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Abstract: Nutrition is a source of energy, and building material for the human organism. The quality
of food has an effect on the quality of individual life. Minerals and vitamins participate in various
catalytic and regulatory functions of the main metabolic processes: absorption, transport, redox and
biosynthesis of organic compounds, genetic information transfer, etc. Regular consumption of dietary
fibers like β-glucans and oat-specific phenolics, antioxidants, and avenanthramides, stimulate innate
and acquired immunity, prevent cancer, obesity, reduce glucose, total cholesterol and triglyceride
blood levels and regulate the expression of cholesterol-related genes. Thus, all those compounds
are vitally important for the normal functional status of the human body. A deficiency in one or
another essential nutrient causes disruptions in human metabolism, thus leading to serious illnesses.
Plants are the main source of essential nutrients that are bioavailable for humans. One of the most
popular groups of staple crops are the small grains crops (SGC), so these crops are most often used for
biofortification purposes. Exploiting the potential of plant resources, biofortification is a long-term
strategy, aimed at increasing the number of essential micro- and macronutrients in major food sources
and ensuring their bioavailability. The most productive way to implement such strategy is the active
use of the possibilities offered by collections of plant genetic resources, including SGC, concentrated
in various countries of the world. The collections of plant resources contain both cultivated plants and
their wild relatives that possess the required composition of micro- and macronutrients. A complex
scientific approach to studying plant germplasm collections, together with agricultural practices
(soil enrichment with fertilizers with a required composition), genetic biofortification (traditional
breeding, marker-assisted selection or genetic engineering tactics), and their combinations will lead
to the development of new biofortified cultivars and improvement of old ones, which can be used to
solve the problems of unbalanced nutrition (malnutrition or hidden hunger) in different regions of
the world.

Keywords: small grains crops; biofortification; plant genetic diversity; essential nutritive components;
collection of plant genetic resources

1. Introduction

Nutrition is a crucial component in a full-fledged human life, a source of energy, and
building material for the whole organism. The quality of food has an effect on the quality
of life, including the ability to work and meet one’s vital needs.

The United Nations General Assembly session, held on 1 April 2016, attended by both
the WHO and FAO, emphasized the importance of healthy diets and food systems for
global human health, naming an unhealthy diet and unwholesome food the main risks
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that increase disease development and death rate throughout the world. The period from
2016 through 2025 was announced the UN Decade of Action on Nutrition. The Rome
Declaration on Nutrition, adopted by the Assembly, proposed an integrated strategy to
eradicate hunger and end all forms of malnutrition, including undernutrition, micronutri-
ent deficiencies, and obesity on a global scale. It encompasses the entire food system: from
the quality of the produced plant raw materials, through the ways of their processing, to
the utilization of food production wastes. One of the tasks to be approached is maximizing
the nutritional value of staple food crops under global climate change. The environmental
security problem of the contemporary agricultural production (reduction of greenhouse
gas emissions, waste utilization, etc.) was considered separately as an integral part of the
set of factors that directly or indirectly (through food products) affect human health [1–5].

Even a sufficient calorie intake does not preclude the state of “hidden hunger” induced
by deficiencies in individual nutrients. A solution to this problem may be found if everyone
had the right of access to a sufficient amount of safe and wholesome food, which must not
only fully meet the energy requirements of an organism, but also ensure its functional ade-
quacy. The labor activity level among the capable population and warranted development
prospects for the rising generations depend directly on the said components [4].

One of the vitally important groups of nutrients for all biological organisms are
micronutrients because they participate in various catalytic and regulatory functions of
metabolic processes: absorption, transport, redox and biosynthesis of organic compounds,
genetic information transfer, etc. Some micronutrients are coenzymes involved in major
biosynthetic processes: iron, copper, molybdenum, manganese, zinc, magnesium and
cobalt. Each micronutrient has its own concentration range safe for the normal functional
state of a living organism; its violation leads to pathological deviations in metabolic
processes [6,7] (Table 1).

Table 1. The main nutrients for the normal functional state of the human body [8–11].

Nutrient Recommended Daily Intake

Selenium 6–42 µg/day
Iodine 90–200 µg/day

Iron 4–65 mg/day
Zinc 72–457 mg/kg body weight/day

Кaльций 300–1000 mg/day
Vitamin A 180–400 µg/day
Vitamin B1 0,2–1.5 mg/day
Vitamin B2 0.3–1.6 mg/day
Vitamin B6 0.1–2 mg/day
Vitamin C 25–70 mg/day
Vitamin E 7–10 mg/day
Folic acid 80–500 µg/day

The main sources of micronutrients necessary for humans are plants [1,3,12,13].

1.1. Mineral Components

Mineral components reach their highest concentrations in the plant tissue when
dissolved ionic forms of elements convert into the solid mineral phase, and biogenic
minerals (bioliths) are generated. Barrier-type micronutrient accumulation is characteristic
of the reproductive plant organs (seed or fruit), the ones that most often have alimentary
value for humans [14].

Iodine is present in the composition of thyroid hormones (thyroxine and triiodothyro-
nine) that regulate basic growth and development processes in an organism. Functional
significance of iodides partially coincides with that of Se, Fe and Zn. Iodine deficiency
is consequential in areas where fish and other seafood are unavailable to the population,
which leads to goiter (swelling in the thyroid gland tissues in an attempt to compensate for
iodine deficiency) or even cretinism, the extreme form of iodine deficiency syndrome. This
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problem is critical mostly for India, with its 50 million cases of goiter and over two million
of cretinism [3,13,15,16].

Iron is present in the oxygen transport systems of hemoglobin and myoglobin, and
active sites of cytochromes responsible for energy metabolism in the human organism. Its
deficiency can lead to chronic anemia and, consequently, to a disturbance of growth and
development processes, which is especially hazardous for pregnant women and children.
Clinical manifestations of iron deficiency are aggravated by the presence of accompanying
illnesses (malaria, HIV, tuberculosis, etc.). About two billion people suffer worldwide from
iron deficiency anemia [1,3,13,15,16].

Zinc is trace elements, a cofactor for about 100 enzymes, and is incorporated in many
proteins, signaling molecules, and the immune and nervous systems. Zn is important
for the functional stability of receptors. Its deficiency causes disturbances in immunity,
osseous tissue development, reproductive system and gastrointestinal tract functions; it
has a negative effect on skin, DNA, and neoplastic processes [15,16]. Pregnant women and
children are especially sensitive to Zn deficiency. The worldwide incidence of Zn deficiency
is estimated at approximately two billion people [3,13].

Selenium is needed for normal activity of nearly 50 human enzymes, including glu-
tathione peroxidase with its antioxidant activity, and thyroid deiodinase. A sufficient
selenium supply with food is a means to prevent cardiovascular diseases and neoplasia.
Se deficiency is observed in approximately 0.5–1.0 billion people, mostly in developing
countries, especially where crops are grown on micronutrient-poor soils, which leads to
high incidences of hypothyroidism, cardiomyopathies (Keshan disease), and degenerative
dystrophy of the musculoskeletal system (Kashin–Beck disease) [1,3,13,15,16].

Calcium is one of the important macronutrients and principal structural component in
the human musculoskeletal system and teeth. Like zinc, calcium is a cofactor for a number
of key enzymes in the blood coagulation system; its deficiency threatens children with
rickets, and elderly people with osteoporosis and coagulation disorders [17].

Iodine (I), iron (Fe), zinc (Zn), calcium (Ca), manganese (Mn) and selenium (Se) are
found in many food products, albeit in limited amounts. A monotonous diet, such as
the one that consists mostly of small grains crops’ flour, can provoke their deficiency.
Such deficiencies are more common for developing countries, where fresh food (vegeta-
bles and fruits) is not freely affordable, while developed countries, as a rule, experience
calcium deficiency [18,19].

In addition to mineral components, humans receive with plant food other substances
necessary for them, for example, vitamins of groups A, B, C, E, β-glucans, avenanthramides
and other biologically active compounds.

1.2. Bioactive Compounds, Dietary Fibers and Antioxidants

Not only micronutrients are important for biofortification, but also other compounds
in the composition of SGC grain. Small grains crops are sources of various types of dietary
fibers and antioxidants. The oat (Avena sativa L.) grain, for example, contains both insoluble
and soluble dietary fibers (β-glucans). Beta-glucans possess good functional properties.
Physiological effects of β-glucans are associated with specific features of their structure.
Their regular consumption decreases the content of glucose in blood, enhances excretion
of bile acids and improves their transport to the lower parts of the gastrointestinal tract,
and reduces the blood cholesterol level. Besides, β-glucans alleviate the course of celiac
disease [20], and serve as a preventive measure against ischemic heart disease (especially
when the daily dose exceeds 3 g) [9–11]. In addition to dietary fibers, oat grain contains
avenanthramides (AVA), a class of oat-specific phenolics, which makes oat products in-
dispensable for the population of the regions with a high percentage of skin disorders
caused by xerodermia, diabetes or atopic dermatitis [21]. AVA is a unique group of natural
alkaloids, contained solely in oat (grain and its hull, leaves, and roots) [22,23]. AVA have
been identified in both cultivated and wild oats [24,25]. The interest in AVA is induced
by the broad spectrum of their antioxidant, anticancer, antidiabetic, antiatherogenic, anti-
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inflammatory, vasodilating and antipruritic activity [26–30]. In their chemical structure,
AVA are diphenolic amides [25,31–36]. Various AVA fractions differ in their bioactivity
and bioavailability, which is associated with their chemical structure [32,37,38]. The most
bioavailable is AVA B. For AVA C, the lowest concentration is observed in blood plasma
after consumption, but the products of its metabolism are also bioactive [28,39]. AVA’s syn-
ergy with other antioxidants, such as vitamins E and C, is possible [40,41]. There is too little
information about the metabolism of AVA in a human organism and mechanisms of their
effect. The gut microbiota also participates in AVA metabolism, therefore an individualized
approach to human nutrition is required. A synthesized analog of AVA is the pharmaceuti-
cal drug Tranilast, currently used in Japan and the Republic of Korea as an antihistamine
medication to treat a whole number of allergies [42]. Total AVA content in an oat accession
was found to be determined not only by its genotype, but also by the environments where
it was reproduced (grown), plus by the genotype–environment interaction [24,25,43,44].

For humans, malnutrition and deficiencies in principal micro- and macronutrients
result in growth disturbances and anomalies in physical and mental development. Diseases
of alimentary nature are typical for the population of not only countries with low or
medium living standards, but also those with highly developed economies, food quality
being the main cause of that. The problem could be solved if the required diversity of food
products in the daily diet is made available to every individual all over the world, which
would secure the normal functional state of all human organs and systems [3].

Reportedly, the so-called ‘green revolution’, limited to active promotion of modern
SGC cultivars and concurrent reduction in the share of traditional legumes in the daily
diet, resulted in a serious nutritional imbalance in some countries. The common diet
transformed in this way changes the daily human micronutrient consumption. That is why
it is necessary to take into consideration many aspects (regional specificity of traditional
crop, adaptability of new biofortified varieties for the local specific) for resolving the
problem of malnutrition [4]. Small grains crops’ flour is the most popular food, but it’s
not an optimal source of essential amino acids, fatty acids, vitamins, minerals, etc. In
order to prevent insufficient intake of the main essential nutrients in the human body, it is
necessary to provide a sufficient diversity of food products, including those made from
new biofortified SGC varieties [2,4,5,45].

The basic objective in the implementation of any biofortification program is to enrich
staple crops with micronutrients, vitamins and other bioactive compounds that ensure
normal functioning of the human organism [2,4,5,45].

However, there is another rather significant problem. It lies in the fact that the greater
part of the world’s population cannot be provided with wholesome food, because products
with optimal nutrient composition or biofortified products fall under the category of
costly commodities [3].

Such a task may be practically implemented by the scientific community if the entire
potential of plant genetic resources at its disposal is employed.

A number of works provide data on releasing biofortified cultivars on the basis of
local SGC varieties, already adapted to the conditions of a particular region. Successful
exploitation of accessions from plant germplasm collections for the same purpose has also
been shown. It was the latter trend that we chose to pay closer attention to. Working with
any crop germplasm collection, including that of small grains crops, has serious advantages,
because solutions are sought using a fairly comprehensive inter- and intraspecific diversity
of accessions. The VIR collection, for example, harbors over 70,000 accessions of SGC from
various regions of the world. It contains wild-growing forms, landraces, primitive varieties,
and modern improved cultivars. Studying such material with the help of modern scientific
techniques, selecting sources and donors of not only a set of target compounds, but also
resistance to environmental stressors, and employing them in various breeding programs,
including those solving biofortification problems, will provide an opportunity to produce
new cultivars with desired properties and expand the assortment of higher-quality food
products available to a wider range of consumers [46].
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The purpose of this work was to examine main approaches associated with a long-
term biofortification strategy to eliminate malnutrition, concentrating on a number of SGC
as the most popular staple food crops. A special emphasis was made on the potential
of plant genetic resources collections, conserved and studied in different countries of the
world, including the collection of the N.I. Vavilov Institute of Plant Genetic Resources
(VIR) in Russia, as the most convenient and accessible bioresource, possessing the required
genetic diversity, which makes it possible to select from the available material the most
promising accessions for the development of new biofortified cultivars and improvement
of the existing ones.

The work with the VIR collection is presented here, using the results obtained by
studying the genetic diversity of oat accessions.

2. Biofortification Strategy

Biofortification is a long-term strategy aimed at an increase in the amounts of es-
sential micro- and macronutrients in major food sources that ensure their bioavailability.
Biofortification has many tools, the most important of them are shown in Table 2.

Table 2. The main biofortification tools [1–5,45,47].

Food Fortification Agronomic Strategy
Plant Breeding Strategy

Conventional Genetic Technologies-Based
Breeding Approaches

Enrichment of dairy products:
bread, milk, salt, wheat flour, etc.

with essential nutrients
Supplements of micronutrient
and vitamins (pharmacological
preparations of micronutrient

and vitamins)

Mineral fertilization
foliar and soil mineral fertilizing

Using of the genetic variability for
the development of

micronutrient-enhanced
crop varieties

Molecular Breeding
marker-assisted breeding

Genetic Engineering
direct genes introduction into

breeding varieties

The food products and crops may be used to “deliver” the required micro- and
macronutrients to the consumer. Plants consumed traditionally by humans accumulate
essential components in the bioavailable form, which facilitates their assimilation by an
organism [48]. This approach underpins the so-called biofortification strategy to combat
various types of hunger.

2.1. Food Fortification

The targets for enrichment should be either food crops themselves or products of
their processing, provided that they are commonly used in this or that region. In 1990, for
example, iodized salt started to be used against thyroid diseases. Later, the flour enriched
with zinc, iron sulfate and folic acid was introduced into usage, then the vegetable oil
with vitamins A and D, and sugar with vitamin A. Wheat (Triticum aestivum L.) flours,
vegetable and fruit juices, milk and other food products are supplemented simultaneously
with several essential elements (Zn and Fe, Ca and Se; vitamins A and D; B9 and Fe) [48].
It has to be added that expanding the assortment of biofortified products is crucial not only
for developing countries, but also for developed ones.

2.2. Agricultural Practices
2.2.1. Fertilizers Application to Enrich the Nutrient’s Content in SGC Grains

Biofortified crops may be produced using various agricultural practices: incorporating
fertilizers into the soil, sprinkling leaf blades with fertilizer solutions, etc. Such techniques
make it possible to increase not only yield, but also nutritional value of small grains crops.
In Finland and New Zealand, agricultural practices were used to solve the problem of
selenium deficiency in the population’s daily diet. In China, applying iodine-containing
fertilizers during watering operations on rice (Oryza sativa L.) fields increased the iodine
amount in rice NPK kernels. Selecting fertilizers and combining them with each other and
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with non-root feeding had a strong effect on both grain yield and grain quality, as witnessed
by S. Chwil [47]. For example, adding nitrogen, phosphorus and potassium fertilizers
to the soil would improve iron, zinc and selenium assimilation by plants [48]. Optimal
utilization of fertilizers, nitrogen ones included, was also discussed in the publication by
J.M. Shah et al. [49]. As mentioned previously, SGC quality may be improved using various
fertilization techniques. For example, Mohsen Janmohammadi et al., while experimenting
with barley (Hordeum vulgare L.), assessed the field application of slurries containing
chelated iron and zinc oxide nanoparticles [50]. A team of researchers showed that using
chelated forms of Helatonik and Nutrivant Plus Cereals fertilizers for foliar feeding of
spring barley under the arid agriculture conditions of Middle Volga provides up to 26%
yield increase, concurrently retaining high grain quality [51,52]. Shahab Khaghani analyzed
how the root system development in H. vulgare (cv. ‘Bahman’) was affected by a fungal
culture of Glomus intraradices combined with various concentrations of fertilizers containing
iron (Sequestrene 138) and zinc sulfate [53].

It is not a secret that part of fertilizers applied to the soil are not utilized by plants
and become a source of environmental pollution, entailing a negative effect on human
health. Therefore, environmental safety of crop farming is one of the major aspects in the
production of healthy food. F.H.M. Tang and F.B. Maggi assessed the possibility to use
human urine as a fertilizer for staple food crop production, which is especially important
for large urban areas [54]. Jawad Munawar Shah et al. studied the efficiency of soil nitrogen
utilization by plants. Testing different wild (XZ56 and XZ149) and cultivated (HXRL and
ZD9) barley genotypes resulted in identifying ZD9 and XZ149 as N-efficient. Higher
nitrogen levels in their tissues induced a considerable increase in the content of P, K, Ca,
Fe, Cu and Mn. The chloroplast structure in ZD9 and XZ149 appeared more resistant
to nitrogen deficiency due to a higher activity of nitrogen metabolism enzymes (nitrate
reductase, glutamine synthetase, nitrite reductase, glutamate synthase, and glutamate
dehydrogenase) [49].

Using fertilizers to obtain products with a required chemical composition is not
always economically justified, as it can make such products more costly and less available
to the needy [45].

2.2.2. Increasing Micronutrient’s Concentration in SGC Grains on Depleted Soils

Applying different options of fertilizers when growing oat on zinc-deficient soils
in Brazil had an effect on the micronutrient’s content in the grain [55]. Another study
uncovered that the barley landrace ‘Sahara’ was able to better accumulate zinc in its kernels
than the popular cultivar ‘Clipper’ (both were supplied by the Australian Winter Cereal
Collection) when grown on different soil types in Western Australia [56]. Shivay et al.
observed that fertilizing zinc-deficient soil in oat fields near Delhi not only increased the
yield, but also raised the micronutrient concentration in kernels to the levels required for
biofortification purposes [57]. In the southeast of Portugal, where soils are zinc-deficient,
10 advanced breeding lines and three commercial cultivars of bread-making wheat were
tested for zinc content in grain. Fertilizers were applied to the soil and sprinkled on the leaf
blades; after such treatment, the amount of zinc in grain increased by more than 20 mg kg−1.
This study proved a statistically significant effect of the genotype of wheat plants on their
ability to assimilate a micronutrient from the fertilized soil and sprinkled foliage. Cvs.
INIAV-1, INIAV-6, INIAV-9 and ‘Ardila’, which combined high yields with sufficient
levels of zinc accumulation in grain (45 mg Zn kg−1), were recommended for solving the
problem of zinc deficiency in food, faced by approximately 10% of the population in Spain
and Portugal [58].
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3. Plant Breeding Strategy
3.1. Conventional Plant Breeding
3.1.1. Studying of SGC Genetic Resources to Find Sources for Biofortification
Breeding Programs

Traditional biofortification breeding approach involves crosses between crop forms
with high amounts of target compounds and varieties adapted to local environments.
This approach requires assessing the existing biodiversity of the most popular food crops,
identifying crop accessions with sufficient levels of target compounds, and testing the
stability of these traits under various growing conditions, i.e., finding varieties adapted to
local environments. With this in view, improvement of the required characters should not
affect the yield or nutritional value of the tested crop varieties [45].

The analysis of barley grown in Finland showed that the total content of folic acid
in grain could reach 773 ng/g [9]. The study of 18 A. sativa genotypes in North Dakota,
USA, resulted in finding that the content of β-glucan in oat kernels was 5.2%, ash was 1.9%,
potassium was 3419 ppm, magnesium was 1416 ppm, calcium was 441 ppm, iron was
52 ppm, zinc was 26 ppm, and selenium was 0.38 ppm [59]. Among the studied germplasm,
the Italian cultivar ‘Novella Antonia’ (A. sativa) was singled out for its higher α-tocopherol,
α-tocotrienol and ß-tocotrienol contents. High levels of AVA (up to 3.0 g kg−1) were found
in few A. sativa accessions, like ‘Glasnevin Triumph’, and an accession of A. byzantina.
The study revealed a fairly wide diversity of Avena accessions in the antioxidant activity
indicators and confirmed that biochemical parameters of oat grain are influenced by
not only the environment, but also close interaction between abiotic factors and genetic
features of the crop. [24]. In A. sativa cultivars, AVA may range within 25–80% of the total
amount of soluble phenols in grain [60]; therefore, this species is notable for its extensive
genetic variability both in the total AVA and in their separate fractions. North American
cultivars contained 18.3–163.4 mg/g of AVA, with their maximum in cv. ‘Deiter’ [61]. In
Chinese naked oat cultivars, the total AVA content varied within 3.73–71.85 mg/g DW [62].
According to Chen et al. [41], the maximum value of the total AVA in the group of Chinese
cultivars was 29.3 times higher than the minimum (5.01–146.94 µg/g). The highest content
was observed in the hulled cultivars ‘Longyan 3’ (146.94 µg/g) and ‘Beiyan 1’ (120.95).
When 29 naked and 10 hulled Chinese cultivars were reproduced in four regions of China,
the total AVA content in the accessions varied in the range of 22.1–471.2 mg/kg. Meanwhile,
113 accessions (72.4% of the entire set) showed 30–120 mg/kg, and in only four accessions
(2.6%) it exceeded 300 mg/kg. The levels of major AVA also varied considerably: AVA C
within 6.24–136.20 mg/kg, AVA A within 6.07–112.25, and AVA B within 7.26–222.77 [44].
The basic effect on the variability of this character was produced by the environment. The
highest AVA values were recorded for the accessions reproduced in Gansu. The naked
cv. ‘Bayou 9’ manifested there the maximum in AVA (471.2 mg/kg); its values for the
same cultivar in three other regions varied from 48.2 to 190.8 mg/kg. The total content of
three main AVA in the groat of Mexican cultivars varied within 1.8–9.9 mg/kg; with this,
the cultivars differed in the content of individual fractions. The maximum was observed
in the genetically modified cv. ‘Avemex’ [63]. In Finnish hulled oats, total AVA varied
from 26.7 (cv. ‘Avetron’) to 185 mg/kg (cv. ‘Viviana’), the latter showing the highest
values of AVA C (39.2 mg/kg), AVA A (29.6), and AVA B (21.9) [64,65]. In Czechia, cvs.
‘Shadow’ (Canada), ‘Valiant’ (Netherlands) and ‘Atego’ (Czech Republic) were identified
for total AVA levels exceeding 250 mg/kg DW [36]. According to Leonova et al. [25], total
AVA in 160 wild and cultivated oat accessions reproduced in 2010–2014 varied from 4 to
1825 mg/kg WW. In some years, high AVA values were recorded for accessions of A. sterilis
(nearly 2 g/kg), A. insularis and A. longiglumis (600–700 mg/kg), and A. sativa (cv. ‘Numbat’,
551.35 mg/kg). It has already been mentioned that the AVA content is influenced by the
growing conditions, including agricultural practices employed. An increase in the nitrogen
level due to fertilization was found to be accompanied by reduced AVA levels in the grain
of winter oat cultivars. With this in view, cultivars with higher AVA contents (cvs. ‘Mascani’
and ‘Tardis’) responded more expressly to changes in the soil nitrogen concentrations than
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those with lower values (semidwarf cv. ‘Balado’, and cv. ‘Gerald’) [66]. Significant genetic
variability in the populations of small grain crops including A. sativa is a prerequisite to
select cultivars that may serve as potential sources of high content of bioactive compounds
like AVA during their certification trials and zoning. Complex evaluation of the oat grain
composition revealed positive correlations between total AVA and protein, and between
AVA and ash, i.e., total minerals [62,63]. Germinated oat kernels can also serve as AVA
sources. In this case, the composition of these compounds will change in the sprouted
plantlets, and their content may become up to 25 times higher than in seeds, depending on
the cultivar [34,66]. Although AVA do not possess high heat resistance, novel processing
techniques make it possible to preserve them in the customer-targeted end products [67].
Analyzing 45 oat products showed that the AVA content in oat flour (33–70 µg/g), oat bran
(33–94) and oat cereal (25–78) was matchable with that in whole grain oats (37–45). If the
share of oat raw material in the finished product is small, the AVA content will also be
insignificant, as, for example, in oat biscuits and bread (5–6 µg/g) [33]. These data are in
line with the results obtained by other experts [68]. AVA’s amounts given in this section
are shown in Table 3.

Table 3. Avenanthramide’s contents in oat varieties, cultivars and oat products.

Oat varieties, Cultivars, Oat Products Avenanthramide’s Amounts

European A. sativa cultivars and
A. byzantine cultivars total AVA: up to 3.0 g /kg [24]

North American A. sativa cultivars total AVA: 18.3–163.4 mg/g [61]
Chinese naked oat cultivars total AVA: 3.73–71.85 mg/g DW [62]
Chinese hulled oat cultivars

(cv ‘Longyan 3’;
cv ‘Beiyan 1’)

total AVA: 5.01–146.94 µg/g [41]
total AVA: 146.94 µg/g [41]
total AVA: 120.95 µg/g [41]

Chinese 29 naked and 10 hulled cultivars
- » -
- » -
- » -

naked cv. ‘Bayou 9(reproduced in Gansu
region of China)

naked cv. ‘Bayou 9 (reproduced in other
regions of China)

total AVA: 22.1–471.2 mg/kg [44]
AVA C: 6.24–136.20 mg/kg [44]
AVA A: 6.07–112.25 mg/kg [44]
AVA B: 7.26–222.77 mg/kg [44]

total AVA: 471.2 mg/kg [44]
total AVA: 48.2 to 190.8 mg/kg [44]

Mexican A. sativa cultivars
(modified cv. ‘Avemex’)

total AVA: 1.8–9.9 mg/kg [63]
total AVA: 9.9 mg/kg [63]

Finnish hulled oats: cv. ‘Avetron’
cv. ‘Viviana’

total AVA: 26.7 mg/kg [64]
total AVA: 185 mg/kg [64]
AVA C: 39.2 mg/kg [64]
AVA A: 29.6 mg/kg [64]
AVA B: 21.9 mg/kg [64]

A. sativa cultivars (cv. ‘Shadow’ (Canada);
‘Valiant’ (Netherlands); ‘Atego’ (Czech

Republic) reproduced in Czechia
total AVA: over 250 mg/kg DW [36]

160 wild and cultivated Avena accessions
reproduced in Russia:

A. sterilis
A. insularis and A. longiglumis

A. sativa

total AVA: 4–1825 mg/kg WW [25]
total AVA: nearly 2 mg/kg WW [25]
total AVA: 600–700 mg/kg WW [25]
total AVA: 551.35 mg/kg WW [25]

3.1.2. Development of Biofortified SGC Cultivars under Irrigated and
Non-Irrigated Conditions

Pursuing a decrease in the incidence of iron deficiency anemia in Central Asian
countries and Kazakhstan, dihaploid bread wheat lines were selected for their stable high
Fe content under both irrigated and non-irrigated cultivation conditions. These lines can
serve as promising sources for the biofortification trend in wheat breeding: DHL-1 (70
and 60 mg kg−1), DHL-3 (63 and 60 mg kg−1), DHL-9 (63 and 61 mg kg−1), DHL-41 (61
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and 69 mg kg−1), and DHL-54 (67 and 60 mg kg−1) [59,69] observed higher Fe levels
(≥60 mg kg–1) in a majority of spring barley cultivars under the conditions of Almaty
Region, which allowed them to recognize the potential of the studied area for biofortified
crop production.

3.2. Genetic Biofortification

One more biofortification approach is based on improvement of cultivar genotypes. It
can be done via traditional breeding or genetic technologies-based breeding approaches,
such as marker-assisted selection or next-generation breeding (combination of genome
editing with traditional breeding). Traditional breeding techniques are combined with
genetic technologies-based breeding approaches to accelerate the process. Higher micronu-
trient concentrations in staple crop grains may be achieved through the expression of
genes controlling the activity of micronutrient-carrying proteins, reductases and enzymes,
phytosiderophore synthesis, etc. [45]. For this purpose, plant forms with high content of
target compounds (minerals, vitamins, other biology active substances) and tolerant to
the different stress factors are most promising for hybridization and need to be selected.
Usually, such forms may be found among wild relatives of cultivated wheat, oat, barley,
rice, etc. As for genetic modifications of staple food crop accessions, the impact of their use
on human health remains underexplored. Some countries introduce barriers and formal
bans on both cultivation and distribution of genetically modified crops [15,70].

Finding solutions to nutritional integrity problems of human diet on a planetary scale
requires the use of the entire scientific potential available now. Efforts have been made
to produce multibiofortified cultivars, e.g., by simultaneous enrichment of grain with
several valuable components: iron, zinc and vitamin A; folic acid, selenium, tryptophan
and lysine, etc. [4].

Current efforts are mainly focused on solving the problem of Fe, I and vitamin A
deficiencies, although the deficiency in Zn, Cu, Se and other vitamins (e.g., riboflavin,
vitamin C and vitamin B12) in the daily diet remains a no less urgent problem [4].

To meet biofortification challenges, genetic studies are vigorously going on for staple
SGC. Behzad et al. conducted an experiment to locate genes controlling the content
and distribution of micronutrients in barley kernels. A number of quantitative trait loci
(QTL) were identified under both field and glasshouse conditions, which attested to their
relative independence from the environments, while molecular markers on the short arm
of chromosome 2H were recommended for use in breeding programs to develop high-
yielding barley cultivars with an increased Zn content in grains [56]. Three-year trials
of 369 elite cultivars of winter (355 cvs.) and spring (14 cvs.) wheat from 13 European
countries (Germany, France, Poland, Denmark, Austria, Czech Republic, United Kingdom,
Sweden, Switzerland, Hungary, Italy, Belgium, and The Netherlands) revealed that the
amount of zinc in wheat kernels was strongly affected by not only the genotype, but also
the ecogeographic environment of the cultivar’s growing area. Zinc content in the tested
accessions varied from 25.05 to 52.65 µg g−1. Cv. ‘Haven’ manifested the highest values
(52.67 µg g−1 DW). It was shown that chromosome segments 3B and 5A, associated with
genes regulating zinc accumulation in wheat grain, such as MAPK and bZIP, might be
used in the future for the development of cultivars with high zinc levels [71]. Swamy
et al. performed successful experiments on crossing the popular high-yielding rice cultivar
‘Swarna’ with the accessions of the wild rice species O. nivara (IRGC81848 and IRGC81832),
which had high levels of zinc and iron content in grain. The researchers found out that
a majority of QTL alleles responsible for micronutrient concentrations were located in
O. nivara. Thus, crosses with wild forms led to the release of high-yielding rice lines with
high zinc and iron concentrations in their grain, which may help to solve the problem of
micronutrient deficiency in food products [72]. An increase in the activity of functionally
overlapping heavy metal transporting P1B-ATPases (HMAs) can also be employed to obtain
SGC cultivars with a higher zinc content in their endosperm [73]. Xue et al. analyzed
the impact of the genotype and climate conditions on the content of some macro- and
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micronutrients in grain of 60 lines in a barley RIL (recombinant inbred line) population
from crosses between cvs. ‘Karl’ and ‘Lewis’, segregating for the SSR marker Hvm74,
linked to grain protein content (GPC) locus (HvNAM-1), which controls protein level in
the environments of Yunnan-Guizhou Plateau, Southern China. Micronutrient amounts
significantly depended on the interactions between genetic and weather factors. Besides,
Xue et al. assumed that the genes of the GPC locus may affect the accumulation of certain
bioactive compounds (phytate, phenolics and flavonoids) and micronutrients (P, Zn and
Fe) in grain, especially Zn and Fe, which may be used in future to expand the assortment
of biofortified produce [74].

The research results obtained for wheat accessions from the International Maize
and Wheat Improvement Center (CIMMYT, Mexico) showed that the highest Fe and Zn
contents were registered for T. dicoccum Schrank (29–57 and 25–53 µg g−1, respectively) [75].
According to the data of the International Rice Research Institute (IRRI, Philippines), high
Fe and Zn content values (18–22 and 24–35 µg g−1, respectively) were identified for the
grain of the aromatic rice lines Jalmagna, Zuchem and Xua Bue Nuo [4]. The experiment
performed by George et al. in Scotland ascertained that traditional landraces of barley
(H. vulgare), small oat (A. strigosa Schreb.) and common oat (A. sativa), when grown on local
alkaline soil, accumulated manganese much better than their commercial analogs [76].

4. Micronutrient Bioavailability and Safety

Antinutrients convert micronutrients into forms that cannot be assimilated by the
human organism. They include phytic acid, oxalic acid, tannins, etc. The presence of phytic
acid salts (D-myo-inositol, 1,2,3,4,5,6-hexakis [dihydrogen phosphate]) in food contributes
to a decrease in the amount of iron delivered to the human organism. In other words, those
who work on biofortified cultivar development should take into account the problem of
micronutrient bioavailability [45]. In this regard, mutagenesis was used to develop barley,
rice cultivars with low levels of phytic acid content [77]. Wheat and rice cultivars with the
fungal phytase gene [78,79] improve iron assimilation; SGC cultivars with a low oxalic acid
content [80] increase calcium assimilation.

Soil composition can include trace elements that produce a negative effect on human
health. For example, cadmium, even in small concentrations, is toxic to live tissues. It con-
tributes to a loss of calcium by the human organism, provokes osteoporosis manifestations
and neoplastic processes. That is why scientists are working on mitigating the hazards
of toxic compound accumulation in plant tissues. Tanhuanpää et al. [81], for example,
concentrated their efforts on the search for DNA markers capable of identifying oat geno-
types with low cadmium accumulation rates in grain. The spring oat cultivars ‘Aslak’ and
‘Salo’, and their hybrids, grown in glasshouses, were used to identify four DNA markers
important for breeding.

Among the research trends of high demand, are those studying the interplay between
the accumulation of harmful components (cadmium) in plant tissues and human-friendly
micronutrient levels. Detterbeck et al. [82] analyzed 136 lines of H. vulgare L. (landraces
and cultivars) from the genebank department of the Leibniz Institute of Plant Genetics and
Crop Plant Research, Gatersleben, and found out that zinc and manganese accumulated
mostly in the embryo tissues of oat grain, if compared with the endosperm or hull, whereas
iron amassed in aleurone cells. For barley, an increase in grain zinc content occurred
simultaneously with a cadmium increase. This study confirmed close connections between
Zn, Mn and Cd amounts in H. vulgare kernels. Meanwhile, using the potential of SGC
genetic resources from genebanks of different countries may help to find source materials
combining low cadmium content in grain and high values of target micronutrients. Such
sources may be successfully employed in fortification breeding programs [82]. Other re-
searchers investigated the effect of the presence of cerium and titanium oxide nanoparticles
in soil on barley grain quality indicators. The presence of such nanoparticles had a negative
effect on the yield in general and on the amylose content in grain, but its effect was positive
for the total protein amount, the content of most amino acids (especially lysine), and the
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levels of micronutrients (Ca, Mg and Zn). Such experience underlines the vital importance
of learning about the effect of nanofactors on the basic indicators of grain biofortification
value [83]. It was proved that organic and mineral fertilizers coerced staple crop grains to
accumulate more trace elements, and not only those eligible for healthy nutrition (Zn, Cu
or Ni), but also toxic for a human organism (As, Pb and Cd). Moreno et al. [84] analyzed
the results of applying biochar in combinations with organic (compost and sewage sludge)
and inorganic (NPK and nitrosulfate) fertilizers in the central part of the Iberian Peninsula
(Spain) and its effect on the qualitative composition of barley grain. They found out that
biochar application reduced the content of Pb and Cd, but slightly raised the As amount,
with practically no effect on the Zn, Cu and Ni levels. Moreno et al. concluded that the
use of biochar, inter alia, for biofortification purposes had great potential, but required
further research [84].

The possibility of increasing the content of Fe and Zn with a simultaneous decrease
in Pb and Cd in SGC grains has been studied for a long time. Ishikawa et al. showed
that an increase in phloem-sap concentrations of DMA (2′-deoxymugineic acid) and NA
(nicotianamine) contributed to zinc and iron accumulation, and a decrease in OsNRAMP5
(rice natural resistance-associated macrophage protein5) led to an abrupt drop in cadmium
in rice kernels [85]. Masuda et al. confirmed that an increase in DMA and NA levels in
rice grains correlated with enhanced Fe, Zn and Cu concentrations in them [86]. Goto et al.
observed that iron content directly depended on the amount of ferritin in rice grain [87]
Ishikawa et al. selected rice accessions with a mutation in OsNRAMP5, responsible for
cadmium transport in plants, that demonstrated low cadmium content in grain [88].

5. Studying Collections of Plant Genetic Resources for Biofortification Purposes
5.1. Collections of SGC Plant Genetic Resources and Biofortification Strategy

Plant genetic resources are a source of all components guaranteed by evolution to
support human life functions. The work with them prioritizes comprehensive studying of
the worldwide diversity of cultivated plants and their wild relatives in order to disclose
their potential in the context of the most important traits, which will make it possible
to improve existing cultivars and develop new ones to meet the most important human
need for wholesome nutrition. [46,89]. Ma et al. searched for sources of high iron content
for biofortification purposes in two collections of geographically diverse barley genetic
resources: Barley Germplasm Center of the Research Institute for Bioresources, Okayama
University (274 accessions), and Barley Core Collection of Americas (135 accessions). The
highest iron content with a wide range of variation (21.0–83.0 mg kg−1) was observed
in naked barley accessions, their origin having no effect on this trait. Ma et al. admitted
the need for more profound studies into the physiology of the processes whereby plants
extract micronutrients from the soil, transport them to and accumulate in their tissues
in order to use the resulting data in biofortification breeding programs [90]. At present,
this issue is incessantly investigated [91]. According to Redaelli et al. [24], who assessed
the content of major oat antioxidants (tocopherols, tocotrienols, and AVA), the grain of
various Avena spp. from European plant genetic resources collections stably demonstrated
higher levels of α-tocopherol (6–65 mg kg−1 289), α-tocotrienol (4–135 mg kg−1 290),
and AVA (up to 4.1 g kg−1) than other SGC involved into the research. Kaur et al. [92]
identified A. sativa genotypes OL-1843, OL-1873 and OL-1865 from the Department of
Plant Breeding and Genetics, Punjab Agricultural University, with high levels of starch,
sugars (fructose included), protein, zinc, iron, and dietary fibers, and a low content of
antinutrients (phytic acid, saponins and tannins) for further ecogeographic research and
use in breeding programs [9]. A long-term ecogeographic study was undertaken to test
650 oat accessions representing wild relatives, landraces, traditional, obsolete and modern
cultivars selected from European plant genetic resources databases. The tests showed that
A. strigosa accessions contained significant amounts of α-tocotrienol, α- and ß-tocopherols,
and AVA up to 4.1 g kg−1, whereas wild A. hirtula and A. barbata were distinguished for
γ- and δ-tocopherols [24]. A testing of 137 accessions representing European cultivated
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and wild oats, reproduced in seven regions of Europe, resulted in identifying accessions
with the highest AVA content: A. strigosa (1.9–4.1 g/kg) grown in Bulgaria, and A. strigosa
(2.6–3.8), A. byzantina (1.8) and A. sativa (cvs. ‘Magda’ and ‘Glasnevin Triumph’ had 1.7 and
2.7 g/kg, respectively) grown in Sweden. Maximums were recorded for wild oat forms
(240–1585 mg/kg) [24].

5.2. The Potential of VIR Collection of Oat Genetic Resources in Biofortification Strategy

It was mentioned earlier that a decisive role in the search for biofortification breeding
solutions must be played by the ex situ collections of SGC genetic resources maintained in
many countries, including the collection held by the N.I. Vavilov All-Russian Institute of
Plant Genetic Resources (VIR), with its vast diversity of SGC accessions.

There are approximately 14,000 accessions of Avena L. in VIR’s holdings. These are
wild oat species and a worldwide diversity of cultivated oats, represented by landraces,
cultigen populations, obsolete cultivars, modern improved cultivars, and breeding lines.
They have integrated the complete geographic diversity from all continents. Complex
studies of this material enable researchers to identify sources for plant breeding and submit
them to leading breeding centers over Russia for crop improvement [89,93–97].

VIR’s research efforts helped to select SGC accessions with the biochemical composi-
tion optimal for solving biofortification tasks in the environments of Leningrad Province,
Russia. Among the selected oat accessions, were those resistant to Fusarium and containing
high amounts of the vitamin F (linoleic, linolenic and arachidonic fatty acids): cvs. ‘Arga-
mak’, ‘Sig’, ‘Kreol’, ‘Otrada’, ‘Rovesnik’ (Russia); ‘Boog’ (Belarus); ‘Circle’, ‘SW Ingeborg’
(Sweden); ‘Borrus’, ‘KWS Contender’, ‘Scorpion’, ‘Typhoon’ (Germany); ‘Denton Dwarf’
(Denmark), etc. [95,98]. The study conducted by Leonova et al. [97] ascertained that the
content of oil is typically higher in wild oats, while that of essential polyunsaturated fatty
acids (linoleic and linolenic) is higher in cultivated ones. The identified accessions of
A. sativa (cvs. ‘Fakir’ and ‘Allur’, Russia) had the following respective levels of these acids:
43.1 and 1.5%; 43.1 and 2.1% [97]. The hexaploid wild species A. occidentalis demonstrated
significant amounts of vitamin F and sitosterol; the latter compound was high in the
tertraploid A. agadiriana and hexaploid A. sterilis [94]. Bityutskii et al. [50] studied SGC
accessions from VIR and found out that the oat and barley germplasm collections held
by VIR could be used by breeders as sources of higher essential micronutrient content.
For example, barley cvs. ‘S79b-Morex’ (Germany) and ‘Galleon’ (USA) had the highest
Fe content. In addition, ‘Galleon’ showed the highest levels of Zn (32 mg kg-1) and Mn
(21 mg kg−1). ‘Vada’ (Netherlands) and ‘Haruna Nijo’ (Japan) had relatively high total
micronutrient contents. Among oat cultivars, ‘Rovesnik’ and ‘Pamyati Balavina’ (Russia)
demonstrated the highest Fe content (C36 mg kg−1). “Rovesnik” was the best not only in Fe
but also in Zn and Mn [99]. In another research project, Bityutskii et al. [100] observed that
the oat accessions from VIR possessed high potential for the development of new advanced
cultivars combining high protein and oil contents in grain with sufficient concentrations of
major micronutrients, so they could prove instrumental in solving biofortification tasks. In
addition to the well-balanced micronutrient composition, grains of wild A. sterilis forms
are able to accumulate considerable amounts of phenolic compounds, such as AVA; their
content reached 1825 mg kg−1, against 586 mg kg−1 in cultivated oat grain. Among cul-
tivars, both the lowest (12 mg kg−1) and highest (up to almost 600 mg kg−1) AVA levels
were found in naked oat. Our data showed strong influence of environmental conditions
on AVA grain, the possibility to use them in breeding programs aimed at the development
of biofortified cultivars [96]. Yarosh and Nizova found out that presowing treatment of
hulled oat seed with a 0.004% solution of succinic acid helped to improve grain quality
indicators (the content of oil, protein, and vitamins of the B group). The highest levels of
protein and oil (higher than the reference by 5–8 and 10–13%) were identified in cv. ‘Astor’
(Netherlands), thiamine (by 9–16%) in ‘Hadmerslebener AG’ (Germany), and riboflavin
(by 13–19%) in ‘Borrus’ (Germany) [101]. Many years of researching a set of naked oat vari-
eties from the VIR collection resulted in finding stably high levels of thiamine (9.83–11.61
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mg/kg) and riboflavin (1.84–1.94 mg/kg) in cv. ‘Pioner’, WIR-2301 (Russia) and cv. ‘Platek’
(Poland); only thiamine in accessions WIR-10511, WIR-10795 (Russia) and WIR-2468 (Mon-
golia); only riboflavin in cv. ‘Lyubimets’ (Russia) and accessions WIR-4958 and WIR-10835
(China). Besides, an optimal ratio of Omega-3 and Omega-6 fatty acids in the oil of the
identified accessions was close to one [102]. A study employing 82 accessions of A. sativa
and A. byzantina from the VIR collection helped to identify high vitamin F content in the
hulled oat forms WIR-13398 (France), WIR-11840 (Germany) and WIR-13388 (Finland), and
the naked accessions WIR-11354 (Germany) and WIR-11213 (Czechia) [103]. Ecogeographic
trials involving 13 A. sativa varieties of diverse origin from the VIR collection, performed at
the Institute’s branch stations in different soil and climate zones of Russia, showed that the
environments of the Volga basin were conducive to riboflavin accumulation in oat kernels
(2.14 mg/kg for hulled oats and 1.80 for naked ones). No reliable relationships were found
between thiamine content and environmental factors, although the analysis of variance
proved that the latter had a stronger effect on vitamin content than the genotype [104].

Thus, the study of collections of plant genetic resources provides an inexhaustible
source for creating new varieties and improving already existing ones with necessary
chemical composition with high resistance to stressful environmental conditions, which
can be successfully used for biofortification purposes.

6. Conclusions

Biofortification is a long-term strategy. To make it efficient for nutritional enrichment
of the global diet, it should employ the entire existing potential of SGC genetic resources
across different countries and the achievements in various areas of modern biology.

In this review, we have focused on the representatives of SGC, which can be attributed
to the most widespread food resources accessible to most of the people. Moreover, SGC are
sources of not only highly nutritious protein and carbohydrates, but also micronutrients,
vitamins and other bioactive compounds. The content of these compounds in grains of
a number of oats, barley and other SGC cultivars reaches values sufficient for normal
functioning of a human organism when such cultivars are used in a daily diet.

Development of biofortification trends requires wider utilization of plant genetic diver-
sity to produce cultivars with a targeted biochemical composition, adapted to cultivation
in versatile ecogeographic environments, on different soils, including those deficient in
micronutrients, which would make food products of higher quality available to a wider
range of consumers.

To find solutions to this problem, a comprehensive study of plant genetic resources
from the collections located in scientific centers around the world should play an invaluable
role, as it would help to develop new SGC cultivars that can be successfully used to
eliminate malnutrition.
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