptozotocin and high-fat
diet. Front. Microbiol. 15, 1308866. doi: 10.3389/fmicb.2024.1308866

Zaynab, M., Sharif, Y., Abbas, S., Afzal, M. Z., Qasim, M., Khalofah, A., et al. (2021).
Saponin toxicity as key player in plant defense against pathogens. Toxicon 193, 21-27.
doi: 10.1016/j.toxicon.2021.01.009

Zou, C., Chen, A,, Xiao, L., Miiller, H. M., Ache, P., Haberer, G., et al. (2017). A high-
quality genome assembly of quinoa provides insights into the molecular basis of
salt bladder-based salinity tolerance and the exceptional nutritional value. Cell Res.
27 (11), 1327-1340.

Zou, C. S., Chen, A. ], Xiao, L. H., Muller, H. M., Ache, P., Haberer, G., et al. (2021).
The impact of various sowing applications on the nutritional value of Quinoa Dry
Herb. J. Food Process. Preserv. 45, €15730. doi: 10.1111/jfpp.15730

Zulkadir, G., and Idikut, L. (2021). Determination of popping traits and grain quality
of landraces popcorn populations. J. Food Sci. Technol. 58 (4), 1302-1312.

Zulkadir, G. (2021). The agroecological impact of different sowing dates and row spacing
applications in quinoa (Chenopodium quinoa willd.). Appl. Ecol. Environ. Res. 19, 751-762.

Zurita-Silva, A., Fuentes, F., Zamora, P., Jacobsen, S. E., and Schwember, A. R.
(2014). Breeding quinoa (Chenopodium quinoa Willd.): Potential and perspectives.
Mol. Breed. 34, 13-30. doi: 10.1007/s11032-014-0023-5

frontiersin.org


https://www.statista.com/statistics/1128506/global-quinoa-market-value-by-country/
https://doi.org/10.3390/molecules27249003
https://doi.org/10.1016/j.foodres.2023.112761
https://doi.org/10.1590/S0100-204X2005000600012
https://doi.org/10.1590/S0100-204X2005000600012
https://doi.org/10.1016/j.foodchem.2017.04.019
https://doi.org/10.1016/j.carbpol.2005.03.004
https://doi.org/10.1111/nph.12797
https://doi.org/10.3390/su14074010
https://doi.org/10.3389/fagro.2023.1215441
https://doi.org/10.3906/tar-1904-10
https://doi.org/10.1111/jfpp.17155
https://doi.org/10.1016/j.cj.2024.03.001
https://doi.org/10.1016/j.crfs.2022.06.006
https://doi.org/10.21597/jist.480917
https://doi.org/10.1016/j.jplph.2020.153354
https://doi.org/10.1111/tpj.14699
https://doi.org/10.1111/pbi.14340
https://doi.org/10.1002/star.200700672
https://doi.org/10.1016/j.csbj.2022.03.010
https://doi.org/10.12911/22998993/146515
https://doi.org/10.1002/jsfa.4158
https://doi.org/10.1093/advances/nmab041
https://doi.org/10.1111/gcb.70009
https://doi.org/10.3390/plants11020213
https://doi.org/10.1080/21683565.2016.1177805
https://doi.org/10.1080/21683565.2016.1177805
https://doi.org/10.3389/fnut.2024.1511205
https://doi.org/10.1016/j.plantsci.2023.111843
https://doi.org/10.3390/agronomy10030445
https://doi.org/10.1111/j.1467-7652.2005.00162.x
https://doi.org/10.1002/ptr.8164
https://doi.org/10.1080/21645698.2022.2111946
https://doi.org/10.3945/an.115.008870
https://doi.org/10.3945/an.115.008870
https://doi.org/10.1016/j.ecoenv.2020.110696
https://doi.org/10.1039/C5FO00716J
https://doi.org/10.3390/ijms21228567
https://doi.org/10.22034/csrar.2023.353966.1261
https://doi.org/10.22034/csrar.2023.353966.1261
https://doi.org/10.1111/nph.18087
https://doi.org/10.3389/fmicb.2024.1308866
https://doi.org/10.1016/j.toxicon.2021.01.009
https://doi.org/10.1111/jfpp.15730
https://doi.org/10.1007/s11032-014-0023-5
https://doi.org/10.3389/fpls.2025.1636565
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Can quinoa (Chenopodium quinoa) replace traditional cereals under current climate scenarios?
	1 Cereal grain production under future climate scenarios
	2 What are alternatives?
	3 Quinoa as a viable alternative to traditional cereals
	4 Biological and genetic features of quinoa
	5 Nutritional composition
	5.1 Proteins and amino acids
	5.2 Carbohydrates
	5.3 Fatty acids
	5.4 Minerals and vitamins

	6 Phytochemicals in quinoa
	6.1 Betalains
	6.2 Phytoecdysteroids
	6.3 Phenolic compounds
	6.4 Saponins

	7 Factors affecting nutritional composition of quinoa
	7.1 Sowing date
	7.2 Temperature
	7.3 Fertilizers and water management

	8 Unanswered questions and a way forward
	8.1 Biological aspects
	8.2 Social aspects

	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


