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Abstract

Climate change is connected to many undesirable aspects which may strongly affect
agricultural production in the future, not only in the Czech Republic but also in other
countries in Central Europe. The most serious risks with the main impacts on agricultur‐
al production are the frequency and intensity of occurrence of extreme events. Prob‐
lems caused by drought and its impact on agricultural production are starting to be serious
and urgent. One of the solutions is using the drought-tolerant/resistant species and/or
varieties more adaptable to water stress. Sorghum and foxtail millet might be the solution
for Czech conditions. They can provide good yields even in dry periods. This study
discusses grain quality of foxtail millet and biomass quality in the case of sorghum. In
addition, the benefits of cultivation of these two species and current knowledge from a
scientific point of view are summarised here.

Keywords: sorghum, foxtail millet, genetic resources, alternative crops, biomass pro‐
duction

1. Current situation

Climate change is connected to many undesirable aspects which may strongly affect agricul‐
tural production in the future, not only in the Czech Republic but also in other countries in
Central Europe. The main signs of these changes are a lack of water, extreme fluctuation of
weather, movement of vegetation, and floods. The most serious risks are then the frequency
and intensity of occurrence of extreme events. The main impacts on agricultural production are
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declines in yield, increased crop failure, change in the geographical distribution of some plant
species, the occurrence of invasive species, thermophilic diseases and pests, etc. Problems caused
by drought and its impact on agricultural production are starting to be serious and urgent. In
the Czech Republic, the most outstanding period of drought was recorded in 2012. In the region
of South Moravia (part of the Czech Republic), the yield of winter wheat was lower by 22.8% in
comparison with 2011. Czech agriculture faced a similar situation in 2015. Because these
situations may repeat in the future as well, the Agrarian Chamber of the Czech Republic and
the Ministry of Agriculture issued a recommendation and long-term system actions leading to
the involvement of the state in solving these situations in the future. One of the recommenda‐
tions is using non-technical measures, such as breeding and selection of drought resistant species
and varieties more adaptable to water stress and more resistant to changing climate conditions.

Sorghum and foxtail millet might be the solution for Czech conditions. Research on the
suitability of both mentioned species in the Czech Republic has been carried out at the Crop
Research Institute (CRI) since the 1990s. The main aim is to evaluate and select suitable
genotypes of sorghum and foxtail millet for human consumption, which may be an alternative
to grain and for biomass production for arid areas of the Czech Republic as well as other
countries in Central Europe. Both of these crops belong to the C4 species, which can better
manage water through photosynthesis. They can provide good yields even in dry periods. This
study discusses grain quality of foxtail millet and biomass quality in the case of sorghum. In
addition, the benefits of cultivation of these two species and current knowledge from a
scientific point of view are summarised here.

The group of millets refers to a number of different species such as Panicum miliaceum L.,
Pennisetum glaucum (L.) R.Br., Setaria italica (L.) P. Beauv. [1] early together with sorghum
(Sorghum bicolor L.), and even maize (Zea mays L.). Millets and sorghum belong to the oldest
cultivated crops, which have been very important staples and ethnobotanical crops in the semi-
arid tropics of Asia and Africa for centuries [2, 3]. The millets and sorghum are various grass
crops that are harvested for human food, animal feed, and medicinal purposes [4]. Sorghum
is the fifth most important cereal in the world after wheat, rice, maize, and barley. Some 49
and 55% of the world's millet and sorghum cultivation areas, respectively, are in Africa. In
India, millet is said to constitute the fourth most commonly grown cereal, following rice, wheat,
and sorghum [5]. Although sorghum and millets account for about the same total production
as maize, they account for nearly twice the cultivated area [1].

Foxtail millet and sorghum are high energy [6], nutritionally equivalent or superior to other
cereals [7], and do not contain gluten-forming proteins. Sorghum is also a potentially important
source of nutraceuticals such as antioxidants, phenolics, and cholesterol-lowering waxes [8].
Foxtail millet and sorghum play a significant role in food security for developing countries in
Asia and Africa and also play a growing role in processing and new alternative products for
the developed world [7]. They are of value especially in semiarid regions because of their short
growing season and higher productivity under conditions where another cereal crops may fail
[9]. Compared to other cereals, millets are mainly suited to less fertile soils and poorer growing
conditions, such as intense heat and low rainfall [4, 9].

Alternative Crops and Cropping Systems4



2. Introduction

2.1. Foxtail millet

Foxtail millet [Setaria italica (L.) P. Beauv.] is one of the oldest cereals in Eurasia [10], grown
since 5000 BC in China and 3000 BC in Europe. It probably evolved from the wild green foxtail
millet—Setaria viridis (L.) P. Beauv. [11–13]. The geographical origin of foxtail millet is still a
controversial issue [14]. Its domestication could have taken place anywhere across its natural
range extending from Europe to Japan, perhaps even several times independently; it was most
probably first domesticated in the highlands of central China, from where it spread to India
and Europe soon thereafter [11, 15]. At present, foxtail millet is cultivated all over the world,
being most important in China, India, Indonesia, the Korean peninsula and south-eastern
Europe [16]. In most countries in the world, foxtail millet is cultivated mainly for production
of grains for human consumption. The tiny grains are milled into flour used for preparation
of different dishes (puree, cakes, etc.). In China, Korea, and Japan, foxtail millet is important
for beer preparation, with the sprouted seeds used instead of malt. Thanks to fermentation,
various alcoholic beverages are prepared [17]. In Europe, seeds of foxtail millet are used for
poultry feeding and plants are cultivated as a fodder crop for green biomass or hay production.

2.2. Sorghum

The greatest diversity in both cultivated and wild types of Sorghum Moench is found in north-
eastern tropical Africa. It is thought that the crop was domesticated in Ethiopia by selection
from wild sorghum types between 5000 and 7000 years ago [18]. Doggett [19] also considered
Ethiopia and the surrounding countries as a centre of domestication. From north-eastern
Africa, sorghum was probably distributed all over Africa and along shipping and trade routes
through the Middle East to India [20]. Sorghum probably travelled overland from India and
reached China [9] and South-East Asia [20] along the silk route about 2000 years ago. It might
also have gone by sea directly from Africa. Chinese seamen reached Africa's east coast more
than 1000 years ago (probably in the eighth century AD), and they may well have carried some
seeds home [9]. From West Africa, sorghum was taken to the Americas through the slave trade.
It was introduced into North America for commercial cultivation from North Africa, South
Africa, and India at the end of the nineteenth century [20]. It was subsequently introduced into
South America and Australia, where it has become an established grain and fodder crop. It is
now widely cultivated in drier areas of Africa, Asia, the Americas, Europe (France, Italy, and
Hungary) as well as Australia, Russia, and Argentina. It is cultivated between 50°N and 30°S
latitude and up to 2200 m above sea level [16, 18]. Sorghum types exclusively cultivated for
the dye in the leaf sheaths can be found from Senegal to Sudan [20]. Sorghum was introduced
to the Czech Republic in the 1920s when it was used mainly as a fodder crop. Until 1950, the
area of cultivated sorghum was higher than the introduced new maize varieties. In the first
decade of the twenty-first century, the higher interest in sorghum cultivation is connected with
the development of renewable energy for power plant feeding by biomass production due to
the fact that sorghum provides it in high quality and amount.
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3. Morphology

3.1. Foxtail millet

Foxtail millet is an erect annual grass [11], between 0.6 and 1.2 m tall, tufted, often variously
tinged with purple. Its root system is dense, with thin wiry adventitious roots from the lowest
nodes [15] (Figure 1).

The stem is erect, slender, tillering from the lower buds, sometimes branched. Primitive
cultivars have numerous, strongly branched stems, while advanced cultivars produce a single
stem with a large, solitary inflorescence [11].

Its leaves are alternate, simple [11]; leaf sheath cylindrical, 10–15 (−26) cm long, glabrous or
slightly hairy; ligule short, fimbriate; blade linear-acuminate, 16–32 (−50) × 1.5–2.5(−4) cm,
midrib prominent [15], slightly rough [11].

The inflorescence is a spike-like panicle 5–30 × 1–2(−5) cm, erect or pendulous, continuous or
interrupted at the base; the rachis is ribbed and hairy; the lateral branches are short, bearing
6–12 spikelets. The spikelets are almost sessile, subtended by 1–3 bristles up to 1.5 cm long,
elliptical, usually about half as long as the bristles [11].

Its fruit is a caryopsis (grain) [11], which is enclosed in coloured hulls [11, 21, 22] with the
colour depending on the variety [21]. The grain is broadly ovoid, up to 2 mm long [11]. The
colour of the grain varies from pale yellow to orange, red, brown, or black [23]. Generally,
foxtail millet seeds are not dormant [24]. The 1000-seed weight is about 2 g [23].

Foxtail millet has a short vegetation crop [24]; total crop duration is 80–120 days, although
some cultivars only need 60 days to mature [11]. Foxtail millet is largely self-pollinating with
an average outcrossing rate of 4%; natural hybrids between wild and cultivated types occur.
Foxtail millet has largely lost the ability of natural seed dispersal and shows a tendency toward
uniform plant maturity [11].

3.2. Sorghum

Sorghum comes in many types. All, however, are coarse, cane-like grasses between 0.5 and 6
m tall [9], depending on the variety and growing conditions [25]. Most are annuals; a few are
perennials [9]. Its roots are concentrated in the top 90 cm of the soil but sometimes extending
to twice that depth, spreading laterally up to 1.5 m [9, 20].

The stem (culm) is solid [20], or sometimes with spaces in pith [26], usually erect [9, 20], 5–30
mm in diameter [25]. Stems may be dry or juicy. The juice may be either insipid or sweet. Most
have a single stem, but some varieties tiller profusely, sometimes putting up more than a dozen
stems. These extra stems may be produced early or late in the season [9].

The leaves are alternate, simple [20], broad and coarse, looking much like those of maize [9]
but are shorter and wider [25]. A single plant may have as few as 7 or as many as 24 leaves,
depending on the cultivar [9]. At first they are erect, but later curve downward. During
drought, they roll their edges together. Rows of ‘motor cells’ in the leaves cause the rolling
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action and provide this unusual method of reducing desiccation [9]. The leaf sheath is 15–35
cm long [20], often with a waxy bloom [27], with a band of short white hairs at the base near
attachment, reddish in dye cultivars [20]. The leaf blade is lanceolate to linear-lanceolate, 30–
135 cm long and 1.5–13.0 cm broad, initially erect, later curving, margins flat, or wavy [18].

The inflorescence is a terminal [20], more or less open panicle [28] (Figure 2), up to 60 cm long
[20] and 5–25 cm broad [28]; the rachis is short or long, with primary, secondary, and sometimes
tertiary branches, with spikelets in pairs and in groups of three at the ends of the branches [20].
Sorghum is predominantly self-pollinating [20].

The fruit is a caryopsis (grain) [20], typically thought of as round [29]. Due to the genetic
diversity of sorghum, grains can vary widely in size and shape. Commercial sorghum hybrids
are 4–8 mm long [20, 30], 2 mm broad [30], smaller than those of maize but with a similar
starchy endosperm [9]. The grains are usually partially covered by glumes [20]; the seed coat
varies in colour [9] from white [25], pale yellow through to red, purple-brown. Dark-coloured
types generally taste bitter because of the tannins in the seed coat [9]. The 1000-seed weight
varies from 13 to 80 g [20, 27, 30].

In the tropics and subtropics, sorghum may be one of the quickest maturing food plants [9].
Early maturing sorghum cultivars take only 100 days or less [20] and can provide three harvests
a year [9], whereas in temperate areas it requires 5–7 months [20].

Figure 1. Setaria italica [11].

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
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Figure 2. Panicles and spikelets of the 5 basic races of sorghum: 1—bicolor; 2—caudatum; 3—durra; 4—guinea; 5—
kafir [18].

4. Breeding

4.1. Foxtail millet

Wang et al. [31] wrote the first mention of foxtail millet suitability for genetic and molecular
studies due to the small genome size and its diploid nature. Genetic variability studies for the
identification of trait-specific germplasm accessions for various agronomic and nutritional
traits are lacking in foxtail millet, and are hence seldom used in breeding [32]. The major
breeding objectives of foxtail millet are developing high-yielding cultivars which produce
protein-rich seed and are resistant to diseases, pests, and lodging [33], and are adapted to local
ecological conditions [15]. One of the important components of plant breeding programmes
has been crop improvement through the introduction of novel genes from wild relatives [31,
34] with the research focused on salt stress responses in foxtail millet seedlings. In the Czech
Republic, the breeding of foxtail millet accessions is performed by the Gene Bank of the CRI.
The collection of foxtail millet includes 42 accessions in an active collection and 150 genotypes
in a working collection. The main aim is to find foxtail millet genotypes as a new source of
gluten-free grain, a source of feed for animals (hay and seeds) as well as for biomass production
used in power plants. Based on the work with genetic resources of foxtail millet, a broad set
of foxtail genotypes were chosen which were further selected (Table 1). The main sources of
new genotypes are other gene banks, universities, or botanical gardens all over the world.
Because some foxtail millet genotypes may be sensitive to daylight duration, the sensitivity to
the day length is the main parameter of the evaluation. During the vegetation, several morpho-
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phenological characteristics and health assessment of plants were done. After harvest, all
genotypes unsuitable for the temperate conditions of the Czech Republic were excluded from
the collection. The evaluation was focused on the early-ripening genotypes, on the size of
grains, as well as on production of high amount of biomass described by the plant height. In
2014, a new perspective variety of Setaria italica ‘Ruberit’ was bred in the Czech Republic
suitable for the production of biomass, human consumption (corn), and livestock nutrition
(grain and forage) (Appendix I) New genotype of Setaria italica ‘Rucereus’ bred for conditions
of the Central Europe. Is now under testing of Central Institute for Supervising and Testing in
Agriculture (Appendix II).

Year New cultivated
genotypes

Not grown up
genotypes

Not flowering
genotypes

Not ripening
genotypes

Total no. of
sown genotypes

2010 31 (37.8%) 0 (0%) 26 (31.7%) 25 (30.5%) 82 (100%)

2011 86 (86%) 0 (0%) 2 (2%) 12 (12%) 100 (100%)

Table 1. Summary of evaluation of new genetic resources of foxtail millet in the CRI, Prague Ruzyně.

4.2. Sorghum

To date, in the EU, there are 462 varieties of Sorghum bicolor registered. However, landraces
and wild related species of sorghum are an important source of various properties for breeding,
such as tolerance and resistance to pests and diseases, abiotic stresses such as lack of water
and high temperature, as well as quality and nutrition content for feed, food, and technical
utilisation [35]. Globally, in different gene banks, there are about 168,000 accessions of
sorghum. In the USA, genetic resources from gene banks are used to create new lines of A-,
B-, and R-, which then are used by private breeding companies producing new hybrid varieties.
This shows the key role of the interconnection of private and public sector in the creation of
new varieties [36]. To date, the International Union for the Protection of New Varieties of Plants
(UPOV) has registered a total of 3951 varieties of Sorghum bicolor worldwide.

Sorghum is a short-day plant which uses the C4 photosynthesis system. Maturity is influenced
by the length of day and temperature. Breeding starts with adapting short-day crop to
conditions of the temperate zone to a longer day, and shortening the stalks for improved
mechanical harvesting [36]. The most used techniques for breeding sorghum are the same as
in the case of maize. Since the 1950s, the cytoplasmic male sterility (CMS) method has been
used (Table 2).

The main objectives in sorghum breeding worldwide include high grain yield [37], resistance
to major yield-limiting diseases and pests [38], drought tolerance [39–41], cold tolerance [42],
and tolerance to the other abiotic stresses [43, 44]. Resistance to grain moulds [45, 46] and other
diseases [20, 35, 47] as well as to insect pests [48] has been identified.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
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Line Cytoplasm Genotype Phenotype

A-line A rfrf Male sterility

B-line N rfrf Male fertility

R-line A or N RFRF Male fertility

Hybrid A RFrf Male fertility

Table 2. Genotype and phenotype for A-, B-, and R-line in system of cytoplasmatic male sterility in; N—normal
cytoplasm, A—sterility inducing by cytoplasmic [36].

In the northern part of Europe, the cultivation of sorghum has a certain tradition. In recent
years, due to changing climate, sorghum cultivation has become attractive in the Central parts
of Europe (Germany, Hungary, and Austria). The cultivated areas have increased and the
breeding programmes of sorghum were established. They are bred for cold resistance,
earliness, and decrease of anti-nutritional components in seeds [49]. It is necessary at the outset
to state that a breeding programme for sorghum in the Czech Republic currently does not take
place; we are merely introducing materials from countries where sorghum breeding pro‐
grammes are supported.

When we select varieties of grain sorghum, those with the shortest growing season are chosen.
Furthermore, a very important feature is the grain chemical composition. When grain is used
for human food, the grain shape and size are important. Grain for food purposes may be
depreciated and reduce the possibility of its use as a food due to high tannin content. Therefore,
one of the important objectives in the context of grain sorghum breeding is to obtain these
materials without anti-nutritional components. A very important role in breeding is played
by the height of genotypes; the lower growth facilitates the process of mechanised harvesting.
The Gene Bank of the CRI evaluated and selected potentially suitable genotypes for conditions
in the Czech Republic. The plant material is mainly obtained from other world institutions,
such as gene banks, universities, and botanical gardens, mainly from Europe, the USA,
Australia, and countries in Asia. Several genotypes are obtained from private subjects. The
plant material does not have characters of hybrids. All new accessions are tested over three
successive years. Subsequently, original data are obtained showing suitability for applications
of new plant materials in the conditions of the Czech Republic. These sorghum genotypes are
described and stored in a gene bank under defined conditions as an important source of
valuable genetic material for a potential breeding programme in the region of Central Europe.

Year New cultivated genotypes Not grown
up genotypes

Not flowering
genotypes

Not ripening
genotypes

Total no. of
sown genotypes

2010 59 (34.8%) 38 (22.3%) 7 (4.1%) 66 (38.8%) 170 (100%)

2011 58 (38.4%) 7 (4.6 %) 8 (5.3%) 78 (51.7%) 151 (100%)

Table 3. Summary of grain sorghum at the CRI, Prague Ruzyně.

Alternative Crops and Cropping Systems10



The summary (Table 3) presents the losses of plant material caused by the evaluation under
conditions of the Czech Republic. Every year around 30–40% of the genotypes were harvested.
These genotypes have demonstrated their viability in the conditions of the Czech Republic. In
2014, a new variety of Sorghum bicolor ‘Ruzrok’ bred for conditions in the Czech Republic was
registered (Appendix III). Considerable interest of breeders (abroad) is enjoyed by sorghum
hybrids with Sudan grass (Sorghum bicolor x Sorghum sudanense) where there might be consid‐
erable variability between varieties. In the conditions of the Czech Republic, this is probably
the most common form that is usually used for the production of high-quality silage, haylage
with high hemicellulose content, direct feeding, grazing cattle, and biogas production. The aim
of intensive breeding in both sorghum species suitable for silage production is BMR form
(brown midrib)—the form of cytoplasmic mutation (CMS). These varieties possess higher
digestibility where the outward characteristic is brown midrib.

5. Uses of foxtail millet and sorghum

Foxtail millet is a multipurpose crop. It is suitable for human consumption (grain) and livestock
nutrition (grain, forage). For human consumption, the grain must be dehulled in the mills
because the kernel and palea knit together. Published studies reported higher nutritional value
than rice [50]. Tables 4–9 show the evaluation of three foxtail millet genotypes in 2002–2003
cultivated in the conditions of the Czech Republic (CRI, Prague Ruzyně). The numbers are the
average values from two successive years. The content of crude proteins (11.42%) was higher
than in rice, wheat, or corn. The ratio of pure protein is up to 91.5% [51, 52]. From protein
fractions, the albumins and globulins represented 13.1%, prolamins 39.4%, glutelins 9.9%.
According to the gluten content, foxtail millet's grains are considered for a gluten-free diet [52].
The content and composition of amino acids is beneficial for human health, as most of the
cereals have low lysine content [53]. The content of essential amino acids (threonine, valine,
methionine, isoleucine, leucine, and phenylalanine) presented in foxtail millet grains is about
41% higher than rice, 65% higher than in wheat flour, and approximately 51.1% more than in
corn. These amino acids are important for poultry nutrition. As stated by Pack et al. [54], lysine,
methionine, threonine, and cysteine are essential for nutrition and affordable cost for the
preparation of animal feed. This crop can contribute to a natural increase of these substances
in animal feed. The observed content of fat ranged from 5.02 to 5.56%; similar results were
published by Zhang et al. [55], which is more than it is known in wheat and maize. There is a
higher content of unsaturated fatty acids (namely linoleic, linolenic, and gadoleic) compared
with fatty acids of maize [56]. Carbohydrate content is 72.8% and it is lower than in rice, wheat,
and maize. The size of starch granules ranges from 0.8 to 9.6 μm. The content of amylose and
amylopectin depends on the variety. There are so-called waxy varieties with high content of
amylopectin or with low or high content of amylose [57]. Zhu [58] observed millet as a starch
supplying crop that appeared strategically promising. The content of minerals iron, zinc,
copper, and magnesium is higher in comparison with rice and wheat. The observed content
of vitamins was consistent with published results of Saleh et al. [59], whereas the content of
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Ca is considered on a similar level as in rice and wheat. Seeds of foxtail millet are rich in Se
and the fibre content (11%) is four times higher than that of rice.

Dry matter Ash Fat Protein Fibre

Year 2002 93.83 ± 2.08a 3.23 ± 0.22a 5.20 ± 0.21a 12.67 ± 0.32a 18.83 ± 0.42a

2003 93.27 ± 0.10a 2.96 ± 0.10a 5.30 ± 0.43a 12.07 ± 0.08a 15.91 ± 1.81a

Genotype 01Z230023 92.33 ± 1.17a 2.99 ± 0.01a 5.15 ± 0.13a 12.48 ± 0.46a 17.09 ± 2.28a

01Z230002 94.41 ± 1.54a 3.19 ± 0.23a 5.56 ± 0.29a 12.45 ± 0.64a 18.60 ± 1.00a

01Z230014 93.92 ± 0.82a 3.11 ± 0.36a 5.02 ± 0.06a 12.18 ± 0.18a 16.43 ± 2.93a

Table 4. Basic nutritional components (g 100 g−1 of sample) of foxtail millet grains (data evaluated in the Gene Bank,
CRI, Prague Ruzyně).

B1 B2 Niacin Pantothenic acid B6 Carotenoids

Year 2002 0.40 ± 0.01a 0.10 ± 0.01a 2.73 ± 0.06a 1.31 ± 0.19a 0.30 ± 0.03b 0.67 ± 0.08a

2003 0.39 ± 0.04a 0.12 ± 0.00a 3.23 ± 0.15b 1.13 ± 0.10a 0.24 ± 0.02a 0.73 ± 0.06a

Genotype 01Z230023 0.39 ± 0.04a 0.10 ± 0.02a 2.95 ± 0.35a 1.13 ± 0.13a 0.25 ± 0.03a 0.78 ± 0.04b

01Z230002 0.41 ± 0.03a 0.11 ± 0.01a 3.10 ± 0.42a 1.34 ± 0.28a 0.28 ± 0.06a 0.70 ± 0.03ab

01Z230014 0.38 ± 0.01a 0.11 ± 0.02a 2.90 ± 0.28a 1.21 ± 0.02a 0.29 ± 0.04a 0.64 ± 0.06a

Table 5. Vitamin content (mg 100 g−1 of sample) in foxtail millet (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).

In comparison with other cereals (wheat and maize), the foxtail millet grains reached higher
values of some evaluated nutritional components. According to Zhang and Liu [60], foxtail
millet demonstrated remarkable peroxyl radical scavenging capacity and cellular antioxida‐
tive activity due to its content of phenolic compounds, phenolic acids, and carotenoids, and it
is considered as a valuable cereal with potential in the prevention and management of
cardiovascular and geriatric diseases, as well as cancers. Foxtail millet is considered as an ideal
crop for producing food for diabetics.

Aspartic acid Threonine Serine Glutamic Proline Glycin

Year 2002 0.76 ± 0.07a 0.39 ± 0.02a 0.47 ± 0.03a 1.94 ± 0.12a 1.07 ± 0.15a 0.27 ± 0.03a

2003 0.80 ± 0.01a 0.45 ± 0.02b 0.45 ± 0.03a 2.07 ± 0.05a 0.87 ± 0.17a 0.30 ± 0.01a

Genotype 01Z230023 0.75 ± 0.09a 0.40 ± 0.04a 0.46 ± 0.04a 1.96 ± 0.22a 0.99 ± 0.11a 0.26 ± 0.03a

01Z230002 0.79 ± 0.00a 0.44 ± 0.05a 0.46 ± 0.04a 2.06 ± 0.04a 0.93 ± 0.27a 0.29 ± 0.03a

01Z230014 0.81 ± 0.01a 0.42 ± 0.03a 0.46 ± 0.03a 2.00 ± 0.02a 1.00 ± 0.27a 0.30 ± 0.00a

Table 6. Amino acid content (g 100 g−1 of sample) in foxtail millet grains (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).
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Alanine Valine Methionine Isoleucine Leucine Tyrosine Phenyl-alanine

Year 2002 0.94 ± 0.08a 0.50 ± 0.02a 0.29 ± 0.04a 0.50 ± 0.10a 1.53 ± 0.15a 0.37 ± 0.05a 0.64 ± 0.05a

2003 0.95 ± 0.03a 0.54 ± 0.03a 0.18 ± 0.06a 0.54 ± 0.10a 1.31 ± 0.10a 0.30 ± 0.02a 0.78 ± 0.03b

Genotype 01Z230023 0.92 ± 0.09a 0.51 ± 0.04a 0.22 ± 0.04a 0.53 ± 0.16a 1.32 ± 0.05a 0.32 ± 0.02a 0.67 ± 0.12a

01Z230002 0.97 ± 0.01a 0.54 ± 0.05a 0.22 ± 0.15a 0.52 ± 0.12a 1.42 ± 0.28a 0.33 ± 0.02a 0.72 ± 0.07a

01Z230014 0.96 ± 0.05a 0.51 ± 0.00a 0.27 ± 0.05a 0.51 ± 0.04a 1.52 ± 0.14a 0.36 ± 0.11a 0.74 ± 0.11a

Table 6. (continues).

Histidine Lysine Arginine Cysteine Total

Year 2002 0.28 ± 0.02a 0.18 ± 0.02a 0.38 ± 0.03a 0.22 ± 0.00a 10.75 ± 0.90a

2003 0.26 ± 0.09a 0.23 ± 0.01a 0.59 ± 0.02b 0.24 ± 0.04a 10.86 ± 0.47a

Genotype 01Z230023 0.31 ± 0.08a 0.19 ± 0.05a 0.48 ± 0.19a 0.24 ± 0.02a 10.53 ± 1.17a

01Z230002 0.25 ± 0.06a 0.21 ± 0.03a 0.48 ± 0.14a 0.21 ± 0.02a 10.84 ± 0.58a

01Z230014 0.24 ± 0.05a 0.21 ± 0.01a 0.49 ± 0.11a 0.24 ± 0.03a 11.04 ± 0.35a

Table 6. (continues).

Myristic (14:0) Palmitic (16:0) Palmitooleic (16:1) Stearic (18:0) Oleic (18:1) Linoleic (18:2)

Year 2002 0.13 ± 0.03b 7.99 ± 0.80a 0.13 ± 0.02a 1.26 ± 0.15a 16.31 ± 2.00a 69.77 ± 1.50a

2003 0.09 ± 0.02a 9.47 ± 0.98a 0.14 ± 0.02a 1.40 ± 0.08a 15.59 ± 1.34a 69.67 ± 0.19a

Genotype 01Z230023 0.13 ± 0.04a 8.85 ± 2.21a 0.14 ± 0.01a 1.39 ± 0.06a 16.70 ± 2.70a 68.89 ± 1.12a

01Z230002 0.09 ± 0.02a 8.14 ± 0.45a 0.15 ± 0.02a 1.33 ± 0.23a 16.25 ± 1.26a 70.23 ± 1.06a

01Z230014 0.11 ± 0.03a 9.21 ± 0.49a 0.12 ± 0.00a 1.27 ± 0.13a 14.91 ± 0.08a 70.06 ± 0.28a

Table 7. Fatty acid content (g 100 g−1 of fatty acid) in the oil of foxtail millet grains (data evaluated in the Gene Bank,
CRI, Prague Ruzyně).

Linolenic (18:3) Arachic (20:0) Gadoleic (20:1) Behenic (22:0)

Year 2002 3.04 ± 0.46a 0.46 ± 0.03a 0.39 ± 0.02a 0.36 ± 0.05a

2003 2.59 ± 0.27a 0.41 ± 0.05a 0.36 ± 0.13a 0.24 ± 0.03a

Genotype 01Z230023 2.58 ± 0.09a 0.43 ± 0.09a 0.35 ± 0.06a 0.32 ± 0.13a

01Z230002 2.81 ± 0.72a 0.43 ± 0.01a 0.32 ± 0.07a 0.27 ± 0.07a

01Z230014 3.06 ± 0.33a 0.46 ± 0.01a 0.46 ± 0.07a 0.31 ± 0.05a

Table 7. (continues).
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Na K Ca Mg P

Year 2002 2.73 ± 0.85a 401.33 ± 29.54a 18.07 ± 1.40a 127.00 ± 3.46a 353.33 ± 10.02a

2003 3.37 ± 0.85a 364.00 ± 7.21a 18.27 ± 1.66a 124.33 ± 5.86a 359.00 ± 16.82a

Genotype 01Z230023 3.95 ± 0.35b 368.50 ± 3.54a 17.50 ± 1.41a 125.50 ± 4.95a 364.50 ± 10.61a

01Z230002 2.90 ± 0.71ab 379.50 ± 33.23a 17.85 ± 1.91a 127.00 ± 5.66a 353.50 ± 16.26a

01Z230014 2.30 ± 0.28a 400.00 ± 42.43a 19.15 ± 0.92a 124.50 ± 6.36a 350.50 ± 14.85a

Table 8. Content of mineral components (mg 100 g−1 of sample) in foxtail millet grains (data evaluated in the Gene
Bank, CRI, Prague Ruzyně).

Zn Fe Cu Mn

Year 2002 3.80 ± 0.10a 6.73 ± 1.86a 0.54 ± 0.04a 1.37 ± 0.15a

2003 4.10 ± 0.10b 3.30 ± 0.26a 0.63 ± 0.09a 1.30 ± 0.17a

Genotype 01Z230023 3.90 ± 0.28a 4.65 ± 2.19a 0.55 ± 0.06a 1.30 ± 0.14a

01Z230002 4.05 ± 0.21a 6.00 ± 3.96a 0.66 ± 0.11a 1.50 ± 0.00a

01Z230014 3.90 ± 0.14a 4.40 ± 1.13a 0.55 ± 0.02a 1.20 ± 0.00a

Table 8. (continues).

Foxtail millet can also be used as an animal feed. Tables 9 and 10 show basic nutritional
composition and amino acid composition of foxtail green biomass. The straw is ideal for cattle
because of its high nutritional value (the protein content of 6.0%, 26.0% simple sugars; xylogen
24.2%; 42.2% fibrin), which is much higher than in many other crops. Moreover, foxtail millet
straw is relatively soft and easily digestible for cattle [51].

ECN Dry matter (%) Ash (%) Organic matter (%) Fibre (%) N × 6.25 N × 5.93 Fat (%) Nitrogen-free
substances (%)

01Z2300003 100 2.95 97.05 9.97 14.3 13.31 4.25 68.8

01Z2300009 100 2.23 97.77 8.7 16.66 15.8 4.2 68.21

01Z2300010 100 3.38 96.62 8.95 15.76 14.96 4.49 67.41

Table 9. Basic nutritional components in green biomass of foxtail millet grains (data evaluated in the Gene Bank, CRI,
Prague Ruzyně).

g kg-1 of original value

ECN asp thr ser glu pro gly ala val ile leu tyr phe his lys arg

01Z2300003 2.1 0.79 1.4 5.2 2.42 0.73 2.49 1.32 1.14 3.92 0.68 1.42 0.83 0.58 0.88

01Z2300009 2.63 4.7 1.39 6.15 3.5 0.93 3.6 1.4 1.44 4.79 0.89 1.81 1.4 0.72 1.27

01Z2300010 1.71 0.65 0.99 4.57 2.23 0.69 2.16 1.41 1.2 3.37 0.66 1.26 0.75 0.48 0.66

Table 10. Amino acid content in green biomass of foxtail millet grains (data evaluated in the Gene Bank, CRI, Prague
Ruzyně).
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Possibilities for sorghum utilisation are very broad. In the food industry, it is used for the
production of sorghum sugar syrups, sweets, ethanol, alcoholic beverages, and beer because
of easy and quick fermentation. The preparation of purée from flour and groats in combination
with meat and vegetables is widespread [61]. Industrial use of sorghum flour is for the
production of adhesives, oils, and starch [62]. Recently, a high increase in the production of
ethanol as a fuel from biomass was recorded [63]. Sorghum is also suitable as a high-quality
forage crop because of its high sugar content, very good digestibility, and high yields of green
silage. Manifold technical sorghum is the raw material for the production of brushes and
brooms.

Variety Content of crude protein Fat BNLV Fibre Ash

Grain 12.8 3.3 76 5.9 2

Sugar 14.2 3.7 73.6 6 2.6

Technical 13.7 3.6 73 7.5 2.2

Table 11. Chemical composition of sorghum grains (%) from the collection of genetic resources in the Gene Bank, CRI
Prague Ruzyně (2011).

The content of nutritional components differs depending on the cultivation site and condi‐
tions. Table 11 shows original data as a result of chemical composition analysis of cultivated
sorghum varieties in the Gene Bank (CRI, Prague Ruzyně). The content of starch is similar to
maize at around 70%, protein content 8–16%, fat content 3.3%, minerals 1.9%, and crude fi‐
bre 1.9% [64]. As is commonly known, the content of proteins is strongly affected by nitro‐
gen fertilisation; it elevates the content of prolamin fraction, which is known as karirin in the
case of sorghum. This fraction is poor in lysine, arginine, histidin, and tryptophan and rich
in prolin and glutamin. Rajki-Siklósi [49] presented a protein content in sorghum seeds from
10.0 to 10.7%. The tannin (proanthocyanidin) content together with some of the others is
considered as a negative component, which negatively influenced digestibility. The amino
acid composition of sorghum seeds is variable, according to published studies [65–67], de‐
pending on genotypes and cultivation localities. Lysine in commonly available genotypes
covers almost 40% of the recommended dose of this essential amino acid, especially for chil‐
dren in developing countries. High lysine genotypes have higher content of lysine and the
total content of amino acids is nutritionally more beneficial [68]. Interest in the cultivation of
sorghum in Central Europe is growing with respect to climate change, utilisation for feeding
purposes, and in human nutrition for the possibility of its use in gluten-free diets. There are
genotypic differences when grain sorghum varieties compared to sugar sorghum show a fa‐
vourable composition of protein fractions, a higher proportion of nutritionally valuable al‐
bumin and globulins, and a lower content of prolamins. Results of Petr et al. [52] confirmed
the suitability of sorghum for a gluten-free diet.

Among the biologically active substances in sorghum is the prized content of phenolic acids,
which are represented as protocatechuic acid, hydroxybenzoic, vanillic, caffeic, ferulic, and
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cinnamon. These acids are important for their high antioxidant properties. From the minerals
in sorghum, there are interesting contents of phosphorus, magnesium, iron, zinc, copper,
manganese, molybdenum, and chromium. Sorghum further comprises vitamins B1, B6, beta
carotene, folacin, and pantothenic acid, which is important for metabolic processing of
nutrients and irreplaceable for hormone synthesis [69]. The possibility of higher use for food
purposes exist in Europe, which is at a low level at the moment.

In the Czech Republic, varieties and hybrids of sorghum are primarily used for feed and bi‐
ogas production [70]. Traditional varieties of sorghum are now being replaced by new hy‐
brids with favourable agrotechnical and nutritional properties. In recent years, the hybrids
most used for these purposes are derived from crosses of grain or sugar sorghum with Su‐
dan grass. Their advantage is the high-quality production of green matter. Intensive breed‐
ing has managed to dismantle the previously high content of alkaloid durin and increase the
digestibility of organic nutrients.

In 2009 and 2010, field experiments with selected sorghum materials were carried out at the
Gene Bank (CRI, Prague Ruzyně). The size of the field was 4.5 m2 in three repetitions. The
plant materials used were commercial varieties of sorghum provided by the companies Seed
Service, Saatbau Linz, and Syngenta. Some of the tested materials were obtained from the
Gene Bank (CRI, Prague Ruzyně). The results of the experiments are summarised in Ta‐
bles 12 and 13.

Variety Height Biomass Content of essential nutrition in % dry matter (d.m.)

(cm) (kg m −2 ) N P K Ca Mg

Čirok 200.53 ± 27.43 7.69 ± 2.46 1.86 ± 0.42 0.25 ± 0.07 3.25 ± 1.13 0.71 ± 0.11 0.24 ± 0.04

Goliath [1] 228.67 ± 22.27 10.10 ± 0.93 1.82 ± 0.40 0.25 ± 0.08 3.41 ± 1.24 0.70 ± 0.09 0.25 ± 0.02

Sucrosorgo
506 [2]

209.50 ± 24.34 8.62 ± 2.16 1.87 ± 0.29 0.26 ± 0.07 3.40 ± 0.97 0.69 ± 0.12 0.24 ± 0.03

Nutri
Honey [3]

199.33 ± 20.85 7.18 ± 1.37 1.75 ± 0.37 0.23 ± 0.05 2.58 ± 0.71 0.65 ± 0.11 0.23 ± 0.03

Latte [4] 197.67 ± 25.01 7.96 ± 3.60 1.70 ± 0.55 0.25 ± 0.06 2.92 ± 1.09 0.63 ± 0.09 0.22 ± 0.04

Honey Graze BMR [5] 194.83 ± 14.80 5.60 ± 1.46 1.83 ± 0.53 0.23 ± 0.08 3.52 ± 1.79 0.76 ± 0.05 0.24 ± 0.04

Big Kahuna BMR [6] 173.17 ± 30.04 6.71 ± 2.25 2.17 ± 0.37 0.29 ± 0.08 3.66 ± 0.73 0.82 ± 0.06 0.28 ± 0.02

1. Goliath—early hybrid, suitable for biogas production.
2. Sucrosorgo 506—hybrid, high yields of green biomass even in places not suitable for corn silage.
3. Nutri Honey—hybrid of sorghum and Sudan grass, suitable for forage and grazing.
4. Latte—forage variety, high resistance to drought.
5. Honey Graze BMR—hybrid suitable for making silage, hay, green feed or grazing; a lower lignin content.
6. Big Kahuna BMR—hybrid for silage, photosensitive to short-day.

Table 12. Evaluated parameters of biomass in sorghum varieties; mean values from 2009 to 2010.
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Variety Height Biomass Content of essential nutrients in % dry matter (d.m.)

(cm) (kg m−2) N P K Ca Mg

K—81 291.00 ± 4.58a 26.08 ± 1.97a 1.00 ± 0.04abc 0.15 ± 0.01ab 1.03 ± 0.06abc 0.47 ± 0.01c 0.21 ± 0.01a

Kecskemeti 314.67 ± 4.51a 26.24 ± 5.84a 0.97 ± 0.10bc 0.15 ± 0.01ab 0.86 ± 0.07b 0.45 ± 0.02bc 0.22 ± 0.02a

SO—29 302.33 ± 7.02a 26.61 ± 2.74a 1.16 ± 0.10abc 0.19 ± 0.02a 1.08 ± 0.05a 0.36 ± 0.02a 0.17 ± 0.00a

GK 4 Zsofia 308.67 ± 7.57a 24.07 ± 4.41a 1.22 ± 0.09ab 0.18 ± 0.02ab 0.89 ± 0.03bc 0.43 ± 0.02abc 0.20 ± 0.02a

6—without
tannin (sugar)

304.00 ± 19.70a 20.04 ± 3.39a 1.26 ± 0.12a 0.18 ± 0.04ab 1.09 ± 0.07a 0.40 ± 0.03abc 0.19 ± 0.03a

21/00 308.00 ± 14.00a 29.51 ± 7.21a 1.25 ± 0.15ab 0.20 ± 0.04a 0.89 ± 0.12bc 0.39 ± 0.04ab 0.19 ± 0.03a

56/01 317.00 ± 7.00a 28.25 ± 4.51a 1.17 ± 0.08abc 0.17 ± 0.01ab 1.04 ± 0.15ac 0.43 ± 0.05abc 0.18 ± 0.03a

GK 5 Zsofia 294.67 ± 12.66a 20.25 ± 1.83a 1.27 ± 0.06a 0.18 ± 0.01ab 1.10 ± 0.08a 0.39 ± 0.04ab 0.19 ± 0.01a

Latte 312.67 ± 9.07a 28.51 ± 3.51a 0.89 ± 0.05c 0.12 ± 0.00b 1.16 ± 0.09a 0.37 ± 0.02a 0.18 ± 0.01a

Values with different letter indexes were statistically significantly different P ≤ 0.05.

Table 13. Evaluated parameters of biomass in sorghum varieties; mean values from 2009–2010.

When the green biomass is mowed from the beginning of flowering, the protein content of the
forage is very high, comparable with the content of the other young grasses or alfalfa. In that
growth phase, the plants have a high content of soluble fibre, which decreases progressively
with aging of the plants and the protein content is diluted as well. Significant lignification
occurs after flowering of the plants.

Sorghums generally ensure high yields of biomass in appropriate conditions. The harvest
depends on the purposes of cultivation. Achieved yields of sorghum biomass in field experi‐
ments performed by the CRI and analysis of other outcome measures are summarised in
Tables 14 and 15.

Locality/variety Sudanense grass Hyso* Grain sorghum Sugar sorghum

Ruzyně 9.4 11.9 12.4 8.7

Troubsko 26.7 27.2 31.2 9.3

Lukavec – – 21.9 3.3

Chomutov – 12.8 5.3 7.4

Mean 18.0 17.3 17.7 7.2

*variety hybrid between Sudanense grass and technical sorghum

Table 14. Average yields of biomass dry matter (t. ha−1) in tested sorghum genotypes in the period 1993–2004.

The experiments obtained average yields of dry matter of biomass from 27.06 t ha−1 in Troubsko
to 5.14 t ha−1 in Lukavec. In Lukavec, there were not suitable conditions for tested sorghum
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hybrids. Without consideration of these results, the average yield of dry matter of biomass in
all genotypes was 15.56 t ha−1 (data not shown). The presented average yield of dry matter of
biomass was influenced by values obtained from sugar sorghum genotypes, which were low
in all the tested localities (Table 14). From the tested sorghum genotypes all reached similar
yields on average (18.02 t ha−1 Sudan grass, 17.71 t ha−1 grain sorghum and 17.29 t ha−1 “Hyso”).
In the comparison of localities, the highest yields of biomass were gained in all tested genotypes
in the warmest locality in Troubsko and, in contrast, the lowest yields were obtained in
Lukavec, the coldest locality. Sorghum positively reacted to graded doses of nitrogen fertili‐
sation. In our tests, the yield of biomass was increased by around 13.3% in experimental plots
fertilised with 60 kg ha−1 of N and around 17.0% in plots fertilised with 120 kg ha−1 of N in
comparison with un-fertilised plots. Similarly, experiments in Germany confirmed high yields
of sorghum from 15 to 20 t ha−1 in warm localities with a sum of temperatures higher than
2000°C. Also, the sowing rate had a significant effect on biomass yield (data not shown). In all
localities, higher yield was obtained by the application of a sowing rate of 60 seeds per m2.

The influence of locality and nitrogen fertilisation on yields on above ground biomass was
evaluated. The effect of the harvest time on water content in the harvested plant material, the
loss of biomass over the winter period, the content of essential nutrients and energy content
in plants were all observed. Also, the comparison of the monitored genotypes (varieties) of
sorghum in terms of suitability for burning and the impact of the date of harvest on yield,
water content, mineral content, and content in biomass were evaluated.

From the point of view of energy utilisation and storage of biomass, the content of the dry
matter is important at harvest time. In an autumn harvest, the water content is high (around
66%). By postponing the harvest to spring time, the water content in plants is reduced but, due
to plant morphology and high weight of panicles, lodging occurs resulting in losses of biomass.

The content of minerals in plants is one of the most important factors for the determination of
nutrient uptake by yields, in terms of combustion of the biomass, the formation of biogas, etc.
Generally, it can be said that the content of nitrogen in plants decreases with the age of the
plants and the harvest time. In general, delaying harvest time also reduces the content of the
monitored elements in the biomass.

In Europe (notably Germany, Austria, and Italy) where bioenergy is focused on biogas rather
than ethanol, sorghum has recently drawn attention as a novel bioenergy crop. Maize is
currently used in the Czech Republic for producing biogas. With respect to conserving and
increasing the biodiversity of cultivated agriculture crops and eliminating the negative effects
on the environment of monoculture cultivation of maize, the alternative crops are sought-after.
Sorghum should be one suitable possibility. Sorghum is considered as a dry tolerant crop
suitable for cultivation on light soils and arid areas [71]. Habyarinama et al. [72] proposed the
development of drought tolerant sorghum hybrids in order to increase and stabilise biomass
production in the Mediterranean region. Recently, Windpassinger et al. [73] stated that
sorghum provided high yields of biomass suitable for silage production under temperate
conditions. The interest in sorghum cultivation may increase in the future due to changing
climate conditions in Central Europe.
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Our experimental data of chemical composition and fermentations processes of the broad
sorghum collection corresponded to [74–76]. The results obtained showed high variability in
the chemical composition, and biogas production in different varieties and hybrids. This fact
highlighted the importance of careful selection of suitable varieties and genotypes based on
testing the sorghum collection at the Gene Bank of the CRI, Prague Ruzyně. Table 15 presents
comparative data of the evaluated sorghum and maize. Sorghums contained a high content of
ash (approx. 50%), fibre (approx. 60%), lignin (approx. 30%), and a low content of protein
(approx. 8%) and fat (approx. 30%). This is the reason for lower yields of methane and biogas
from sorghum (mainly from hybrids) in comparison with maize (6–16%). However, from 1 ha
of sorghum, it is possible to obtain a similar or even higher amount of biogas (mainly methane)
thanks to the higher yields of dry matter of biomass. For these purposes, the selection of
suitable genotypes is essential with the emphasis on early maturation for conditions in the
Czech Republic.

Parameter Sorghum Maize

Ash (% in d.m.) 6–12 4–8

Crude protein (% in d.m.) 5–9 6–9

Carbohydrates total (% in d.m.) 8–18 8–18

Crude fat (% in d.m.) 1–3 2–4

Crude fibre (% in d.m.) 32–44 20–28

Neutral detergent fibre (NDF) (% in d.m.) 48–62 32–44

Hemicelluloses (% in d.m.) 12–18 12–16

Lignin (% in d.m.) 3–6 2–5

Losses of dry matter in silage (% in d.m.) 2–8 2–6

Yield of biogas (Nm3.t−1 of d.m.) 420–620 400–710

Methane concentration (%) 52–55 52–55

Methane yield (Nm3 t−1 in d.m.) 220–340 210–390

Methane yield (Nm3 t−1 of org. d m.) 240–380 230–440

Average yields of dry matter of biomass (t ha−1) 9–22 8–18

Methane yields (Nm3 ha−1) 2000–7500 1700–7000

Table 15. Mean values of sorghum biomass composition, biogas, and biomass in comparison with maize.

Field experiments in four localities (Ruzyně, Lukavec, Chomutov, and Troubsko) in the years
from 1993 to 2004 with selected sorghum genotypes (Sudan grass, “Hyso,” grain sorghum,
and sugar sorghum) considered for potential energy are shown in Table 16; they were
conducted under three different nitrogen doses (0, 60, 120 kg ha−1) and one or two levels of
seed rates (40 and 60 germinating seeds per 1 m2) by spacing 25 cm and two harvests period
in the autumn and spring.
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Locality/variant Ruzyně Troubsko Lukavec Chomutov Mean

Average N0 10.5 26.1 2.3 10.0 12.2

Average N1 11.7 27.2 6.1 11.5 14.1

Average N2 12.2 27.9 7.0 11.8 14.7

Average V1 10.9 27.0 4.4 12.2 13.6

Average V2 12.0 27.2 5.9 10.1 13.8

Mean 11.5 27.1 5.1 11.1 13.7

Notes: Mineral nitrogen fertilization: N0 = 0, N1 = 60, N2 = 120 kg ha1.
Supposed no. of plants per m2: V1 = 40, V2 = 60.

Table 16. Average yields of dry matter of biomass (t ha−1) according to variants in experimental fields in the period
1993–2004.

6. Conclusion

Foxtail millet has a long history of cultivation around the world and is valued for its nutritional
content and health promoting properties, its ability to grow under low-input conditions, and
its tolerance to extreme environmental stresses. Similarly, sorghum has recently attracted
attention as a novel bioenergy crop. In a world facing limited natural resources and climate
change, we considered both mentioned species as having great potential for food use in the
case of foxtail millet and for biomass production in case of sorghum in arid and semi-arid areas
of the Czech Republic and further for other areas of Central European countries. Genetic
resources of both species can provide genotypic and phenotypic variability for conservation
and exploitation of biodiversity in the context of warmer weather affecting global agricultural
production.

Appendix I. New variety of Setaria italica ´Ruberit´ bred for conditions of the Central Europe.
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Appendix II. New genotype of Setaria italica ´Rucereus´ bred for conditions of the Central Europe.

Appendix III. New variety of Sorghum bicolor ´Ruzrok´ bred for conditions of the Central Europe.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
http://dx.doi.org/10.5772/62642

21



Acknowledgements

This work was finantially supported by National Programme on Conservation and Utilization
of Plant, Animal and Microbial Genetic resources (Projects no. 206553/2011-MZE-17253) and
the Ministry of Agriculture of the Czech Republic (Projects no. RO0415).

Author details

Jiří Hermuth1, Dagmar Janovská1, Petra Hlásná Čepková1, Sergej Usťak2, Zdeněk Strašil2 and
Zdislava Dvořáková3

1 Crop Research Institute, Gene Bank, Drnovská 507, Prague 6 Ruzyně, Czech Republic

2 Crop Research Institute, Technologies for Sustainable Agriculture and Landscape
Restoration, Drnovská 507, Prague 6 Ruzyně, Czech Republic

3 Czech University of Life Sciences Prague, Faculty of Tropical AgriSciences, Kamýcká 129,
Prague 6, Suchdol, Czech Republic

References

[1] Belton, P. S.; Taylor, J. R. N. Sorghum and millets: protein sources for Africa. Trends in
Food Science & Technology. 2003;15(2):94–98. DOI: 10.1016/j.tifs.2003.09.002

[2] McKevith, B. Nutrional aspects of cereals. British Nutrition Foundation Nutrition
Bulletin. 2004;29:111–142.

[3] FAO STAT. Statistical database of the Food and Agricultural Organization of the United
Nations [Internet]. 2005. Available from: http://faostat.fao.org [Accessed: 2012-04-19].

[4] Winch, T. Growing Food. A Guide to Food Production. 1st ed. Netherlands: Springer;
2006. 333 p. DOI: 10.1007/978-1-4020-4975-0

[5] Matz, S. A. Other cereal grains. In: Matz, S. A., editors. The Chemistry and Technology
of Cereals as Food and Feed. 2nd ed. Westport: The AVI Publishing Company; 1991.
p. 259–284.

[6] Lasztity, R. Millet proteins. In: Lasztity, R., editors. The Chemistry of Cereal Proteins.
2nd ed. USA: CRC Press; 1996. p. 295–308.

[7] Obilana, A. B., Manyasa, E. Millets. In: Belton, P. S.; Taylor, J. R. N., editors. Pseudo‐
cereals and Less Common Cereals: Grain Properties and Utilization Potential. Heidel‐
berg: Springer; 2002. p. 127–130.

Alternative Crops and Cropping Systems22



[8] Taylor, J. R. N.; Schober, T. J.; Bean, S. R. Review. Novel food and non-food uses for
sorghum and millets. Journal of Cereal Science. 2006;44:252–271. DOI: 10.1016/j.jcs.
2006.06.009

[9] National Research Council. Lost Crops of Africa. Vol. 1. Grains. Washington, DC:
National Academy Press; 1996.

[10] Li, Y.; Wu, S. Z. Traditional maintenance and multiplication of foxtail millet (Setaria
italica (L.) P. Beauv.) landraces in China. Euphytica. 1996;87(1):33–38. DOI: 10.1007/
BF00022961

[11] Brink, M., Belay, G. Plant Resources of Tropical Africa 1. Cereals and Pulses. Wage‐
ningen, Netherlands: PROTA Foundation; 2006. 298 p.

[12] Sakamoto, S. Origin and dispersal of common millet and foxtail millet. Japan Agricul‐
tural Research Quarterly. 1987;21:84–89.

[13] de Wet, J. M. J. Eleusine coracana (L.) Gaertn. In: Brink, M., Belay, G., editors. PROTA
(Plant Resources of Tropical Africa/ Ressources végétales de l’Afrique tropicale).
Wageningen [Internet]; 2006. Available from: http://database.prota.org/search.htm
[Accessed 2012-03-19].

[14] Fukunaga, K.; Ichitani, K.; Kawase, M. Phylogenetic analysis of the rDNA intergenic
spacer subrepeats and its implication for the domestication history of foxtail millet,
Setaria italica. Theoretical and Applied Genetics. 2006;113(2):261–269. DOI: 10.1007/
s00122-006-0291-5

[15] Rahayu, M.; Jansen, P. C. M. Setaria italica (L.) P. Beauvois cv. group foxtail millet. In:
Grubben, G. J. H.; Partohardjono, S., editors. Plant Resources of South-East Asia No 10.
Cereals. Leiden, The Netherlands: Backhuya Publishers; 1996. p. 127–130.

[16] Léder, I. Sorghum and millets. In: Füleky, G., editors. Cultivated Plants, Primarily as
Food Sources, Encyclopedia of Life Support Systems (EOLSS) [online]. Developed
under the Auspices of the UNESCO. Oxford, UK: Eolss Publishers; 2004. Available
from: http://www.eolss.net [Accessed 2012-03-25].

[17] Ang, C. Y. W.; Liu, K.; Huang, Y.-W. Asian Foods: Science and Technology. New York:
CRC Press; 1999. 546 p.

[18] Stenhouse, J. W.; Tippayaruk, J. L. Sorghum bicolour (L.) Moench. In: Grubben, G. J. H.;
Partohardjono, S., editors. Plant Resources of South-East Asia No 10. Cereals. Leiden,
Netherlands: Backhuys Publishers; 1996. p. 130–136.

[19] Doggett, H. Sorghum. 2nd ed. New York: John Wiley & Sons; 1988. 512 p.

[20] Balole, T. V.; Legwaila, G. M.; Brink, M.; Belay, G., editors. Plant Resources of Tropical
Africa 1. Cereals and Pulses. Wageningen, Netherlands: Backhuys Publishers; 2006. p.
165–175.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
http://dx.doi.org/10.5772/62642

23



[21] Baker, R. D. Millet Production. Guide A-414. New Mexico State University [Internet];
2003. Available from: http://www.hort.purdue.edu/newcrop/nexus/setaria_itali‐
ca_nex.html [Accessed 2012-04-12].

[22] Oelke, E. A.; Oplinger, E. S.; Putnam, D. H.; Durman, B. R.; Doll, J. D.; Undersander, D.
J. Millets. In: Alternative Field Crops Manual [Internet]; 1990. Available from:
www.hort.purdue.edu/newcrop/afcm/millet.html [Accessed 2015-09-29].

[23] Jayaraman, A.; Planik, S.; Rai, N. K.; Vidapu, S.; Sahu, P. P.; Lata, C.; Prasad, M. cDNA-
AFLP Analysis reveals differential gene expression in response to salt stress in foxtail
millet (Setaria italica L.). Molecular Biotechnology. 2008;40(3):241–251. DOI: 10.1007/
s12033-008-9081-4

[24] Dekker, J. The foxtail (Setaria) species-group. Weed Science. 2003;51(5):641–656. DOI:
10.16.14/P2002-IR

[25] Duke, J. A. Sorghum bicolour (L.) Moench. In: Duke, J. A., editor. Handbook of Energy
Crops [Internet]; 1983. Available from: http://www.hort.purdue.edu/newcrop/
duke_energy/Sorghum_bicolour.html#Description [Accessed 2012-04-19].

[26] Duke, J. A. Handbook of Energy Crops [Internet]; 1983. Available from: http://
www.hort.purdue.edu/newcrop/duke_energy/Echinochloa_crusgalli.html [Accessed
2012-04-13].

[27] Elzebroek, A. T. G.; Wind, K. Starch crops. In: Elzebroek, A. T. G.; Wind, K., editors.
Guide to Cultivated Plants. Wallingford, UK: CABI; 2008. p. 316–397.

[28] Kimber, C. T. Origins of domesticated sorghum and its early diffusion to India and
China. In: Smith, C. W.; Frederiksen, R. A., editors. Sorghum: Origin, History, Tech‐
nology, and Production. USA: John Wiley & Sons, Inc.; 2000. p. 3–98.

[29] Reichert, R. D.; Nwasaru, M. A.; Mukuru, S. Z. Characterization of coloured grain
sorghum lines and identification of high tannin lines with good dehulling characteris‐
tics. Cereal Chemistry. 1988;65(3):165–170.

[30] Rooney, L. W.; Serna-Seldivar, S. O. Sorghum. In: Kulp, K.; Ponte, J., editors. Handbook
of Cereal Science and Technology. 2nd ed. New York: Marcel Dekker; 2007. p. 149–175.

[31] Wang, Z. M.; Devos, K. M.; Liu, C. J.; Wang, R. Q.; Gale, M. D. Construction of RFLP-
based maps of foxtail millet, Setaria italica (L.) P. Beauv. Theoretical and Applied
Genetics. 1998;96(1):31–36. DOI: 10.1007/s001220050705

[32] Upadhyaya, H. D.; Ramesh, S.; Sharma, S.; Singh, S. K.; Varshney, S. K.; Sarma, N. D.
R. K.; Ravishankar, C. R.; Narasimhudu, Y.; Reddy, V. G.; Sahrawatt, K. L.; Dhana‐
lakshmi, T. N.; Mgonja, M. A.; Parzies, H. K.; Gowda, C. L. L.; Singh, S. Genetic diversity
for grain nutrients contents in a core collection of finger millet (Eleusine coracana (L.)
Gaertn.) germplasm. Field Crops Research. 2011;121(1):42–52. DOI: 10.1016/j.fcr.
2010.11.017

Alternative Crops and Cropping Systems24



[33] Tian, B.; Wang, J.; Zhang, L.; Li, Y.; Wang, S.; Li, H. Assessment of resistance to lodging
of landrace and improved cultivars in foxtail millet. Euphytica. 2010;172(3):295–302.
DOI: 10.1007/s10681-009-9999-z

[34] Veeranagamallaiah, G.; Jyothsnakumari, G.; Thippeswamy, M.; Reddy, P. C. O.;
Surabhi, G. K.; Sriranganayakulu, G.; Mahesh, Y.; Rajasekhar, B.; Madhurarekha, C.;
Sudhakar, C. Proteomic analysis of salt stress responses in foxtail millet (Setaria italica
L. cv. Prasad) seedlings. Plant Science. 2008;175(5):631–641. DOI: 10.1016/j.plantsci.
2008.06.017

[35] Reddy, B. V. S.; Dakheel, A. J.; Ramesh, S.; Vadez, V.; Ibrahim, M.; Hebbar, M. Con‐
ventional Breeding Sorghum for Soil Salinity-Stress Tolerance. Documentation.
Patancheru: International Crops Research Institute for the Semi-Arid Tropics; 2006.

[36] Rooney, L. W.; Serna-Seldivar, S. O. Sorghum. In: Kulp, K.; Ponte, J., editors. Handbook
of Cereal Science and Technology. 2nd ed. New York: Marcel Dekker; 2007. p. 149–175.

[37] Makanda, I.; Tongoona, P.; Derera, J.; Sibiya, J.; Fato, P. Combining ability and cultivar
superiority of sorghum germplasm for grain yield across tropical low- and mid-altitude
environments. Field Crops Research. 2010;116(1–2):75–85. DOI: 10.1016/j.fcr.
2009.11.015

[38] Haussmann, B. I. G.; Hess, D. E.; Welz, H. G.; Geiger, H. H. Improved methodologies
for breeding striga-resistant sorghums. Field Crops Research. 2000;66(3):195–211. DOI:
10.1016/S0378-4290(00)00076-9

[39] Lawlor, D. W.; Cornic, G. Photosynthetic carbon assimilation and associated metabo‐
lism in relation to water deficits in higher plants. Plant, Cell and Environment.
2002;25(2):275–294. DOI: 10.1046/j.0016-8025.2001.00814.x

[40] Borrell, A. K.; Hammer, G. L.; Henzell, R. G. Does maintaining green leaf area in
sorghum improve yield under drought? II. Dry matter production and yield. Crop
Science. 2000;40(4):1037–1048.

[41] Harris, K.; Subudhi, P. K.; Borrell, A. K.; Jordan, D.; Rosenow, D.; Nguyen, H.; Klein,
P.; Klein, R.; Mullet, J. Sorghum stay-green QTL individually reduce post-flowering
drought-induced leaf senescence. Journal of Experimental Botany. 2007;58(2):327–338.
DOI: 10.1093/jxb/erl225

[42] Cisneros López, E.; Mendpza-Onofre, L.; Mora-Aguilera, G.; Córdova-Téllez, L.;
Livera-Muñoz, M. Cold tolerant sorghum hybrids and perental lines. III: Quality of
seeds harvested from plants infected with Fusarium verticillioides (Sacc.) Nirenberg.
Agrociencia. 2007;41:405–415.

[43] Kumar Swami, A.; Alam, S. I.; Sengupta, N.; Sarin, R. Differential proteomic analysis
of salt stress response in Sorghum bicolor leaves. Environmental and Experimental
Botany. 2011;71(2):321–328. DOI: 10.1016/j.envexpbot.2010.12.017

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
http://dx.doi.org/10.5772/62642

25



[44] Yang, X.; Zhang, J.; Perry, L.; Ma, Z.; Wan, Z.; Li, M.; Diao, X.; Lu, H. From the modern
to the archaeological: starch grains from millets and their wild relatives in China.
Journal of Archaeological Science. 2012;39(2):247–254. DOI: 10.1016/j.jas.2011.09.001

[45] Ambekar, S. S.; Kamatar, M. Y.; Ganesamurthy, K.; Ghorade, R. B.; Saxena, U.; Chand,
P.; Jadav, B. D.; Das, I. K.; Nageshwararao, T. G.; Audilakshmi, S.; Seetharama, N.
Genetic enhancement of Sorghum (Sorghum bicolor (L) Moench) for grain mould
resistance: II. Breeding for grain mould resistance. Crop Protection. 2011;30(7):759–764.
DOI: 10.1016/j.cropro.2010.06.024

[46] Audilakshmi, L.; Das, I. K.; Ghorade, R. B.; Mane, P. N.; Kamatar, M. Y.; Narayana, Y.
D.; Seetharama, N. Genetic improvement of sorghum for grain mould resistance: I.
Performance of sorghum recombinant inbred lines for grain mould reactions across
environments. Crop Protection. 2011;30(7):735–758. DOI: 10.1016/j.cropro.2010.12.024

[47] Pande, S.; Thakur, R. P.; Karunakar, R. I.; Bandyopadhyay, R.; Reddy, B. V. S. Devel‐
opment of screening methods and identification of stable resistance to anthracnose in
sorghum. Field Crop Research. 1994;38(3):157–166. DOI: 10.1016/0378-4290(94)90087-6

[48] Girijashankar, V.; Sharma, H. C.; Sharma, K. K.; Swathisree, V.; Prasad, L. S.; Bhat, B.
V.; Royer, M.; Secundo, B. C.; Narasu, M. L.; Altosaar, I.; Seetharama, N. Development
of transgenic sorghum for insect resistance against the spotted stem borer (Chilo
partellus). Plant Cell Reports. 2005;24(9):513–522. DOI: 10.1007/s00299-005-0947-7

[49] Rajki-Siklosi, E. Examination of sorghum fibre and sugar content in Hungary. In:
European Seminar on Perspectives of Sorghum in Europe. Sorghum for Energy and
Industry; Toulouse, France; 1996. p. 49–55.

[50] Verma, S., Srivastava, S., Tiwari, N. Comparative study on nutritional and sensory
quality of barnyard and foxtail millet food products with traditional rice products.
Journal of Food Science and Technology. 2015;52(8):5147–5155. DOI: 10.1007/
s13197-014-1617-y

[51] AU: Please provide publisher location for Ref. [51].Cheng, R.; Dong Z. Cereals in China.
In: He, Z.; Bonjean, P. A., editors. Breeding and Production of Foxtail Millet in China.
CIMMYT; 2010. p. 87–95.

[52] Petr, J.; Michalík, I.; Tláskalová-Hogenová, H.; Capouchová, I.; Faměra, O.; Urminská,
D.; Tučková, L.; Knoblochová, H. Extension of the spektra of plant products for the diet
in coeliac disease. Czech Journal of Food Science. 2003;21(2):8–15.

[53] Amadou, I.; Gounga, M. E.; Le, G.-W. Millets: nutritional composition, some health
benefits and processing – a review. Food Science and Nutrition. Emirate Journal of Food
and Agriculture. 2013;25(7):501–508. DOI: 10.9755/ejfa.v25i7.12045

[54] Pack, M.; Hoeler, D.; Lemme, A. Economic assessment of amino acid responses in
growing poultry. In: D’Mello, editor. Amino Acids in Animal Nutrition. Wallingford,
UK: CAB International; 2003.

Alternative Crops and Cropping Systems26



[55] Zhang, A.; Liu, X.; Wang, G.; Wang, H.; Liu, J.; Zhao, W.; Zhang, Y. Crude fat content
and fatty acid profile and their correlations in foxtail millet. Cereal Chemistry.
2015;92(5):455–459. DOI: 10.1094/CCHEM-12-14-0252-R

[56] Zambiazi, R. C.; Przybylski, R.; Weber Zambiazi, M.;, Barbosa Mendoca, C. Fatty acid
composition of vegetable oils and fats. B. CEPPA, Curitiba. 2007;25(1):111–120.

[57] Nakayama, H.; Afzal, M.; Okuno, K. Intraspecific differentiation and geographical
distribution of Wx alleles for low amylose content in endosperm of foxtail millet (Setaria
italica L.) Beauv. Euphytica. 1998;102(3):289–293. DOI: 10.1023/A:1018344819531

[58] Zhu, F. Review. Structure, physicochemical properties, and uses of millet starch. Food
Research International. 2014;64:200–211. DOI: 10.1016/j.foodres.2014.06.026

[59] Saleh, A. S. M.; Zhankg, Q.; Chen, J.; Shen, Q. Millet grains: nutritional quality,
processing, and potential health benefits. Comprehensive Reviews in Food Science and
Food Safety. 2013;12:281–295.

[60] Zhang, L. Z.; Liu, R. H. Phenolic and carotenoid profiles and antiproliferative activity
of foxtail millet. Food Chemistry. 2015;174:495–501. DOI: 10.1016/j.foodchem.
2014.09.089

[61] AU: Please provide English translation of text instead of other language in Ref.
[61].Hermuth, J. Čirok znovu vzkříšená plodina v ČR. Agromanuál. 2010;5:62–65 (in
Czech).

[62] AU: Please provide volume number for Ref. [62].Martin, J. H.; MacMasters, M. M.
Industrial uses for grain sorghum. USDA Yearbook 1950–51. 1952:349–352.

[63] Martin, J. H.; Waldren, R. P.; Stamp, D. L. Principles of Field Crop Production. Upper
Saddle River, NJ: Pearson/Prentice Hall; 2006. p. 954.

[64] Jambunathan, R.; Subramainian, V. Grain quality and utilisation of sorghum and pearl
millet. In: Biotechnology Workshop; 12–15 January 1988; Pantacheru, India: ICRISAT;
1988. p. 133–139.

[65] AU: Please provide English translation of text instead of other language in Ref. [65].
Also provide volume number for the same.Zeman, L. Katalog krmiv. Brno. 1991:191
(in Czech).

[66] Mosse, J.; Huet, J.-C.; Baudet, J. The amino acid composition of whole sorghum grain
in relation to its nitrogen content. Cereal Chemistry. 1988;65(4):271–277.

[67] Matz, S. A. Other cereal grains. In: Matz, S. A., editors. The Chemistry and Technology
of Cereals as Food and Feed. 2nd ed. Westport: The AVI Publishing Company; 1991.
p. 259–284.

[68] Serna-Saldiva, R. S.; Rooney, L. W. Structure and chemistry of sorghum and millets. In:
Dendy, D. A. V., editor. Sorghum and Millets. Chemistry and Technology. St. Paul,
Minnesota: Am. Assoc. of Cereal Chemists; 1995. p. 69–124.

Sorghum and Foxtail Millet—Promising Crops for the Changing Climate in Central Europe
http://dx.doi.org/10.5772/62642

27



[69] AU: Please provide English translation of text instead of other language in Ref.
[69].Ivanišová, E. Biologicky cenné zložky obilnín a pseudoobilnín. Agromagazín.
2009;10:18–22 (in Slovak).

[70] AU: Please provide English translation of text instead of other language in Ref.
[70].Podrábský, M. Nový hybrid čiroku se súdánskou trávou. Agromanuál. 2008;3:36–
37 (in Czech).

[71] AU: Please provide publisher location for Ref. [71].Bolsen, K. K.; Moore, K. J.; Coblentz,
W. K.; Siefers, M. K.; White J. S. Sorghum silage. In: Silage Science and Technology.
American Society of Agronomy Inc., Crop Science Society of America Inc, Soil Science
Society of America Inc.; 2003. p. 609–632.

[72] Habyarimana, E.; Laureti, D.; De Ninno, M. C.; Lorenzoni, C. Performances of biomass
sorghum [Sorghum bicolor (L.) Moench] under different water regimes in Mediterra‐
nean region. Industrial Crops and Products. 2004;20:23–28. DOI: doi:10.1016/j.indcrop.
2003.12.019

[73] Windpassingera, S.; Friedta, W.; Frauenb, M.; Snowdona, R.; Wittkopa, B. Designing
adapted sorghum silage types with an enhanced energy density for biogas generation
in temperate Europe. Biomass and Bioenergy. 2015;81:496–504. DOI: 10.1016/
j.biombioe.2015.08.005

[74] Chynoweth, D. P.; Turick, C. E.; Owens, J. M.; Jerger, D. E.; Peck, M. W. Biochemical
methane potential of biomass and waste feedstocks. Biomass and Bioenergy. 1993;5(1):
95–111.

[75] Amon, T.; Amon, B.; Kryvoruchko, V.; Zollitsch, W.; Mayer, K.; Gruber, L. Biogas
production from maize and dairy cattle manure-influence of biomass composition on
the methane yield. Agriculture, Ecosystems and Environment. 2007;118(1–4):173–182.
DOI: 10.1016/j.agee.2006.05.007

[76] Mahmood, A.; Honermeier, B. Chemical composition and methane yield of sorghum
cultivars with contrasting row spacing. Field Crops Research. 2012;128:27–33. DOI:
10.1016/j.fcr.2011.12.010

Alternative Crops and Cropping Systems28


