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Abstract

Rye has been playing an important agronomic,
nutritional and social role throughout human
civilization. In the last 50 years, rye grain
yields have increased but not enough to offset
the decrease in cropping area to maintain
production. In this context, hybrid rye has
great potential due to high yield performance
and greater resilience to climate variability.
The production area of hybrid rye has been
increasing for several years and is expected to
continue increasing. In the last decade, uses,
such as biogas as well as greening, are
potential new markets for rye biomass pro-
duction. Although rye genomics has lagged
behind other cereal crops, it has made signif-
icant contributions to understanding the evo-
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lution of the grass family through comparative
genomics analyses. Rye genomics and breed-
ing have made great strides in the past
50 years and led to exciting new areas of
research, in particular, hybrid varieties of rye
that out-yield conventional synthetic varieties
by 20-30% for both biomass and grain. While
rye may be considered a minor crop in terms
of production, contributions to cereal geno-
mics have been substantial.

1.1 Background

Rye (Secale cereale 1.) has the remarkable
capability to grow in a wide range of environ-
ments, and more specifically performs well in
low input environments where other cereals fail.
The most widely grown type of rye is winter rye,
also called fall rye. Rye grain has considerable
value for functional and healthy humans’ food.
Rye is climate resilient and able to survive cold
temperatures, semi-arid and high-altitude zones,
and marginal soils. Until now, most of the rye
production uses population or synthetic rye
varieties.

Nevertheless, rye was the first small grain
cereal to be successfully bred to produce hybrid
varieties with the first hybrids launched in 1984.
The importance of rye has continued to increase
due to high yield, resilient agronomic perfor-
mance, and stable, good grain quality.
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1.2 World Rye Production

According to the FAOSTAT (statistical platform
of the Food and Agriculture Organization of the
United Nations) in 2018 around 11.27 million
tonnes (Mt) of rye grain were harvested world-
wide, of which 9.13 Mt were grown on the
European continent (Table 1.1). Thus, the con-
tribution of Europe to world rye production was
81.0% while other continents contributed much
less with Asia—13.0%, Africa—0.9%, North
America—4.0%, and Australia—0.9%.

Average world production of rye from 2009 to
2018 amounted to 14.2 million tonnes per year.
Rye production in the last decade declined
slightly at an average annual rate of 0.2% due to
the increasing availability of high performing
wheat varieties and low prices for rye grain. The
maximum rate of decline was recorded in 2008 at
19%. The peak of global rye production was in

V. Korzun et al.

2009 at the level of 18.3 Mt. Although it is
slowly declining, rye production has been stable
relative to other cereals with moderate peaks and
valleys.

Around the world, the area of cultivated land
dedicated to growing rye (Bushuk 2001) has
decreased substantially since the 1970s. In 1996,
17 Mha were harvested, but this dropped by 61%
to 6.7 Mha by 2008. This negative trend has
continued in the last decade (2009-2018). During
this period, the harvested world area decreased by
2.2 Mha or 31%. In 2018, the cultivated area of
rye in the world amounted to 4.12 Mha. The
decrease in cultivated area has been largely offset
by an increase in yield. This significant yield
increase was achieved through improvement of
agronomic practices, especially in the use of
chemical fertilizers and crop rotation, decline in
the use of less fertile land, and development of
high-yielding varieties, especially hybrids.

Table 1.1 Rye production per continent and Top 10 countries and regions Data from FAOSTAT (2020)

Region/Country Area (Million ha, Mha) Yield level

(Tonnes per ha)
Production
(Million tonnes, Mt)
World 4.12 2.74 11.27
Europa 3.32 2.75 9.13
Belarus 0.25 2.00 0.50
Denmark 0.09 5.20 0.48
Germany 0.52 4.21 2.20
Poland 0.89 242 2.17
Russian Federation 0.96 2.00 1.92
Spain 0.14 2.85 0.39
Ukraine 0.15 2.65 0.39
Asia 0.46 3.21 1.46
China 0.27 3.90 1.04
Turkey 0.11 2.89 0.32
North America 0.23 2.64 0.60
United States of America 0.12 2.15 0.27
Canada 0.08 2.99 0.24
Australia 0.04 0.70 0.03
Africa 0.05 1.88 0.10
South America 0.05 1.93 0.10



1 Economic and Academic Importance of Rye

Climate change is a global driver of farmers’
interest in growing hybrid rye varieties. In Eur-
ope, the increasingly stringent regulations on the
use of fertilizers and chemicals for plant protec-
tion are incentives for farmers to grow hybrids
because of their tolerance to marginal soils and
diseases.

Winter rye is of great importance in the world
economy and food traditions of those seven
countries, where the crop is grown on more than
90 thousand hectares (Belarus, Denmark, Ger-
many, Poland, Russian Federation, Spain, and
Ukraine) (Table 1.1). The Russian Federation
leads in the area of cultivation of winter rye since
this cereal crop has traditionally been grown in a
country where the conditions for growing crops
are tough. In recent years, China, Canada, and
the United States have begun to cultivate
increasing amounts of rye.

Retrospective analysis showed that on average
for the period 1994-2018, the Russian Federation
contributed most to the world production of rye
followed by Poland and Germany. In recent years,
production of rye has changed significantly. In
total, the Russian Federation, Germany, and
Poland produced between 6 and 8 Mt of rye that
accounted for more than 70% of European rye and
about 57% of the total world grain harvest of this
crop. In 2018, Germany and Poland became the
leaders in the production of rye. The top 10
countries include Belarus, Ukraine, China, Den-
mark, Canada, Turkey, and Spain.

Rye production in Germany shifted over the
last 25 years from population to hybrid varieties.
Despite a smaller cropping area of 0.52 Mha in
Germany, winter rye grain production in Ger-
many increased due to higher yield (4.2 t per
hectare) resulting from the strong yield perfor-
mance of hybrid rye varieties. At the same time,
winter rye in Poland was harvested on 0.89 Mha
at a yield of only 2.4 tonnes per hectare because
of a lower level of agrotechnology use and lim-
ited use of hybrid rye varieties.

Traditionally, the cultivation of Russian rye
grain was the most economically beneficial prac-
tice, especially since the agro-climatic conditions
of Russia are optimal for rye. Rye is relatively
undemanding crop, is resistant to severe winter

conditions, and grows well even in less fertile
soils (including sandy). Therefore, the expendi-
tures for fertilizers and plant protection chemicals
on rye cultivation are lower than for other cereals.
In 2018, rye grain production dropped from 2.4 to
1.92 Mt. The large reduction can be explained by
reduced demand for rye and severe damage to
winter rye by snow mold disease caused by sev-
eral types of fungal pathogens like Microdochium
nivale, M. majus, Typhula ishikariensis, T.
incarnata, Myriosclerotinia borealis and Pythium
iwayami, P. okanoganense (Gorskov et al. 2020;
Ponomareva et al. 2020) Significant producers of
rye are also China (1.04 Mt), Denmark (0.48 Mt),
Belarus (0.50 Mt), and Ukraine (0.39 Mt).

Rye yields over the past six decades have
increased in European countries and worldwide
(Fig. 1.1). This can be explained by the expan-
sion of the hybrid rye growing area and increased
hybrid rye breeding efforts. Especially in Europe
(Germany and Denmark), this has led to
increased yield (Table 1.1).

The average rye yield was about 2.8 t/ha
between 2008 and 2018. The lowest rye yield
was in 2010 at less than 2.4 t/ha due to extremely
unfavorable weather conditions with severe frost
in winter and drought in summer. The highest
yield of rye in Europe and on a global scale was
recorded in 2017 with more than 3.0 t/ha.

From 1961 to 1978, rye and wheat yield in the
world were very similar with about 2 t/ha, but
since 1978 wheat yields were usually higher than
rye by about 0.6 t/ha, and in Germany even
2.0 t/ha. This difference can be explained by the
much higher investment in wheat breeding and
the fact that rye is usually cultivated on poor
soils. Nevertheless, yield potential of winter rye
was much higher. For example, in 2001 and 2014
yield in Germany was above 6.1 t/ha on a total
harvested area of 0.84 and 0.63 Mha, respec-
tively. Breeding progress in Germany, especially
hybrid breeding, prevented an even greater neg-
ative trend of area reduction (Fig. 1.2) due to
increasing the yield per hectare with modern
hybrids now delivering grain yields more than
12 t/ha.

Since early 2000, hybrid rye breeding
investments have been increased resulting in
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growing yield increases combined with strong
agronomic performance and improved grain
quality (cf. Wilde and Miedaner, Chap. 2 of this
volume). Miedaner and Huebner (2011) reported
that hybrids out-yielded population varieties by
20-25%.

In terms of global production, rye is a minor
cereal (Table 1.2), since its production is less
than 50% that of oats, ~8% that of barley, and
1.5% that of wheat.

1981 1991

—=—Yield (tonn/ha)

2001 2011

—#— Production (mlIn tonnes)

1.3 Rye End Uses

Rye grain is used to bake bread and other prod-
ucts through the sour dough process that confers
a unique taste with specific nutritional benefits
and market opportunities. Rye-derived products
benefit from reduced gluten compared to wheat.
Rye is favored because its grain is rich in dietary
fiber, carbohydrates, proteins, and several key
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Table 1.2 Rye production

Crop Area
compared to other cereals (Mha)
in the world in 2018. Data -
from FAOSTAT (2020) Maize 193.73

Wheat 214.29

Rice 167.13

Barley 47.93

Sorghum 42.14

Oats 9.85

Triticale 3.81

Rye 4.12

minerals and nutrients. Trends in rye end use
include an increase in rye being fed to animals
and a decrease in human consumption. In recent
years, rye has been well established as a feed
component rich in energy for livestock, espe-
cially cattle and pigs, and for use in industry,
distillery, and energy production.

According to Goncharenko (2014) potential
consumption of winter rye is high. From 100 kg
of winter rye grain, it is possible to make 160 kg
of rye bread, 50 kg of pork meat, 230 1 of milk,
36 1 of ethanol, 60,000 I of biogas, or 450 kWh
of energy.

The highest consumption on a country basis
belongs to the Russian Federation. Russia con-
sumed 2.55 Mt of rye in 2017, followed by
Belarus (approximately 0.8 Mt), the USA
(0.5 Mt), and Ukraine (0.38 Mt). Russian rye
consumption is distributed as follows: 60% of
grain is used in baking, about a third of the gross
harvest is for animal feed, and 10% for other
needs (Ponomareva and Ponomarev 2019).

According to the European Commission in
2020, the EU total supply of rye was 9.76 Mt of
which 7.5 Mt were for domestic use. Most of
domestic rye was used as food (2.96 Mt, 39%)
and 2.70 Mt (36%) of domestic rye was used as
animal feed (Fig. 1.3). For industrial processing,
0.60 Mt of rye (approximately 12%) were used
for bioenergy (Cereals Supply and Demand
2020). The remaining part is represented by seed,
stocks, and export.

Statistics show that in the European Union,
rye produced for bread making has decreased or
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Fig. 1.3 Total supply of rye in EU (domestic use in Mt),
2020/2021 Projection (data from https://data.europa.eu/
euodp/en/data/dataset/cereals-supply-and-demand)

stagnated, but other market segments such as
feed are increasing. Since the 1990s, rye has been
increasingly used to produce alcohol and plastics,
as well as for the generation of renewable energy
(Schlegel 2013).

Rye is mainly consumed in the countries of
Northern and Eastern Europe, which exceed the
European average of 5.4 kg/year per capita
(2017; Table 1.3). Rye consumption is highest in
Belarus consumption at an annual consumption
per capita of 31.9 kg/year, although this value
has decreased by 41% compared with 1995. In
the EU, Poland ranks second in rye consumption
at 25.7 kg/capita/year. Denmark ranks third in
annual rye consumption per person for food
production (23.5 kg/capita/year) with a strong
increase in comparison with 1995. Rye has
always been the national crop, most important
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Table 1.3 Annual rye
food consumption in the
world and in selected
countries (in kg/capita/year,
data from FAOSTAT
2020)

Country/Year
World
Europa
Belarus
Canada
China
Denmark
Estonia
Finland
Germany
Latvia
Lithuania
Norway
Poland
Russian Federation
Sweden
Turkey
Ukraine

USA

food product, and brand for Denmark. In Den-
mark, rye culture, eating and cultivation tradi-
tions have been passed down from generation to
generation, with love and respect for rye and rye
bread and increasing attention to health aspects
of rye bread.

Among the Nordic and Baltic countries,
Norway has the lowest consumption of rye at
7.7 kg/capita/year and the highest is Latvia and
Estonia (21.5 and 20.8 kg/capita/year, respec-
tively). The largest decline in 2017 compared to
1995 from the Baltic countries occurred in
Lithuania. Rye consumption per capita has
decreased over the last 20 years both in Euro-
pean countries and globally (Table 1.3). World-
wide, per capita consumption of rye decreased
from 1.4 (1995) to 0.6 kg/capita/year (2017). In
Europe consumption of rye has been quite stable
and is about 9 times higher than worldwide
consumption.

More than 3.2 Mt of rye produced in the EU
is used for diversification. In Europe, rye is
mostly used for feed, ethanol processing, and
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1995 2005 2017
1.4 0.9 0.6
7.1 6.8 54

78.0 334 31.9
0.5 0.6 0.6
0.5 0.1 0.2

15.5 13.0 23.5

21.5 18.9 20.8

15.8 15.4 18.4

12.0 9.9 9.3

19.2 18.9 21.5

44.8 17.1 10.6
73 6.9 7.7

32.0 31.1 25.7

11.9 8.9 53
9.0 12.0 9.3
2.4 3.4 2.4

12.8 8.2 8.1
0.3 0.3 0.7

biogas. In Germany, 66% of rye was used for
animal feeding and 15% for human nutrition,
mainly for bread making (Stat] 2015).

Rye is an ideal crop for agricultural biogas
production in regions with low fertility and sandy
soils. Rye biomass is increasingly being used as a
renewable raw material for biogas production
(Geiger and Miedaner 2009). Bioethanol and bio-
gas production may be a growing market for rye.
Maximum methane yield per hectare is the main
goal for the farmer. According to Huebner et al.
(2011), mean rye methane yield was 4424 m>/ha.

The European Biodiesel Board estimated that
in 2017, Germany was the biggest producer of
biofuel in Europe (more than 4 Mt) (http://www.
ebb-eu.org/stats.php 2017). In 2007, 25% of
Germany’s rye harvest was used for bioenergy
production. Rye as raw material for bioethanol
can produce up to 5.4 t/ha fresh matter biomass
yield, 420 1/t biomass, or 2268 1/ha of bioethanol
yield, with 2.4 kg/l required biomass per liter of
fuel (FNR, BDBe, harvest report of BMEL
2015).
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In some countries, including Russia, rye is
used as an early feed for green mass and as a
cover crop. In the United States, rye is primarily
grown as forage. The sowing of rye for green
forage is expanding worldwide. This is the first
culture to form a green conveyor, giving a high
yield of biomass (up to 15 t/ha), suitable for all
types of livestock and birds in spring and sum-
mer. Farms have additional opportunities to
produce early fodder for silage, grass, flour, and
hay (Sysuev et al. 2014). Forage is used in the
form of green chop, pasture, haylage, or hay. Rye
makes excellent forage, especially when com-
bined with red clover and ryegrass. For best
quality, rye should be cut between early heading
and the milk stage of seed growth. Rye matures
earlier and has higher crude protein levels than
wheat and triticale. Although rye forage is less
palatable than other forages, rye has greater cold
tolerance, quicker growth at low temperatures,
and more uniform seasonal forage production
compared to wheat (Triticum), oats (Avena),
barley (Hordeum), or triticale (Triticosecale)
(Bruckner and Raymer 1990). Rye cultivars used
for green fodder and hay in spring and summer
grow fast and have thick foliage. They can
regrow after being mown or grazed and their
herbage is very nourishing (Schlegel 2013).

Rye is the most common and reliable cover
crop in the Midwest and Northeast of the United
States and in Canada, as it is one of the few cover
crops that can be successfully established when
planting in autumn after harvesting corn or soy-
beans. It is winter hardy throughout the region
and accumulates significant amounts of biomass
before spring planting of other crops (Snapp et al.
2005). As a cover crop, rye is multifunctional in
no-till agroecosystems. This is the most effective
way to reduce nitrogen and phosphorus losses.
The deep root system of rye, especially rye
hybrids, captures excess nitrogen and prevents it
from entering groundwater or leaching. These
nutrients are stored and then made available in
the residual biomass for the next harvest. In
general, fertilizer costs are decreased and labor is
distributed evenly throughout the year.

1.4 Academic Importance of Rye

Our search in the Scopus international database,
as per January 2021, revealed only 15,411 pub-
lications included rye as a keyword in contrast to
over 150,000 publications on wheat. Most often
the term rye is mentioned in publications with
titles Agricultural and Biological Sciences, Bio-
chemistry, Genetics, and Molecular Biology,
Medicine, and Environmental Science and
Chemistry (Fig. 1.4).

The aim of agricultural and biological
research on rye has mainly focused on the study
of economic traits such as grain yield, biomass,
nutritional factors, early maturity, and grain
quality (see Chap. 9 of this volume). The agro-
nomic advantages and improved end use prop-
erties of rye grains achieved by research and
development efforts make rye an attractive option
for increasing global food production, particu-
larly, for marginal land and stress-prone growing
conditions.

As the only outcrossing Triticeae species, rye
is of considerable interest both from an evolu-
tionary and a genetic perspective, especially in
comparative genomic studies with other grains
species.

Genome sequences of Triticeae species are
critical resources for understanding the biology
and evolution of these species through compar-
ative genomic approaches and for associating
phenotypic traits with underlying genes. Rye was
the last of the Triticeae species to be sequenced
(see Chap. 7), thus closing a major gap in Trit-
iceae genome research. Bauer et al. (2017), using
comparative genome analyses, reported genomic
diversity in ten rye inbred lines and one acces-
sion of the wild relative Secale vavilovii,
revealing more than 90 million single nucleotide
variants and insertions/deletions in the rye gen-
ome. These genomic resources have facilitated
map-based cloning and functional characteriza-
tion of genes underlying agronomic traits and
advanced Triticeae genomics. Earlier, Hackauf
et al. (2009) used marker sequences to construct
a comparative map between rice and rye.


http://dx.doi.org/10.1007/978-3-030-83383-1_9
http://dx.doi.org/10.1007/978-3-030-83383-1_7

V. Korzun et al.

Undefined ' 29
Dentistry 11
Decision Sciences =~ 17
Psychology ' 38
Neuroscience ' 43
Business, Management and Accounting ' 43
Mathematics ' 44
Health Professions ' 50
Economics, Econometrics and Finance 51
Computer Science 103
Physics and Astronomy = 105
Materials Science 175
Multidisciplinary 226
Energy 262
Veterinary 281
Arts and Humanities 341
Pharmacology, Toxicology and Pharmaceutics 363
Social Sciences 424
Chemical Engineering 427
Earth and Planetary Sciences 513
Nursing 604
Engineering 723
Immunology and Microbiology 1025
Chemistry 1203
Environmental Science 1537
Medicine 2988
Biochemistry, Genetics and Molecular Biology 4943
Agricultural and Biological Sciences 8749
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Fig. 1.4 Heading of publications using ‘rye’ as a string for database search. Scopus [Electronic resource]. Accessed:

09.01.2021

Genome wide sequence-based comparisons
revealed many more chromosomal rearrange-
ments between the grass genomes than previ-
ously reported based on RFLP analyses, thus
exposing more complexity to the orthologous

relationships between Triticeae genomes.

1.4.1 Rye as Genetic Resource

for Wheat Improvement

Rye, a close relative of wheat (Triticum aestivum
L.), which is the economically most important
cereal (Feldman and Levy 2015), is providing a
vast and largely untapped reservoir of genetic
variation for traits such as stress tolerance, bio-
mass, yield, and photosynthetic potential, not
only for the commercial crop triticale (x Triti-
cosecale Wittmack), but also for wheat (Lukas-
zewski 2015).

Rye chromosomes or their segments can be
introgressed into wheat in the creation of sub-
stitution or translocation lines (Ren et al. 2017).

There have been numerous reports on the intro-
gression of rye for wheat improvement dating
back to the 1800s (Franke 1991; Driscoll and
Anderson 1967). Rye can be crossed with wheat
and its agronomic traits can be transferred via
classic pre-breeding from wheat/rye hybrids into
the wheat genome. Therefore, this crop had a
major impact on plant breeding strategies both
through the production of the synthetic hybrid
triticale as well as through the introgression of
rye chromatin in wheat varieties, particularly by
the short arm of chromosome IR (1RS), as a
source of genes for agronomic traits and disease
resistance (Baum and Appels 1991).

Rye has proven to be a useful source of genes
for improving important traits and diversity in
wheat breeding (Saulescu et al. 2011; Johansson
et al. 2020), especially for disease resistance
genes. The short arm of rye chromosome 1R
carries resistance genes for leaf rust (Lr26), stem
rust (Sr31), stripe rust (Yr9), and powdery mil-
dew (Pm8) (Mclntosh et al. 2011; Crespo-

Herrera et al. 2017), therefore it was
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incorporated into tetraploid and hexaploid
wheats. The most prominent has been the widely
used 1BL.1RS or 1AL.1RS translocations where
the short arm of rye chromosome 1R from Petkus
rye has replaced the short arm of wheat chro-
mosome 1B or 1A. The 1BL.IRS wheat-rye
translocation has contributed immensely to glo-
bal wheat production as a source of resistance
genes (Sr31/Yr9/Lr26/Pm9) to wheat fungal
diseases (Schlegel 2020). This translocation has
been used extensively in wheat breeding by
CIMMYT and other breeding programs globally
resulting in hundreds of wheat varieties with the
rye chromosome arm (Crespo-Herrera et al.
2017) or segments of it (Lukaszewski 2000). It
was reported to be present in about 1050 wheat
cultivars (Schlegel and Korzun, 1997). This
introgression was also found to increase root
biomass leading to drought tolerance (Howell
et al. 2019). Furthermore, new disease resistance
genes from other rye chromosomes have been
introgressed into wheat (Driscoll and Jensen
1965; Rabinovich 1998; An et al. 2019; http://
www.rye-gene-map.de/rye-introgression/). Rye
is one of the most winter hardy crops (Erath et al.
2017). While rye quality/utility does not compare
to wheat, however, it can be reliably grown in
harsher environments. As such, it has always
been viewed with much envy by wheat breeders
and many efforts have been made to utilize its
gene pool for wheat improvement.

With a full reference genome sequence,
inexpensive  low-density  high throughput
sequencing (HTS) of a wheat panel proved suf-
ficient to identify the positions of rye introgres-
sions. Crop improvement in rye, as well as in
wheat and triticale, will profit from investigations
of rye gene families implicated in pathogen
resistance, low temperature tolerance, and fertil-
ity control systems for hybrid breeding. Con-
sortium scientists (Rabanus-Wallace et al. 2021)
showed that rye introgressions in wheat breeding
panels can be characterized at high throughput to
predict the yield effects and trade-offs of rye
chromatin (see Chap. 7 of this volume).

1.4.2 Rye Grain as a Source
for Human Health Benefit

A healthy diet and lifestyle are currently in the
spotlight, and the demand for healthy foods is
growing. Rye was an essential part of the daily
diet in northern and eastern parts of Europe
because of its high energy value and beneficial
agricultural properties (Liukkonen et al. 2007).
Scientific evidence shows that rye contains a
mixture of biologically active substances and
possesses a wide range of protective properties in
the prevention and treatment of metabolic syn-
drome, including cardiovascular diseases and
type 2 diabetes as well as intestinal health and
certain types of cancer (Jonsson et al. 2018).
Their studies have shown that rye helps reduce
development of childhood asthma, promotes
weight loss, helps to prevent ulcers and stones in
the gallbladder, and can improve the metabolic
parameters of cells.

The main chemical constituents of the rye
grain are the same as in other cereals: starch,
dietary fiber (DF), protein, and mineral matter.
Some of these key components include man-
ganese, copper, magnesium, phosphorous, B-
complex vitamins, and phenolic antioxidant
compounds. Barley, oat, and rye grains are all
rich sources of (1,3;1,4)-b-D-glucan, whereas
wheat, rice, and maize have much lower con-
centrations. The benefits of DF in human nutri-
tion, enhanced health, and lifestyle-related non-
communicable disease prevention are well
known and cereals play an important role. Rye
flour mixed with wheat flour in various propor-
tions up to 40%, has been shown to increase DF
in whole meal rye bread without reducing the
acceptability of certain types of bread or pastry
products (Kotodziejczyk et al. 2020; Angioloni
and Collar 2011; Ragaee and Abdel-Aal 2006).
73% of the diet art fiber in rye is insoluble and
27% soluble (Feng 2019). However, the health
effects of rye can be associated not only with
fiber content, but also with the so-called “rye
fiber complex”, which is a mixture of various
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biologically active compounds including arabi-
noxylans, oligosaccharides, lignans, phytates,
and phenolic acids. Rye grains can be used in the
production of foods enriched with bioactive
components as these substances protect against
many diet-related diseases (Meija and Krams
2019). Breeding rye varieties rich in DF can
satisfy this new social need. In addition, rye flour
and baking products contain more antioxidants
than wheat products (Angioloni and Collar 2011;
Michalska et al. 2008).

From a nutritional approach, rye proteins are
recognized to be superior to those of wheat and
other cereal grains because of their better com-
position of essential amino acids (Wrigley and
Bushuk 2017). In rat feeding experiments, lysine
was the first and threonine the second, most
limiting amino acid. Rye protein has the highest
content of lysine (up to 0.619 g 100 g™ 1), valine,
threonine, and methionine compared to wheat
and barley (Sabirov et al. 2018). Continuous
dialog between researchers, breeders, the food
industry, and consumers are needed to enable the
health properties of rye to benefit more people
worldwide. Studies have demonstrated the ben-
efits of including rye whole meal flour in food
products (Jonsson et al. 2018).

1.4.3 Abiotic Stress Tolerance of Rye

Rye is known for its tolerance to abiotic stresses
of various kinds. Rye generally tolerates mar-
ginal soils better than wheat or barley, especially
acidic soils that release the phytotoxic AI’*
cation into the soil solution where it inhibits root
growth, thus reducing the ability of plants to
acquire water and nutrients (Ma et al. 2004).
Among the Triticeae, rye has the highest toler-
ance to aluminum, and there has been consider-
able effort made to identify and clone the genes
for aluminum tolerance (Alt) located on chro-
mosomes 3RS, 4RL 6RS, and 7RS (Miftahudin
et al. 2002, 2005; Matos et al. 2005).

The role of root architecture on water use
efficiency (WUE) and agronomic performance in
the field and greenhouse under well-watered and
water stressed conditions was investigated by
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Ehdaie et al. (2008) using the well known
translocations of the short arm of chromosome
IR from rye in bread wheat (1RS.IBL and
1RS.1AL). The 1RS translocations in ‘Pavon 76’
wheat from CIMMYT delayed maturity and
increased root biomass resulting in increased
grain yield and grain weight. The 1RS translo-
cations, were more tolerant to field environ-
mental stresses than Pavon 76, indicating one of
the benefits for these translocations in wheat
improvement. More recently, the increased root
biomass and drought tolerance was isolated to a
short segment of the rye 1RS:1BL translocation
(Howell et al. 2019).

1.5 Conclusion

Rye is the minor cereal crop in the world based
on growing area and production with major
usage in human consumption and animal feed as
well as in industrial processing and bioenergy
production. Genomic tools in rye were developed
only recently because of the large genome size,
the low-international recognition of this crop,
and the challenges in genetically analyzing a
cross-pollinator ~ with a  genetic  self-
incompatibility mechanism.

Nevertheless, the recent advance of genomic
resources in rye has now allowed researchers to
more rapidly and precisely (1) uncover the
genetic architecture of qualitative and quantita-
tive traits by quantitative trait loci (QTL) map-
ping, (2) achieve balanced introgression of small
genome segments from diverse genetic resour-
ces, and (3) introduce genome-based selection in
the breeding process (Miedaner et. al. 2019) and
enhance breeding progress towards the rapid and
successful development of rye varieties with
adaptation to targeted growing regions, stable
and high yield, and human health benefit.

In contrast to declining rye growing area
covered by conventional synthetic varieties, the
growing area planted to hybrid varieties has
increased substantially in recent decades (cf.
Wilde and Miedaner, Chap. 2 of this volume).
Rye hybrids have remarkable agronomic poten-
tial and new molecular and genomic tools and
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analyses will likely continue to increase in pop-
ularity in the future.
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