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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of ‘markers’ physically linked to them. These included visible or
morphological, cytological, protein, and molecular or DNA markers. Among
them, the first DNA marker, the RFLPs, introduced a revolutionary change in
plant genetics and breeding in the mid-1980s, mainly because of their infinite
number and thus potential to cover maximum chromosomal regions, phe-
notypic neutrality, absence of epistasis, and codominant nature. An array of
other hybridization-based markers, PCR-based markers, and markers based
on both facilitated construction of genetic linkage maps, mapping of genes
controlling simply inherited traits, and even gene clusters (QTLs) controlling
polygenic traits in a large number of model and crop plants. During this
period, a number of new mapping populations beyond F2 were utilized and a
number of computer programs were developed for map construction, map-
ping of genes, and for mapping of polygenic clusters or QTLs. Molecular
markers were also used in studies of evolution and phylogenetic relationship,
genetic diversity, DNA-fingerprinting, and map-based cloning. Markers
tightly linked to the genes were used in crop improvement employing the
so-called marker-assisted selection. These strategies of molecular genetic
mapping and molecular breeding made a spectacular impact during the last
one and a half decades of the twentieth century. But still they remained
‘indirect’ approaches for elucidation and utilization of plant genomes since
much of the chromosomes remained unknown and the complete chemical
depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the ‘genomic resources’ including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies, and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series ‘Compendium
of Plant Genomes,’ a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,

x Preface to the Series



physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are therefore focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/ or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole
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Preface

Barley (Hordeum vulgare L.) was selected by early humans in the Fertile
Crescent around 10,000–12,000 years ago and is likely one of the first
domesticated plants. Subsequently, barley became a foundation for early
human civilization and due to its adaptability is now grown in all temperate
regions of the world. Currently, it is the fourth most important cereal crop
behind maize, rice, and wheat. Barley is primarily used for animal feed, and
malting and brewing, with a small percentage devoted to food. Due to the
economic and agronomic importance of barley as a crop, it has been the
subject of numerous genetic and genomics studies.

Barley has a large and highly repetitive 5.1 Gb genome, which presented
significant obstacles to developing of a high-quality genome sequence.
However, in 2006, a small group of barley geneticists had the foresight to
form the International Barley Sequencing Consortium (IBSC), resulting in
the coordination and data sharing to develop and release of a draft sequence
in 2012. Subsequent effort by the IBSC resulted in releasing a high-quality
genome sequence in 2017. Thus, this book is timely in that it describes the
current status of barley genetics, breeding, and biology, and sets the stage for
increased genome sequence-enabled understanding and improvement of this
ancient crop. This volume covers aspects of the barley genome (sequencing
and assembly approaches, gene prediction, chromosomal genomics,
sequence diversity and structural variation, and variation in the secondary
and tertiary gene pools), taxonomy, domestication, development (vegetative
and inflorescence), genome characteristics (cytogenetics, repetitive sequen-
ces,), biotic and abiotic stress responses, organellar genomes, proteomics,
gene cloning and expression, and genomics-enabled improvement.

It has been a great privilege to work with members of the barley research
community on this book. We are indebted to all of the authors for their
expertise and time. Experts in the field reviewed each chapter, and thus we
are thankful for their efforts to improve the quality of this compilation. We
hope that this volume will serve as a reference for those new to barley and to
experienced barley researchers.

Seeland, Germany Nils Stein
St. Paul, USA Gary J. Muehlbauer
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1Economic and Academic Importance
of Barley

Peter Langridge

Abstract
Barley has had an interesting history. It is
thought to be the first crop domesticated and
developed as the staple food for the earliest
farmers. It has remained an important food in
many regions but its main uses now are as an
animal feed and for beer production. While
production for the other major cereal crops,
maize, rice and wheat, has continued to grow,
barley production has stagnated over the past
two decades. Nevertheless, over the last
century, barley has been an important crop
model for a wide range of studies on genetics,
biochemistry and developmental biology, par-
ticularly for barley’s close relative, wheat.
Many key concepts and tools in modern crop
research can be traced back to early studies on
barley. As techniques for genetic and genome
analysis improve, and genomic research in
wheat becomes more tractable, the role of
barley as a model is likely to shift. However,
there are several aspects of barley that are
likely to keep it as an important crop for study.

1.1 Background

Barley (Hordeum vulgare) is the fourth major
cereal in terms of production after maize, rice and
wheat. Barley with nonshattering rachises has
been found at the oldest archaeological sites
dated at just around 11,000 years ago. These are
likely to represent the first plants morphologi-
cally modified by human selection and just
predated the first domesticated wheats—diploid
or einkorn wheat (Triticum monococcum) (Allard
1999). Wheat and barley are closely related, and
it is possible to produce fertile hybrids between
the two crops. However, barley is often seen as
being an inferior food staple compared to wheat
and has been described as the ‘poor man’s
bread’. Despite this limitation, barley is usually
hardier than wheat and has been an important
crop in many regions where wheat might struggle
to yield and this characteristic has ensured barley
cultivation from domestication to the present day
(Zohary and Hopf 1988).

1.2 World Barley Production

Barley has profited from the changes that have
occurred in breeding strategies and in farming
practices resulting in a steady rate of yield
increases. Today, barley is grown across the
temperate regions of both the northern and
southern hemispheres. Figure 1.1 shows the

P. Langridge (&)
School of Agriculture, Food and Wine, University
of Adelaide, Adelaide, SA, Australia
e-mail: peter.langridge@adelaide.edu.au

© Springer International Publishing AG, part of Springer Nature 2018
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distribution of barley production across the
world. Europe and the Russian Federation
account for around 65% of global production but
barley has remained an important food crop in
parts of North Africa, Asia and South America.

The ten biggest barley producers are shown in
Fig. 1.2. The Russian Federation is not only the
largest producer by quantity but also has the

largest area sown to barley. It can also be seen
from Fig. 1.2 that yields in Russia and Australia
are quite low at around 2.5 tonne/ha compared
to France and Germany where yields are usu-
ally well over 6 tonne/ha. In 2014, almost
150 million tonne of barley were produced on
almost 50 million ha giving an average global
yield of around 3 tonne/ha.

Fig. 1.1 Distribution of barley production globally (You et al. 2014 MapSpam). Colour intensity relates to the
proportion of land devoted to barley production
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Fig. 1.2 The world’s ten
major barley producers for
2014. Data from FAOSTAT
(2017)
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In 2013, barley exports were valued at over
US$8.5 billion (31 million tonne) with the big-
gest exporting countries France, Australia,
Argentina, Germany and Ukraine. Conversely,
the value of barley imports globally was just
over US$9.4 billion with Saudi Arabia
(10.5 million tonne) by far the biggest importer
accounting for almost one-third of the total
global barley imports.

Figure 1.3 shows the global changes that have
occurred in the area sown to barley and the total
production since 1961. Over this period, the
yields of barley have risen from an average of
1.3 tonne/ha to over 2.5 tonne. However, it is
interesting to note that since the mid-1980s the
area sown to barley has been declining. This is
probably related to the increasing success of new
maize hybrids and soybean cultivars in the USA
and to the higher value of wheat in many areas.
Brassica crops have also tended to replace barley
as an alternative to wheat in many regions.
A second factor is the reduction of barley as a
traded staple. While barley yields showed rapid
increase from the early 1960s until the
mid-1980s, there has been little real improve-
ment in yields for the past 15 years. This is
probably related to barley being pushed out of
some of the more productive cropping regions
and moving further to low rainfall, stressed
environments where it can outperform wheat. It

is possible that the small investment in barley
improvement, relative to wheat and particularly
maize, is a contributing factor to the slow yield
gains.

1.3 Barley End Uses

Since 1960, the major use of barley is as ani-
mal feed which accounts for between 61 and
77% of barley use. However, malting represents
the high-value use for barley with malting
barley commanding substantial premiums com-
pared to feed. Over the same period, between 9
and 22% of barley production goes to malting.
Although barley was likely to have been orig-
inally domesticated for human food and has
remained an important food source for people
in many regions, currently, food consumption
accounts for only around 5% of barley end use
(FAOSTAT 2017). The most obvious trend in
barley end use has been an increase in barley
going to malting and a decrease in human
consumption of barley (Fig. 1.4). In the 1960s,
just over 10% of barley was used for malting
and over 15% for humans. Now the situation is
reversed with over 20% of barley production
going to malting in some years while human
consumption has remained around 5% since the
1980s (Fig. 1.4).

Barley malt is a key raw material for beer
brewing and whiskey production—about 130 g
of malt is used to produce a litre of beer. There
are many different characteristics of barley that
are important for malting. These characteristics
are primarily related to the speed and consistency
of germination, the breakdown of the endosperm
cell walls and the degradation of starch into
fermentable sugars. High protein is undesirable
for malting, and efficient degradation of
endogenous proteins is also important for pro-
ducing high-quality malt (Fox et al. 2003). The
importance of the malting process has meant that
grain structure, development and germination
have been intensively studied in barley and this
now represents one of the best-studied cereal
grains (Schulte et al. 2009).

0 
20
40
60
80

100
120
140
160
180
200

19
61

19
64

19
67

19
70

19
73

19
76

19
79

19
82

19
85

19
88

19
91

19
94

19
97

20
00

20
03

20
06

20
09

20
12

Area

Production

Fig. 1.3 Global barley production and area sown.
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Despite the decline in barley production over
the past three decades, beer production from
barley has shown steady growth (Fig. 1.5) with
worldwide beer production at well over a billion
hectolitres annually. This is reflected in the rising
proportion of barley that has been used for
malting, ranging from around 10% prior to the
mid-1980s to around 20% more recently.

Food uses have been important historically in
many regions including the Middle East, North
Africa and northern and eastern Europe and Asia
(reviewed in Baik and Ullrich 2008). Barley flour
is usually prepared from pearled barley and can
be incorporated into wheat-based foods (New-
man and Newman 1991). However, wheat and
rice provide a better quality product and better
mouthfeel than barley which led to a decline in
barley consumption over the past 200 years
(Newman and Newman 2006). Consequently,
breeders have largely ignored food quality in
barley improvement.

1.3.1 New Trends in Barley End Uses

In recent years, there has been a trend away from
the major breweries to small or independent
brewing facilities. The craft brewing industry is
made up of brewpubs, microbreweries, regional
craft breweries and contract brewers. It has been
estimated that in 2015 there are over 10,000 craft
breweries globally with the vast majority in
Europe (4486) and North America (4483) (http://
ag.alltech.com/en/blog/2015-craft-brewery-count).
While overall beer production in the USA has
remained constant or even declined, craft brew-
eries and imported beers have been growing
rapidly (up by 6.2 and 6.8% in 2016, respec-
tively) and the craft brewing market in the US
represented 12.3% of total consumption in 2016.
In 2016, the craft brewing industry in the USA
was valued at US$67.8 billion and employed over
456,000 people (https://www.brewersassociation.
org/statistics/economic-impact-data/). Importantly,
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the growth of the craft brewing industry has been
accelerating with an increase in the number of
craft breweries in the USA of over 16% between
2015 and 2016 (https://www.brewersassociation.
org/statistics/number-of-breweries/). These num-
bers are significant for barley production not only
because of their rapid growth in the craft brewing
industry but also because they are heavy users of
high-quality barley malt in contrast to many of the
major breweries who use large amounts of adjunct
from non-barley sources.

In addition to the rise of the craft brewing
industries, opportunities also exist for increasing
the use of barley for human food. Several studies
indicate that barley is one of the healthiest cereals
for the human diet due to high levels of some
important nutrients (Table 1.1). The overall
nutritional value of cereal grains varies greatly
depending on how the grain is processed and
consumed. There is also considerable variation
between accessions (Shewry et al. 2013). How-
ever, some barley accessions have high levels of
dietary fibre, particularly beta-glucans, and good
levels of other bioactive compounds and miner-
als, such as iron and zinc (Shewry et al. 2013;
HealthGrain forum https://healthgrain.org/). The
high overall levels and extensive genetic varia-
tion were used to select for lines with particu-
larly high concentration of fibre and resistant
starch (https://www.thehealthygrain.com/). High
fibre barleys were developed by CSIRO in

Australia and have been commercialised as
BARLEYmaxTM.

Despite the clear benefits of barley as a human
food, its use for food remains low relative to
other cereals and there has been no indication
that its use will grow. In 2016, the global per
capita food use of barley was only 1 kg/person
compared to the 67 kg for wheat, 17 kg for
maize and 54 kg for rice (FAO 2016). The
highest per capita consumption is in North
Africa, particularly Morocco (41 kg/person in
2016), Ethiopia (15 kg) and Syria (15 kg).

1.4 Academic Importance of Barley

Since the mid-1800s, there have been over
47,000 scientific publications on barley (based
on a Scopus search using ‘barley’ as keyword).
The number of barley and Hordeum publications
since 1950 is shown in Fig. 1.6. The 47,000
barley publications contrast to over 150,000
publications on wheat, and around 92,000 for
maize over the same period. Importantly, there
were almost 14,000 publications where both
wheat and barley were listed as keywords.

Barley has been an important model for wheat
but as resources and technologies have advanced,
wheat researchers have become increasingly
independent. For the period from 1950 to around
1970, there were about twice as many

Table 1.1 Nutritional composition of major cereals

Nutritional value (/100 g raw) Units Whole grain wheat flour Oats Brown rice Whole grain barley

Energy kcal 340 389 357 334

Protein g 13.2 16.9 8.3 10.6

Total fat g 2.5 6.9 2.6 2.1

Carbohydrates g 61.3 55.7 73.5 60.8

Fibre g 10.7 10.6 3 14.8

Calcium mg 34 54 12 50

Iron mg 3.6 4.7 1.3 6

Zinc mg 2.6 4 0.8 3.3

Data adapted from https://ec.europa.eu/jrc/en/health-knowledge-gateway/promotion-prevention/nutrition/whole-grain#_
Toc479239823
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publications on wheat compared to barley.
However, since the mid-1990s, publications on
wheat have exceeded barley fourfold.

The close relationship between barley and
wheat research is further emphasised in the Word
cloud shown in Fig. 1.7. The most frequently
associated keywords are ‘Triticum aestivum’ and
‘wheat’. The word cloud also shows the impor-
tance of barley in research on metabolism,
genetics and physiology.

1.4.1 Examples of the Broad Impact
of Barley Research

1.4.1.1 Domestication
There are many aspects of barley domestication,
physiology, biochemistry and developmental
biology that have been critical for crop science.
Many of our ideas about crop domestication have
come from studies of diversity in barley, and as
noted above, barley is believed to have been the
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first crop domesticated. The concept of geo-
graphical centres of origin for our modern crops
fits well with early ideas of barley domestication
in the Fertile Crescent and in the close proximity
to wild barley, Hordeum spontaneum. However,
the more recent discovery of two different rachis
mutations in barley (Pourkheirandish et al. 2015)
provides strong evidence for two separate
domestication events (Morrell and Clegg 2007).
This diversity was reinforced with new archae-
ological evidence for at least two separate
domestication events in the Middle East (Riehl
et al. 2013). These discoveries are now raising
questions about the whole concept of single
origin for our major crops and have stimulated a
reanalysis of diversity in other species (Allaby
2015).

1.4.1.2 Disease Resistance
The Mlo gene was cloned from barley about
20 years ago (Büschges et al. 1997). This gene
was first found in an Ethiopian landrace and
became a central tool in the control of barley
powdery mildew in Europe. However, powdery
mildew, caused by over 650 fungal species, is a
disease of around 10,000 plant species. It now
seems that the Mlo resistance mechanism found
in barley could have broad application for control
of the disease in many other species. This has led
to the description of mlo as a possible ‘universal
weapon to defeat powdery mildew disease’
(Kusch and Panstruga 2017). This strategy was
adopted to generate mutations at all three
homoeoloci of Mlo in wheat through genome
editing to provide broad-spectrum resistance to
powdery mildew (Wang et al. 2014).

1.4.1.3 Mutation Research
Mutation research in barley goes back to the very
start of mutation work in crop plants with the
early work of Stadler, Nilson-Ehle and Gustafs-
son (Lundqvist 2014). Indeed, barley has been
used as a model for the application of mutations
to the study of pathogen resistance, physiologi-
cal, biochemical and developmental processes
and to the production of novel commercial vari-
eties based on specific mutations. For example,
a gamma-ray-induced mutant of the cultivar

‘Valticky’ was produced in 1965 and released as
the variety ‘Diamant’. Diamant was about 15 cm
shorter than its parent variety and showed about
12% higher yield. This variety resulted in over
150 new varieties in Europe, North America and
Asia (Ahloowalia et al. 2004). Another gamma
ray mutant, Golden Promise derived from May-
thorpe, has been a mainstay of the Scottish
whiskey industry. It was originally selected for
its short stature, stiff straw and good malting
properties but the mutant also proved to be more
salt tolerant than its parent variety (Wei et al.
2003). These characteristics are likely to have
been important in two Australian varieties,
Hindmarsh and La Trobe, which both have
Golden Promise sister lines in their pedigree.

More recently, lipoxygenase-deficient mutants
have been adopted by the malting and brewing
industry for their improved effects on beer sta-
bility (Skadhauge et al. 2011).

The development of genomics resources has
led to a revitalisation of barley mutant research
and renewal of interest in the extensive series of
development mutants identified in the 1950s to
1970s. These mutants have been used to eluci-
date a range of developmental and metabolic
pathways in plants (Druka et al. 2011). In several
cases, the work on barley has provided critical
starting points for equivalent work in other
cereals, notably wheat. Some key examples are
the work on flowering time control through the
isolation of vernalisation and photoperiod
response genes (Fu et al. 2005; Turner et al.
2005; Cockram et al. 2007; Beales et al. 2007)
and the analysis of floral morphology with the
work on floret fertility (two-row vs. six-row
barley) and the hulless traits (Komatsuda et al.
2007; Taketa et al. 2008).

1.4.1.4 Grain Development
and Germination

Although more barley is used for animal feed
than for beer production, malting is the
high-value product of barley and there has been
considerable work to understand the character-
istics and properties of barley that have made
it so important for beer production. Grain
development determines the composition and
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properties of the grain, while germination is
critical for the malting process and providing the
sugars needed for beer fermentation. Conse-
quently, barley has provided an important model
for a range of physiological and biochemical
studies around grain development and germina-
tion in the cereals. For example, isolated aleurone
layers of barley were used to study the effects of
phytohormones gibberellic acid and abscisic
acid. Enzymes secreted by the aleurone in
response to hormone treatment could be readily
isolated and characterised (Chrispeels and Varner
1967; Jacobsen and Varner 1967; Slakeski and
Fincher 1992; Gómez-Cadenas et al. 2001). The
early work on enzyme isolation and characteri-
sation also meant that barley grain enzymes were
amongst the first plant proteins to be crystallised
and with solved structures (Varghese et al. 1994;
Kadziola et al. 1994).

The barley aleurone was also important in
early studies of the control of gene expression in
response to hormonal signals (Chandler et al.
1984) and the characterisation of gene promoters
(Lanahan et al. 1992; Gubler et al. 1995).

The long history of research on barley grains
has made this species a valuable model for
applying new techniques for studying different
aspects of seed development. For example,
transcript dynamics have been measured during
both grain development (Zhang et al. 2016) and
germination (Betts et al. 2017), and a detailed
analysis and three-dimensional reconstruction of
grain development has also been produced from
careful histological study (Gubatz et al. 2007).
These new resources will mean that barley grain
remains an important system for plant research.

1.5 Conclusions

The recent trends suggest that barley is in decline
as a crop and as a research tool. Global produc-
tion of barley has been falling and publications
on barley are not growing as rapidly as for wheat,
maize and rice. Barley was long seen as a good
diploid model for hexaploid wheat and although
the genome size of barley is large, it is still only a
third of the size of wheat. However, wheat has

now been sequenced and other genomic resour-
ces are rapidly accumulating. Gene discovery is
now far less dependent on genome size and
structure than only a few years ago.

Does barley still have something to offer for
crop research? There are two key features of
barley that are likely to ensure its continued
importance as a model species. First, it is one of
the hardiest of the cereal crops. Consequently,
barley has been proposed as a good model for
studying adaptation to climate change (Dawson
et al. 2015). The second important feature of
barley is diversity. There is increasing awareness
that expanding the germplasm base for our crops
will be critical in continuing to advance yields in
the face of a wide range of societal and envi-
ronmental challenges (McCouch et al. 2013).
Wild barley, H. spontaneum, can be directly
crossed to cultivated barley (primary gene pool)
and resources for accessing diversity in the sec-
ondary gene pool of barley are developing
rapidly (Wendler et al. 2014). There are over
400,000 accessions of barley in gene banks
(Knüpfer 2009), so the scope to use barley to
develop efficient strategies for exploit genetic
resources is enormous. Therefore, barley is likely
to remain an important model but the prime
opportunities can be expected to lie in the use of
barley to understand and enhance adaptation to
environmental instability and the development of
tools and techniques for enhancing the utilisation
of diversity in landraces and wild relatives of our
crops.
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2Taxonomy of the Genus Hordeum
and Barley (Hordeum vulgare)

Frank R. Blattner

Abstract
Barley refers to the cereal Hordeum vulgare
subsp. vulgare but also more generally to the
barley genus Hordeum that, apart from culti-
vated barley, comprises more than 30 wild
grass species distributed in temperate and arid
regions of the world. Like wheat and rye,
Hordeum belongs to the Triticeae tribe of
grasses, most conspicuously characterized by
their inflorescence that is a spike instead of the
panicle that occurs in most other grasses. The
wild progenitor of the cereal is H. vulgare
subsp. spontaneum from Southwest Asia.
Together with bulbous barley (Hordeum bul-
bosum), the closest relative of the crop, and
wall barley (Hordeum murinum) these species
are grouped within subgenus Hordeum, while
all other species belong to subgenus Hordeas-
trum. The crop is easily crossable with its wild
progenitor (forming the primary gene pool of
barley), while hybrids between cultivated and
bulbous barley (secondary gene pool) exhibit
low fertility. All other species belong to the
tertiary gene pool, resulting in sterile hybrids
that can only be established through embryo
rescue techniques. However, barley’s tertiary

gene pool holds traits for pathogen resistances
and adaptations to extreme environmental
conditions, which are of high value if they
can be transferred into cultivated barley or
other cereals. Taxonomic and nomenclatural
issues are discussed here in the light of recent
findings in molecular systematics and gene
function.

2.1 Taxonomic Principles

The field of taxonomy has three subareas, which in
an ideal world would be integrated into a single
consecutiveworkflow consisting of (i) the analysis
of the evolutionary history of organisms (phylo-
genetics), (ii) circumscribing evolutionary mean-
ingful categories (systematics), and (iii) providing
names for such categories (nomenclature). Thus,
taxonomic units like species, genera, families, etc.
would all be defined through their unique evolu-
tionary history and relationships among each
other. However, since the advent of DNA-based
phylogenetic analysis about 30 years ago, it
became clear that many historically defined and
still used taxonomic categories did not represent
natural units, i.e., they are not monophyletic.
Monophyly is defined as describing a group of
organisms derived from the most recent common
ancestor that is different from the ancestor
of other such lineages (Fig. 2.1a). Imposing
the monophyly criterion on systematics should
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automatically result in natural units (clades),
where members are more closely related to each
other than to members of other units. Such clades
are defined through phylogenetic analyses of
morphological or molecular characters and most
often the relationships of taxa are depicted in
phylogenetic trees like in Fig. 2.1. As clades are
the result of the evolutionary process, they are
solidly fixed through their common history.
A systembased on this principlewill automatically
result in long-term stability of the names of
organismic units, which hierarchically reflect
gradual relationships, and has a certain predictive
value (i.e., closely related organisms should share
more traits than more distant relatives). Although
this system cannot account for all mechanisms that
drive evolution (for example, taxon relationships
cannot always be represented by bifurcating trees
but might involve also reticulations resulting in
organisms belonging to two or more clades), and
determination of such clades might still change
with improving methods of phylogenetic analysis,
taxonomists now consider the identification of
clades the best way to come up with meaningful
taxonomic units for the majority of higher plant
taxa on Earth, although it might not always be
possible or desirable (Brummitt 2006) to avoid
paraphyletic groups (Fig. 2.1c). And also the cir-
cumscription of clades regarding how wide or
narrow a taxon should be defined (Fig. 2.1a) could
still be a matter of discussion.

To name taxonomic units, nomenclatural rules
were specified, including the priority principle,
meaning the oldest validly published name for a
taxon has to be used, and that a description of the
organism has to be given that at least defines the
differences to the most similar other organism.
For a long time, these descriptions had to be in
Latin but recently also English descriptions
became valid. For plants, the rules were fixed in
different editions of the International Code of
Botanical Nomenclature (ICN, last version:
McNeill et al. 2012). This code determines,
however, only how the naming has to be done
and not the criteria that define systematic entities
like species, genera, families, etc. Thus,
depending on authors and the species and/or
genus concepts they follow, different correct
scientific names might exist in parallel for the
same species. Hence, Löve (1984) split Hordeum
into two genera resulting, for example, in the
valid names H. murinum L. and Critesion mur-
inum (L.) Á.Löve for wall barley. H. murinum L.
means that this species was first described by
Linnaeus (1753), while C. murinum (L.) Á.Löve
refers to the older Linnean name, the authority
now put into brackets, that was sorted into a new
genus by Löve (1984). In cases where the
meaning of a taxon name is explicit, giving the
authority for a taxon can be omitted. In other
cases, it might help to make clear to what
organisms a name is referring by providing the

Fig. 2.1 Explanations for terms describing phyloge-
netic relationships. a Taxa A, B, and C are all
monophyletic units, each reaches back to its own most
recent common ancestor (•) and all clade members within
A, B, and C share the same name. Taxa B and C could
alternatively also be unified within a single taxon, as both
go back to a common ancestor (♦). b Taxa B and C are
both polyphyletic, i.e., they originated multiple times
independently but share the same name. Such groups are
taxonomically preposterous, as they are not defined
through a common evolutionary history. c Taxon B is

paraphyletic, as not all descendants (C) of its most recent
common ancestor (•) carry the same name. This reflects
ongoing evolution, i.e., a population starts to diverge
clearly from other conspecific populations, and para-
phyletic groups might therefore in some cases be tolerable
taxonomic units—although defining monophyletic groups
should, if possible, be preferred. d Through whole-
genome duplication in A an autopolyploid originated,
while BC is an example for an allopolyploid taxon,
combining the genomes of its parents B and C
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authority together with a taxon name (Barkworth
and von Bothmer 2009).

2.2 Hordeum and Triticeae

Hordeum is a medium-sized genus within the
grass tribe Triticeae. The tribe comprises about
350 species (Barkworth and von Bothmer 2009);
among them the important cereals are wheat
(Triticum spp.), rye (Secale cereale) and triticale
(xTriticosecale; an artificial wheat x rye hybrid),
many forage grasses (Elymus and Thinopyrum),
and ecologically important taxa of temperate
grasslands (Aegilops, Agropyron, Elymus, Hor-
deum, Pseudoroegneria, and others). All Trit-
iceae have chromosome numbers based on x = 7,
with di-, tetra-, hexa-, and octoploid taxa.
Sometimes, even higher ploidy levels can be
found. The Triticeae taxa are characterized by
their inflorescence that is a spike, the open leaf
sheath with membranous ligules, and the hairy
top of the developing grain.

Among taxonomists, disagreements exist
about the generic concept to be used within the
tribe (Bernhardt 2015). An extreme view is that
of Stebbins (1956) who argued that the weak
hybridization barriers among the different taxa
allow to subsume all Triticeae species within a
single genus Triticum. Others grouped species
into different genera according to similar mor-
phological features and life history traits
(Linnaeus 1753; Bentham 1882; Nevski 1934;
Hitchcock 1951; Tzevelev 1976) or according to
the cytogenetic data, defining different so-called
genome groups through meiotic crossing-over
frequencies in interspecific hybrids (Kihara 1930;
Dewey 1984; Löve 1984). Thus, Löve (1984)
recognized 37 genera in Triticeae, 13 of them
belonging to traditional Aegilops (van Slageren
1994; Yen et al. 2005; Barkworth and von
Bothmer 2009). As phylogenetic relationships
among the genera and species in Triticeae are
currently not finally resolved (Escobar et al.
2011; Bernhardt 2015; Bernhardt et al. 2017; and
references therein), a rational basis for a solid
generic concept of Triticeae is still missing.

2.3 The Genus Hordeum
and Subgeneric Units Within

In Hordeum, about 33 annual and perennial
species are currently recognized (Blattner 2009).
As some of them are divided into several sub-
species, about 45 different taxa belong to the
genus. They are distributed in temperate and
arid parts of all continents except Australasia.
Hordeum originated approximately 14–10 mil-
lion years ago (Mya) in an area that became
today’s Southwest Asia and the Mediterranean
and started to diversify 9 Mya (Brassac and
Blattner 2015) afterward colonizing Asia, the
Americas, and South Africa involving multiple
intercontinental dispersals (Blattner 2006). The
highest species numbers are found in southern
South America, where about 16 species evolved
during the last 1.5 million years, more than
one-third of them being allopolyploids. As in
many Triticeae and grasses generally, allopolyp
loidization is an important mechanism in Hor-
deum contributing to the generation of biodi-
versity (Kellogg 2015, 2016). In Hordeum,
diploid (2n = 2� = 14), tetraploid (2n = 4 �
= 28), and hexaploid (2n = 6� = 42) taxa
exist. Except two autopolyploid cytotypes (in
H. bulbosum and H. brevisubulatum), all poly-
ploids are allopolyploids (Jakob et al. 2004;
Brassac and Blattner 2015).

Allopolyploids originate through interspecific
hybridization followed by a genome duplication
that stabilizes the karyotype by allowing chro-
mosome pairing and an orderly distribution of
chromosomes during meiosis. Due to the initial
hybridization, allopolyploids create problems in
taxonomy, as such organisms evolve from mul-
tiple parental species (within Hordeum) or even
different genera (within Triticeae), which means
they reach back to two (or more) most recent
common ancestors. To account for this mecha-
nism in the Triticeae, where the majority of
species are allopolyploids, genera were defined
according to the combined parental genomes/
genera (Dewey 1984; Löve 1984; Barkworth and
von Bothmer 2009). To name just a few exam-
ples, the allopolyploid genus Douglasdeweya
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obtained a genome each from Agropyron and
Pseudoroegneria, while Stenostachys is charac-
terized by the possession of an Australopyrum
and a Hordeum genome, and the combination of
genomes from Pseudoroegneria and Hordeum
results in Elymus. Although this system is arti-
ficial and not consistently used throughout the
tribe (Bernhardt 2015), it is the convention that
most grass taxonomists currently agree on. In
Hordeum, taxonomic problems are less pro-
nounced, as allopolyploids evolving from within
the genus are treated as new Hordeum species.
Although the taxonomy is still not completely
consistent regarding the rank and status of
Hordeum polyploids, this will be solved in the
frame of the future monograph of the genus
(Blattner, in prep.).

For Hordeum, different taxonomic treatments
exist, regarding the genus, subgeneric entities
(like subgenera, sections, and series), and species
or subspecific units (like subspecies or varieties).
In contrast to the genera closely related to wheat,
the monophyly of the taxa belonging to Hordeum
was nearly never disputed. No matter if unified
into one genus or split into two, it was clear that
all species evolved from a most recent common
ancestor that was different from the ancestors of
other lineages within Triticeae. This is due to the
unique inflorescence structure of Hordeum,
where the spike consists of three single-flowered
spikelets at each rachis node (named triplets)
making Hordeum taxa easily recognizable.
Monophyly was later also confirmed by molec-
ular methods (below) so that this genus seems
somehow exceptional within Triticeae, as it is
less burdened by multiple contradicting taxo-
nomic treatments in comparison to many other
genera of the tribe.

Still, the most important changes in the sys-
tematics of the genus were the ones proposed by
Dewey (1984) and Löve (1984). Based on the
analysis of pairing behavior of meiotic meta-
phase I chromosomes in hybrids, four different
genomes were recognized in Hordeum (von
Bothmer et al. 1995). Löve (1984) therefore split
Hordeum into Hordeum L. s.str., consisting only
of H. vulgare and Critesion Raf., comprising all
other species of the genus. Dewey (1984) arrived

at a similar solution, although he added H. bul-
bosum in his Hordeum s.str. instead of Critesion.

Few taxonomists followed this approach,
probably due to the clear morphological charac-
ters unifying Hordeum and Critesion, making
them easily recognizable as ‘belonging together’.
Later, molecular systematic analyses of nuclear
loci (Petersen and Seberg 2003; Blattner 2004;
Petersen et al. 2011; Brassac and Blattner 2015)
showed that neither Dewey’s nor Löve’s treat-
ment provides monophyletic units. As both
H. vulgare and H. bulbosum are nested within
the Critesion lineage (Fig. 2.2), Hordeum s.str.
would indeed be in both cases monophyletic.
Critesion, however, is a paraphyletic genus, as
not all species derived from the most recent
common ancestor of Critesion would be included
in this taxon. Only the transfer of H. murinum
from Critesion either into Hordeum or a genus of
its own would make Critesion monophyletic.
Keeping all species within a single genus named
Hordeum provided a relatively stable and intu-
itive solution, and it prevents botanists from
learning more than 30 new taxon names.

For a long time, the Hordeum species were
also grouped into units below the genus level,
mostly sections and series that were erected to
harbor species with similar morphology or cer-
tain life history traits. Hordeum vulgare was
placed in sect. Crithe Doell or sect. Cerealia
Anders., all the other annual species in sect.
Hordeastrum Doell, the perennials with rather
long awns in sect. Critesion (Raf.) Nevski, the
short-awned species from South America into
sect. Anisolepis Nevski, the remaining species
from North America, Asia, and Europe in sect.
Stenostachys Nevski, and H. bulbosum in sect.
Bulbohordeum Nevski (Nevski 1941). Bothmer
and Jacobsen (1985) recognized only the four
sections Anisolepis, Critesion, Hordeum, and
Stenostachys. In a later monograph of the genus,
von Bothmer et al. (1995) already expressed their
doubts about these sections being natural units
but deterred to erect a new classification system,
as they found the evidence from then emerging
molecular data not strong enough to base
far-reaching taxonomic changes on. Petersen and
Seberg (2003) undertook an approach toward a
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new system for Hordeum, based on phylogenetic
data of sequences of two nuclear loci plus char-
acters derived from the chloroplast genome.
They proposed four sections Hordeum, Crite-
sion, Sibirica, and Stenostachys. Through time,
accumulating phylogenetic data (Komatsuda
et al. 1999; Blattner 2004; Petersen et al. 2011;
Wang et al. 2011; Brassac et al. 2012; Brassac
and Blattner 2015) proved, however, that apart
from sect. Hordeum the other sections were again
not monophyletic when used in the sense of
Petersen and Seberg (2003).

A new system (Blattner 2009), which tried to
include all evidence available to be strictly based
on natural units, now divides Hordeum in two
subgenera (subg. Hordeum and Hordeastrum),
each with two sections conforming the four
genome groups occurring within Hordeum (von
Bothmer et al. 1995), plus one section compris-
ing three intersectional allopolyploid hybrid
species of subg. Hordeastrum (for more details
see Table 2.1). Blattner (2009), and Yen and
Yang (2009) independently proposed to base
Hordeum sections onto natural units or genomes

Fig. 2.2 Phylogenetic relationships of Hordeum spe-
cies. The tree is based on the combined analysis of DNA
sequences from one chloroplast and 12 nuclear
single-copy genes. Diploid species are provided at the
tips of the tree, polyploid species (4�, 6�) are connected
through lines with their ancestral di- or polyploid
progenitors. Extinct taxa/genotypes were inferred from

the presence of gene copies (homeologs) in polyploids,
which do not occur any more in extant diploid taxa.
Numbers at major nodes in the tree provide clade ages (in
million years). A = subg. Hordeum, Aa = sect. Hordeum,
Ab = sect. Trichostachys, B = subg. Hordeastrum,
Ba = sect. Marinae, Bb = sect. Stenostachys. The figure
is modified from Brassac and Blattner (2015)
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Table 2.1 Taxa of Hordeum L. (modified from Blattner 2009)

Taxon Ploidy Haploid
genome2

Distribution area

Subgenus Hordeum

Section Hordeum

H. vulgare L.

subsp. vulgare 2� H Cultivated

subsp. spontaneum (K. Koch)
Thell.

2� H SW to C Asia

H. bulbosum L. 2�, 4� H, HH Mediterranean to C Asia

Section Trichostachys Dum.

H. murinum L.

subsp. glaucum (Steud.) Tzvel. 2� Xu Mediterranean to C Asia

subsp. murinum 4� XuXu NW Europe to Caucasus

subsp. leporinum (Link) Arc. 4�, 6� XuXu,
XuXuXu

Mediterranean to C Asia

Subgenus Hordeastrum (Doell) Rouy

Section Marinae (Nevski) Jaaska

H. gussoneanum Parl. 2�, 4� Xa, XaXa Mediterranean to C Asia

H. marinum Huds. 2� Xa Mediterranean

Section Stenostachys Nevski

Series Sibirica Nevski

H. bogdanii Will. 2� I C Asia

H. brevisubulatum (Trin.) Link1 2�, 4�,
6�

I, II, III C Asia

H. roshevitzii Bowden 2� I C Asia

Series Critesion (Raf.) Blattner

H. californicum Covas & Stebb. 2� I SW North America

H. chilense Roem. & Schult. 2� I Chile and W Argentina

H. comosum Presl 2� I S Argentina

H. cordobenseBothmer et al. 2� I C Argentina

H. erectifolium Bothmer et al. 2� I C Argentina

H. euclaston Steud. 2� I C Argentina, Uruguay

H. flexuosum Steud. 2� I E + C Argentina

H. intercendens Nevski 2� I SW USA, NW Mexico

H. muticum Presl 2� I C to N Andes

H. patagonicum (Haum.) Covas1 2� I S Argentina

H. pubiflorum Hook.f.1 2� I S Argentina

H. pusillum Nutt. 2� I C + E USA

H. stenostachys Godr. 2� I C Argentina

H. depressum (Scribn. & Sm.)
Rydb.

4� II W USA

(continued)
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but unfortunately came up with partly different
names for their sections. It will be a matter of
time to see which system finally reaches wider
acceptance within the community of grass and
Hordeum researchers.

2.4 The Gene Pool Concept
in Barley

Based on the possibility to use related species for
utilization in crop breeding, the gene pool con-
cept was introduced by Harlan and de Wet
(1971), classifying crop wild relatives into three
levels depending on the absence or presence and
strength of crossing barriers with the crop spe-
cies. For barley breeding, the primary gene pool
refers to plants where no crossing barrier toward
barley is present, i.e., the wild progenitor of
cultivated barley H. vulgare subsp. spontaneum
(see Schmid et al., Chap. 17). The secondary
gene pool consists of H. bulbosum where cross-
ing with barley is possible, although either fer-
tility of the hybrid is strongly reduced or the

H. bulbosum chromosomes are completely
eliminated at very early developmental stages
resulting in haploid plants (see Wendler,
Chap. 18). All other species of Hordeum belong
to the tertiary gene pool of barley, which means
that crossing is only possible if embryo rescue
techniques are employed and the resulting
hybrids are sterile. While the transfer of favorable
traits from the primary and secondary gene
pool into barley can be achieved relatively easy,
often characters are cotransferred that are
non-desirable and have to be eliminated through
series of backcrosses to the cultivar. The transfer
of genes from the tertiary gene pool by tradi-
tional breeding methods is nearly impossible.
New methods of genome editing might provide
an easy and fast way for crop improvement when
the genetic basis of certain traits of the wild
species will finally be understood.

In Hordeum, interbreeding and the definition
of gene pools are very closely correlated with the
ages of the different groups. The populations of
the primary gene pool are still seen as belonging
to the same species as cultivated barley, which

Table 2.1 (continued)

Taxon Ploidy Haploid
genome2

Distribution area

Interserial allopolyploids of series Critesion (all combining genomes of an American species with an extinct relative
of H. roshevitzii)

H. brachyantherum Nevski 4� II W North America, Kamchatka,
Newfoundland

H. fuegianum Bothmer et al. 4� II S Argentina, S Chile

H. guatemalense Bothmer et al. 4� II Guatemala, S Mexico

H. jubatum L. 4� II NE Asia, W North America, C Argentina

H. tetraploidum Covas 4� II C Argentina

H. arizonicum Covas 6� III SW USA

H. lechleri (Steud.) Schenk 6� III C + S Argentina

H. parodii Covas 6� III C Argentina

H. procerum Nevski 6� III S Argentina

Section Nodosa (Nevski) Blattner

H. brachyantherum Nevski 6� IIXa C California

H. capense Thunb. 4� IXa S Africa

H. secalinum Schreb. 4� IXa Mediterranean, C Europe
1Species with subspecies not further detailed here; 2for details regarding Hordeum genomes, see Blattner (2009)
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diverged under human influence only during the
last 20,000 years (Weiss et al. 2008) from its wild
progenitor and, even in nature, is still interbreed-
ing when wild and cultivated stands are in close
proximity (Russell et al. 2011; Jakob et al. 2014;
Mascher et al. 2016). The H. bulbosum and the H.
vulgare lineages split approximately 3.7 Mya
(Fig. 2.2), which is still young enough for a cer-
tain amount of interfertility. In contrast, H. mur-
inum, the sister species of H. vulgare and H.
bulbosum, separated from them by 8 Mya, all
other Hordeum species groups diverged 9.2 Mya
(Brassac and Blattner 2015), which is well beyond
the time frame where crossing is possible. These
ages are much higher than the divergence ages
found in, for example, Aegilops/Triticum (Bern-
hardt et al. 2017) and might explain why it is
easier to utilize wild species in the wheat group in
comparison to the wildHordeum species. Another
element is that the cultivated barley is a diploid
taxon that seems to be much more sensitive
toward introgression of foreign genomic material
than the polyploid wheat species, where redun-
dancy through homeologous loci might buffer
against the detrimental genomic effects of
hybridization (von Bothmer et al. 1995).

2.5 The Taxonomy of Barley
in the Light of Its Evolution

Linnaeus (1753) in his Species Plantarum listed
eight species belonging to his genus Hordeum,
five of them referring to cultivated barley types
(H. vulgare), two to bulbous barley (H. bulbo-
sum), plus wall barley (H. murinum). These
species are the most common Hordeum taxa of
Central and Northern Europe, and therefore were
easily accessible for the Swedish botanist at that
time. The example of the five names Linné cre-
ated for what we today understand to be a single
species illustrates two major pitfalls for the tax-
onomy of cultivated plants. (i) Cultivars often
have a much more diverse appearance than wild
plants due to the breeding process that tries to
generate diversity, and in addition humans select
conspicuously mutated forms and propagate

mutants if they might possess an advantage to
them or rise their curiosity. In natural popula-
tions, these mutants would only very rarely reach
a noticeable frequency or become fixed. (ii) The
economic importance of crops ensures them the
attention of many taxonomists, which naturally
have diverse perceptions of how to classify and
name the taxa in a most favorable way. For
barley that has a close mutualistic relationship
with humans for more than 10,000 years, both
processes contributed to generate diverse systems
and a plethora of taxonomic names. Here, I will
provide a suitable way to taxonomically harness
the diversity that is present in the crop and its
wild progenitor. My conclusions are very much
in accord with the treatment of H. vulgare by von
Bothmer et al. (1995) in the last monograph of
Hordeum, which became more and more widely
accepted during the last decades.

It is important to note the difference in the
objective between the taxonomy of wild and
cultivated taxa in general. While for wild taxa the
aim of botanists is to put names on natural units
so that the meaningful names exist for compa-
rable categories throughout the plant kingdom, in
cultivated plants this is not equally straightfor-
ward, as cultivar taxonomy should fulfill differ-
ent requirements. These depend very much on
the users of the taxonomic system. Breeders and
seed bank managers might need fine categories,
which describe their plant stock quite precisely
(Mansfeld 1950), but as soon as it comes to
marketing of a certain variety, easy and catchy
names are needed. This results in rather different
taxonomic approaches. So, on the one hand there
is a name like Hordeum vulgare L. subsp. vul-
gare convar. distichon (L.) Alef. var. nutans
(Rode) Alef. The other kind of naming could be
Hordeum vulgare ‘Golden Promise’ or even
barley ‘Golden Promise’, both providing valid
names for barley cultivars under the Code of
Nomenclature for Cultivated Plants (CNCP;
Brickell et al. 2009). The first example describes
that we deal with a cultivated two-rowed, naked
barley variety. The second example is a hulled
spring barley cultivar of the UK breeding com-
pany Miln Marsters from the mid-1960s. It is a
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mutant originating through X-ray treatment from
the cultivar ‘Maythorpe’ and was widely used in
Scotland to produce ale and whisky, as it had
excellent malting quality. Only the last property
might be deduced from the cultivar name, if at
all, every other information has to be obtained
from the descriptions of the breeder. Although
the first example looks like a real taxonomic
name, it is without any meaning regarding
monophyly of the two-rowed and naked barleys
appointed with this name. Many of the mor-
phological traits important in cultivated cereals
are based on single or very few genes, which
means that the specific phenotypes might origi-
nate over and over again. For example, six-rowed
barley evolved several times independently
through loss of the function of the Vrs1 gene that,
if functional, results in the normally two-rowed
Hordeum spike type (Komatsuda et al. 2007).
This makes the six-rowed type polyphyletic and
the two-rowed type paraphyletic. Therefore,
these are not taxonomically valid units no matter
if referring to the assumed wild six-rowed [con-
var. agriochriton (Åberg) Bowd.] or cultivated
six-rowed materials [var. hexastichon (L.)
Aschers.]. It has to be understood that this highly
scientifically looking nomenclature of cultivars is
completely artificial. Taking this into account, I
consider naming a cultivar Hordeum vulgare
‘Golden Promise’ or barley ‘Morex’ more
appropriate than the system above, as it does not
feign to be based on scientifically defined taxo-
nomic categories. With its reference to H. vul-
gare or even barley, the cultivars are connected
to a botanical species and therefore rooted in the
botanical nomenclatural system (ICN). The cul-
tivar name, provided in single quotation marks
(CNCP), then refers to a certain entity produced
by a breeder. However, as landraces and many
ancient cultivars have no trademark name, both
systems of naming cultivated barley will still be
used in parallel for a long time depending on
context.

In the scientific naming system for barley, the
crop and its wild progenitor are assumed to be
conspecific and subsumed under the species
name Hordeum vulgare L. (von Bothmer et al.
1995). All cultivated types are placed in

H. vulgare subsp. vulgare and the wild form in
H. vulgare subsp. spontaneum (K. Koch) Thell.
This treatment reflects the current knowledge that
all cultivated barleys are domesticated types
derived from wild barley and still group within
the wild barley clade in phylogenetic analyses.
There is some weak evidence that the crop could
be derived from a gene pool that is different from
extant wild barley and is no longer present in the
wild (Jakob et al. 2014). If this should be proven,
it would be valid to treat both forms as two dif-
ferent species: H. vulgare L. for the cultivars and
H. spontaneum K. Koch for the wild populations.
However, I think it requires stronger evidence
than currently available to decide about the
presence of one or two species. The often
encountered name H. spontaneum in scientific
publications of the last years (Dai et al. 2012,
2014 but also many others) is most probably not
a statement of the authors regarding this being an
independent species from cultivated barley but
seems due to the effort to keep articles within the
word limits of journals. Correct would, however,
be to mention first the correct taxonomic name
and only afterward use the abbreviated forms
H. spontaneum or subsp. spontaneum.

The most important morphological character
that is consistently different between both types
is the brittle rachis in the wild plants versus the
tough rachis in the cultivars. At maturity, the
spike disarticulates in the wild type at each rachis
node, releasing the triplets as dispersal units
(Sakuma et al. 2011). In contrast, in cultivated
forms, the tough rachis does not disarticulate and
the spike can be harvested as an entire unit. This
trait, as most other traits referred to as domesti-
cation syndrome (Hammer 1984), is under very
strong selection in cultivated plants, as shattering
immediately results in the exclusion of the
respective seeds/genotypes from next year’s
sowing. Vice versa it is also under selection in
the wild populations (Zohary 1959), as a tough
rachis reduces the dispersal ability for the grains.
Natural selection here is, however, much less
severe than the human-enforced selection in
cultivated stands. Thus, tough rachis types occur
sometimes in the wild, which initially allowed
their selection during the domestication process.
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The rachis type is controlled by two adjacent
genes (Btr1, Btr2), which both can induce the
loss of the brittle rachis by recessive mutations
(Pourkheirandish et al. 2015). The geographical
distribution of the respective alleles indicates that
two independent domestications of barley
occurred (Azhaguvel and Komatsuda 2007; Dai
et al. 2012; Pourkheirandish et al. 2015), one
initially based on the mutated Btr1 (that is btr1)
in the Southern Levant, and a second one that
resulted from selecting the Btr2 mutation (that is
btr2) in today’s northern Syria and adjacent
Turkey (Pourkheirandish et al. 2015). Cultivars
with the mutated Btr1 gene are today mostly
distributed in Southwest Asia and Europe (from
where they were introduced into American and
Australian cultivars), while the Btr2 mutants
occur mainly between northern Africa and the
Central Mediterranean in the West, and Central
and East Asia in the East. Pourkheirandish et al.
(2015) explain this distribution either with dif-
ferences in ecological conditions between the
two areas, favoring one or the other genotype, or
that early trade or migration of farming could
have resulted in the preferential distribution of
the respective ancient stocks of extant cultivars.
Taxonomically, it would be correct to provide
different names for the independently domesti-
cated variants of subsp. vulgare. However, as
they cannot be distinguished without a still
time-consuming screening of sequence differ-
ences at the Btr loci, this might provide practical
obstacles for the use of such taxonomic entities.

There are regular claims of Tibet as an addi-
tional and independent domestication center for
East Asian barley (Dai et al. 2012, 2014; Wang
et al. 2015; and references therein) that then
would also earn the status of a separate taxon.
However, currently I am not finally convinced by
this hypothesis. My uncertainty is caused by two
not very well explained matters regarding (i) wild
barley occurring under very diverse ecological
conditions and (ii) the interpretation of the phy-
logenetic data that, to me, does not really support
an independent domestication of barley in Tibet.

‘Tibetan wild barley’ is ecologically clearly
distinct from the populations occurring in the
Fertile Crescent, as they occur under much

harsher conditions at elevations of 3500–4500 m
on the Tibetan Plateau in comparison to the
Southwest Asian stands that normally are found
well below 1500 m elevation (von Bothmer et al.
1995; Zohary and Hopf 2000). It is not easy, at
least to me, to envision a scenario for the Tibetan
Plateau that was glaciated till 8400 years ago and
influenced by a minor glaciation cycle about
4400 years ago (Kuhle 2005), to be (re-)colo-
nized by wild barley, (re-)colonized by Neolithic
humans, them starting immediately the domesti-
cation of local wild barley, and afterward spread
their local high-elevation crop through trade to
the vast areas in East Asia, where barley is cul-
tivated at much lower elevation and with a very
different temperature regime. Although not
impossible, this seems a rather elaborate
hypothesis.

How the new findings regarding the origin
and domestication of the Btr types can contribute
to the discussion about Tibetan barley has yet to
be evaluated. The preferential presence of btr2 in
East Asian cultivated barley (Azhaguvel and
Komatsuda 2007) was used to argue for an
independent domestication of Asian barley in
Tibet or China, as six-rowed brittle rachis barleys
occur in Tibet and are more closely related to
East Asian barley cultivars than to barley from
western Eurasia (Dai et al. 2012; Wang et al.
2015). However, the resolution of this topic
completely hinges around the identity of wild
barley on the Tibetan Plateau. If Tibetan barley
really would represent an autochthonous wild
population, then Tibet has to be acknowledged as
an independent domestication area. If wild barley
there is merely a feral and weedy population
derived from the locally adapted cultivated
forms, a completely different interpretation
results. von Bothmer et al. (1990) linked the
observation of the locally high frequency of
brittle rachis types to the specific cultivation
praxis in the Tibetan highland. Due to in some
years rather short vegetation periods at elevations
above 3500 m, barley is often harvested in a
premature, sometimes even green stage and dried
in the homes of the farmers afterward. If har-
vesting is done before disarticulation of the spike
starts, the purifying selection against brittle
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rachis types is no longer severe and reversals to
the dominant wild-type genotypes can spread in
the population. These weedy types might then
accumulate in disturbed habitats in the farmed
areas during long summers, when the brittle
spikes disarticulate already in the field before
harvesting. Classifying such secondary ‘wild
barley’ as native wild barley would, of course,
result afterward in a close relationship between
them and their local cultivated progenitors when
analyzed for genetic similarity. With the recent
discovery of function and structure of Btr
(Pourkheirandish et al. 2015), a route to clarify-
ing the nature of Tibetan wild barley is opening.
Thus, it would be helpful to see if Tibetan cul-
tivated barley possesses a btr2 allele identical to
the Southwest Asian one or if a different muta-
tion rendered Btr2 nonfunctional. While true
wild barley of Tibet should have the Btr2 allele,
feral brittle rachis types must be characterized
either by a compensatory mutation reversing btr2
of cultivated Asian material back into a func-
tional Btr2 in feral plants or by recombination
between Btr1/btr2 and btr1/Btr2 types recreating
a Btr1/Btr2 brittle rachis type. The analysis of the
respective gene regions in Tibetan wild barley
and comparison with the materials from South-
west Asia could show if they share the Southwest
Asian wild-type allele or if there are indications
for a reversal to a secondary-functional brittle
rachis Btr2. This most probably should be dif-
ferent, as it is unlikely that the same frameshift
mutation happened twice in Southwest Asia and
Tibet or was compensated by an identical
reversal mutation from Tibetan cultivar’s btr2
toward the Southwest Asian-derived Btr2 allele.
Producing Btr1/Btr2 brittle rachis barley by
hybridization of Btr1/btr2 and btr1/Btr2 domes-
tic barleys followed by recombination between
the two loci is possible, as demonstrated exper-
imentally (Pourkheirandish et al. 2015).

2.6 Conclusions

During the last decades, taxonomists agreed
more and more that monophyletic groups
(= clades) should be the principle units for

nomenclatural categories, as they would—
through time—result in long-term stable sys-
tematics. Although there are inherent problems in
some organism groups, where monophyly is not
always a useful criterion (hybrids, allopolyploids,
asexual organisms, etc.) and paraphyletic groups
also reflect the course of evolution, for the
majority of organisms this clade-based nomen-
clature works satisfactorily. All species of Hor-
deum form a clade and can therefore be unified in
a single genus. Earlier proposals to split Hor-
deum into two genera (Hordeum and Critesion)
were mostly not accepted by the Triticeae
research community, as all Hordeum species are
easily recognized as forming one unit.

Cultivated barley and its progenitor wild bar-
ley are thought to still belong to a single species,
as they are freely interbreeding and form a clade
in phylogenetic analyses. To account for both
forms, they are differentiated at the subspecies
level with H. vulgare subsp. vulgare denoting the
cultivar and H. vulgare subsp. spontaneum, the
wild progenitor. While this treatment is unam-
biguous, within the subspecies different naming
approaches exist. According to the Code of
Nomenclature for Cultivated Plants, cultivar
names are given in single quotation marks after a
taxon name (Hordeum ‘Morex’). However, there
was and still partly is also an artificial system of
naming in place that looks very much like valid
taxonomic categories, although these categories
do mostly not depict monophyletic units. Thus,
six-rowed barley was/is named H. agriocrithon,
implying that this is a species of its own, different
from H. vulgare. But it could be also found as
H. vulgare subsp. agriocrithon or H. vulgare
subsp. vulgare convar. agriocrithon, assuming
that it is either a subspecies equal to subsp. vul-
gare and subsp. spontaneum or a convariety
within the cultivated barleys. As six-rowed barley
originated multiple times, this character does not
qualify as a valid taxonomic unit (as it does not
describe a clade) but names a morphological type
of barley. Using this kind of names might be
useful in certain fields of agronomy or for seed
bank management. When using them it should
just be understood that such categories are com-
pletely artificial and very different from real
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taxonomic groups defined through their evolu-
tionary history.

Recent research in barley domestication
shows that assuming monophyly for cultivated
barley might also not describe the history and
groups completely correct. There are strong
indications that the cultivated barley was
domesticated at least twice from slightly different
stocks of the Southwest Asian subsp. sponta-
neum population. This means that cultivated
barley is polyphyletic and the two independently
domesticated lineages rightfully should have two
different names. However, as it is only possible
to discern these lineages through analysis of the
tough rachis genes and interbreeding partly
merges the two gene pools, labeling these units
with different scientific names seems currently
impractical and essentially not necessary.
Everyone working with these plants should have
in mind that there are at least two cryptic lineages
within cultivated barley germplasm going back
to the slightly different genotypes that were ini-
tially selected by Neolithic humans during the
domestication process from the same (meta)
population of wild barley.
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3Cytogenetics and Genetic Stocks
for Physical Mapping
and Sequencing

Andreas Houben, Lala Aliyeva-Schnorr, Giri Prasad Joshi
and Takashi R. Endo

Abstract
Barley is a model for other Triticeae genomes
and is frequently used for cytological studies.
In this chapter, we focus on cytogenetic
approaches helping to improve physical map-
ping of the barley genome and describe the
previous utilization of repetitive and low-copy
probes successfully applied to barley. We
demonstrate how the analysis of barley cen-
tromeres provided a better understanding of
the process of uniparental chromosome elim-
ination resulting in haploid plants. In addition,
we describe how the downsizing of barley
chromosomes was achieved by the production

of aneuploids, and the application of the
gametocidal system and telomere seeding.

3.1 Identification of Barley
Chromosomes

The cytogenetics of Hordeum vulgare L. ssp. vul-
gare (cultivated barley) and its wild progenitor,
H. vulgare L. spp. spontaneum (C. Koch) Thell.
has been reviewed extensively (Taketa et al. 2003;
Costa and Singh 2006; Houben and Pickering
2009). Cultivated barley is diploid (2n = 14) and
possesses relatively large (*9 µm long), mitotic
metaphase chromosomes, which is typical across
the genus Hordeum. Since the successful intro-
duction of chromosome banding technique in the
tribe Triticeae species (Gill and Kimber 1974),
various Giemsa C- and N-banding techniques
have been applied to barley (Linde-Laursen 1975;
Islam 1980; Kakeda et al. 1991). Their character-
istic banding patterns allow for the identification
of all barley chromosomes (Fig. 3.1). The protocols
of Endo (2011) are probably the simplest methods
for C-banding and N-banding in barley. Although
the two banding patterns are generally similar to
each other, a difference exists between them at the
centromeric sites on all chromosomes. Every cen-
tromeric site consisted of N-banding positive and
C-banding negative heterochromatin in every cul-
tivar examined. Some bands are different between
the two banding techniques and among cultivars
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(Kakeda et al. 1991; Linde-Laursen 1991). C-bands
tend to replicate late in the S-phase, but the
late-replicating chromosomal regions do not
always correspond to C-bands (Kakeda and Yam-
agata 1992). The application of labelled tandem
trinucleotide repeats, also known as SSR markers
((AAG)5, (AGG)5, (AAC)5, (ACT)5, (CAT)5,
(GTG)5, (ACG)5 and (CAG)5) showing a distribu-
tion similar toC-banding sites (Cuadrado and Jouve
2007) (Fig. 3.2a–c), allowed the identification of
barley chromosomes by fluorescence in situ
hybridization (FISH).Besides, 5S rDNA, pHv-365,
pHv-961 (HVT01), and (GAA)5 and (ATC)5
microsatellites also allowed the recognition of all
chromosomes in different barley cultivars (Kato
2011; Fukui et al. 1994) (Fig. 3.2d, e). Additional
repetitive sequences and chromosome-specific
low- and single-copy sequences that have been
applied to barley FISH are listed in Tables 3.1 and
3.2. Barley chromosomes added to another genome
like wheat (Triticum ssp.) (wheat–barley addition

lines) can be identified by genomic in situ
hybridization (GISH) using labelled barley geno-
mic DNA as a probe (Mukai and Gill 1991).

During interphase, the Rabl-like polarized
distribution patterns of centromeres and telom-
eres are conserved in interphase nuclei from
different tissues (Dong and Jiang 1998)
(Fig. 3.2f). The chromosomes of barley are pre-
dominantly metacentric and arm ratios vary from
1 to 1.5 (Marthe and Künzel 1994). Two chro-
mosomes (5H and 6H) contain satellites and
carry 45S rDNA containing nucleolus organizer
regions (NORs). The short arm and the long arm
of a chromosome are distinguishable from each
other according to their physical lengths and are
abbreviated as “S arm” and “L arm”, respec-
tively. The current nomenclature of the barley
chromosomes was established based on the
homoeologous relationship between the barley
genome and the wheat genomes (Linde-Laursen
et al. 1997).

6H

6H

7H

7H

5H 5H

4H

4H

3H

3H

2H

2H

1H

1H

Fig. 3.1 Phase-contrast (left)
and N-banding (right) images
of barley, Hordeum vulgare,
2n = 14. Bar = 10 µm
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Owing to a high degree of mitotic chromo-
some condensation, only unique sequences at
least *10 Mb apart from each other can be
distinguished by FISH. To overcome this limi-
tation, pachytene chromosomes have been used
for mapping by single-copy FISH. Spatial res-
olution of neighbouring loci in the euchromatic

region has been improved to 60–120 kb (in
heterochromatic region, 0.14–1.2 Mbp) (Valarik
et al. 2004). Thus, the physical distance
between very closely linked sequences can
be determined by using barley pachytene chro-
mosomes (Fig. 3.3) (Aliyeva-Schnorr et al.
2015).

1H 2H 3H 4H 5H 6H 7HNOR, 45SrDNA
5SrDNA

single-copy probecereba element

[CTT]10 [TAG]10[ACT]5

CENH3

centromeric probe
telomeric probe5SrDNA

(a) (b) (c)

(f)(e)(d)

(g) (h) (i)

Fig. 3.2 Characterization of mitotic barley chromo-
somes. a [ACT]5 trinucleotide repeat signals (green),
b [CTT]10 trinucleotide repeat signals (green), c [TAG]10
trinucleotide repeat signals (green), d metaphase spread
showing 5S rDNA-specific signals (green). e Ideogram of
barley chromosomes showing the positions of the 5S
rDNA (green) and two NORs (45S rDNA, red). Mitotic

metaphase showing f interphase nucleus of barley show-
ing the Rabl-like distribution of telomeres (green) and
centromeres (white arrows), g centromeric cereba signals
(green), h chromosomes after immunostaining with the
centromere-specific CENH3 antibody (green), and i sin-
gle-copy signals of a 3 kb long probe (green).
Scale = 5 µm
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Table 3.1 Barley repetitive DNA probes with corresponding chromosomal positions determined by FISH

Probe Chromosomal position Chromosome References

pTa71 (45S rDNA) Intercalary 1H, 2H, 5H,
6H, 7H

Leitch and Heslop-Harrison
(1992)

pTa794 (5S rDNA) Subterminal, 2HL, 3HL,
4HL,

Leitch and Heslop-Harrison
(1993)

Intercalary 7HS

pHvMWG2315 (AT-rich
tandem repeat)

Subtelomeric All
chromosomes

Busch et al. (1995)

HvT01 Subtelomeric 1H to 7H Schubert et al. (1998)

pHvA14 (Afa-family) pAs1 Distal 1H to 7H Tsujimoto et al. (1997)

pAs1 Distal 1H to 7H Brandes et al. (1995)

Interstitial 4H

GAA microsatellite Pericentric 1H to 7H Pedersen et al. (1996)

pHv-365 Pericentric 1H, 2H, 4H,
6H

Kato (2011)

pHv-177 Distal and centromeric 1HS Kato (2011)

pHv-1112 Distal 1HL Kato (2011)

pHv-689 Pericentric 1H to 7H Kato (2011)

pHv-1476 Pericentric 1H to 7H Kato (2011)

pHv-1889 Pericentric 1H to 7H Kato (2011)

pHv-1972 Pericentric 1H to 7H Kato (2011)

(ATC)5 Polymorphic 4H, 6H, 5H Cuadrado and Jouve (2007)

Subtelomeric 2HL, 3HL

(AAG)5 Pericentric 1H to 7H Cuadrado and Jouve (2007)

(AGG)5 Pericentric 1H to 7H Cuadrado and Jouve (2007)

(AAC)5 Pericentric 1H to 7H Cuadrado and Jouve (2007)

(ACT)5 Intercalary/telomeric/subtelomeric 2H, 3H, 4H,
5H, 6H

Cuadrado and Jouve (2007)

(CAT)5 Pericentric 4H, 5H Cuadrado and Jouve (2007)

(GTG)5 Centromeric 1H to 7H Cuadrado and Jouve (2007)

(ACG)5 Centromeric 1H to 7H Cuadrado and Jouve (2007)

(CAG)5 Centromeric 3H and 4H Cuadrado and Jouve (2007)

14 superfamilies of
transposable elements

50% of the entire genome All
chromosomes

Wicker et al. (2009)

BAC7 (cereba retroelement and
GC-rich satellite)

Centromeric All
chromosomes

Presting et al. (1998),
Hudakova et al. (2001)
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Table 3.2 Barley-specific
low- and single-copy FISH
probes

Probe Position Chromosome References

Alpha-amylase Intercalary 1HL Leitch and Heslop-Harrison
(1993)

Adh Subtelomeric 3HS, 4HS,
5HS

Stephens et al. (2004)

Ale Intercalary 5HL Stephens et al. (2004)

Amy 1 Distal 6HL Stephens et al. (2004)

Amy 2 Intercalary 7HL Stephens et al. (2004)

Brz Subtelomeric 7HS Stephens et al. (2004)

Chi Subtelomeric 7HL Stephens et al. (2004)

Chs Distal 2HS Stephens et al. (2004)

Dhn 6 Subtelomeric 4HS Stephens et al. (2004)

Glb 3 Subtelomeric 3HS Stephens et al. (2004)

Glx Subtelomeric 7HS Stephens et al. (2004)

His 3 Subtelomeric 4HS, 6HS,
7HS

Stephens et al. (2004)

Nar 1 Subtelomeric 6HS Stephens et al. (2004)

Nar 7 Subtelomeric 6HL Stephens et al. (2004)

Ubi Subtelomeric 6HS, 7HL Stephens et al. (2004)

BAC
0356N21

Distal 1HS Phillips et al. (2010)

BAC
0146M01

Distal 6HL Phillips et al. (2010)

BAC 026D09 Subtelomeric 2HL Phillips et al. (2010)

BAC
0047K17

Distal 4HL Phillips et al. (2010)

FLbaf140k15 Pericentric 7HS Karafiatova et al. (2013)

FLbaf67j12 Pericentric 7HS Karafiatova et al. (2013)

FLbaf140c21 Pericentric 7HS Karafiatova et al. (2013)

FLbaf104j18 Pericentric 7HS Karafiatova et al. (2013)

FLbaf151b16 Centromeric 7HS Karafiatova et al. (2013)

FLbaf169o18 Centromeric 7HL Karafiatova et al. (2013)

FLbaf125j04 Pericentric 7HL Karafiatova et al. (2013)

FLbaf54a18 Pericentric 7HL Karafiatova et al. (2013)

FLbaf148b24 Pericentric 7HL Karafiatova et al. (2013)

FLbaf24d09 Pericentric 7HL Karafiatova et al. (2013)

FLbaf25l12 Pericentric 7HL Karafiatova et al. (2013)

FLbaf129g09 Pericentric 7HL Karafiatova et al. (2013)

FLbaf89h06 Pericentric 7HL Karafiatova et al. (2013)

FLbaf107j09 Pericentric 7HL Karafiatova et al. (2013)

FLbaf175h04 Pericentric 7HL Karafiatova et al. (2013)

BAC 58H2 Subtelomeric 7HS Ma et al. (2010)

BAC 63E11 Distal 7HL Ma et al. (2010)

(continued)
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3.2 Chromatin Composition
of Barley

The distribution of post-translational histone
modifications has been analysed in barley at the
sequence and chromosome level by chromatin
immunoprecipitation DNA-sequencing (ChIP-
seq) and indirect immunostaining, respectively
(Baker et al. 2015; Aliyeva-Schnorr et al. 2015).
One of the histone markers first studied in barley
was the cell cycle-regulated phosphorylation of
histone H3 at position serine 10 (Houben et al.
1999). This modification correlates with the pro-
cess of chromosome segregation.

The chromosomal distribution of post-
translational histone modifications, typical for

eu- or heterochromatin, was determined for bar-
ley. Dimethylated lysine 9 of histone H3
(H3K9me2), a prominent mark for constitutive
heterochromatin, was revealed to be uniformly
distributed throughout the entire length of the
chromosome, as is typical for plants with gen-
omes larger than 500 Mbp (Houben et al. 2003;
Fuchs et al. 2006). ChIP-seq data were in
agreement with a cytogenetic analysis revealing
an overlap between H3K9me2-marked regions
with LTR retrotransposon (Baker et al. 2015). In
contrast, such marks as H3K4me2 and
H3K4me3, typically associated with transcrip-
tionally potent euchromatin, were strongly
enhanced in the subterminal regions of mitotic
and meiotic chromosomes. Moreover, ChIP-seq
analysis revealed that H3K4me2 is partially

Table 3.2 (continued) Probe Position Chromosome References

FPc678 Distal 2HL Schmutzer et al. (2014)

FPc38863 Distal 2HL Schmutzer et al. (2014)

65 FP contigs Pericentric
intercalary

3HS and 3HL Aliyeva-Schnorr et al. (2015)

probe 900
probe 3462
probe 80 probe 900

probe 3462 

probe 80

(a) (b)

Fig. 3.3 Comparison of single-copy FISH at different
resolutions. a FISH on metaphase chromosome 3H
showed overlapping signals of probe 900, 3462 and 80.

b In contrast, FISH using pachytene chromosomes
revealed non-overlapping FISH signals
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present in pericentromeric regions (Baker et al.
2015). Gene-rich subtelomeric regions are tightly
covered by genic and intergenic H3K27me3, and
H3K27me1 has been deleted in these regions
(Baker et al. 2015). Comparable subtelomeric
regions were detected with H3K27me3-specific
antibodies, a mark for transcriptionally inactive
gene-containing chromatin. Based on the analy-
sis of nine histone marks by ChIP-seq, an
11-state model of the barley epigenome was
proposed (Baker et al. 2015). The correlation
between chromatin states and differential gene
expression suggested an inverse relationship
between H3K27me3 and H3K27me1.

Detection of eu- and heterochromatic histone
markers revealed that the physical distribution of
the 5.5 cM region anchored to the genetic cen-
tromere was correlated with chromatin containing
preferentially the heterochromatin-typical post-
translational histone modification H3K9me2. In
contrast, antibodies recognizing the euchromatic
markers H3K4me2, H3K4me3 and H3K27me3
stained mainly distal regions of mitotic metaphase
chromosomes, representing 37% of the entire
length of chromosome 3H (Aliyeva-Schnorr et al.
2015). A comparable distribution of histonemarks
was described forAegilops species and rye (Secale
cereale L.) (Oliver et al. 2013). It seems that the
frequency of recombination along chromosomes
correlates with a distinct chromatin structure
(Higgins et al. 2014).

3.3 Telomeres and Their
Application for the Generation
of Barley Mini-Chromosomes

The ends of barley chromosomes are capped with
*25 kb long Arabidopsis-type telomere
sequence arrays (Kilian et al. 1995). Besides
being used for the identification of the chromo-
some ends, the telomere-specific repeats have
been used to truncate barley chromosomes with
the aim of generating a novel type of chromo-
somal vector system. Engineered minimal chro-
mosomes with sufficient mitotic and meiotic
stability would have an enormous potential as

vectors for stacking multiple genes required for
complex traits in plant biotechnology. An option
to shorten chromosomes is to use telomere
seeding (reviewed in Birchler et al. 2010; Mette
and Houben 2015). As shown first by Farr et al.
(1991), the introduction of cloned telomeric
repeats into cells may randomly shorten chro-
mosomes by the formation of new telomeres at
integration sites. Such chromosome ends carry-
ing a tandem array of telomeric repeats can serve
as seeding points for the formation of telomeres.
The introduction of a T-DNA construct contain-
ing a block of telomeric repeats at one end via
Agrobacterium-mediated DNA transfer can lead
to the formation of T-DNA associated de novo
telomeres. Telomere seeding leading to chro-
mosome truncation was found only in tetraploid
barley, indicating that genetic redundancy facil-
itated the recovery of shortened chromosomes.
Truncated chromosomes were transmissible in
sexual reproduction but were inherited at rates
lower than expected (Kapusi et al. 2012). In the
future, telomere seeding in combination with
genome editing tools like CRISPR/Cas should
allow the targeted generation of engineered
mini-chromosomes (Puchta 2015).

3.4 Analysis of the Barley
Centromere and Its Role
in the Process of Haploidization

The chromosomal location of the centromeric
histone H3 variant CENH3 (also called CENP-A;
Earnshaw et al. 2013) is the assembly site of the
kinetochore complex for active centromeres
(Fig. 3.2h). Any error in transcription, translation,
modification or loading of CENH3 can affect its
ability to assemble intact centromeric chromatin,
which would result in the loss of CENH3 from the
centromeres and hence in the loss of centromere
identity (reviewed in Allshire and Karpen 2008).
In barley, CENH3 interacts with a fraction of
cereba, a centromeric TY3/gypsy retroelement
(CR)-like repeat, and in addition with a GC-rich
centromeric satellite (Houben et al. 2007). Single
barley chromosome containing an average of
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about 200 cereba elements were estimated to have
at least 1.4 Mbof centromericDNA (Presting et al.
1998; Hudakova et al. 2001). The existence of
non-centromeric cereba siteswas confirmedby the
identification of weak interstitial cereba signals
along both arms of barley chromosomes in addi-
tion to accumulated FISHsignal at the centromeres
(Aliyeva-Schnorr et al. 2015). However, the
identified barley centromeric repeats were neither
sufficient nor obligatory to assemble functional
centromeres as barley telocentric chromosomes
derived from a 7HS isochromosome possessing
neocentromeres without centromeric repeats are
mitotically and meiotically stable (Nasuda et al.
2005a). Many other de novo formed centromeres
have been identified in plants, yeast, flies, chicken
and humans, demonstrating the epigenetic nature
of the centromere (reviewed inCuacos et al. 2015).

3-D scanning electron microscopy immuno-
gold investigations showed that CENH3 was
distributed exclusively in the interior rather than
on the surface of the barley centromere (Houben
et al. 2007; Schroeder-Reiter et al. 2012). Barley
encodes two variants of CENH3, called
aCENH3 and bCENH3 (Sanei et al. 2011). Both
CENH3 variants are arranged in distinct but
intermingled subdomains in the centromeres.
A similar distribution of the two CENH3 variants
in relationship to the spindle poles in metaphase
cells suggests that both CENH3s have the same
function in chromosome segregation. However,
the interphase centromere composition and tran-
scription of the CENH3 variants differ between
different tissues of barley (Ishii et al. 2015).
Thus, the loading of the CENH3 variants into the
centromeres might vary between different tissues.

Haploid Arabidopsis thaliana plants were
generated from crossing between wild-type and
‘CENH3-tail swap’ plants (Ravi and Chan 2010;
Ravi et al. 2014). To elucidate whether besides
the CENH3-tail swap construct, non-transgenic-
induced minimal mutations in the endogenous
CENH3 gene could be used for haploid induction
also, an ethylmethansulfonate (EMS)-induced
TILLING population of barley (Gottwald et al.
2009) was screened (Karimi-Ashtiyani et al.
2015). Assuming that either CENH3 variant can
compensate for the absence of the other, viable

offspring should be obtained even though it has a
loss-of-function allele for either of the twoCENH3
variants. AlphaCENH3 and bCENH3 signals at
the centromeres were revealed in all mutants but
one mutant (Hvßcenh3 L92F) showed no cen-
tromeric bCENH3 signals in mitotic, meiotic and
interphase cells. The centromeric loading of the
mutated bCENH3 seemed to be impaired but
nonetheless the centromeres without bCENH3
have sufficient centromere functions as no obvious
chromosome segregation defects were found in
mitosis. The Hvbcenh3 L92F mutation was loca-
ted in the CENH3 centromere targeting domain
(CATD). This domain was shown to be required
for centromere loading of CENH3 by Scm3/
HJURP chaperons in non-plant species (Bassett
et al. 2012; Foltz et al. 2009). CENH3 chaperons
are highly variable amongdifferent organisms (Bai
et al. 2011), and no analogue has yet been identi-
fied in plants. However, it cannot be excluded that
this domain in plants also mediates interaction
with a chaperon.

The potential of Hvßcenh3 L92F to act as a
haploid inducer was tested. The advantage of
doubled haploids for breeders is that homozy-
gosity can be achieved in the first generation,
whereas in classical breeding systems, several
selfed generations are needed to obtain a high
level of homozygosity (reviewed in Ishii et al.
2016). None of the F1 barley plants obtained
from crosses between the wild-type and the
Hvßcenh3 L92F mutant in either direction was
haploid (Karimi-Ashtiyani et al. 2015). This
result indicates that the Hvßcenh3 L92F mutation
in the presence of native aCENH3 is not suffi-
cient for chromosome elimination during early
zygotic embryogenesis. In contrast, A. thaliana
encodes only one variant of CENH3, and after
crossing between plants with a comparable
CENH3 mutation and wild-type, haploid plants
were obtained. The high degree of evolutionary
conservation of the identified CENH3 mutation
sites offers a promising opportunity for applica-
tion in a wide range of crop species where hap-
loid technology is of interest.

The involvement of CENH3 in the process of
uniparental chromosome elimination has also
been shown in unstable H. vulgare � Hordeum
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bulbosum hybrids (Sanei et al. 2011). Probably,
because of cell cycle asynchrony of the two
parental genomes, CENH3 incorporation only
occurs into the centromeres of H. vulgare. In
unstable hybrids, H. bulbosum chromosomes lag
behind H. vulgare chromosomes because of
centromere inactivity during anaphase, subse-
quently forming micronuclei. Finally, micronu-
cleated H. bulbosum chromatin will degrade and
a haploid H. vulgare embryo will develop. In
conclusion, a detailed knowledge of the biology
of centromeres will translate into an efficient tool
to speed up the process of breeding.

3.5 Barley Cytogenetic Stocks

3.5.1 Trisomics

Unlike hexaploid wheat (Triticum aestivum L.),
hypoaneuploid seldom happens in barley due to
its diploid nature. Instead, hyperaneuploid, such
as trisomy, occurs spontaneously or in the pro-
geny of autotriploids. Complete sets of trisomics
were established in wild barley (H. spontaneum)
and in a cultivated variety ‘Shin Ebisu’. From
those primary trisomics, secondary trisomics
(2n = 14 + 1 isochromosome) and telotrisomics
(2n = 14 + 1 telocentric chromosome) and other
aneuploids arose spontaneously (Tsuchiya 1969).
These aneuploids have been used in genetic-
linkage mapping, termed trisomic analysis, in
barley (Tsuchiya 1991).

3.5.2 Wheat–Barley Addition,
Substitution
and Translocation Lines

Common wheat or hexaploid wheat (AABBDD,
2n = 42) can tolerate aneuploidy to some extent,
thanks to its polyploid nature, and therefore
many aneuploid stocks of common wheat have
been established, such as monosomic, nullisomic
and ditelosomic lines (Sears 1954, 1966; Sears
and Sears 1978). Moreover, the hexaploid nature
of common wheat enabled many alien chromo-
some addition lines to be established in common

wheat (Jiang et al. 1994). Hybrids between the
two genera Triticum � Hordeum had received
little attention, presumably because the formation
of these hybrids had been regarded as improbable
before Kruse (1973) achieved such intergeneric
hybrids, using H. vulgare as maternal and
T. aestivum as paternal parents: the hybrids were
vegetatively vigorous but generatively sterile.
After failing to obtain self-fertile wheat–barley
addition lines from F1 hybrid between barley as
the female parent and hexaploid wheat, Islam
et al. (1975, 1981) attempted the reciprocal cross
and obtained only one proper hybrid (2n = 28),
forming 28 univalents at metaphase I (MI) from
3381 florets of hexaploid wheat (cultivar
‘Chinese Spring’) pollinated with barley (cultivar
‘Betzes’) pollen. After backcrossing, the
28-chromosome hybrid with ‘Chinese Spring’
pollen, Islam et al. (1981) obtained self-sterile
49-chromosome BC1 plants and, by pollinating
the BC1 plants with ‘Chinese Spring’, subse-
quently produced a series of self-fertile wheat–
barley addition lines for all chromosomes except
for chromosome 1H. Later, Islam (1983)
achieved ditelosomic additions of barley chro-
mosome arms to common wheat, except for
chromosome 1H. The addition of chromosome
1H causes extreme meiotic abnormalities leading
to complete sterility (Islam et al. 1981). Islam
and Shepherd (2000) finally produced a
self-fertile addition line for chromosome 1H that
carries a pair of heteromorphic 1H/1HS (the short
arm) together with a pair of the 6H chromo-
somes; a disomic addition line for 1H alone was
not established, because it was highly sterile.
These additional lines of cv. Betzes, except for
1H, are available from the National Bioresource
Project (NBRP-wheat) (http://www.shigen.nig.
ac.jp/wheat/komugi/strains/aboutNbrpLgku.jsp).

Taketa and Takeda (2001) developed a com-
plete set of wheat (Japanese common wheat cul-
tivar ‘Shinchunaga’)-wild barley (H. vulgare
ssp. spontaneum) whole chromosome addition
lines and five telosomic addition lines. Except for
1H and 1HL, self-fertile disomic and ditelosomic
addition lines were obtained. For 1H and 1HL,
self-sterile monosomic and monotelosomic addi-
tions were obtained from the backcrossed progeny
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of a double monosomic 1H and 6H addition plant
and from that of a monosomic 1HL addition plant
carrying a translocation 1HS.6HL, respectively.
This result showed that in wild barley, like in
cultivated barley, chromosome 1H (specifically
1HL) carries a genetic factor causing sterility in the
wheat genetic background and that chromosome
6H (specifically 6HL) carries a genetic factor
ameliorating the sterility caused by chromosome
1H. The responsible factor for the sterility is
located in the interstitial 25% region of the 1HL
arm (Taketa et al. 2002). Incomplete sets ofwheat–
barley additions, substitutions and translocations
have also been produced using other combinations
of barley and wheat cultivars (see Molnár-Láng
et al. (2014); Molnár-Láng and Linc (2015) for
reviews). Utilization of the GISH procedure
allowed for the identification of barley chromo-
somes in the wheat–barley addition and substitu-
tion lines and enabled precise visualization of the
fusion points in wheat–barley translocation lines
(Fig. 3.5).

The wheat–barley ditelosomic addition lines
can be used for flow cytometry to sort individual
barley chromosome arms. The chromosome arms
of 2H-7H were successfully isolated (Suchán-
ková et al. 2006). Chromosome 1H is sufficiently
smaller than the other barley chromosomes to be
isolated by flow sorting directly from euploid
barley with 95% purity (Mayer et al. 2009). This
physical isolation of chromosome arms using the
wheat–barley ditelosomics is definitely a pow-
erful tool for the genome analysis in barley.

Thus, the wheat–barley addition lines facili-
tate the partition of the whole barley genome into
chromosomes or chromosome arms. Moreover,
the presence of barley chromosome or chromo-
some arm-specific genes and DNA markers can
be predicted from the phenotypes and marker
profiles of the wheat–barley lines (Serizawa et al.
2001a).

3.5.3 Translocations Lines

Reciprocal translocations exhibit an exchange of
chromosome fragments between nonhomologous

chromosomes. Around 1000 lines with single
translocation have been described for barley
(Künzel 1992; Marthe and Künzel 1994).
The distribution of translocation breakpoints
induced by ionizing radiation along chromo-
somes is non-random. When mitosis was first
evaluated after radiation, centromeres and the
heterochromatin-containing proximal segments
tended to be more often than expected involved
in translocations, and terminal segments to be
less than randomly involved in translocations.
Contrary to this, small chromosomal regions in
median and distal arm positions, characterized by
high recombination rates and high gene density,
were identified as preferred breakpoint sites of
viable translocations. Apparently, the position of
a translocation breakpoint has an influence on the
rate of viability versus elimination of the carrier
cells. Surprisingly, translocation breakpoints
within centromeres and heterochromatin-
containing segments seem to be more harmful
for survival than those induced in gene-rich
regions (Künzel et al. 2001).

Translocation lines have been used for the
generation of duplicated chromosome segments
(Hagberg 1995), for analysis of the position-
dependent NOR activity (Schubert and Künzel
1990) and for the physical mapping of marker
sequences (Sorokin et al. 1994; Künzel et al.
2000; Künzel and Waugh 2002).

Künzel et al. (2000) integrated the positions
of 240 translocation breakpoints as physical
landmarks into RFLP linkage maps of the seven
barley chromosomes. Therefore, predefined
translocation chromosomes were micro-
dissected and used as templates for PCR with
primers specific for >300 genetically mapped
RFLP probes. Heterogeneous recombination
rates were found along individual chromo-
somes. Recombination appeared to be mainly
confined to a few relatively small areas spaced
with large segments in which recombination
was severely suppressed. The regions of higher
recombination frequency (1 Mb/cM or less)
corresponded to only 4.9% of the total barley
genome and harboured 47.3% of the 429
markers used (Künzel et al. 2000).
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3.6 Cytological Mapping of Barley
Chromosomes

Different approaches of cytological mapping
were applied to barley. Physical or cytological
mapping by the use of chromosome deletion
lines (Serizawa et al. 2001b), reciprocal translo-
cation lines (Marthe and Künzel 1994; Sorokin
et al. 1994; Künzel et al. 2000) or wheat–barley
addition lines (Nasuda et al. 2005b; Islam and
Shepherd 2000) has been used to physically map
the barley genome. However, these strategies
provide only sketchy information on the barley
genome. More recently, single-copy FISH was
successfully used to correlate the genetic map
with the cytological map of barley chromosome
3H (Fig. 3.2i) (Aliyeva-Schnorr et al. 2015).

3.6.1 Deletion Stocks and Their Use
in Cytological Mapping

Cytogenetic stocks carrying various chromoso-
mal aberrations are valuable genetic materials to
determine the location of genes. A high-
resolution cytological map based on aberrant
chromosomes is mainly dependent on the avail-
ability of cytogenetic stocks with variable
breakpoints along the chromosomes. Cytogenetic
stocks generated by radiation (X-rays and gamma
rays) in animal cell culture lines and crop plants,
known as the radiation hybrid panels (RH pan-
els), are valuable materials for physical mapping
(Kumar et al. 2014). In wheat, a unique system
inducing chromosomal breakage, called the
gametocidal (Gc) system, was discovered (Endo
1990, 2007). Some of the chromosomes intro-
duced into common wheat from the genus
Aegilops assured their existence in wheat in a
selfish manner, i.e. by causing chromosomal
breakage in gametes lacking themselves. The Gc
system was applied as a biological mutagen
inducing mild to lethal chromosomal mutations
in common wheat (Endo 1988). Using this sys-
tem, 436 deletion stocks were generated in
common wheat (Endo and Gill 1996).

The Gc system was found to generate dele-
tions and translocations effectively in barley

chromosomes added to common wheat, as well
as in wheat chromosomes (Shi and Endo 1997;
1999) (Fig. 3.4). Chromosomal aberrations
involving barley chromosomes induced by the
Gc system can be maintained and established in
common wheat. These cytogenetic stocks carry-
ing parts of barley chromosomes, in the form of
terminal deletions or wheat–barley translocations
(Fig. 3.5), are called dissection lines (Ashida
et al. 2007). These dissection stocks have been
used for cytological mapping using molecular
markers that are assigned to specific barley
chromosomes in the wheat–barley disomic
addition lines, 103 AFLP markers (Serizawa
et al. 2001a) and 701 EST markers (Nasuda et al.
2005b).

Based on the presence and absence of DNA
makers in the dissection lines, cytological maps
for 2H (Joshi et al. 2011), 3H (Sakai et al. 2009),
4H (Sakata et al. 2010) and 6H (Ishihara et al.
2014) were constructed and compared with the
genetic maps of the same chromosomes con-
structed by Sato et al. (2009) using the same
DNA markers. In general, both cytological and
genetic maps show almost the same marker order
in the distal regions; however, the cytological
maps have better resolution in the proximal
regions than the genetic maps. Moreover, it was
found that the markers distributed rather evenly
in the genetic maps were actually concentrated in
the distal regions in the cytological maps; in
other words, in the proximal regions markers are
scarce and crossing over is suppressed (Fig. 3.6).

The number of dissection lines so far devel-
oped totals 433 (Table 3.3), contributing to the
increase in the number of cytogenetic stocks
available for cytological mapping. The number
of dissection lines can infinitely be increased by
the screening of the progeny of wheat–barley
addition lines with monosomic Gc addition.
Usually, chromosomal aberrations are cytologi-
cally identified by chromosome banding and by
in situ hybridization (FISH/GISH), which is a
laborious task.

Joshi et al. (2013) reported that the Gc action
could be effective in post-zygotic divisions, as
well as during gametogenesis after meiosis. They
chose 81 plants carrying a normal-appearing 2H
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Chromosome mutation-inducing line
2n=45 (21” + 2H”+Gc’)

X

F1

2n=44 (21” + 2H’ + Gc’) X

2H disomic addition 
2n=44 (21” + 2H”)

Gc disomic addition
2n=44 (21”+ Gc”)

2H disomic addition 
2n=44 (21” + 2H”)

forming gametes with 
chromosomal aberrations   

forming normal 
gametes

Meiotic 
products 

21’+2H’+Gc’ 

Meiotic 
products 
21’+2H’ 

Fig. 3.4 Schematic illustration of the Gc system to induce structural changes in barley chromosome 2H added to
common wheat (2n = 42, 21″). Gc stands for a gametocidal chromosome, 2C or 3CSAT, derived from the genus
Aegilops (Endo and Gill 1996)

(a) (b) (c) (d)

Fig. 3.5 C-band (left) and FISH/GISH (right) images of
a normal 7H chromosome and b–d aberrant 7H chromo-
somes (b: terminal deletion, c: wheat–barley translocation

with the barley centromere, d: wheat–barley translocation
with the wheat centromere). Bar = 10 µm
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chromosome in root-tip cells by FISH/GISH
from the progeny of wheat-2H plants with
monosomic Gc addition, and found that six of
them had 2H aberrations as revealed by the
absence of some of 18 2H-specific EST
sequences; all the 2H aberrations were cytologi-
cally confirmed in the next generation. This
suggests that a plant carrying a normal 2H

chromosome in root-tip cells (root tips are usu-
ally used for chromosomal screening) could have
an aberrant 2H chromosome in the aerial parts of
the same plant and vice versa. Actually, some of
the aberrant chromosomes that had cytologically
been identified in root-tip cells were not found in
the next generation (e.g. Ashida et al. 2007).
Therefore, PCR-based screening using DNA
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genetic (right) maps of chromosome 2H constructed with
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2011). Note that the markers distributed rather evenly in
the genetic map were actually concentrated in the distal
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markers in the terminal regions of both chro-
mosome arms surely increases the chance to
detect aberrant chromosomes. Furthermore, Joshi
et al. (2013) inferred from sequencing data that
the Gc system does not induce nucleotide chan-
ges, although the analysed region was small
(*650 kbp). The details of the dissection lines
developed so far by the Gc system for each of the
barley chromosomes are summarized in
Table 3.3.

Chromosome 1H Among the 75 EST markers
assigned to 1H (Nasuda et al. 2005b), 15 and 48
were reassigned to the short arm and to the long
arm, respectively, and the 15 markers on the
short arm were divided into three regions flanked
by the telomere, the centromere and two break-
points of five dissection lines (Ishihara et al.
2014).

Chromosome 2H Joshi et al. (2011, 2013)
established a total of 72 dissection lines with 82
breakpoints in total (ten aberrations had dual
breakpoints). These breakpoints divided 47 EST
markers on the short arm into 18 regions and 68
EST markers on the long arm into 21 regions
(Joshi et al. 2013) (Fig. 3.6).

Chromosome 3H Sakai et al. (2009) generated
50 dissection lines with 53 breakpoints in total
and used them for cytological mapping. These
breakpoints divided 12 EST markers on the short
arm and 24 EST markers on the long arm into ten
regions, respectively.

Chromosome 4H Sakata et al. (2010) estab-
lished 60 dissection lines with 68 breakpoints in
total. These breakpoints divided 37 EST markers
on the short arm into 18 regions and 56 EST
markers on the long arm into eight regions.

Chromosome 5H Ashida et al. (2007) devel-
oped 123 dissection lines, from which 23 repre-
sentative lines were chosen for cytological
mapping. Ten breakpoints in the short arm divi-
ded 23 EST markers into nine regions and 14
breakpoints in the long arm divided 74 EST
markers into 11 regions.

Chromosome 6H Ishihara et al. (2014) estab-
lished 33 dissections lines with 36 breakpoints in
total. These breakpoints divided 36 EST markers
on the short arm into nine regions and 38 EST
markers on the long arm into 13 regions.

Chromosome 7H Serizawa et al. (2001b) used
22 dissection lines for cytological mapping of 17
AFLP and 28 STS markers: Four AFLP and 21
STS markers on the short arm were localized in
four and six regions, respectively; 13 AFLP and
seven STS markers on the long arm were grouped
into seven and three groups, respectively. Nasuda
et al. (2005b) conducted cytological mapping
using 19 dissection lines with a total of 23 break-
points and assigned 49 EST markers to eight
regions in the short arm and 41 EST markers to
nine regions in the long arm. Using all the 90
Gc-induced 7H dissection lines with a total of 91
breakpoints, Masoudi-Nejad et al. (2005) suc-
cessfully constructed an RH map of chromosome
7H consisting of 28 SSR and 23 AFLP markers.

3.7 Application of FISH to
Correlate the Genetic
with the Cytological Map
of Barley

Until recently, cytological mapping of large-
genome species by FISH remained difficult, since
short sequences (<5 kb) such as cDNA were not
always detectable and large sequences (BACs)
may contain repeats. Stephens et al. (2004)
applied a tyramide signal amplification (TSA)
based on ultrasensitive FISH for the detection of
single-copy cDNA probes, achieving the detec-
tion of 14 cDNA probes. Eleven of these probes
were assigned to unique chromosome positions.
Phillips et al. (2010) preselected by dot blot
hybridization 105 BACs with a low repeat con-
tent. After FISH, seven BACs showed single
chromosome signal while the remaining probes
resulted in the detection of multiple hybridization
loci or were not detectable. Recently, Karafiatova
et al. (2013) determined the relative order of 13
chromosome-7H-specific cDNAs via FISH. In
addition, during the study of synteny relationship
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between barley and Brachypodium, two out of 13
Brachypodium BACs showed FISH hybridiza-
tion signals on barley chromosomes (Ma et al.
2010).

In order to improve our knowledge about
chromosomal synteny between cultivated barley
and its wild relatives, genomic single-copy and
cDNA sequences specific to chromosome 3H
were mapped by FISH to the chromosomes of
H. bulbosum, Hordeum marinum, Hordeum
pubiflorum, Hordeum murinum and S. cereale
(Aliyeva-Schnorr et al. 2016). That most of the
sequences showed reliable signals suggested
homoeology between cultivated barley and rela-
ted species. Differences in the order and position
of FISH markers demonstrated the occurrence of
intrachromosomal rearrangements within the
genus Hordeum and of interchromosomal rear-
rangements between barley and rye. Comparison
between repeat-free genomic and cDNA probes
revealed that gene-containing single-copy geno-
mic DNA (gDNA) probes perform more reliably
for FISH-based analysis of synteny. All barley
chromosome-specific probes used for FISH are
summarized in Table 3.2.

The combination of in silico extraction of
unique sequences suitable for FISH probes and a

sensitive FISH method (Kato et al. 2006) pro-
vides a new tool to overcome the problem of
cross-hybridization in large-genome species like
barley (Schmutzer et al. 2014). The Kmasker
method (http://webblast.ipk-gatersleben.de/
kmasker) allows the in silico extraction of
single-copy sequences. This method can be used
for the integration of genetic and cytological
maps in species with large and complex genomes
if the information of the target sequences (e.g.
BACs and sequence contigs) and a fourfold
coverage of unassembled genomic sequences of
the species of interest are available. By this novel
approach, the chromosomal positions and order
of 65 FP contigs mapped to a 5.5 cM bin around
the genetic centromere of chromosome 3H were
determined (Aliyeva-Schnorr et al. 2015). The
study revealed that the centromeric 5.5 cM bin
comprises 58% of the length of mitotic meta-
phase chromosome 3H (Fig. 3.7). This result is
in line with earlier results that approximately
1.9 Gb corresponding to 48% of the genetically
anchored physical map (3.9 Gb) is anchored to
the genetic centromere (Künzel et al. 2000;
International Barley Genome Sequencing et al.
2012). The unequal distribution of recombination
frequency along the chromosome is the main

0 cM161.6 cM

47.553Genetic map

Cytogenetic map

3H

(a)

(b)

(c)

Fig. 3.7 Comparison between the genetic and cytolog-
ical maps of barley chromosome 3H. a Genetic positions
of 65 FP contigs range from 47.5 to 53.0 cM (Interna-
tional Barley Genome Sequencing et al. 2012).
b Schematic representation of the cytogenetic positions

determined by FISH of 70 single-copy probes deduced
from in silico analysis. c FISH signals (in red) of
bordering FP contig-derived single-copy probes on chro-
mosome 3H
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reason for non-linear translation of genetic dis-
tances into physical distances; hence, a genetic
distance may translate into a shorter or a longer
physical distance depending on the chromosomal
region. Suppressed recombination in the cen-
tromeric region is a typical feature of Triticeae
(Hordeae) species with large genomes.
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4Chromosomal Genomics of Barley

Hana Šimková, Marie Kubaláková, Jan Vrána, Petr Cápal
and Jaroslav Doležel

Abstract
Barley (Hordeum vulgare L.) genome has
been difficult to analyze, map, and sequence
due to its size (*5 Gb/1C) and high repeat
content (over 80%). Flow cytometric sorting
of plant mitotic chromosomes, which was first
reported in 1984, provided an approach for
reduction of complexity to simplify genome
analysis and laid the basis of a new discipline
—chromosomal genomics. Chromosome flow
sorting in barley was established in 1999 and
since that time played an important role in
genomics of this crop. Initially, flow-sorted
chromosomes facilitated assignment of DNA
markers to chromosomes or their regions,
providing a complement and validation to
genetic mapping. A protocol for multiple
displacement amplification of chromosomal
DNA, established for mapping on Illumina
genotyping platform, was shown compatible
with next-generation sequencing. This
enabled identification of gene content of
individual barley chromosomes and establish-
ment of their putative order by an innovative
approach, which was later followed also in
wheat and rye. Preparation of high-molecular-

weight DNA from flow-sorted chromosomes,
while developed in barley, opened avenues to
constructing chromosome-specific BAC
libraries in bread wheat and, more recently,
generating optical maps in several cereal
species. Thus, the development of a chromo-
some genomics toolbox contributed to the
advances in genomics of other important
crops, in addition to barley. Chromosomal
genomics plays an important role also in the
post-sequencing era by enabling cost-efficient
gene cloning, analyzing chromatin structure
by chromatin conformation capture
approaches, and characterizing the proteome
of mitotic chromosomes.

Abbreviations
BAC Bacterial artificial chromosome
HMW
DNA

High-molecular-weight DNA

FISH Fluorescence in situ hybridization
FISHIS Fluorescence in situ hybridization in

suspension
MDA Multiple displacement amplification
NGS Next-generation sequencing
OPA Oligonucleotide Pool Assay
RFLP Restriction fragment length

polymorphism
STS Sequence-tagged siteH. Šimková (&) � M. Kubaláková � J. Vrána

P. Cápal � J. Doležel
Institute of Experimental Botany, Šlechtitelů 31,
Olomouc, Czech Republic
e-mail: simkovah@ueb.cas.cz

© Springer International Publishing AG, part of Springer Nature 2018
N. Stein and G. J. Muehlbauer (eds.), The Barley Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-92528-8_4

45

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_4&amp;domain=pdf


4.1 Development of Barley
Chromosomal Genomics

Genomes of many important crops, including
cereals of the tribe Triticeae, are difficult to
analyze, map, and sequence due to their com-
plexity and a high content of repetitive DNA
sequences. Genome size of *5 Gb/1C ranks
barley to the largest genomes among cereal
crops, challenged only by rye (Secale cereale,
*8 Gb/1C), pasta wheat (Triticum durum L.,
*12 Gb/1C), and bread wheat (Triticum east-
ivum L., *17 Gb/1C). Dissection of nuclear
genomes into smaller and well-defined parts such
as chromosomes or chromosome arms enabled
complexity reduction by about one order of
magnitude and offered an attractive approach to
tackle huge genomes.

First attempts to dissect barley genome and
analyze it per partes appeared in 1992 with
applying chromosome microdissection technique
(Fukui et al. 1992). The microdissected chromo-
somes were used for targeted development of
RFLP markers (Schondelmaier et al. 1993) and
probes for FISH (Busch et al. 1995) and also for
mapping STS markers to physically defined
chromosome segments by using DNA of
microdissected translocated barley chromosomes
as a template for PCR (Sorokin et al. 1994;
Künzel et al. 2000). The advantage of microdis-
section techniques is that the operator can isolate
single chromosomes of interest and even their
parts. However, these techniques are not suitable
for downstream applications that require
high-molecular-weight DNA. In fact, even the
quality of DNA amplified from microdissected
chromosomes is rather low and DNA fragments
obtained after amplification are typically only up
to several kilobases in length (Fominaya et al.
2005; Hobza and Vyskot 2007; Zhou and Hu
2007; Datta et al. 2015). This is likely a conse-
quence of the harsh treatments of chromosomes
during the fixation step and preparation of meta-
phase spreads on microscope slides.

Over the years, it became obvious that flow
cytometry is the method of choice for providing
large quantities of pure chromosome fractions
that are suitable for molecular methods

demanding high DNA amount and quality
(reviewed in Doležel et al. 2014). Flow cytom-
etry is a technique based on measuring optical
properties of microscopic particles (e.g., cells,
cellular organelles, chromosomes, bacteria,
viruses, etc.) flowing one by one through a strong
light beam (usually laser). If the particles differ in
optical parameters (light scatter, fluorescence
intensity), they can be discriminated into indi-
vidual classes (populations). Each population can
be subsequently isolated, usually by means of
electrostatic deflection of droplets carrying par-
ticles from the population of interest (see Fig. 4.1
for basic principles of flow cytometry).

Flow cytometric analysis and sorting of
metaphase chromosomes (collectively called
flow cytogenetics) was introduced to plant
genomic research in 1984 (De Laat and Blaas
1984) and over the years became an indispens-
able tool with published protocols for more than
40 plant species (Vrána et al. 2016). Like in other
plant species, there were several issues in barley
to be resolved for enabling large-scale purifica-
tion of mitotic chromosomes, namely, (a) ob-
taining sufficient amount of actively dividing
cells with condensed chromosomes, (b) release
of mitotic metaphase chromosomes from cells
with rigid walls and (c) discrimination of indi-
vidual chromosome types. The challenges in
preparation of suspensions of intact mitotic
chromosomes were overcome by Doležel et al.
(1992) who developed a chromosome isolation
method based on synchronization of root-tip
meristem cells and subsequent release of meta-
phase chromosomes from formaldehyde-fixed
root tips by tissue chopping. The manual tissue
chopping was later replaced by mechanical
homogenization (Gualberti et al. 1996), and the
procedure was optimized for barley (Hordeum
vulgare L.) by Lysák et al. (1999). In a barley
cultivar with a standard karyotype, the authors
succeeded in discriminating and sorting only the
smallest chromosome (1H) (Fig. 4.2a), but up to
three chromosomes could be sorted from
translocation lines carrying morphologically
distinct chromosomes.

To implement the flow sorting as a technique
of choice for broader chromosome-based studies,
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Fig. 4.1 Basic principle of flow cytometry. A suspension
of intact chromosomes is introduced into the flow
chamber, where the particles are arranged in a single file
and at high speed intercept one-by-one a strong light
beam. Optical signals generated from each chromosome
(light scatter and fluorescence) are electronically

processed and used to classify chromosomes into popu-
lations with similar properties. The population of interest
is physically isolated from the rest by deflecting electri-
cally charged droplets during the passage through a strong
electrostatic field
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a method to discriminating other chromosomes
in standard barley genotypes had to be found.
This issue was resolved by using a set of cyto-
genetic stocks—wheat-barley addition lines,
carrying individual chromosomal arms of barley
(2HS–7HL) as telosomes in a bread wheat
background (Islam et al. 1981; Islam 1983). The
small size of the telosomes in comparison to
bread wheat chromosomes (Fig. 4.2b) creates
conditions for their efficient purification as
demonstrated by Suchánková et al. (2006). In
fact, the short arm of 1H (1HS) can also be
flow-sorted from a corresponding addition line,
in contrast to the long arm of 1H (1HL), which,
when added to wheat, introduces sterility, thus
impeding generation of 1HL wheat-barley addi-
tion line (Islam and Shepherd 2000). The set of
wheat-barley ditelosomic addition lines has been
generated for individual chromosomal arms of
cv. Betzes, which for a long time restricted the
use of the chromosome-based approach to that
cultivar only.

This limitation was recently overcome by a
method termed FISHIS (FISH In Suspension)
developed by Giorgi et al. (2013), in which
mitotic chromosomes are differentially labeled
by hybridizing them with fluorescently-labeled
oligonucleotide probes targeting specific
microsatellite sequences, typically GAA

(Fig. 4.3). This approach adds another parameter
for discriminating individual chromosome types
and enables obtaining sorted fractions highly

Fig. 4.2 Flow cytometric analysis and sorting of a barley
chromosome 1H from a barley line with wild-type
karyotype and b chromosome arm 3HL from
wheat-barley addition line, in which the 3HL is stably
maintained as a telosome. Significantly smaller size of the

chromosome 1H and the chromosome arm 3HL, com-
pared to the remaining chromosomes in both samples,
enables good discrimination and a high purity of the
sorted fraction

Fig. 4.3 Flow cytometric analysis and sorting of barley
chromosome 2H. Suspension of metaphase chromosomes
of barley cv. Foma was labeled by a probe for GAA
microsatellites using FISHIS and counterstained with
DAPI. Biparametric analysis discriminated six distinct
chromosomal populations with 2H population high-
lighted. Inset: The population corresponding to chromo-
some 2H was sorted, and the purity was estimated by
microscopic observation of the fluorescent labeling pat-
tern. Y axis: GAA-FITC fluorescence; X axis: DAPI
fluorescence
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enriched in the desired chromosome from any
cultivar of barley.

Hundred per cent purity of a particular chro-
mosome type can then be achieved by
single-chromosome sorting (Cápal et al. 2015),
which is based on sorting single anonymous
chromosomes that are identified only after
amplifying their DNA, either by the use of
chromosome-specific markers or after sequenc-
ing. Although this approach may appear similar
to chromosome microdissection, the principal
difference lies in the quality of DNA obtained.
DNA of flow-sorted chromosomes is intact and
well accessible to DNA polymerases as they are
not subjected to the harsh treatments as are the
chromosomes during the preparation of slides for
microdissection (Hobza and Vyskot 2007).

4.2 Applications of Flow
Cytogenetics

4.2.1 Physical Mapping

The first application of flow cytogenetics in barley,
the PCR-based physical mapping, was inspired by
the microdissection-based approach proposed by
Sorokin et al. (1994) and relied on small numbers
of chromosomes. Running PCR on 500 chromo-
somes flow-sorted from three barley translocation
lines enabled assigning barley STS markers to the
translocated segments (Lysák et al. 1999), similarly
as in the study of Künzel et al. (2000). The flow
cytogenetics approach was easy and straightfor-
ward as flow sorting hundreds of chromosomes of
one type took only a few minutes (Fig. 4.4).

Fig. 4.4 Portfolio of
chromosomal genomics
applications as developed in
cereals. The amounts of
chromosomes needed for
particular applications
together with the
corresponding sorting time,
relating to purification of a
particular chromosome type,
are shown on the left side
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Nevertheless, the potential of flow cytogenet-
ics to surpass microdissection in terms of DNA
amount was fully exploited only in 2008, in
connection with a pilot experiment on physical
mapping using oligonucleotide pool assay (OPA,
Rostoks et al. 2006). Yet, the Illumina SNP
genotyping platform used for the experiment
required micrograms of DNA, corresponding to
millions of chromosomes, which were laborious
to purify even using flow cytometry (Fig. 4.4).
To significantly reduce the sorting time, a DNA
amplification step was proposed, and the method

of choice became the isothermal multiple dis-
placement amplification (MDA) (Fig. 4.5),
exploiting the highly accurate Phi29 polymerase
(Dean et al. 2002). This procedure yielded
micrograms of amplified DNA from 10 ng input
DNA. To test the compatibility of flow-sorted
chromosomes with MDA, a protocol combining
purification of chromosomal DNA with isother-
mal amplification by GenomiPhi DNA Amplifi-
cation Kit (GE Healthcare, UK) was developed
(Šimková et al. 2008) and applied to prepare
1H-specific DNA with fragment sizes ranging

Fig. 4.5 Downstream applications of flow-sorted chromosomes established in barley. The NGS data were further used
for generating blueprints of individual barley chromosomes, constructing genome zippers or gene cloning
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from 5 to 30 kb. Assaying the amplification
product by quantitative PCR for 10 genes located
on various chromosomes showed high purity of
the sorted fraction and low quantitative amplifi-
cation bias among the genes studied (maximum
2.3-fold). A whole-genome analysis was then
performed by pilot OPA for interrogation of
1524 SNP loci across the barley genome. Com-
parison of unamplified genomic DNA of barley
cv. Akcent with three replicates of amplified
genomic DNA revealed >99% concordance.
Besides, assaying amplified 1H-specific DNA by
OPA confirmed the 1H position for all loci
assigned to this chromosome by linkage mapping
and mapped 40 new loci to 1H (Šimková et al.
2008). The study, showing high fidelity and
representativeness of the Phi29-amplified chro-
mosomal DNA, charted an easy way to obtaining
microgram amounts of chromosome-specific
DNA and opened avenues to multiple chromo-
somal studies not only in barley but also in other
cereals, grasses, and legumes.

An identical approach and SNP genotyping
platform were used in a follow-up study of
Muñoz-Amatriaín et al. (2011) who aimed to
produce an improved consensus linkage map for
barley, combining data from 10 populations
totaling 1133 individuals. The authors used DNA
from barley chromosome 1H and from the arms
of barley chromosomes 2H–7H. Chromo-
some DNA samples were amplified by an
improved Illustra GenomiPhi V2 DNA Amplifi-
cation Kit (GE Healthcare, UK) and the ampli-
fication products were applied on the same OPA
platforms as used for the linkage mapping (Close
et al. 2009). A novel application of the geno-
typing platform for gene detection allowed the
assignment of 2930 SNP-containing genes to
flow-sorted chromosomes or arms, confirmed the
position of 2545 SNP-mapped loci, added chro-
mosome or arm allocations to an additional 370
SNP loci, and delimited pericentromeric regions
for chromosomes 2H–7H. The knowledge of the
arm, to which each SNP mapped, resolved sev-
eral recurring data clustering patterns, which
previously had uncertain interpretations, and thus
improved the precision of the barley consensus
map.

Amplified chromosomal DNA was also
shown compatible with a long-oligonucleotide
array. A complete set of samples originating
from individual barley chromosome arms and
chromosome 1H was one-by-one hybridized on
an Agilent microarray with 42,302 barley
sequences representing around 30,000 nonre-
dundant barley genes. This allowed assigning
16,804 genes from the array to individual chro-
mosome arms at high confidence, providing a
complement and confirmation to data generated
by next-generation sequencing (Mayer et al.
2011).

Physical mapping using chromosome-arm-
specific DNA proved a useful complement to
genetic mapping also in case of the diversity
arrays technology (DArT) platform (Jaccoud
et al. 2001). The technology requires only a few
nanograms of input DNA but relies on methy-
lation patterns, which are not reproduced by the
Phi29 polymerase. Thus, several nanograms
of nonamplified DNA of individual barley
chromosome/arms were used to prepare genomic
representations that, after analysis on the barley
DArT array, helped in validating the chromo-
some assignment of individual DArT markers
(A. Kilian, pers. comm.).

4.2.2 Next-Generation Sequencing

A possibility to produce chromosome-(arm)-
specific DNA in sufficient amount and quality
stimulated attempts toward obtaining sequences
of individual barley chromosomes or even arms.
The advent of next-generation sequencing
(NGS) technologies, featured by high throughput
and relatively low cost, made this effort feasible
and affordable.

The pilot study used DNA amplified from
flow-sorted chromosome 1H and employed by
that time the most advanced NGS technology—
Roche 454, to generate sequence data repre-
senting 1.3-fold chromosome coverage (Mayer
et al. 2009). Sequence comparison against the
reference genomes of rice and sorghum, and
against wheat and barley EST datasets, led to the
estimation of 4600–5800 genes on chromosome

4 Chromosomal Genomics of Barley 51



1H. The integration of shotgun sequencing
information of barley chromosome 1H with the
collinear gene order of orthologous rice and
sorghum genes allowed proposing a virtual gene
order map of the chromosome, including 1987
loci. The syntenic integration also allowed
ordering genes in regions with limited genetic
resolution such as subcentromeric and cen-
tromeric regions, which are intractable to genetic
mapping.

The same approach was used later by Mayer
et al. (2011) for all barley chromosomes. The
low-pass 454-acquired sequences (2.2-fold
average coverage) of individual barley chromo-
some arms and the 1H were combined with the
available full-length cDNA sequences and
microarray hybridization data, and the set of
model grass genomes was supplemented by
Brachypodium. This effort allowed 86% of the
estimated *32,000 barley genes to be assigned
to individual chromosome arms. As a result of a
conserved synteny-based modeling, a series of
so-called genome zippers were constructed,
which put in a putative linear order 21,766 barley
genes, including 3125 (14%) genes belonging to
nonrecombining genetic centromeres. The inte-
grative approach using three model genomes in
parallel helped to overcome limitations imposed
by species-specific regional restructuring, made
the prediction of the gene order highly reliable
and laid a basis for a large-scale comparative
genomics study across the whole barley genome.

Sequencing flow-sorted chromosomes com-
bined with conserved synteny-based ordering
inspired other scientific communities working on
nonsequenced cereal or grass species and lead to
generation of chromosomal draft sequences and
construction of genome zippers for rye (Martis
et al. 2013), fescue (Kopecký et al. 2013), and
bread wheat (IWGSC 2014). The genome zip-
pers proved an excellent tool for evolutionary
studies, a favorable genomic resource for
anchoring physical maps in poorly recombining
regions, and for targeted marker development.

Illumina-sequenced DNAs of individual
barley chromosomes were used in a study of

Muñoz-Amatriaín et al. (2015) that described the
sequencing of 15,622 gene-bearing bacterial
artificial chromosome (BAC) clones aiming to
characterize gene-dense regions of the barley
genome. Assembled sequences of individual
barley arms and chromosome 1H allocated
15,216 BAC assemblies (97.4% of those
sequenced) at high confidence to chromosome
1H and arms of chromosomes 2H–7H. The
number of assigned BACs per chromosome
ranged from 1936 for 6H to 2439 for 2H, pro-
portional to the molecular size of the corre-
sponding barley chromosome arm as reported by
Suchánková et al. (2006). Using the same dataset
of chromosomal shotgun assemblies, Ounit et al.
(2015) assigned 125 (36 at high confidence) out
of 50,646 barley unigenes (Close et al. 2006) to
centromeric regions of 2H–7H, which were
identified as overlaps between assemblies of
short and long arms of particular chromosomes.

4.2.3 Preparation
of High-Molecular-Weight
DNA and Its Applications

The above studies (Mayer et al. 2009, 2011;
Muñoz-Amatriaín et al. 2015) demonstrated
compatibility of Phi29-amplified chromosomal
DNA with Roche-454 and Illumina sequencing
technologies. The amplified DNA, however,
showed problematic for mate-pair sequencing
with insert sizes >3 kb, probably due to chi-
merism introduced by MDA (Belova et al. 2013).
Moreover, third-generation sequencing tech-
nologies, such as single-molecule real-time
(SMRT) sequencing developed by Pacific Bio-
sciences and a nanopore-based technology com-
mercialized by Oxford Nanopore, producing
reads of tens kilobases, require input DNA
exceeding 50–100 kb in length. Such
high-molecular-weight (HMW) DNA cannot be
obtained after MDA amplification of chromoso-
mal DNA and must be prepared through a special
procedure that includes embedding intact
flow-sorted chromosomes in agarose plugs,
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in which chromosomal DNA is gently purified
while avoiding mechanical breakage. Such pro-
cedure was developed for flow-sorted chromo-
somes as early as in 2003 and provided
HMW DNA of hundreds to thousands of kilo-
bases in length (Šimková et al. 2003). While
optimized in barley, it was most frequently
applied in wheat, where HMW DNA was used to
construct the complete set of chromosome
arm-specific BAC libraries (Šafář et al. 2010,
http://olomouc.ueb.cas.cz/dna-libraries/cereals).

The ability to prepare HMW DNA from
flow-sorted chromosomes was exploited in bar-
ley only 12 years later for optical mapping, a
technology visualizing short sequence motives
along DNA molecules hundreds of kilobases in
length (Fig. 4.5). HMW chromosomal DNA
showed to be an optimal input material for
the optical mapping platform of BioNano
Genomics (Staňková et al. 2016), outperforming
HMW DNA preparations from nuclei purified by
flow cytometry (H. Šimková, unpublished).
Thus, chromosomes purified by flow sorting
became the material of choice for generating
barley whole-genome optical map assembly
through the BioNano platform (Beier et al. 2017;
Mascher et al. 2017). In this work, all barley
chromosomes (1H–7H) were sorted simultane-
ously. Besides, chromosome 1H was also
flow-sorted separately and used to construct a
chromosomal optical map on the same platform.
While the parameters of the whole-genome and
the 1H assemblies were similar, the chromoso-
mal assembly featured a lower level of chimer-
ism (H. Toegelová, unpublished).

We anticipate that HMW DNA prepared from
flow-sorted/flow-purified chromosomes will find
a wider use in combination with new sequencing
technologies and approaches that rely on long
DNA. Due to laboriousness of preparing multiple
micrograms of nonamplified DNA (Fig. 4.4), the
flow cytogenetics couples best with technologies
less demanding in DNA amount, such as nano-
pore sequencing of Oxford Nanopore Technolo-
gies (input ≥ 400 ng), GemCode Technology of
10× Genomics (input ≥ 20 ng), or the Chicago
method of Dovetail Genomics (input ≥ 500 ng).

4.2.4 Chromosomal Genomics
in the Post-sequencing
Era

The advent of long-read sequencing technologies
and new assembly algorithms, which can pro-
duce high-quality de novo assemblies even for
very large and complex genomes, reduced the
need to dissect the genome for obtaining
whole-genome sequences. Yet, there are areas of
research, where the reduction of complexity,
enabled by purification of a specific chromosome
type, simplifies the analyses and makes the
studies more focused and affordable.

Purification and sequencing of a target chro-
mosome from several mutants laid a basis of a
new approach to gene isolation in cereals called
MutChromSeq (Sánchez-Martín et al. 2016). The
efficiency of the approach was demonstrated on a
previously cloned barley Eceriferum-q gene for
epicuticular aliphatic wax accumulation. Chro-
mosome 2H, to which the gene had been
assigned, was flow-sorted after labeling by
FISHIS from the wild-type cultivar Foma
(Fig. 4.3) as well as from six ethyl methane-
sulphonate (EMS)-derived wax-less mutants.
The chromosomal DNA was Phi29-amplified
and sequenced on Illumina platform. A de novo
assembly of 2H from Foma was produced, and
sequence reads from the six mutants were com-
pared to the wild-type assembly, which resulted
in a rapid identification of a single candidate
gene based on mutation overlap. This demon-
strated the power of MutChromSeq to identify
induced, causal mutations without the need for
positional fine mapping. The approach showed
also beneficial for gene cloning in bread wheat
(Sánchez-Martín et al. 2016) and is applicable in
any plant species where the flow cytogenetics has
been developed (Vrána et al. 2016) and the
chromosome of interest can be discriminated and
sorted.

The advent of chromosome conformation
capture approaches such as Hi-C (Lieberman-
Aiden et al. 2009) provided means to unraveling
three-dimensional (3D) organization of DNA in
cell nuclei and its impact on genome function

4 Chromosomal Genomics of Barley 53

http://olomouc.ueb.cas.cz/dna-libraries/cereals


and gene expression. These methods employ
crosslinking of chromatin in the nucleus, enzy-
matic DNA digestion, proximity ligation, and
massively parallel sequencing to construct spatial
proximity maps of a genome (Fig. 4.5). In con-
trast to the advances in understanding 3D orga-
nization of cell nuclei, the way DNA molecules
are arranged in condensed mitotic chromosomes
remains obscure. The ability to prepare purified
fractions of mitotic chromosomes provides a
unique opportunity to study their architecture by
chromatin conformation capture approaches. The
procedure was recently established for barley
chromosomes (T. Beseda, unpublished), and it is
expected that it will lead to solving the mystery.

The way the nuclear genome is organized into
mitotic chromosomes cannot be fully understood
without characterization of their proteome. Apart
from the assembly of chromosomes consisting of
sister chromatids, chromosomal proteins also
play a major role in their behavior during mitosis.
Despite the general importance, a very small
number of mitotic chromosome proteins have
been identified to date. In order to characterize
the proteome of barley nuclei in different phases
of the cell cycle, Blavet et al. (2017) performed
mass spectrometry of proteins isolated from
nuclei purified by flow sorting. The work is in
progress to characterize the proteome of barley
mitotic chromosomes purified by flow sorting,
which provides an elegant approach to avoid
contamination by cytoplasmic proteins (Petro-
vská et al., unpublished).
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5Barley Genome Sequencing
and Assembly—A First Version
Reference Sequence

Nils Stein and Martin Mascher

Abstract
A reference sequence of the barley genome—
some 12 years ago—this goal seemed unrealis-
tic to achieve based on the available technology.
Still, a group of international barley scientists
developed a vision of how such a resource could
be developed by joint efforts and by revisiting
once established strategies against new possi-
bilities facilitated through technological inno-
vation. This chapter provides an overview of the
main steps taken toward the publication of a first
reference sequence of the barley genome in
2017 and how this represents the beginning
rather than the end of genome research in barley.

5.1 Introduction

About 15 years ago, complete sequencing and
assembly of large plant genomes was considered
to be unfeasible. This assumption was mainly
based on the prohibitive costs of using Sanger
sequencing technology. To reduce costs,
researchers at that time developed strategies to
focus only on the gene space of a genome by

filtering (Barbazuk et al. 2005; Whitelaw et al.
2003) or enriching for gene sequences (Madish-
etty et al. 2007) before sequencing. Even without
any indication of the feasibility for developing a
whole-genome sequence, however, the barley
research community prepared itself toward this
goal and established the International Barley
genome Sequencing Consortium (IBSC) in 2006.
A whitepaper (www.barleygenome.org) was
published providing an outline of the envisioned
feasibility within a decade of sequencing at least
the barley gene space on the basis of a
BAC-based physical map. A whole-genome
physical map was targeted first because of its
immediate value to the community as a necessary
general resource for map-based cloning of genes
underlying relevant barley traits (Schulte et al.
2009). Soon after, the introduction of second-
and next-generation sequencing technology (for
review: Shendure et al. 2004, 2017; Shendure
and Ji 2008) opened a new perspective for
whole-genome sequencing of multi-gigabase
sized genomes mainly through cutting overall
sequencing costs and the required time for
sequencing. Thus, IBSC adopted these new
possibilities and almost exactly 10 years after
publishing the research strategy of sequencing
the barley gene space, IBSC exceeded its goal by
establishing a physical map-based, first version
of a barley reference sequence (Mascher et al.
2017). The present chapter summarizes the
overall characteristics of this first version of a
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barley reference genome sequence, existing lim-
itations, and the potential for further research
advances. The main intermediate achievements
toward whole-genome sequencing are also sum-
marized in brief. More details on these aspects
have been covered in previous reviews (Eversole
et al. 2009; Stein 2014; Stein and Steuernagel
2014).

5.2 Whole-Genome Sequencing

5.2.1 Sequencing Strategy
and Assembly

The sequencing strategy for the barley genome
defined by the IBSC required the development of
a genome-wide physical map. Such a map would
be constituted of overlapping Bacterial Artificial
Chromosome (BAC) clones which then provide
the units to be sequenced (Schulte et al. 2009).
Initial attempts of developing a physical map
focused on the gene space, a strategy based on
the observation that genes are not randomly
distributed in the barley genome. In a large effort,
83,831 genes containing BAC clones were
selected from the first available barley BAC
library (Yu et al. 2000) by gene-specific overgo
probe hybridization to high-density colony filter
membranes (Madishetty et al. 2007). Out of
these, 72,052 BACs were fingerprinted to define
a Minimal Tiling Path (MTP) of 15,711 over-
lapping clones (Muñoz-Amatriaín et al. 2015). In
parallel, a larger effort was initiated to build a
generic genome-wide physical map taking
advantage of a set of six independent BAC
libraries derived by partial digestion with differ-
ent enzymes or random shearing of
high-molecular-weight genomic DNA in order to
maximize for cloned genome representation
(Schulte et al. 2011). 690,912 BACs were ana-
lyzed by High-Information-Content Fingerprint-
ing (HICF) (Luo et al. 2003) and 570,007 passed
the filter criteria to be included in the physical
map (Ariyadasa et al. 2014). This was equivalent
to approximately 14-fold haploid genome cov-
erage and produced a map comprising 9265 BAC
contigs with an average size of 538 kb, covering

about 4.9 Gb of the estimated 5.1 Gb barley
genome (Ariyadasa et al. 2014). A genome-wide
MTP defined from the physical map comprised
of 68,047 individual BAC clones. While this
effort produced the basis for a hierarchical
clone-by-clone sequencing strategy, IBSC had to
evaluate newly emerging sequencing technolo-
gies in order to decide the most cost- and
time-efficient way forward, ruling out the need of
Sanger sequencing, which came at a given cost
of USD *1000 per clone.

Initial attempts of next-generation sequencing
of barley BAC clones used the early Roche/454
GS20 platform producing 100-nucleotide (nt)-
long sequence reads, which were considered at
that time as too short for producing good
assemblies in genomes with long stretches of
repetitive DNA. Meaningful assemblies were
obtained only after hybrid assembly with low
coverage of ABI Sanger sequence reads, how-
ever, the Roche/454 sequencing sufficed for gene
detection in de novo sequenced BAC clones
(Wicker et al. 2006). With the introduction of
longer sequence reads on the advanced
Roche/454 GS FLX platform and the possibility
of multiplexing BAC clones in the same
sequencing run enabled by the use of Multiplex
Identifiers (MID), also commonly called barcode
adaptor sequences, provided a first encouraging
perspective for BAC-based barley genome
sequencing. It was possible to sequence indi-
vidual clones in 91 multiplexes and assemble to
almost finished quality, comparable to Sanger
sequenced BACs (Steuernagel et al. 2009).
Assembly quality improved as read length
improved on the further advanced Roche/454
Titanium platform and in combination with short
read mate-pair sequence information generated
from larger BAC pools on the Solexa/Illumina
platform, scaffolding of 454 Titanium contig
assemblies appeared to be feasible (Taudien et al.
2011). Based on this strategy, two teams at IPK
Gatersleben and the Fritz Lipmann Institute in
Jena, Germany, initiated the sequencing of the
MTP of the first barley chromosome, 3H—se-
lected for the reason of the perspective for
comparative genomic analysis to the homoeolo-
gous wheat chromosome 3B, which was in
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progress for sequencing in France at the same
time (Choulet et al. 2014). Soon after, the
approach was further optimized in order to take
advantage of the higher sequencing output of the
new Illumina Hiseq 2000 platform. This was
feasible by establishing a much higher level of
multiplexing on the basis of 668 barcode adap-
tors and sequencing of such a complex pool of
BAC clones on a single lane in the 2 � 100 nt
high-output mode of Hiseq 2000. In combination
with mate-pair sequence data from an even more
complex non-barcoded BAC pool generated on
the Miseq (2 � 250 nt) and the Hiseq (2 � 100
nt), platforms produced similar quality assem-
blies like those sequenced on the Roche/454
platform (Beier et al. 2016). With 667 BACs per
sequencing lane of one flow cell, the capacity of
a single Hiseq 2000 run (8 lanes, 2-3 Tbp)
enabled the sequencing of all MTP clones of a
single-barley chromosome [MTP clone numbers
in: (Beier et al. 2017)} within 1.5–2 complete
Hiseq 2000 runs. After this breakthrough,
sequencing all barley chromosomes seemed fea-
sible and the task of sequencing all MTP BAC
clones was distributed among members of IBSC.
Chromosomes 1H, 3H, and 4H were sequenced
at IPK Gatersleben/FLI Jena, Germany; chro-
mosomes 2H and unanchored BACs (0H) were
sequenced at Earlham Institute (EI), UK, for-
merly known as The Genome Analysis Center
(TGAC) under the lead of the James Hutton
Institute (JHI), UK; chromosomes 5H, 6H, and
7H were sequenced at the Beijing Genomics
Institute (BGI), China, under the lead of Mur-
doch University, Australia/Zhejiang University
China, (5H, 7H), and the Carlsberg Laboratory
(6H), Denmark. The different sequencing centers
followed similar but not identical protocols and
methods for multiplexing, sequencing, and
assembly/scaffolding, however, with very com-
parable success and results (Beier et al. 2017).

At the same time as sequencing the chromo-
somal MTPs were carried on, also the gene space
MTP consisting of 15,661 gene-bearing BACs
was sequenced and assembled (Muñoz-Ama-
triaín et al. 2015). This relied on a completely
different strategy, omitting the laborious steps of
labeling the DNA of individual BACs by specific

barcode adaptors. Here, the BAC clones were
pooled in a multidimensional combinatorial
design, which allowed, before assembly, the
deconvolution of reads belonging to individual
clones on the basis of the position of each clone
in the combinatorial design. Both MTP sequence
datasets were integrated into one final reference
sequence assembly (Beier et al. 2017) compris-
ing 4.8 Gb of nonredundant sequence (Mascher
et al. 2017). This combined the sequence data of
87,105 sequenced BAC clones (Table 5.1).
Based on a statistical kmer-based representation
analysis, the IBSC RefSeq v1.0 is very close to
complete representation of the barley genome
(Fig. 5.1). However, the fact that major repeat
clusters (rDNA, Cereba centromeric repeats,
telomeres) are still not represented in the
assembly (Mascher et al. 2017) indicates that the
difference between estimated genome size and
assembled sequence size is real and some parts of
the barley genome are still not represented in the
reference sequence, although a conservative
BAC MTP-based sequencing and assembly
strategy was followed. Underrepresentation of
some genomic regions in the physical map might
be explained by incompatibility or toxicity of the
cloned eukaryotic DNA when introduced into
E. coli.

IBSC and other barley researchers continu-
ously evaluated also in parallel the possibility of
using next-generation sequencing technology for
de novo Whole-Genome Shotgun (WGS) se-
quencing and assembly of the barley genome. In
2012, IBSC published the sequence-enriched
physical map of the “Morex” genome (The
International Barley Genome Sequencing Con-
sortium (IBSC) 2012) and this study included a
de novo WGS assembly, which was generated
based on Illumina Hiseq 2000 paired-end (PE)
100 shotgun sequencing. In the same study, the
genomes of two other cultivars “Barke” and
“Bowman” were sequenced and de novo
assembled (Table 5.1). These early shotgun
assemblies were largely incomplete with only
about 37% of the estimated genome size in the
assemblies. Also, they were highly fragmented
with between 2 and 3 million assembled contigs
and N50 contig length between 1.5 and 2 kb.
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However, comprehensive gene sets could be
annotated for these assemblies and integrated to
the physical map on the basis of sequence
overlap to BAC end sequences, which were
available for 50% of all clones in the physical
map assembly, as well as to several thousand
randomly selected BAC clones (The Interna-
tional Barley Genome Sequencing Consortium
(IBSC) 2012). A fourth genotype (“Haruna
Nijo”) was sequenced and assembled by a mixed
strategy using Hiseq 2000 paired-end data for
assembly and Roche/454 long mate-pair
sequence information for scaffolding (Sato et al.
2015). Again, the assembly represented only
2 Gb of the estimated 5.1 Gb barley genome,
however, the N50 contig length increased to over

3.5 kb which was an advantage for improved
gene prediction (Table 5.1).

Two additional attempts were made to shot-
gun sequence and assemble Tibetan barley cul-
tivars (Table 5.1). First, the genome of a landrace
“Lasa Guomang” was assembled from 178-fold
sequence coverage generated from different
paired-end and mate-pair libraries with insert
sizes ranging from 250 bp up to 40 kb (Zeng
et al. 2015). Almost 3.9 Gb of sequence was
assembled, and the contig N50 was significantly
increased to over 18 kb. This assembly profited
from the work of the IBSC, because the
sequence-enriched physical map of “Morex”
provided the physical framework for assigning
the large scaffolds of the “Lasa Guomang”
assembly to chromosomal bins. A second shot-
gun assembly of the Tibetan cultivar “Zangq-
ing320” became available very recently (Dai
et al. 2018). This is the first nearly complete
barley de novo shotgun assembly with a total
length of 4.84 Gb (Table 5.1). The assembly was
based again on high-coverage short read
sequencing but profited from the Hiseq 2500
platform. Overlapping reads (pseudo-long reads)
were generated from small insert (250–300 nt)
paired-end libraries, providing a better start for
de novo assembly. Furthermore, long-read
real-time single-molecule (SMRT) sequencing
on the Pacific Biosystems platform was used for
closing gaps between contigs/scaffolds. The
majority of this assembly was ordered and
assigned to chromosomes by relating it to the
information provided by the “Morex” reference
sequence v1.0.

Shortly after the “Morex” BAC MTP-based
reference sequence was published, a first
high-quality reference sequence of the tetraploid
wild emmer wheat (Triticum turgidum
subsp. dicoccoides) genome was published. This
assembly was based purely on short read WGS
sequencing (Avni et al. 2017). In comparison to
the early studies of de novo shotgun sequencing
based on short reads, this study emphasized the
importance of generating very high-quality
(PCR-free) sequencing libraries and
high-coverage of sequence data from different
but precisely sized paired-end (for assembly) and

Fig. 5.1 Analysis of genome representation in barley
genome assemblies based on kmer frequencies. The
representation of the barley RefSeq v1.0 was bench-
marked on the basis of kmer-20 frequencies. The gray line
represents kmer frequencies in a random sequence sample
from NCBI Genbank of the size similar to the haploid
barley genome. Green and blue lines show kmer
frequencies in draft WGS assemblies (The International
Barley Genome Sequencing Consortium (IBSC) 2012).
The orange line indicates kmer frequencies in a haploid
barley genome equivalent of random barley DNA
Illumina short sequence reads. The red line indicates the
kmer frequency profile of barley RefSeq v1.0 which
follows the same dynamics as random barley sequence
indication very good representation of the barley genome
in contrast to previous draft assemblies (yellow
double-headed arrow)
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mate-pair (for scaffolding) libraries. Furthermore,
longer pseudo-long reads, generated by Illumina
Hiseq 2500 sequencing (rapid run mode
2 � 250 nt) of 450 bp insert paired-end libraries,
were used and proved to be crucially important.
Wild emmer wheat is a tetraploid species with
two homoeologous sub-genomes, each of the
sizes, and complexity comparable to the barley
genome. Given the progress in assembly quality
that can now be obtained based on Illumina short
read sequencing, it is almost ironic that after
reaching the goal of an MTP-based barley ref-
erence sequence within the predicted time frame,
this strategy can now be considered to be out-
dated and will probably no longer be applied to
large genome sequencing in the future.

5.2.2 Genetic andPhysical Ordering—
Chromosome-Like
Assemblies

Sequencing of overlapping BAC clones alone
did not lead immediately to chromosome-scale
assemblies of the barley genome. The BAC-
based physical map was composed of 9265
individual BAC contigs. This was an average
of *1300 contigs per barley chromosome. Only
4556 of the contigs, or 3.9 Gb of the cumulative
length of the physical map, could be anchored to
the genetic map initially (The International Bar-
ley Genome Sequencing Consortium [IBSC]
2012). Although this represented 76% of the
barley genome, still the contigs were assigned to
1501 distinct genetic bins, thus a correct linear
ordering of the genome for regions without
recombination (50% of the physical length of all
barley chromosomes) required additional tools
and sources of information.

Chromosome Survey Sequencing (CSS)
The first breakthrough for physical assignment of
sequence resources to individual barley chro-
mosomes was made by new possibilities pro-
vided by the chromosomal genomics toolbox
developed by Jaroslav Dolezel and his team at
Institute of Experimental Biology, Olomouc,
Czech Republic (Doležel et al. 2014), (Chap. 4

of this book). After the first proof of concept
study on shotgun sequencing of flow-sorted
barley chromosome 1H (Mayer et al. 2009), the
gene content and gene order of all seven barley
chromosomes were computed mainly by
exploiting synteny information to related grass
genomes with annotated reference sequence
information available (Mayer et al. 2011). This
approach provided very helpful intermediate
gene order information before whole-genome
sequencing was realistically achievable. These
results triggered similar studies in wheat
(The International Wheat Genome Sequencing
Consortium 2014) and rye (Martis et al. 2013).
Furthermore, the shotgun sequence data from
individual chromosomes (Chromosome Survey
Sequences, CSS) could be mapped to non-
repetitive sequences in contigs of the de novo
WGS assemblies or from individually sequenced
BAC clones. This generated a highly accurate
predictor for the genomic origin of the respective
contig sequence (The International Barley Gen-
ome Sequencing Consortium (IBSC) 2012;
The International Wheat Genome Sequencing
Consortium 2014). The CSS data proved also
to be very useful for the identification of mis-
assemblies or chimeric scaffolds during quality
assessment of the barley Refseq v1.0 (Beier et al.
2017; Mascher et al. 2017).

Population Sequencing (POPSEQ)
CSS-based chromosomal assignment of
sequence resources is a very valuable first step
toward sorting the genomic origin of otherwise
anonymous DNA assemblies. This method,
however, does not provide linear ordering
information and thus is really powerful only in
combination with other sources of information
(e.g., synteny, dense genetic marker maps, etc.).
Genetic maps used to be the main tool for
anchoring and ordering of physical maps and
sequence assemblies. This “genetic” anchoring
process used to be limited first by the number of
available molecular markers and the density of
the existing experimental genetic maps and sec-
ond by the fact that large parts of the genomes do
not show meiotic crossovers, which are the basis
of measuring genetic distances. In the absence of
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alternatives for physical mapping, genetic mark-
ers and maps still provided the best information
for anchoring and ordering of BAC-based phys-
ical maps and sequences. In collaboration with
the US Department of Energy–Joint Genome
Institute (DOE–JGI), the IBSC generated two
genetic maps of unprecedented density in barley
by sequencing to onefold haploid genome cov-
erage each of the 90 and 82 individuals of a
recombinant inbred line (RIL) and a doubled
haploid (DH) mapping population, respectively.
The two datasets provided 5.1 and 6.5 million
markers for genetic anchoring of the “Morex” de
novo shotgun assembly (Mascher et al. 2013)
and two million nonredundant markers could be
used to revise the genetic anchoring of the barley
physical map (Ariyadasa et al. 2014).

Three-Dimensional (3D) Chromosome Con-
formation Capture Sequencing (Hi-C)
Physical ordering of BAC contigs or sequence
scaffolds in non-recombining regions of the
genome remained an insurmountable obstacle
toward the goal of a fully anchored and ordered
chromosome-scale reference quality sequence
assembly in barley. Additional methods for
physical mapping like deletion bin mapping
(Sourdille et al. 2004), HAPPY mapping (Dear
and Cook 1993), radiation hybrid mapping
(Tiwari et al. 2016), or Fluorescent In situ
Hybridisation (FISH) (Aliyeva-Schnorr et al.
2015, 2016) were long seen as the only possi-
bilities of solving the linear order of physical
map contigs or sequence scaffolds that were
allocated to the non-recombining region of bar-
ley chromosomes. In parallel to genome
sequencing and assembly in many organisms,
however, major progress was made by research
on chromatin conformation analysis in yeast and
human. Several technologies were established
that enabled testing 3D physical proximity of
chromosomal domains that are located at varying
distances on the linear chromosome (Dekker
et al. 2013). One method, Hi-C, was developed
to test in parallel any genome-wide interaction of
chromatin domains by high throughput
sequencing (Lieberman-Aiden et al. 2009).
While this method has stimulated a fascinating

new area of research on the impact of 3D chro-
matin structure on nucleus organization and gene
regulation (Dekker et al. 2013), it was also
demonstrated that Hi-C sequence data can be
exploited for scaffolding WGS assemblies of
individual human chromosomes (Burton et al.
2013). After adapting the existing protocols from
human genome research to barley (Mascher et al.
2017), Hi-C libraries were produced and used to
bring all sequence scaffolds of Morex RefSeq
v1.0 into linear order, thus producing the first
chromosome-scale assemblies in barley
(Fig. 5.2). The method was further streamlined to
work in different cereal species and Hi-C datasets
helped subsequently to produce chromosome-
scale assemblies in wild emmer wheat (Avni
et al. 2017), durum wheat (Maccaferri et al.
2018), common wheat (The International Wheat
Genome Sequencing Consortium (IWGSC)
2018), and rye (our own unpublished data).
Furthermore, the method enabled detection of
large megabase-scale structural variation
between different barley genotypes (Himmelbach
et al. 2018). Recently, Hi-C for genome scaf-
folding has been established also on the basis of
in vitro reconstituted chromatin (“Chicago”,
Putnam et al. 2016) and both methods have now
become standard tools in genome sequencing and
assembly.

Optical Mapping by Nanofluidics-Supported
Analysis of Megabase Sized DNA
Molecules
Physical mapping of genomes by fingerprinting
of long DNA molecules by the support of image
analysis tools (“optical mapping”) has long been
suggested as a powerful alternative for devel-
oping genome maps in large genome species
and difficult-to-access genomic regions like
extensive tandem repeats or non-recombining
regions (Aston et al. 1999). The power of the
method for validating genome assemblies was
demonstrated in large genome crop species like
maize (Schnable et al. 2009); however, this
challenging technique was not applied routinely
until commercial solutions for automated anal-
ysis of large DNA molecules became available.
The introduction of nanofluidics solutions in
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optical mapping provided the necessary techni-
cal breakthrough (Dimalanta et al. 2004;
Tegenfeldt et al. 2004). In combination with
fluorescent labeling of large DNA molecules by
sequence-specific enzymes, the method of opti-
cal mapping became more broadly applicable
and suited for automation (Das et al. 2010).
Since then it has evolved to become an impor-
tant component of de novo genome assembly
strategies, especially as part of super-scaffolding
and for validating highly contiguous sequence
assemblies as shown for different animal and
plant species (Howe and Wood 2015; Jarvis
et al. 2017; Mostovoy et al. 2016). When Alan
Schulman, University Helsinki, Finland, hit the

jackpot of Bionano Genomics’ raffle among
participants of their workshop at the Plant and
Animal Genome Conference in January 2014, it
provided the exciting possibility to generate a
Bionano-based optical map of the reference
barley genotype Morex. An equivalent of
4.3 Gb of the barley genome was assembled
into optical molecule maps of which 3.9 Gb
(85%) could be aligned to the BAC-based
sequence clusters (Mascher et al. 2017). It
turned out that the optical map of Morex was of
great value as an independent source of infor-
mation for validating the chromosome-scale
assemblies obtained after Hi-C based scaffold-
ing (Fig. 5.3).

Fig. 5.2 Hi-C sequencing
for scaffolding. a Hi-C
interaction matrix is shown
for barley chromosome 6H.
b Zoom into a region of the
Hi-C interaction matrix at Mb
position 335 to 355 of
chromosome 6H. Blue
vertical lines indicate gaps
between scaffolds
concatenated on the basis of
the Hi-C interaction matrix.
Red connector lines illustrate
linking Hi-C sequence pairs
between scaffolds, whereas
black connectors illustrate
links of Hi-C sequence pairs
within the same scaffold
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5.2.3 Barley RefSeq v1.0—Practical
Considerations

The international effort of IBSC delivered a first
reference sequence of the barley genome within a
decade (Mascher et al. 2017). The genome was
fully annotated on the basis of extensive

transcribed gene evidences (see Chaps. 6 and 7),
and all underlying data resources have been
made publicly available and searchable (Beier
et al. 2017; Colmsee et al. 2015; Mascher et al.
2017; Chap. 21) and these resources should be
consulted further if more details on the barley
genome are of interest to researchers. Here,

Fig. 5.3 Validation of
Hi-C-based scaffolding by
alignment to a Bionano
optical molecule map of
barley cultivar “Morex”. The
upper three panels show label
density distribution, molecule
coverage, and aligned
molecule distribution in the
optical molecule map contig
26 of the Bionano “Morex”
genome map. Below, a
successive array of sequence
scaffolds of barley RefSeq
v1.0, ordered by Hi-C based
scaffolding, is shown,
reproducing exactly the
optical molecule map. The
lowest panel illustrates the
position and alignment of the
individual BAC clones of the
physical map underlying the
reference sequence assembly
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Fig. 5.4 Comparison of the barley draft (2012, 2014)
and reference sequence assembly. The sequence informa-
tion of two chromosomes 1H (upper two panels) and 5H
(lower two panels) from the draft genome sequence before
(left panels, The International Barley Genome Sequencing
Consortium (IBSC) 2012) and after high-density
POPSEQ-based genetic anchoring (right panels, Ariya-
dasa et al. 2014) is shown in comparison to the respective
pseudomolecules (chromosome-scale assemblies) of bar-
ley RefSeq v1.0. Centromeric and peri-centromeric
regions in the respective sequence resources are shown
in light green shading. This highlights that genome
ordering information was almost random for 50% of the
length of the chromosome in the 2012 resource (dark

green area in left panels). Higher density genetic anchor-
ing masked this problem only by binning all this
information into a 5–10 cM bin (dark green shading in
the right panels). The massively improved physical
resolution of genomic sequence scaffolding is illustrated
for chromosome 5H for the position of the gene HvLAX
(Jost et al. 2016) (red lines). While the approximated
location of the gene remained in a region of large
uncertainty in the draft genome sequence versions (2012,
2014), which complicated cloning of the gene, its physical
position was completely resolved in the correct context in
RefSeq v1.0, highlighting the highly increased value of
RefSeq v1.0 for gene cloning in barley
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instead, we draw the attention to the changes and
improvements that were introduced and delivered
since the publication of the draft genome
sequence (The International Barley Genome
Sequencing Consortium (IBSC) 2012). The most
important difference from previous barley geno-
mic resources is that sequence clusters/super-
scaffolds are ordered throughout the non-
recombining peri-centromeric and centromeric
regions of the seven barley chromosomes
(Fig. 5.4). In the 2012 draft, genome information
(BAC contigs and WGS contigs) were placed
into a single (or few) centromeric genetic bin in
nearly random order. This genetic interval
equalled about 50% of the physical extension of
the barley chromosomes. In the new reference
sequence, these regions were ordered by physical
information generated through Hi-C sequencing
and validated by comparison to the optical map,
thus providing the correct sequence context for
any gene in these regions.

The second important aspect about the Morex
RefSeq v1.0 for users to consider is that this first
version reference sequence is not perfect; there is
still room for improvement, as future
genetic/physical information that may conflict
with or contradict parts of the assembly should
always be considered. It needs to be kept in mind
that the reference sequence was assembled from
individually sequenced BAC clones. The
minority of these BACs were assembled into one
contig/scaffold sequence, but the majority were
represented by a number of large and small
contigs and scaffolding/ordering was not always
finalized for these BACs. Thus, within the map
position of each individual BAC clone
(*100 kb bin), the order and orientation of
sequence information may be subject to change
as additional evidence may emerge. As an
example, only 3.6 Gb (85%) of the 4.3 Gb
optical map assembly could be aligned to the
BAC-based sequence assembly. This can be
attributed in part to limited information content
of the sequence-specific labeling pattern of the
optical molecule maps. However, the random
orientation of contigs within scaffolds and
super-scaffolds must also contribute to the

observed limitation in sequence/optical molecule
map alignment.

5.3 More Barley Genomes: The
Barley Pan-Genome

A major milestone for barley research and crop
improvement was achieved with the availability
of the barley reference sequence. While this is a
major advance, however, one should not ignore
the fact that access to a single high-quality-
reference sequence reveals only part of the total
genome composition of a given species. Origi-
nating from the area of microbial genomics
(Tettelin et al. 2008), the concept of “pan-
genome” analysis has firmly taken hold also in
plant sciences, where an increasing number of
studies address the problem of characterizing the
“core” and “dispensable” components also of
crop species genomes (Hirsch et al. 2014; Mon-
tenegro et al. 2017; Zhao et al. 2018). The “core”
genome refers to parts of the genome (especially
genes) found in every haplotype, whereas the
“dispensable” genome refers to genomic com-
ponents found in fewer haplotypes of a given
species. Structural variation, including presence/
absence variation, was shown to be high
(Muñoz-Amatriaín et al. 2013 and Chap. 8), thus
indicating the importance of pan-genome analy-
sis also for barley. Efforts are underway to
characterize genomic diversity of the global
domesticated barley population by reduced rep-
resentation re-sequencing of more than 20,000
barley accessions of the largest ex situ seed bank
of the EU28 (BRIDGE project: http://bridge.ipk-
gatersleben.de). Based on this information, an
initial set of five diverse genotypes including also
a wild barley accession was selected for de novo
WGS following the approach used for sequenc-
ing the wild emmer and the Aegilops tauschii
genomes (Avni et al. 2017; Zhao et al. 2017).
Thus, shortly after publishing the first reference
sequence of the barley (“Morex”) genome,
access to more complex barley genome infor-
mation on the basis of a first pan-genome anal-
ysis is already in sight.
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6Gene Prediction in the Barley
Genome

Sven O. Twardziok, Heidrun Gundlach, Thomas Lux,
Pete E. Hedley, Micha Bayer, Matthias Platzer,
Marco Groth, Robbie Waugh and Manuel Spannagl

Abstract
Gene prediction in large and highly repetitive
grass genomes like barley is complicated by
large numbers of transposable elements (TEs),
pseudogenes and often incomplete or un-/
miss-oriented genomic sequence. In this chap-
ter, we describe the automated gene prediction
and annotation pipeline used for the latest
barley reference genome sequence, as well as
the genomic evidence used to predict gene
models. Additional topics cover the (auto-
mated) functional annotation, the evaluation
of the gene models, and a comprehensive
discussion about shortcomings of the current
annotation and ways to improve it further.

6.1 Introduction

Until recently, the identification of barley’s full
gene inventory was limited by the absence of a
reference quality genome sequence. An auto-
mated gene annotation is usually one of the first
steps after sequencing of a genome especially if a
complete and validated set of protein sequences
is not available. The predicted gene structures
allow for targeted gene analyses, comparative
genomic studies as well as the application of
transcriptomics approaches. Gene prediction on
the 2012 barley genome resources identified
26,159 high-confidence gene models and another
53,220 low-confidence gene loci (International
Barley Sequencing Consortium 2012). The gene
calls presented in the 2012 study were derived by
the integration of gene models predicted on
Whole-Genome Shotgun (WGS)-assembled
sequences and a nonredundant set of publicly
available fl-cDNAs that were not, or only par-
tially identified on the WGS contigs.

With the availability of the latest barley ref-
erence genome sequence in 2017 (Mascher et al.
2017), both gene prediction quality and com-
pleteness increased substantially, along with
the quality and contiguity/completeness of the
genome assembly. As a result, 39,734 high-
confidence gene models and 41,949 low-
confidence gene loci have been predicted on
the latest barley reference genome sequence.
This book chapter describes the genomic
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evidence used during automated gene prediction
in barley, outlines the automated gene prediction
procedure (structural gene prediction) including
confidence classification and filtering of trans-
posable elements and summarizes the evaluation
of the barley gene calls. An additional section
deals with the functional annotation of gene
models and last but not least strategies to
improve the barley gene annotation in the near
future are discussed.

6.2 Evidence for Automated Gene
Prediction

To assist the automated calling of gene struc-
tures, different types of genomic “evidence”
proved to be useful. These include, most
prominently, transcriptome/gene expression data
and mapping of homologous gene models from
related reference species. This chapter describes
the genomic evidence used in the automated gene
prediction on the latest barley reference genome
sequence (Mascher et al. 2017).

Transcript resources
To assist with gene model identification, tran-
script datasets were generated using both Illu-
mina RNA-Seq and Pacific Biosciences Iso-Seq.
A single barley cultivar, Morex, was used
throughout, and was the basis of the current
reference (Mascher et al. 2017) and previous
draft (International Barley Sequencing Consor-
tium 2012) genome sequences. This ensured
robust and accurate mapping of the RNA-Seq
and Iso-Seq reads, with no expected DNA
polymorphism, enabling generation of high-
confidence predicted gene models.

Illumina RNA-Seq
Plant material was grown under controlled con-
ditions as individual plants or pooled dissected
tissues where the material was limiting. In total,
16 barley tissues were isolated:
Vegetative tissues: Leaf tissue (LEA) was sam-
pled from seedlings at 17 days after planting
(dap), and root tissue at both 17 dap (ROO1) and
28 dap (ROO2). The third stem internode

(NOD) was dissected at 42 dap, and senescing
leaf (SEN) isolated at 56 dap. Seedlings were
grown to 10 dap in the dark to isolate etiolated
leaf (ETI) material. Epidermal strips (EPI) were
made from 28 dap plant leaf tissue.
Inflorescence tissues: Whole developing
inflorescence tissue was sampled at 30 dap
(INF1) and 50 dap (INF2). From plants 42 dap,
inflorescences were dissected to isolate lodicule
(LOD), lemma (LEM) and palea (PAL). Rachis
(RAC) was isolated from plants 35 dap.
Developing grain tissues: Whole developing
grain (caryopsis) was sampled at 5 days
post-anthesis (dpa; CAR5) and 15 dpa (CAR15).
Only the central caryopses were sampled from
each spike.
Germinating grain tissues: Mature grain was
germinated and after 4 days, embryonic tissue
(including mesocotyl and seminal roots; EMB)
was dissected.
RNA extraction and RNA-Seq methods are
described in Mascher et al. (2017).
In addition to using this dataset to assist gene
annotation of the barley genome, it provides an
extensive gene transcript atlas to study differen-
tial gene expression profiles and isoform analysis
(Flores et al., in prep).

PacBio Iso-Seq
Pacific Biosciences (PacBio) SMRT (Single
Molecule, Real-Time) sequencing technology
has the potential to generate reads over 60 kbp
(http://www.pacb.com/smrt-science/smrt-
sequencing/read-lengths/). This has the potential
for sequencing entire mRNA transcripts in a
single read, thus obviating the need for de novo
assembly. PacBio’s approach to this, Iso-Seq,
includes both wet-lab protocols and bioinfor-
matics analysis (http://www.pacb.com/blog/
intro-to-iso-seq-method-full-leng/).
Iso-Seq was performed on RNA from germinat-
ing grain tissues (EMB), as above for the Illu-
mina RNA-Seq.
WithPacBio’sRSII sequencer short sequences can
be overrepresented, so libraries of different sizes
(1–2, 2–4, and 3–8 kbp) were sequenced.
ICE/Quiver, the consensus calling tool in
the SMRTPipe software (https://github.com/
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PacificBiosciences/SMRT-Analysis/wiki/SMRT-
Pipe-Reference-Guide-v2.1) was used to generate
consensus sequences frommultiple reads-of-insert
(ROI) representing the same transcript. A ROI
itself represents a consensus sequence of the
multiple subreads generated through repeat passes
of the polymerase over the double-stranded DNA
insert (http://files.pacb.com/software/smrtanalysis/
2.2.0/doc/smrtportal/help/!SSL!/Webhelp/Portal_
PacBio_Glossary.htm). ROIs are grouped into iso-
formclustersusing the ICEalgorithm, andQuiver is
used to recruit non-full-length reads to these clusters
and compute a more accurate consensus sequence
based on these (“polishing”). Based on the level of
confidence in the consensus calls, Quiver annotates
its output as either high or low quality. Polished
high-and low-quality read-of-insert sequences from
all runs were merged into a single FASTA file of
122,190 sequences.

Reads of this type may still contain errors at
this stage, the prevalent type being small indels
(Ross et al. 2013). This is in contrast to Illumina
sequencing, where substitutions are the predom-
inant error type, albeit at much lower error rates
than for raw PacBio output. PacBio and Illumina
data, thus, complement each other, in that PacBio
reads provide long reads with relatively high
error rates, while Illumina data provide higher
accuracy at the base level. The two technologies
can be combined to provide reads that are both
long and accurate, using either hybrid assembly
or error correction. We opted for an error cor-
rection approach, where we corrected the PacBio
sequences with Illumina data generated from
the same RNA sample from germinating grain
tissues, using proovread v.2.13.8 (Hackl et al.
2014). This resulted in 123,875 corrected
sequences—more than in the input dataset, a
result of splitting chimeric reads. Figure 6.1
shows the trimodal frequency distribution for the
length of the trimmed, error-corrected Iso-Seq
reads, reflecting merging of the three libraries.
The Illumina data was mapped back to both the
uncorrected and the corrected PacBio data
to quantify the effect of the error correction,
using Bowtie2 (Langmead and Salzberg 2012).

The resulting mappings were then subjected
to coverage analysis with the GATK’s
DepthOfCoverage tool, and the percentage of
reference bases that had no Illumina support (zero
coverage) was calculated from the output. This
decreased from 18.3 to 2.9% in the corrected
reference, a clear improvement resulting from the
error correction. We also ran the VarScan variant
caller v2.3.7 (Koboldt et al. 2012) over both
mappings to establish the number of indels before
and after error correction. The error correction
resulted in a dramatic reduction of the number of
indels from 59,765 (for the whole dataset of
122,190 uncorrected sequences) to only 127 in the
corrected sequences.

Transcriptome data availability
Transcriptome datasets were deposited in the
European Nucleotide Archive (ENA) and are
available from the following accession numbers
(Table 6.1).

Additional transcriptome data
For barley, a comprehensive, publicly available
and high-quality collection of full-length cDNA
sequences exist (Matsumoto et al. 2011). These
sequences were generated from the Haruna Nijo
barley variety, whereas the genome sequence is
from the Morex variety. This resource includes a
total of 28,592 sequences that were further uti-
lized during gene prediction.

Fig. 6.1 Frequency distribution of sequence lengths for
the trimmed, error-corrected PacBio Iso-Seq reads
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Mapping of homologous reference gene models
Predicted gene structures from related reference
organisms can be used as evidence during gene
annotation, given there is substantial sequence
conservation between the reference sequence and
the homologous/orthologous copy in the barley
genome. Previously predicted barley protein
sequences (International Barley Sequencing
Consortium 2012) were selected, as well as gene
predictions from the closely related grass species
Brachypodium distachyon (Vogel et al. 2010),
rice (O. sativa) (Matsumoto et al. 2005), and
sorghum (S. bicolor) (Paterson et al. 2009).

• Barley 2012 gene models (PGSB PlantsDB):
26,159 genes

• Sorghum bicolor v2.1 (Phytozome):
33,032 genes

• Brachypodium distachyon v2.1 (Phytozome):
31,694 genes

• Rice MSU7.0 (MSU): 39,049 genes.

6.3 Automated Gene Prediction
Pipeline

To predict gene structures on whole-genome
sequence assemblies from complex genomes
such as barley, automated gene prediction
pipelines are used. Gene-supporting evidence (as
introduced and described in the section before)
typically constitute the starting point of such
automated gene prediction pipelines and are
processed in different ways as the first step
(Fig. 6.2).

Plant genomes are usually repeat masked prior
to gene detection for two reasons:

(i) to reduce computing times, as transposable
elements cover 50 to over 80% of the
sequences and generate high hit numbers in

homology searches due to their repetitive
nature;

(ii) to avoid picking up all the transposon-
related gene models, which outnumber
canonical genes and can distort downstream
data analyses. The drawback of repeat-
masking is the danger of “overmasking”
which means that parts of genes are masked
by gene fragments that might have been
picked up as parts of transposons and as
such find their way into the transposon
libraries.

Due to such minor but clearly observable
overmasking issues for barley, we directly
annotated the genes on the unmasked,
whole-genome sequence assembly. As a conse-
quence, a vast number of transposon-related
genes, were sorted out in a later step by an
elaborate keyword search on the functional gene
descriptions (see “Confidence classification”).
We decided for two reasons for an entirely
evidence-driven gene prediction process rather
than incorporating de novo gene finders such as
Augustus: (a) de novo gene finders typically
show high error rates in predicting many false
positive predictions that need to be dealt with in a
subsequent consolidation step and (b) given the
great amount of transcriptome and homology
mapping data for barley at this stage we expect
most bonafide genes to be supported by at least
one of these data types, rather than being iden-
tified by de novo gene finders alone.

In the first step of the pipeline, predicted
protein sequences from barley and closely related
grass species brachypodium, rice, and sorghum,
as well as predicted open reading frames from
full-length cDNA sequences from barley, were
aligned against the unmasked chromosome
sequences using the splice-aware alignment
software GenomeThreader (Gremme et al.
2005) (version 1.6.2; parameters used:—species

Table 6.1 Transcriptome
data availability

Transcriptome sequencing

Illumina RNA-Seq reads ENA PRJEB3149, PRJEB14349

PacBio Iso-Seq reads ENA PRJEB14446
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rice—gcmincoverage 30—prseedlength 7—
prhdist 4—force). Resulting transcript structure
predictions were then merged using Cuffcompare
from the Cufflinks package (Trapnell et al. 2012).
RNA-Seq reads were mapped against the chro-
mosomes using Hisat2 (Kim et al. 2015) (default
parameters). Resulting alignment files were then
assembled into transcript structures by using the
Cufflinks software package and Iso-Seq reads
were aligned against the chromosome sequences
using GMAP (Wu and Watanabe 2005) (default
parameters). A Python script from the PacBio
repository (collapse_isoforms_by_sam.py) was
used to predict transcript structures and to
remove redundant transcripts. For the alignments
of fl-cDNA sequences to chromosomes, the
GMAP software (Wu and Watanabe 2005) was

used once again. RNA-Seq-based transcript
structures were clustered with the reference-
based gene model predictions, the structure
information from Iso-Seq alignments as well as
with structure information from fl-cDNA
sequence alignments and a consensus transcript
set was generated by using Cuffcompare from the
Cufflinks software package (Trapnell et al. 2012).

6.4 ORF Prediction and Selection

Merging of transcript sequences from RNA-Seq,
reference proteins, fl-cDNAs and Iso-Seq
sequences resulted in 344,248 transcript sequen-
ces, which were clustered into 83,105 potential
gene loci (Table 6.2).

Fig. 6.2 Overview of the gene prediction pipeline, which combined information from four evidence sources in order to
predict gene structures on the barley genome assembly
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To determine putative open reading frames, as
well as corresponding peptide sequences
including PFAM domain predictions, Transde-
coder software (Haas et al. 2013) was used
(version rel_16Jan; parameters: -m 30—retain_-
long_orfs 90—search_pfam pfam.AB.hmm.bin).
This resulted in several alternative predicted
peptides for each transcript. To select a single
best translation per transcript (“representative
gene model”), we used BLASTP to compare all
predicted peptides with a comprehensive protein
database including high-confidence protein
sequences from arabidopsis (Kaul et al. 2000),
Zea mays L. (Schnable et al. 2009), brachy-
podium (Vogel et al. 2010), rice (Matsumoto
et al. 2005) and sorghum (Paterson et al. 2009).
BLASTP hits with an e-value below 10−5 were
considered as significant hits. We then applied a
sequential filtering strategy to identify a single
best translation for each transcript. In each fil-
tering step, all remaining peptide sequences were
sorted according to a specific attribute/category
and those translations within the highest category
(or with the highest value) remained for the next
filtering step. The six filtering steps were as
follows:

1. Three categories: (i) Neither homology sup-
port nor PFAM domains, (ii) without
homology support and with PFAM domains,
and (iii) with homology support;

2. Total length of translation;
3. Four categories: (i) CDS without start and

without stop codon, (ii) CDS without start
and with stop codon, (iii) CDS with start
codon and no stop codon, 4, and (iv) CDS
with start and with stop codon;

4. Number of PFAM domains;
5. Number of significant BLAST hits;
6. Start position on the chromosome.

6.5 Confidence Classification
of Gene Predictions

Besides bonafide genes, the candidate gene set
obtained from the steps outlined before typically
includes transposons, pseudogenes, long
non-coding RNAs, and other genetic elements
with an open reading frame. This is even more
pronounced here where no repeat masking was
carried out before the gene calling to avoid
overmasking (see section before). As a result,
stringent classification (along with appropriate
criteria) of predicted genetic elements is needed
to indicate their putative role. The need for such a
classification process reflects the difficulty and
limitations of annotating large plant genomes, in
general, and is not a standard procedure for any
plant annotation strategy.

The classification scheme was developed to
discriminate between loci representing
high-confidence (HC) protein-coding genes and
less reliable low-confidence (LC) genes. LC
genes typically consist of gene fragments, puta-
tive pseudogenes, transposable elements and non
(-protein)-coding transcripts, whereas the HC
gene complement should mainly contain bona-
fide protein-coding gene models.

In the first step, gene models with significant
homology to a repeat elements library are clas-
sified as low-confidence genes. Second, sequence
homology searches against the protein datasets of

Table 6.2 Overview of
datasets used for gene
annotation with number of
predicted transcripts

Data Size Loci (#) Transcripts (#)

RNA-Seq 48 samples, 1.9 billion reads 63,075 276,048

Iso-Seq 123,875 sequences 15,881 22,811

Reference proteins Hv, HvflcDNA, Os, Bd, Sb 56,682 100,546

fl-cDNA 28,592 sequences 19,721 23,847

Combination 83,105 344,248
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barley, brachypodium, rice, sorghum, arabidop-
sis, and predicted protein sequences from the
barley fl-cDNAs define significantly conserved
gene models which are promoted to the HC gene
set as a consequence.

We predicted putative function for all genes
(high confidence and low confidence) using the
AHRD pipeline (https://github.com/groupschoof/
AHRD) on the basis of one representative protein
sequence for each gene (see details in section
“Functional annotation”). To discriminate between
TE-genes and genes, we searched the functional
description for typical transposon-related key-
words, like retrotransposon, GAG/Pol, or inte-
grase. Low-confidence genes with predicted
functions other than these TE domains and
unknown function were moved to the
high-confidence gene set and high confidence
genes that were annotated as transposable element

were downgraded to the set of low-confidence
genes.

Based on functional annotation and final
refinement, we defined ten confidence
subclasses:

• HC_G: high-confidence genes with predicted
function

• HC_TE: high-confidence genes which might
be transposable element due to conflicting
information

• HC_u: high-confidence gene without function
assignment

• HC_U: high-confidence gene with annotation
of unknown function (based on homology to
other proteins with unknown function)

• LC_M: genes that were manually removed
from the set of high-confidence genes

• LC_nof: genes without open reading frame

Fig. 6.3 Final confidence assignment pipeline and manual refinement
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• LC_TE: genes that are annotated as trans-
posable elements

• LC_u: genes without functional annotation
• LC_U: genes with annotation of unknown

function (based on homology to other pro-
teins with unknown function).

An overview of the gene classification pipe-
line is provided in Fig. 6.3.

6.6 Evaluation of Gene Calls

6.6.1 Comparison to Gene Models
in the WGS Assembly
of Barley cv. Morex

We used BLAST to compare the representation
of previously annotated barley proteins (Inter-
national Barley Sequencing Consortium 2012)
with the latest gene annotation (Mascher et al.
2017). A large proportion of the earlier proteins
(96.4%) were represented by reference sequence
v1.0 protein predictions with at least 75% cov-
erage, although multiple hits to a single, new
reference sequence were possible. 92.2% were
covered by high-confidence proteins and another
28.3% were covered by low-confidence genes.
This overlap between high- and low-confidence
genes can be explained by sets of pseudogenes in
the low-confidence gene set. A total of 1058
“2012 proteins” were represented by new LC
proteins and not by new HC proteins. Of these,
572 proteins had the best hit to a low-confidence
protein from subclasses LC_TE or LC_TE?,
which indicates that some of these proteins might
be transposable elements that were annotated as
high-confidence proteins previously or missan-
notated TE-related genes in the new annotation.
This can be explained by the low number of
transposon genes present in the used reference
protein sets from Sorghum, Brachypodium, and
rice.

6.6.2 Benchmarking Universal
Single-Copy Orthologs
(BUSCO)

A frequently used method to validate the com-
pleteness of genome assemblies as the basis for
gene annotation is BUSCO (Simao et al. 2015).
BUSCO consists of a set of conserved gene
models across a wide range of plant taxa and the
abundance and conservation of these genes
serves as a proxy for genome assembly and
annotation completeness. For barley, BUSCO
gene abundance measures in the 2012 predictions
and the latest IBSC 2017 predictions show
almost 98% completeness in the combined HC
and LC gene set of 2017 (Fig. 6.4), as compared
with 95% in 2012. These numbers compare well
with similar plant genomes sequenced to a ref-
erence standard and are typically significantly
higher than for draft WGS assemblies. Due to its
setup, however, BUSCO does not provide a
measure for the correctness or completeness of
the more Triticeae- or barley-specific gene
families.

A certain low percentage (<5%) of transposon
gene contamination is commonly found within
the released gene sets from plant genome projects
even if the annotation was performed on the
masked sequences. Some of them are very

Fig. 6.4 BUSCO results for the barley gene sets as of
2012 and 2017 (%)
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obvious and can easily be extracted by a key-
word search for transposon categories and com-
ponents in the functional description as well as
the Pfam and InterPro designations.

6.7 (Automated) Functional
Annotation of Gene Models
in Barley

In contrast to the structural annotation of gene
models outlined before, the main objective of
functional annotation is to assign a (potential)
biological function to individual gene models.
While manual (expert) curation of gene functions
is considered to be the gold standard with respect
to reliability and accuracy, automated functional
annotation aims to assign potential biological
functions to as many gene predictions as possi-
ble. Both approaches should not be considered
mutually exclusive, in fact both strategies suc-
cessfully complement each other, especially in
genome projects dealing with reference organ-
isms or mature studies with a larger user com-
munity (examples from the plant world are
arabidopsis and rice). While manual curation of
gene models involves significant amounts of
expert knowledge for different areas/gene fami-
lies and is very labor intensive, this approach
usually cannot be applied to complete gene sets.
To be able to assign potential biological func-
tions to a larger number of gene models never-
theless, automatic computational approaches
have been developed and often used in
whole-genome sequencing projects since then.

In general, these approaches utilize different
criteria for assigning potential biological func-
tions to gene models. Most prominently,
sequence homology/conservation of the yet
uncharacterized gene model to known reference
gene sequences, ideally manually curated, is used
to infer and transfer potential function. While this
has been proven valid and useful in many cases
(Conesa and Gotz 2008), sequence homology or
orthology does not necessarily infer conserved
biological function. In principle, this method
works best when high-quality (manually curated)
gene annotations are available from a closely

related reference organism. Other criteria often
used to infer functional descriptions for unchar-
acterized gene models are structural sequence
features such as domains and conserved (func-
tional) motifs. These can be automatically
derived from InterproScan (Jones et al. 2014)
computations with the protein sequences of all
gene predictions as an input.

The AHRD (Automated Human Readable
Descriptions) (https://github.com/groupschoof/
AHRD) method has been applied to the (auto-
mated) barley gene predictions to determine
functional descriptions (“human-readable
descriptions”) for as many gene models as pos-
sible. A short discussion about the issues of
functional (as well as structural) annotation in
barley, in particular, as well as an outlook, can be
found later in this chapter.

AHRD assigns functional descriptions on the
basis of sequence homology searches to refer-
ence proteins as well as by domain signatures
identified on the protein sequence. The method is
fully adjustable, meaning users can select the
protein databases searched, based on the avail-
ability of expert/validated functional annotations
in species with a position close to the subject in
the taxonomic tree. For barley, searches against
the gene complement of arabidopsis (Kaul et al.
2000) as well as against UniProt90 were per-
formed. The BLAST hit descriptions are tok-
enized into informative words, and a lexical
analysis scores these tokens according to their
frequency and the quality of the blast hits they
occur in. Finally, the best scoring description is
assigned. This approach is especially useful for
Triticeae genes, where the UniProt databases
contain large amounts of uncharacterized genes
with often wordy nondescriptive headers, like
“Chromosome 3B, genomic scaffold, cultivar
Chinese Spring” or simply “barley Uncharacter-
ized protein”. Here, a pure best BLAST hit
approach would lead to about 30% of ‘unknown’
descriptions. In addition, AHRD makes use of
protein domain signatures such as PFAM which
were computed using the InterproScan software
package (Jones et al. 2014). AHRD scores blast
hits taken from searches against different data-
bases on the basis of the trust put into these
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databases and the alignment quality. Details on
the results for the 2017 barley annotation are
given in the next section.

6.8 Characteristics and Number
of Predicted Gene Models

We identified 39,734 high- and 41,949 low-
confidence gene models in the barley genome
assembly as of 2017 (Mascher et al. 2017).
A potential function was assigned to genes based
on their representative proteins (see section
above). Using this procedure, we were able to
assign a potential function to the majority
(n = 31,899) of high-confidence genes (subclass
HC_G). Some high-confidence genes were likely
candidates for transposable elements (subclass
HC_TE?) but remained in the set of
high-confidence genes due to significant homol-
ogy with high-confidence genes from other spe-
cies or from previous gene annotation. Most
low-confidence genes (n = 27,922) had no pre-
dicted function (subclass LC_u). A great number
of low-confidence genes (n = 8975) were anno-
tated as transposable elements (subclass LC_TE)
and 948 low-confidence genes were likely can-
didates for being transposable elements (subclass
LC_TE?). A small number of low-confidence
genes (n = 403) had no open reading frame of at
least 150 bp length (subclass LC_nof). The
number of HC genes per chromosome varied
between 4380 for chromosome 4H and 6518 for
chromosome 2H and we predicted 2157
high-confidence genes on unanchored scaffolds
(U). Basic gene model statistics are given in

Table 6.3 and compared to gene model statistics
of other plant species.

6.9 Data Availability and Download

The barley gene annotation can be accessed and
downloaded from the following sites and DOIs
(Table 6.4):

IPK Gatersleben: http://webblast.ipk-
gatersleben.de/barley_ibsc/downloads/

PGSB PlantsDB: http://pgsb.helmholtz-
muenchen.de/plant/barley/index.jsp

Ensembl Plants: http://plants.ensembl.org/
Hordeum_vulgare/Info/Index.

6.10 Annotation Shortcomings
and Ways to Improve
the Annotation

The barley gene annotation described here, both
structural and functional, represents a fully
automated process with little to no manual
curation of gene models or gene families. The
final annotation result directly reflects the choices
made in each step of the annotation process. It is
noteworthy that changes of software components
or the logic of the workflow have direct conse-
quences on the gene prediction results, thus dif-
ferent annotation pipelines can produce
substantially different gene sets.

Gene predictions mainly rely on genomic evi-
dence such as transcriptome data and homologous
gene mappings from related reference species.
Although both of these sources of evidence and the

Table 6.3 Basic gene model statistics for the 2017 barley annotation, in comparison to other gene predictions

Species Number
of genes

Mean gene
length

Mean
transcript
length

Mean CDS
length

Mean exon
length

Mean
exons/transcript

Rice 42,189 2870 3173 1112 316 4

Wheat TGAC 104,089 4072 4482 1244 362 5

Arabidopsis 27,416 2205 2334 1218 260 5

Barley 2017 39,734 6010 5857 968 277 6

Maize 40,557 5992 5992 1061 251 5
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automated gene calling pipeline have been evalu-
ated and adapted specifically for the challenges
involved with the large and complex barley gen-
ome (e.g., annotation on unmasked sequence,
Iso-Seq data etc.), all automated gene annotations
suffer from intrinsic problems that become obvi-
ous once working with the gene models. These
problems include incorrect structural gene pre-
dictions such as gene fusions, splits, fragmented
gene models (missing exons), and wrong exon–
intron junctions. Some of those “obviously
wrong” gene predictions were supported by
genomic evidence such as transcriptome data,
while others are the result of incorrect mappings
and alignment artifacts of transcriptome data to the
genome assembly sequence. On a number of
occasions, errors or missassemblies in the genomic
sequence template introduce termination codons or
other features causing gene prediction to fail in
predicting the correct structure, or a gene feature at
all. This issue is also closely linked with the defi-
nition and prediction of pseudogenes, where the
boundary between a “true” pseudogene and anno-
tation of an erroneous gene model is often blurred.
Especially in large and highly repetitive genomes,

such as the barley genome, transposable elements
(TEs) can be a major source of incorrect gene pre-
dictions as some of them contain gene-like features
and can also be transcribed. A high-quality, com-
prehensive and species-specific library of TEs can
help gene prediction tremendously to differentiate
between TEs and protein-coding genes, and the
availability of these for barley has been the pre-
condition for calling gene structures on the
unmasked genome sequence.

Some of the issues and incorrect gene pre-
dictions described before can be detected,
although not fixed, in an automated fashion. This
has been tried in the barley gene annotation both
during confidence classification and filtering of
gene models by their functional description
assigned. As a result, barley genes with
conflicting information supporting both TE and
protein-coding gene classification could be
assigned to respective categories within the main
confidence classes HC and LC (see chapter for
details). These categories can be the main target
for manual/expert curation/inspection and yield
an efficient improvement of the overall
annotation.

Table 6.4 DOIs for accessing the 2017 barley gene annotation

Annotation of transcribed regions

High-confidence (HC) gene set GTF file IPK https://doi.org/10.5447/ipk/2016/38

Low-confidence (LC) gene set GTF file IPK https://doi.org/10.5447/ipk/2016/46

HC gene set CDS (all and representative
only)

IPK https://doi.org/10.5447/ipk/2016/40, https://doi.org/10.5447/ipk/
2016/43

LC gene set CDS (all and
representative only)

IPK https://doi.org/10.5447/ipk/2016/48, https://doi.org/10.5447/ipk/
2016/51

HC gene set transcripts (all and
repr. only)

IPK https://doi.org/10.5447/ipk/2016/39, https://doi.org/10.5447/ipk/
2016/42

LC gene set transcripts (all and
repr. only)

IPK https://doi.org/10.5447/ipk/2016/47, https://doi.org/10.5447/ipk/
2016/50

HC gene set proteins (all and
repr. only)

IPK https://doi.org/10.5447/ipk/2016/41, https://doi.org/10.5447/ipk/
2016/44

LC gene set proteins (all and
repr. only)

IPK https://doi.org/10.5447/ipk/2016/49, https://doi.org/10.5447/ipk/
2016/52

HC gene set functional descriptions IPK https://doi.org/10.5447/ipk/2016/45

LC gene set functional descriptions IPK https://doi.org/10.5447/ipk/2016/53

Long non-coding RNAs IPK https://doi.org/10.5447/ipk/2016/18

microRNA loci IPK https://doi.org/10.5447/ipk/2016/15
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Another shortcoming of automated gene pre-
dictions is the annotation accuracy of individual
gene families. This becomes more evident the
larger/more active the user community is and the
more important the gene family is for the
respective organism. The accuracy of automated
gene predictions with respect to individual gene
families both translates into structural and func-
tional features. On the structural side, it is
desirable to have all gene family members
annotated, preferably with their correct and
experimentally proven (where available) struc-
tures. On the functional aspect, meaningful
descriptions of the gene function, established in
the literature, are on the wish list. As discussed
before, automated gene predictions will only be
able to deliver part of this and even more and
higher quality genomic evidence will not be able
to overcome all of these issues. As a conse-
quence, many (plant and non-plant) genome-
sequencing projects initiated systems and strate-
gies to add a level of manual curation to their
automated annotations, either for selected gene
families only or for the full gene complement, at
least as an objective. These strategies include the
development of platforms for the manual cura-
tion of gene models by the community (also as a
long-term initiative) as well as collecting input
from experts and expert groups for particular
gene families (also as part of gene annotation
releases).

A prominent example of a user community
platform for the improvement of a plant
whole-genome annotation is the TAIR database
(Lamesch et al. 2012), where both user input and
literature knowledge were incorporated into
regular annotation update releases. Such com-
munity annotation platforms can, therefore, help
to improve both the structural and functional
annotation, e.g., by resolving gene fusions and
incorporating up-to-date experimental findings.
Main requirements for any user annotation plat-
form are identifying (and accepting) a single
authority for the annotation as well as providing
the technical infrastructure and database. In
addition, user annotation platforms usually
require dedicated funding schemes as at least
minimal database curation is needed in addition

to the user annotations to avoid inconsistencies.
Thus, for barley, a strong user community com-
mitment would be needed to identify and realize
a funding scheme/authority to establish such a
community annotation platform. On the other
hand, the quality of community annotation efforts
strongly depends on the establishment and use
of consistent criteria for gene prediction and
curation across all participating groups. Here,
many community efforts tend to fall short and
would/will require additional curator oversight.
As a result, an alternative strategy proven useful
for arabidopsis is the automated identification of
potential annotation issues (both structural and
functional) by computational approaches, then
resolved by manual curation from experienced
curators. Besides more and better data supporting
gene prediction/annotation and expert curation,
improved and/or additional/different computa-
tional approaches can also yield significant
improvements of gene annotation quality and
completeness. This, for instance, includes speci-
fic approaches to annotate ln-cRNA or pseudo-
genes with the existing data, improved transcript
assembly or identification of alignment artifacts.

Another strategy to especially improve the
functional annotation of gene calls, in general, is
the integration of literature knowledge (experi-
mental data) with (automated) whole-genome
data. In the case of gene predictions, the auto-
mated functional descriptions are hereby
replaced by expert-curated functional descrip-
tions derived from experimental studies on indi-
vidual genes, gene families, or even larger gene
sets. This approach also involves the transfer of
gene names (or gene symbols) established by
experts or experimental studies to the corre-
sponding gene model in the automated gene
annotation. An example from barley would be
the alpha-amylase gene family with its gene
symbols amy1–amy4, which can be associated
with the corresponding gene IDs in the auto-
mated annotation and become searchable for
both query terms in genome databases as a
consequence.

A comparable effort is currently ongoing
within a project of the Wheat Initiative, where
annotations from the Wheat Gene Catalogue
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(Mcintosh et al. 2003) are going to be integrated
with the (automated/whole-genome) genomics
resources currently and recently generated in
several international consortia. The catalogue of
Gene Symbols for Wheat contains more than
400 pages of curated wheat genetic information
collected over almost 50 years now. This
includes symbols for loci and alleles controlling
quantitative characters, as well as SNPs, but also
guidelines and rules for Gene Symbolization and
Nomenclature in wheat. Much of the data
describes genetic features with no or little
genomic sequence associated. This data is noto-
riously hard to integrate with genome sequence
data, at least in an automated way. The features
associated with sequences, however, are a
worthwhile target for integration with genomic
data such as the automated annotation. The
possible result of such an integration will be the
mutual exchange of gene symbol/name and (au-
tomated) gene identifier in each of the records,
extending the additional information into the
respective domain such as genome databases and
gene catalogue.

In this context, it has been discussed whether
a single, uniform gene name/symbol could be

established for a gene model over the Triticeae,
or at least a subgroup of the Triticeae (such as
barley and wheat). While this should be intuitive
and helpful for many users working with the
data, arguments related to different gene func-
tions in different Triticeae species and estab-
lished species-specific terminologies were raised.

While no such “gene catalogue” exists for
barley to our knowledge, plenty of comparable
genetic information is available or has been
published for barley over decades. Although not
centrally organized or collected yet, integrating
this existing genetic data with the genomic
information would make an important contribu-
tion to efficiently use either of the datasets in the
future. As a starting point, discussions with
identified barley gene family experts with barley
genome database providers (such as Ensembl-
Plants (Bolser et al. 2017)) have already taken
place and should be broadened and intensified as
more and more genomic data is generated.

For barley, unlike for many other
high-throughput genome-sequencing projects,
both expert groups with a focus on specific gene
families as well as the literature on many genes
exist. This makes the improvement of the current

Fig. 6.5 Schematic and
simplified illustration of the
different components and
interfaces for the automated
and curated gene annotation
in barley
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barley annotation possible at all in the first place,
but also valuable and desirable to invest in.
Figure 6.5 summarizes the steps and options
towards an improved barley gene annotation and
highlights the need for a dedicated funding
scheme for a curated annotation.
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and Robbie Waugh

Abstract
In this chapter, we refer to the expressed
portion of the barley genome as the relatively
small fraction of the total cellular DNA that
either contains the genes that ultimately
produce proteins, or that directly/indirectly
controls the level, location and/or timing of
when these genes are expressed and proteins
are produced. We start by describing the
dynamics of tissue and time-dependent gene
expression and how common patterns across
multiple samples can provide clues about gene
networks involved in common biological
processes. We then describe some of the
complexities of how a single mRNA template
can be differentially processed by alternative
splicing to generate multiple different proteins
or provide a mechanism to regulate the
amount of functional gene product in a cell
at a given point in time. We extend our
analysis, using a number of biological exam-
ples, to address how diverse families of small

non-coding microRNAs specifically regulate
gene expression, and complete our appraisal
by looking at the physical/molecular environ-
ment around genes that can result in either the
promotion or repression of gene expression.
We conclude by assessing some of the issues
that remain around our ability to fully exploit
the depth and power of current approaches for
analysing gene expression and propose
improvements that could be made using new
but available sequencing and bioinformatics
technologies.

7.1 Introduction

The expressed portion of the barley genome as
defined here refers to the part that is transcribed
by an RNA polymerase into either a
pre-messenger RNA that is processed and ulti-
mately translated into a protein and the major
class of endogenous small RNAs (mainly
microRNAs (miRNAs)) that mediate both
genetic and epigenetic processes. In relation to
gene expression, the path from gene to protein
involves layers of regulation that ultimately
determine where, when and how much of a
protein is present within a cell. These layers
include temporal accessibility to DNA sequences
upon which the transcriptional machinery
assembles and copies DNA into pre-mRNA, the
nature of the specific regulatory sequences in and
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around the genes themselves that control tran-
scription and then a host of post-transcriptional
processes, including interactions with specific
miRNAs, that determine if and how the mRNA is
translated into its designated protein product.
Investigating the steps between gene and protein
has been enabled by the development of molec-
ular technologies that allow genome-wide
assessment of structural features of the genome,
the transcriptome and, while not covered here,
the proteome itself. From a very recent historical
perspective, due to its relative ease of interpre-
tation, the transcriptome has proved most
amenable to analysis. Starting less than 20 years
ago with the development and popularisation of
microarray technology, and now more commonly
RNA-Seq and other parallel mRNA quantifica-
tion approaches (e.g. nanostring technology—
https://www.nanostring.com/), many studies use
transcriptomics to investigate complex biological
processes. These generally come in a restricted
number of flavours that include descriptive
tissue-level comparisons (e.g. ‘transcriptional
atlas’), time-series, case-control and genetical
experiments. Most aim at illuminating wide and
complex interactions and can be highly infor-
mative when exploring the mechanisms under-
pinning how temporal, developmental,
biochemical or environmental variables condi-
tion a biological response (e.g. van Esse et al.
2017; Bull et al. 2017). In the microarray era, the
barley research community was one of the first
crop plant communities to develop a commercial
transcriptomics platform that was openly avail-
able to all through an alliance with the Affyme-
trix company (Close et al. 2004). It was similarly
pioneering in establishing a central repository,
BarleyBase, for storing and querying barley
transcriptomic experimental data (Shen et al.
2005), promoting sharing and community-wide
reuse of expensive-to-generate data. While these
have now largely been superseded by newer
online resources that allow sequence-based
transcriptomic data to be queried (e.g. BAR-
LEX, https://apex.ipk-gatersleben.de/apex/f?p=
284:10), they retain intrinsic value and were an
early demonstration of an ethos that has been
important for the small barley community to

prosper. In this chapter, we summarise some of
the ways in which intricacies of the barley tran-
scriptome have been explored, starting with the
transcriptome itself, describing new observations
on post-transcriptional variation and regulation,
miRNA discovery and diversity, and ending with
the epigenome that we now know influences if,
where and when transcription can occur.

7.2 Dynamics of Gene Expression
in Barley

7.2.1 Organ Specificity and Temporal
Expression

Gene expression responses between cells and
organs to different environmental conditions are
determined by the coordinated regulation of dif-
ferent groups of genes. Previously, barley
full-length cDNAs and RNA-Seq reads from
eight stages of barley development (highlighted
in Fig. 7.1) were mapped to the first sequence
assembly of the barley genome (IBGSC 2012),
and it was found that 36–55% of the
high-confidence barley gene sets were differen-
tially regulated between these barley organs.
Only 10% of the genes were uniquely expressed
in any one of the tissues, and 65% of the genes
showed expression in all organs tested (IBGSC
2012). The new chromosome-scale assembly of
the barley genome utilised RNA-Seq from the
same eight developmental tissues used to char-
acterise gene models in the original assembly and
an additional eight tissues from different organs
and stages of development (Mascher et al. 2017).
Using data from these 16 tissues in combination
with the improved genome assembly identified
39,734 high-confidence protein-coding genes
encoding 248,270 different transcripts (also see
Chap. 6 (this volume)).

A transcriptome study of the 16 tissues found
common expression of genes in related tissues
(Fig. 7.1). Both whole inflorescences at 30 and
50 days after planting, and developing grain at 5
and 10 days post anthesis, showed commonly
expressed gene sets between the two organs.
However, distinct tissues of the inflorescence
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architecture (rachis, lemma, lodicule and palea)
showed expression of related genes that were
discrete from the whole inflorescences, but
overlapped with those of internode tissue. Leaf
material that also included epidermal strips, eti-
olated leaf and senescing leaf tissue formed an
additional clade of genes expression. Genes
expressed in root were related to those expressed
in germinating embryonic tissue, that includes
both mesocotyl and seminal root tissues
(Fig. 7.1). The ability to distinguish multiple
tissues by their overall patterns of transcript
accumulation indicates strongly synchronised
gene expression. More detailed transcriptome

profiling in barley tissues is needed to distinguish
the cellular changes that occur in gene expression
at this scale (Giacomello et al. 2017).

Some genes are under strong regulation and
show distinct organ-specific expression, for
example those genes which encode UDP-
Glycosyltransferases, which are part of a large
family of enzymes that catalyse the addition of a
glycosyl group from a UTP-sugar to a protein.
Over-expression of a barley UDP-
Glycosyltransferase gene in wheat showed resis-
tance to Fusarium by detoxification of the fungal
mycotoxin and virulence factor deoxynivalenol
(Li et al. 2015). In the barley genome, 230 genes
are annotated as UDP-Glycosyltransferases, and
members of this family show distinct regulated
patterns of expression in specific organs,
thereby suggesting distinct tissue-specific roles.
The barley UDP-Glycosyltransferase HOR-
VU1Hr1G007720 is highly expressed in germi-
nating embryo with little expression in other
tissues tested (Fig. 7.2a). However, other mem-
bers of the gene family show more general
expression profiles, but have preferential expres-
sion in other tissues: HORVU5Hr1G047150
shows highest levels of expression in leaf shoots
(Fig. 7.2b), contrasting with HOR-
VU3Hr1G078850 which is highest in senescing
leaf tissue (Fig. 7.2c). Other gene family mem-
bers show constitutive expression through all the
tissues indicating a more general role (data not
shown).

7.2.2 Gene Expression Clustering
and Co-regulation

Based on the gene expression patterns of regu-
latory or functional genes, a co-expression net-
work can be created by pairing the selected genes
with genes showing a similar expression profile
across different samples or conditions. Previ-
ously, a global barley co-expression network was
produced from 45 different microarray experi-
ments (Mochida et al. 2011). The resulting
clusters clearly identified gene sets involved in
drought stress response and cellulose biogenesis.
Another study generated a gene co-expression

Fig. 7.1 Hierarchical clustering analysis of the global
transcriptional profiles between different tissues and
developmental stages using Jensen–Shannon distances
between conditions. The bar height shows linkage cluster
distance (log2 FPKM (fragments per kilobase of exon per
million fragments mapped)). EMB*, Embryonic tis-
sue, mesocotyl and seminal roots, 4 days after germina-
tion; ETI, Etiolated leaf, 10 days after planting; LEA*,
Leaf, 17 days after planting; EPI, Epidermal strips, from
leaf, 28 days after planting; ROO*, Root, 17 days after
planting; ROO2, Root, 28 days after planting; NOD*,
Third stem internode, 42 days after planting; RAC,
Rachis, 35 days after planting; INF1*, Whole developing
inflorescence tissue, 30 days after planting; INF2*,
Whole developing inflorescence tissue, 50 days after
planting; CAR5*, Developing grain (caryopsis), 5 days
post anthesis; CAR15*, Developing grain (caryopsis),
15 days post anthesis; LEM, Lemma dissected from
inflorescences, 42 days after planting; LOD, Lodicule
dissected from inflorescences, 42 days after planting;
PAL, Palea dissected from inflorescences, 42 days after
planting; SEN, Senescing leaf, 56 days after planting.
*Eight samples from the original study (IBGSC 2012)
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network using normalized microarray expression
data to investigate specific temporal changes in
genes involved in early grain development
(Zhang et al. 2016a, b, c). Between 3 and 8 days
after pollination (DAP), 47 gene expression
modules were discovered, clustered into 10
groups. For example, during the early stages of
endosperm development (3–4 DAP), a cluster of
genes encoding expansins, arabinogalactan pro-
teins and hydrolytic enzymes were co-expressed.
Transcription and post-transcriptional regulatory

factors are key regulatory hubs involved in
induction and regulation of many genes. The
spatial representation of 57 co-expressed tran-
scription factors with 89 cell wall-related genes
identified 4 clusters of genes that peaked at dif-
ferent DAP (Zhang et al. 2016a, b, c). Applying
co-expression and network analysis to RNA-Seq
datasets in barley, including those mentioned in
this Chapter, should be readily achievable and
this will provide invaluable information for cer-
eal researchers, for example on gene interactions
and identification of tissue-specific promoter
elements.

7.2.3 Summary

The accumulation and analysis of transcriptome
data will find new associations, improve gene
networks and promote gene discovery in barley.
This will require a coordinated effort from the
barley research community to assemble, database
and analyse the vast quantities of RNA-Seq data
which has already been generated, and will be
established in the future. It will also be critical to
ensure that associated metadata detailing sample
provenance and experimental conditions are
recorded and linked to the RNA-Seq data. This
will ensure that the gene expression data can be
exploited fully in the future. In addition, the
advent of single-cell transcriptome sequencing
will profile gene expression to unheralded new
levels of cellular definition, thereby enhancing
candidate gene selection (Efroni and Birnbaum
2016). Although not covered in this Chapter,
such approaches would require very careful
planning, sampling and high levels of replication,
to enable accurate analysis of single-cell data to
be performed.

7.3 Transcript Isoforms in Barley

7.3.1 Barley Pre-mRNA Intron
Splicing Characteristics

Barley genes, as in all higher plants, are inter-
rupted with intron sequences that are removed

Fig. 7.2 Examples of patterns of gene expression in
different barley tissues. Black bar histograms represent
gene expression levels as TPM (Transcripts Per Million)
values. Tissues are as described in Fig. 7.1
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after transcription by a process called pre-mRNA
splicing. The expressed transcriptome of the
16 barley organs assembled against the latest
ordered barley genome sequence identified
344,248 transcript sequences, clustered into
83,105 potential gene positions that include
high- and low-confidence protein-coding genes,
non-coding RNAs, pseudogenes and transposons
(Mascher et al. 2017). A set of high-confidence
gene sequences (see Table 7.1 for selection cri-
teria) show that around 80% of the genes
encoding full-length proteins were intron-
containing, multi-exonic genes with on an aver-
age *11 exons per gene (Table 7.1). The most
complex intron–exon gene structure found con-
tains 51 exons in a 22.8 kb gene annotated as a
Glucan Synthase-Like family member (HOR-
VU7Hr1G003460). An average of approximately

121,000 different introns are spliced out in indi-
vidual barley tissues, supporting the widespread
nature of splicing and its significance to barley
gene expression.

A scan of the splice sites identified that 96%
of the introns have the expected canonical 5′
splice site GT and 3′ splice site AG dinucleotides
at their borders. A total of 2.6% introns show the
rarer GC-AG dinucleotide borders and 1.3%
introns show the U12 dependent splicing AT-AC
dinucleotide borders. Alternative acceptor splices
3 bp apart from each other (NAGNAG or tandem
acceptor sites) are commonly found in human
genomes (>20% of alternatively spliced genes)
and may be subject to regulation (Busch and
Hertel 2012; Shi et al. 2014). Around 10% of
barley alternative 3′ splice sites showed the
NAGNAG alternative 3′ splice site duplication.
Exons can vary in size from a single base
(At3g05870, Guo and Liu 2015) to thousands of
bases long. A clear example of a mini- or
micro-exon 5 bp long within a cysteine pro-
teinase superfamily protein (HOR-
VU4Hr1G010390) is conserved in Arabidopsis
(At1g02305). It is, however, possible that there
may be shorter exon sequences in RNA-Seq
reads that have not been assembled into the final
transcript. Evidence shows that the characteris-
tics and the prevalence of splicing in barley are
comparable with other higher plants (Reddy
2007; Marquez et al. 2012; Zhiguo et al. 2013;
Min et al. 2015).

7.3.2 Barley Alternative Splicing

Alternative selection of splice sites produces
multiple mRNA transcripts derived from the
same gene, increasing the protein-coding capac-
ity of eukaryote genomes. It has an important
role in regulation and fine-tuning of gene
expression. It can occur throughout the
pre-mRNA transcript, influencing not only the
protein-coding sequence but also the length of 5′
and 3′ UTRs, which affects transcript stability
(nonsense-mediated decay; NMD) and the
occurrence of upstream open-reading frames
(uORFs) (Kalyna et al. 2012).

Table 7.1 Intron splicing characteristics of a
high-confidence gene set in barley

Barley

Number of genes 27,309

Single exon 5,943
(22%)

Multi-exon 21,366
(78%)

Number of distinct exons 306,172

Mean number of distinct exons per gene 11.2

Number of multi-exon genes with
alternative transcripts

10,318
(48%)

Total number of predicted transcripts 52,847

Mean number of transcripts per gene 1.94

Mean gene locus size (first to last exon)
(bp)

3,249

Mean transcript size (UTR and CDS) (nt) 2,310

Mean exon size (nt) 398

A set of barley high-confidence gene sequences (IBGSC
2012) were selected by comparison to protein sequences
from different grass species Brachypodium distachyon,
Oryza sativa, Sorghum bicolor and other Poaceae
(Uniprot database selection of complete proteins from
maize rye, oat, wheat and others). Transcripts matching
more than 50% of the length of a protein (identity > 50%)
were selected. In addition, the 22,651 barley full-length
(fl) cDNAs (Matsumoto et al. 2011) were mapped to the
transcripts. The comparisons to the reference protein and
fl-cDNA sequences resulted in 27,309 genes
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Barley genes that show alternative splicing are
involved in a wide range of biological processes
and functions, including: abiotic and biotic
responses; water and ion homeostasis; starch syn-
thesis; metabolite formation; transcription factors;
seed and flower development; and pre-harvest
sprouting (Thorbjørnsen et al. 1996; Schmitz
et al. 2000; Halterman et al. 2003; Xue and
Loveridge 2004; Rodríguez-Suárez et al. 2011;
Hove et al. 2015; Shahzad et al. 2015; Zhang et al.
2016b). Allelic differences, natural and induced
mutations further contribute to the alternatively
spliced transcript landscape between varieties and
landraces, through elimination and activation of
splice sites and splicing signals (McKibben et al.
2002; Rodríguez-Suárez et al. 2011).

Alternative splicing is common in plant genes
ranging from 6% in Brachypodium (Walters et al.
2013) to 61% in the more widely studied Ara-
bidopsis (Marquez et al. 2012) and 75% in wheat
(Pingault et al. 2015). The majority of plant
alternative splicing events use an alternative
selection of 5′ and 3′ splice sites, exon skipping,
intron retention and combinations of these alter-
native selections within transcripts (Reddy et al.
2013). In barley, a screen of barley expressed
sequence tags and RNA-Seq analysis of eight
barley organs show that at least 51–55% of
barley genes were alternatively spliced (Panahi
et al. 2015; IBGSC 2012). Comparison of the
original eight barley organs shows that 17% of
the genes shared the same alternative splicing
event between samples and 17–27% showed
organ-specific alternative splicing. This evidence
indicates a pronounced role for pre-mRNA
splicing and alternative splicing in the regula-
tion of barley gene expression. In the latest
genome assembly, the range of alternative
splicing across 16 different barley organs has not
yet been determined, but it is expected to be
similar to the previous analysis.

To illustrate the complex nature of alternative
splicing, HORVU7Hr1G044850 represents a
WW domain-containing protein that has a com-
plex alternative splicing pattern represented by
23 alternative RNA-Seq transcripts (Fig. 7.3a).
Exon 2 shows an alternative 5′ splice site, intron
5 contains an alternative exon, and between

exons 6 and 7 there are transcripts that retain the
intron, an alternative exon and an alternative 5′
splice site. Different combinations of these
alternative splicing events lead to the complex
multi-transcript splicing pattern for this gene.
High-resolution RT-PCR (HR-RT-PCR) analysis
of the exon 2 region (Primer pair Hv78) and
exons 6–7 region (Primer pair Hv79) identified
accurately all the alternative splicing events
found in the RNA-Seq assembly and found a
further 3 additional minor products (Fig. 7.3b),
which may indicate an underestimation of alter-
native splicing in barley genes. The expected
products that produce a fully spliced (FS) tran-
script are the main splicing event and will pro-
duce a full-length protein. The other major
alternative splicing events (alternative 5′ splice
sites and alternative exon) change the protein
codon reading frame and will result in premature
termination (Fig. 7.3b). Isoform sequencing (e.g.
Isoseq on PacBio Sequel instruments) will allow
us to accurately determine how these different
alternative splice site selections combine to pro-
duce individual transcripts.

Variation in alternative splicing is often tissue
specific and the pattern of alternative splicing can
be developmentally and environmentally regu-
lated (Staiger and Brown 2013). To illustrate
regulated alternative splicing between different
barley organs, HR-RT-PCR analysis of an alter-
native 5′ splice site in intron 3 of HOR-
VU5Hr1G027080, shows changing proportions
of alternative transcripts between barley
inflorescence, leaf, root, embryo and internodal
tissues. Selection of the proximal 5′ splice site
leads to the presence of a stop codon, which
would terminate translation and lead to a trun-
cated protein (Fig. 7.4). HR-RT-PCR analysis
indicates large differences in both transcription
and alternative transcript levels (Fig. 7.4).
Alternative splicing changes particularly between
the early and later stage inflorescence and
embryo organs. This result shows the discrete
differences in alternative transcript levels that
occur between different organs.

In many cases, changes in alternative splicing
may be temporal or dynamic as the plant
responds to different stresses and times in the
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day. In germinating seed of four different barley
varieties, alternative splicing was found in
14–20% of intron-containing genes in a range of
different genes, including those involved in cell
wall polysaccharide metabolism (Zhang et al.
2016a, b). Over half of the alternative transcripts
were replaced with new alternative transcripts in
a 24 h period of germination, highlighting the
highly dynamic changes in transcript populations
that occur over short periods of time.

7.3.3 Nonsense-Mediated Decay

Alternative splicing is closely associated with
mRNA stability through the action of

nonsense-mediated decay (NMD). NMD targets
aberrantly spliced transcripts for degradation that
have altered upstream open reading frames
(uORFs), alternative polyadenylation sites or
transcripts that contain premature termination
codons (PTCs) (Kalyna et al. 2012). In yeast and
animal systems, the efficiency and regulation of
NMD are altered by stress through the expression
of miRNAs, phosphorylation of eIF2a and
through auto- and cross-regulation mechanisms
(Karam et al. 2013). In Arabidopsis, mutant
NMD alleles change gene expression and alter-
native splicing profiles, increase salicylic acid
levels, induce expression of Pathogenesis-related
(PR) genes and stimulate a pathogen hypersen-
sitive defence response (Gloggnitzer et al. 2014).

Fig. 7.3 Alternative splicing in aWWdomain-containing
protein. a Gene model for HORVU7Hr1G044850. Green
boxes represent protein-coding exons, black boxes show
the 5′ and 3′ UTRs, grey boxes show alternative exons and
alternative splice sites are indicated as bars. Green lollipop
indicates start codon and stop and premature stop codons
are shown as red lollipops. Introns are shown as a line
between the boxes and the splicing events shown as a
triangular line between the exons. The length of the gene
(bp) is indicated by the bar at the top of the figure, and the
HR-RT-PCR primers used are indicated as arrows.

b Alternatively spliced regions of HORVU7Hr1G044850
validated by HR-RT-PCR. The alternatively spliced
regions are shown in the gene model schematics for primer
pairs Hv78 and Hv79. Electropherogram output from the
sequencer show the HR RT-PCR products, the X-axis
shows the HR RT-PCR product length (bp) and the Y-axis
the relative fluorescence units. The products expected from
RNA-Seq are indicated as: FS, Fully spliced; AE, Alter-
native exon; alt 5′ ss, Alternative 5′ splice site; IR, intron
retention and; Unspl., Unspliced. * indicates unknown
alternative transcripts
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In barley, low abundance PTC containing
transcripts may be the result of NMD (Gadjieva
et al. 2004). Cold stress leads to an increase in
abundance of alternatively spliced transcripts in
circadian clock genes, many of which contain
PTCs. Transcripts with the PTC containing
alternative exon 6a of the key circadian clock
gene LHY are sensitive to cycloheximide, a
translational inhibitor and thereby NMD inhi-
bitor, suggesting that these transcripts are sensi-
tive to NMD (Calixto et al. 2016). It is not clear
what role this transcript may have at the lower
temperature or whether the increased abundance
of this alternative exon in LHY transcripts is the
result of regulated alternative splicing or a
change in NMD efficiency at the lower temper-
ature. But this example highlights the interplay
that can occur between these post-transcriptional

processes to allow barley to adapt to changing
conditions.

7.3.4 Summary

Alternative splicing and NMD are fundamental
to plant gene expression and the development of
next-generation sequencing technologies allows
us to investigate regulation of barley-alternative
transcripts in unprecedented detail. The forma-
tion of alternative transcripts by alternative
splicing and transcript turnover by NMD over
multiple genes will result in co-ordinated alter-
native transcript patterns particular to different
developmental organs and as a network of
response to varying environmental conditions.
We can now begin to identify important gene

Fig. 7.4 Regulated alternative splicing. Gene model for
HORVU5Hr1G027080. Pink boxes represent protein-
coding regions, black boxes show the 5′ and 3′ UTRs, red
box shows a putative uORF. Introns are shown as a line
between the boxes and the alternative 5′ splice site is
indicated by a triangle. The length of the gene (bp) is
indicated by the bar at the top of the figure, and the
HR-RT-PCR primers used are indicated as arrows. The
alternative protein-coding sequences produced by alter-
native splicing are shown as 1 and 2 and the alternative

transcripts that produce these alternative proteins are also
labelled 1 and 2. Alternatively spliced regions of
HORVU5Hr1G027080 are validated by HR-RT-PCR.
The electropherogram output from the sequencer show the
HR RT-PCR products produced for this gene, the X-axis
shows the HR RT-PCR product length (nt) and the Y-axis
the relative fluorescence units. The bar graph shows the
proportion of alternative transcripts produced in barley
inflorescence stages 1 and 2; leaf, root, embryo and
internode organs (IBGSC 2012)
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transcripts and determine their roles in gene
regulation and ultimately plant traits.

7.4 Barley MicroRNAs

7.4.1 Background

Plant genomes encode small RNAs that mediate
genetic or epigenetic silencing of central bio-
logical processes including development, repro-
duction and genome reprogramming. The large
variety of small RNA pathways in plants is likely
to contribute to their phenotypic plasticity (Bor-
ges and Martienssen 2015). One of the major
classes of endogenous small RNAs in plants is
microRNAs (miRNAs), which are involved in
post-transcriptional gene silencing via transcript
cleavage or translational repression. Since the
discovery of plant miRNAs (Reinhart et al.
2002), a large number of these small functional
RNAs have been reported across a wide range of
species.

Screening EST datasets initially found barley
miRNAs for stem-loop structures (Colaiacovo
et al. 2010; Curaba et al. 2012; Hackenberg et al.
2013; Kantar et al. 2010). Subsequently, next-
generation sequencing technologies enabled
mapping of small RNA sequences onto related
species genomic sequences such as known
miRNA precursors (Lv et al. 2012; Schreiber
et al. 2011), and barley BAC sequences
(Schreiber et al. 2011). The advent of the first
barley draft genome sequence (International
Barley Genome Sequencing et al. 2012) enabled
the discovery of novel barley miRNAs (Wu et al.
2014). The miRBase (Release 21) contains 69
barley precursors of miRNAs (pre-miRNAs) and
71 mature miRNA sequences (Kozomara and
Griffiths-Jones 2014). More recently, 792
miRNA loci representing 312 putative miRNA
families were found in the barley genome
(Mascher et al. 2017).

In barley, dehydration, boron, phosphate-
deficiency, salinity and drought stresses trigger
differential expression of barley miRNAs (Deng
et al. 2015; Hackenberg et al. 2013, 2015; Kantar
et al. 2010; Ozhuner et al. 2013). Functional

genomics studies to uncover the role of miRNAs
in barley are still in its infancy. This section
presents the progress made in three areas along
with a discussion on the necessity for a unified
miRNA annotation framework to minimise
false-positive predictions and maximise the use
of community resources to progress the under-
standing of barley miRNAs in related crop
species.

7.4.2 miRNA Regulation During Early
Seed Development

The early development of the grain is controlled
by a complex interaction of signaling and gene
regulation networks to allow the proper expan-
sion and specialization of the different tissues
that will constitute the mature grain (Curaba et al.
2012). miRNAs participate in gene expression
regulation and phytohormone crosstalk during
seed development and germination (Dass et al.
2015; Bai et al. 2017a). For example, miR393
modulates auxin signaling via targeting of two
auxin receptors TIR1/AFBs. Gain-of-function of
the miR393 increases length–width ratio of
grains, whereas its loss-of-function decreases the
1000-grain weight of seeds (Bai et al. 2017b).
Moreover, misexpression of miR393 impacts
gibberellic acid and abscisic acid homeostasis
during seed development and early seedling
growth necessary for proper growth (Bai et al.
2017a).

7.4.3 miRNAs Contribute
to Accession-Specific
Pathogen Resistance

Plants possess two major classes of immune
receptors for pathogen detection and defense
response (Sreenivasulu et al. 2008). Pattern
recognition receptors (PRRs) distinguish con-
served pathogen-associated molecular patterns
(PAMP) leading to a plant PAMP-triggered
immunity (PTI) response (Nakabayashi et al.
2005), while intracellular leucine-rich repeat
(NLR) receptors recognize isolate-specific
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pathogen effectors and trigger effector-triggered
immunity (ETI), often accompanied by a hyper-
sensitive reaction (Locascio et al. 2014; Silva
et al. 2016). Increasing evidence supports the
involvement of small RNAs in the regulation of
PTI and ETI responses against bacterial and
fungal pathogens (Jones-Rhoades et al. 2006;
Meng et al. 2013). In barley, expression of
miR398 is modulated by the Mla NLR immune
receptor, influencing ETI response to powdery
mildew fungus (Xu et al. 2014). More recently,
the miR9863 family was shown to regulate dis-
tinct Mla alleles to attenuate NLR receptor-
triggered disease resistance and cell-death
signaling upon infection by Blumeria graminis
f. sp. hordei. The miR9863 specific regulation of
a subset of Mla alleles confers race-specific
resistance to powdery mildew fungus (Bai et al.
2017b).

7.4.4 miRNAs Modulate Tolerance
to Abiotic Stresses

In plants, several miRNAs families were shown
to be involved in response to nutrient deficien-
cies as well as drought, salinity, heat and other
abiotic stresses (Koroban et al. 2016; Li et al.
2017). Recently, comparison of a diploid and
autotetraploid Hordeum bulbosum identified
differentially expressed miRNAs in response to
salt stress, including miR399, miR169,
miR159-3p, miR319, miR156, miR157 and
miR399. Additionally, four miRNAs (miR171,
miR479, miR5048-5p and miR6196) were not
only found to be involved in the salt-stress
response but also shown to have increased
expression levels owing to genome duplication
(Liu et al. 2017). Analysis of drought tolerant
and susceptible barley cultivars found 20 miR-
NAs differentially expressed between the two
varieties including miR397, miR393, miR156,
miR167 and miR396 (Fard et al. 2017).
Recently, miR393-mediated auxin signaling
regulation was shown to be involved in root
elongation inhibition in response to toxic levels
of aluminum (Bai et al. 2017a). Breeding

programs aiming to increase the copy number of
beneficial miRNA genes may enable the devel-
opment of abiotic stress resilient cultivars.

7.4.5 To Be or not to Be a miRNA
Locus?

Over the past decade, there has been a notable
increase in the number ofmiRNAgenes (miRBase
rel. 21) facilitated by access to more affordable
NGS technologies and the availability of a range of
computational tools. However, recent reports
suggest that only approximately 16% of metazoan
miRBase entries are robustly supported asmiRNA
genes (Fromm et al. 2015). Typically, time-
consuming human intervention is required to
curate and validate automated predictions. For
metazoan miRNAs, four filtering criteria find
robust miRNA loci: (i) Two 20–26 nt long reads
expressed from each of the two arms derived from
a hairpin precursor with 2 nt offsets between the 5p
and 3p arms; (ii) 5′-end homogeneity of expres-
sion; (iii) At least 16 nt complementarity between
the two arm expressed sequences; and (iv) the loop
sequence is at least 8 nt in length (Fromm et al.
2015). For example, application of these criteria to
the 792 loci miRNA barley (Mascher et al. 2017)
and exclusion of low expressed miRNA loci
yielded 45 miRNA loci with robust miRNA sup-
port (Fig. 7.5a). Degradome data collected during
the early seed development (Curaba et al. 2012)
supported downstream targets for eight barley
miRNAs including three novel miRNAs
(Fig. 7.5b) not found in miRBase (rel 21) nor in
the wheat (iwgsc_refseqv1.0), Aegilops tauschii
(ASM34733v1) and Oryza sativa (IRGSP-1.0)
genomes. The novel-hvu-miRNA-00273-k
(Mascher et al. 2017) is predicted to target HOR-
VU5HG0061600.2 and HORVU7HG0393700.1
transcripts encoding a syntaxin-51-like and an
RNA recognition domain-containing gene,
respectively (Fig. 7.6). The validation of
barley-specific miRNAs using a human-mediated
curation approach highlights the need to imple-
ment a unified annotation framework to curate
public databases.
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7.4.6 Summary

Many studies have shown differential expression
of barley miRNAs in response to environmental
stresses. Barley miRNAs play a role in seed
development and germination as well as resis-
tance to fungal diseases. A consistent annotation
framework is likely to promote the discovery of
genuine lineage-specific miRNAs, Triticeae-
specific miRNAs or grass-specific miRNAs that
may play a unique role in monocotyledonous
plant species.

7.5 The Barley Epigenome

7.5.1 Background

The epigenome comprises the covalent modifi-
cations to the genome and its associated chro-
matin proteins. Eukaryotic DNA is methylated at
a subset of its cytosine bases and the histones

comprising the nucleosome are modified by the
addition of a variety of chemical groups that
affect the affinity of nucleosomes for both each
other and for other proteins. This, in turn, mod-
ulates the wrapping of DNA into highly con-
densed heterochromatin and less-condensed
euchromatin, which facilitates the establishment
and maintenance of accessible chromatin com-
partments for gene expression and inaccessible
heterochromatin regions for suppression of
transposable elements (Berger 2007; Dorn and
Cook 2011).

7.5.2 The Barley Epigenomic Profile

Little or no studies of barley genome DNA
methylation have been published to date and this
summary is confined to histone modification.
The barley epigenome received little study prior
to the work of Baker et al. (2015), who mapped
the genomic and genic distributions of nine

Fig. 7.5 Human-mediated curation of bioinformatic-
predicted miRNA data. Nowadays, standard processes
are employed to find genome-wide miRNA. However,
most computed outputs are not typically subjected to
human curation to verify prediction algorithms work as
anticipated in all scenarios. a Curation of 792 barley
miRNA loci found using miRDeep-P (Yang and Li 2011)
filtered for plant miRNA signatures and additional
filtering steps including removal of candidate miRNAs

found in a single NGS dataset (Mascher et al. 2017). The
number of retained miRNA loci upon application of
additional curation steps is shown, including manual
inspection of 2 nt-overhangs between the mature and star
miRNA sequences. PARE = Parallel Analysis of RNA
Ends method catalogs miRNA-mediated cleave sites of
mRNAs. b Overlap of barley miRNAs with PARE-
validated targets during early seed development (Curaba
et al. 2012). DPA = days post-anthesis
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covalent histone modifications known to play
important roles in the genic and intergenic
environments of other plants (Berger 2007; Dorn
and Cook 2011; Roudier et al. 2011). Mappings
were made to a pseudogenome based upon the
genome data of IBGSC (2012) and subsequent

re-mapping to the updated genome assembly
(Mascher et al. 2017) has revealed essentially the
same profiles (M. Mascher, personal
communication).

The chromosomal profiles for these modifi-
cations fall into four classes (Fig. 7.7b–e). The

Fig. 7.6 Barley-specific
miRNA structure and
predicted targets. a Predicted
MFOLD RNA-folding
structure of the
novel-hvu-miRNA-00273-k.
Highlighted fonts denote the
mature (3p) and star (5p)
sequences. b Shows predicted
cleavage site (Tslice) on the
HORVU5HG0061600.2
transcript. Tsite = indicate the
start and end coordinates of
the alignment of the
novel-hvu-miRNA-00273-k.
c Predicted miRNA target
HORVU7HG0393700.1
transcript
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profiles for H3K4me3 (b) and H3K9me2
(e) align closely with the frequencies of genes
and LTR retrotransposons, respectively, and the
other two class profiles (c–d) are intermediate
between these extremes (Fig. 7.7). Genes and
LTR retrotransposons show inverse chromoso-
mal distributions in barley and the above data are
consistent with the model that the genic and LTR
retrotransposon-rich intergenic genomic spaces
of barley are marked by corresponding disparate
repertoires of modified histones.

7.5.3 Barley Chromatin States

Combinations of differentially modified histones
associate with the different genic and genomic

features to regulate the functioning of the epi-
genome, leading to the concept of ‘chromatin
states’, each of which has a particular combina-
tion of different histones occupying the same
region of DNA (Jenuwein and Allis 2001; Rou-
dier et al. 2011). Baker et al. (2015) used peak
sharing between barley histone modifications to
define ten chromatin states (Figs. 7.7, 7.8 and
7.9), together with an eleventh ‘zero’ state lack-
ing histone modification, which describe the
different local epigenetic environments in the
barley epigenome. For example, H3K4me3
(Fig. 7.7b) contributes in differing proportions to
states 7–3 (Fig. 7.7a), whereas H3K36me3
(Fig. 7.7c) is mostly involved in only states 5
and 6. By retrieving the sequence annotations
associated with these states Baker et al. were able

Fig. 7.7 Densities of four classes of histone modification
across barley chromosome 1H. Local peak densities
(peaks/1Mbp bin) for a High-confidence genes;
b H3K4me3 c H3K36me3 d H3K27me2; e H3K9me2;

f LTR retrotransposons are plotted against pseudo-physical
position on barley chromosome 1H in JBrowse (Baker
et al. 2015). The location of the low-recombining pericen-
tromeric region (Baker et al. 2014) is in grey
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to explore the properties of these environments
(Fig. 7.8) and order them in terms of their
involvement with active vs inactive chromatin.
Five ‘active’ states (states 3–7) are all strongly
genic, with high enrichments for gene-associated
annotations and weak overlaps with LTR retro-
transposons (Fig. 7.8a). Four ‘inactive’ states
(states 1, 8, 9, 10) are rare in gene annotations
and enriched for LTR retrotransposons. The tenth
State (state 2), transitions between the genic and
intergenic environments, with similar annotation
frequencies for both genes and retrotransposons.

When the total genic and intergenic annotated
spaces were explored (Fig. 7.8b), almost all of
the gene space (93%) was shown to be occupied
by the five active genic states 3–7. State 3
superimposes H3K27me3 upon other gene-
associated marks, suggesting that it is acting in
barley to control tissue-specific gene expression.
State 2 occupies both genic (3%) and intergenic
(7%) spaces but as the latter is 20-fold larger than
genic space in barley (IBGSC 2012), state 2 is

overwhelmingly intergenic. The four inactive
repressive chromatin states (1, 8, 9, 10) are
almost absent from the genic compartment.

7.5.4 An Unexpected High-Order
Structure for the Barley
Epigenome

Mapping the chromatin states at the genome
level revealed a striking high-order ultrastructure
for the barley epigenome (Baker et al. 2015;
Fig. 7.9). Telomere-proximal (TP) regions con-
tain high densities of states 2 and 3, gene-rich
interior (GRI) regions interior to these are char-
acterized by gene-associated states 4–7 and the
gene-poor LR-PC interior regions are dominated
by the intergenic retrotransposon-associated
states 1, 8, 9 and 10, with occasional gene
islands decorated with the corresponding genic
chromatin states. These three regions (TP, GRI,
LR-PC) correspond to Zones 1–3 (distal,

Fig. 7.8 Distributions of barley chromatin states versus
annotated genomic features. a Enrichments of chromatin
states in annotated genomic features. Cell values are
colour-coded from dark green (highly enriched) through
white (no enrichment) to dark red (strong negative

enrichment). TSS, Transcription start site; TES, Tran-
scription end site; LTR Retro, LTR retrotransposon.
b Total percentage occupancies for each state in total
annotated genic (green) and intergenic (khaki) spaces are
shown
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interstitial, proximal) respectively, defined by
Mascher et al. (2017) on the basis of median
20-mer frequencies.

States 2 and 3, which define the TP/Zone 1
region, are both characterized by high levels of
H3K27me3 (Baker et al. 2015), which represses
transcription in plants, fungi and animals (Jenu-
wein and Allis 2001; Roudier et al. 2011). The
rarity of the retrotransposon-associated repres-
sive states in the TP/Zone 1 region (Baker et al.
2015) implies that intergenic state 2 is promoting
the maintenance of facultative heterochromatin in
this region to repress transcription. GRI/Zone 2
regions have low levels of states 2–3 and
increasing amounts of the retrotransposon-
associated intergenic repressive states 1, 8, 9
and 10, suggesting that the GRI/Zone 2 inter-
genic heterochromatic environment is maintained
by these states. This situation is much more
apparent within the LR-PC/Zone 3 regions,
which are dominated by heterochromatic marks
(Baker et al. 2015).

7.5.5 Summary

The barley chromatin epigenome displays an
unexpected higher order chromatin structure
comprising three epigenomic regions defined by

the relative abundances of H3K27me3, other
active chromatin marks and the repressive mod-
ifications which tag LTR retrotransposons. This
ultrastructure has also been found on the basis of
DNA sequence repeat distribution and we sug-
gest that the barley epigenome responds to both
the regional accumulation of LTR retrotrans-
posons and the imperative to define and preserve
active and inactive chromatin for gene expression
and repression across this fluctuating
background.

7.6 Conclusions

The control of gene expression in barley, as with
all organisms, is the result of a complex layer of
interactions that starts with accessibility of the
genome to the transcriptional machinery,
sequence and structural elements in the promot-
ers and gene bodies of individual genes that
control levels and specificity of transcription and
post-transcriptional processing events that mod-
ify the abundance of mature and intact mRNAs
(e.g. by miRNA-directed cleavage) that are ulti-
mately translated into proteins. Currently, groups
across the barley research community are using
high throughput short-read RNA-sequencing to
explore a wide range of biological processes. For

Fig. 7.9 High-order epigenomic structure of barley
chromosomes. Densities in 1 Mbp bins for all chromatin
states are plotted on chromosomes 1H–3H, respectively.
Chromosome lengths are normalized against each other.

Telomere-proximal (TP), Chromatin states are colour
coded as shown in the key and the three epigenomic
regions described in the text (TP, GRI and LR-PC are
shown schematically in the lower image)
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example, insights into the mechanisms that
underpin plant development or response to
external cues are being obtained by the analysis
of ‘case versus control’ or ‘time-series’ tissue-
level gene expression experiments. These anal-
yses generally rely upon counting the frequency
of individual RNA-seq reads that map robustly
against a reference sequence template (the gen-
ome) and then comparing amongst samples.
While, as discussed here, in many cases this can
provide a good level of relevant information, it is
important to point out that for many applications
this approach is compromised by the quality of
the template upon which the RNA-seq data is
mapped (e.g. a poorly assembled and annotated
genome sequence) and/or the computational
algorithms used in the mapping process. In
addition, little or no consideration is generally
given to widely occurring post-transcriptional
processes that will, in many cases, significantly
skew the quantification of individual transcript
abundances.

So how can we make the best out of RNA-seq
datasets? We have proposed that one way to
improve RNA-seq data analysis would be to
generate a community-wide Reference Transcript
Dataset (RTD) comprised of all transcript iso-
forms (i.e. not simply full length genes) detected
in the transcriptome of a target species and against
which short read RNA-seq data could then be
mapped. Such a resource should allow new and
emerging sensitive methods in bioinformatics and
computational biology to be applied to the anal-
ysis of RNA-seq data, allowing a better under-
standing of how gene expression is regulated at
both the gene and individual transcript level.
Being able to analyse gene expression at the
transcript level will enhance all dependent
downstream analyses including co-expression
and regulatory network analyses, and building
the mathematical models that promote our
understanding of developmental or environmental
responses. As many of these will underpin future
crop improvement strategies, the rationale for
generating an RTD for barley is strong as it will
enable, improve and unify the analysis of
RNA-seq datasets throughout the barley research
community. We have recently started to do this by

generating a combination of deep paired-end
short-read RNA-seq and full-length PacBio
Sequel Iso-seq data. We believe that the outcome
will enable a significant advance in transcriptomic
analyses carried out by the entire barley research
community, unify analyses by providing a com-
mon template for short read mapping and provide
considerable added-value for improving annota-
tion of the barley genome.
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8Sequence Diversity and Structural
Variation

María Muñoz-Amatriaín and Martin Mascher

Abstract
Barley is a phenotypically and genetically
diverse crop that has adapted successfully to
many agricultural environments. Moreover, its
wild progenitor species is still abundant in
Western Asia and provides a large untapped
reservoir of allelic variation. Deriving a com-
plete inventory of sequence variants of the
barley genome for targeted utilization of
natural diversity in crop improvement has
long been a key goal of barley research. While
the assessment of genetic diversity has tradi-
tionally focused on a few selected—mostly
genic—loci, recent technology advances have
made it possible to simultaneously obtain
genome-wide sequence information for genes
and noncoding regions alike. In addition to
small-scale sequence changes, larger scale
structural variation such as presence–absence

or copy number variants are widespread
throughout the barley genome. These types
of variation can affect large genomic regions,
possibly containing multiple genes or adjacent
regulatory regions. Here, we review the recent
progress on assaying genetic variants, large
and small, in barley, understanding the muta-
tional processes underlying them, and their
relationship to phenotype and ultimately crop
performance.

8.1 Introduction

Since barley was domesticated about 10,000 years
ago (Badr et al. 2000), human populations have
used natural diversity for barley improvement by
selecting for desirable traits and/or specific adap-
tation and, more recently, through modern plant
breeding. It is well known that domestication and
breeding create genetic bottlenecks, making cur-
rent elite varieties less diverse and, hence, more
vulnerable to environmental changes than local
landraces and wild relatives (Tanksley and
McCouch 1997; Yamasaki et al. 2005; Russell
et al. 2016). Like other crop scientists, barley
researchers are facing additional challenges related
to human population growth, variation in weather
patterns, and degradation and erosion of agricul-
tural land, among others. Solutions to these many
challenges largely lay in the efficient exploitation of
barley natural diversity.
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Barley is one of the most highly adaptable
crops, growing from the Arctic Circle to high
mountain regions and to the edge of the deserts.
Its adaptability to this wide range of environ-
ments may reside in the species’ genetic varia-
tion. Computational and technological advances
are allowing opportunities to unveil the com-
plexity of the barley genome, to gain access to its
natural diversity, and to further correlate genetic
differences with phenotypic variations (reviewed
in Stein and Steuernagel 2014; Muñoz-Amatriaín
et al. 2014b). In this endeavor, the availability of
a reference genome sequence (International
Barley Genome Sequencing Consortium 2012;
Mascher et al. 2017) as well as tools to assess
variation (e.g., Comadran et al. 2012; Poland
et al. 2012; Mascher et al. 2013b) is as relevant
as having access to rich barley germplasm
resources. The barley community is fortunate to
possess diverse germplasm collections of culti-
vated (H. vulgare ssp. vulgare) and wild barley
(H. vulgare ssp. spontaneum) (Bockelman and
Valkoun 2010). It is estimated that nearly
300,000 accessions of barley are conserved in ex
situ genebank collections worldwide, with almost
half of those accessions being landraces and
around 15% being wild relatives (Bockelman and
Valkoun 2010). The genetic characterization of
these materials is useful not only for allele min-
ing for biotic and abiotic stress tolerance and
improving overall yield (e.g., Pasam et al. 2012;
Ames et al. 2015; Tamang et al. 2015) but also
for the preservation of barley germplasm diver-
sity for present and future generations. In the
near future, genome editing technologies such as
CRISPR/Cas9 (clustered regularly interspaced
short palindromic repeats/CRISPR-associated 9)
could allow to directly transfer any beneficial
allele into elite germplasm (Wang et al. 2017a).
This would boost the characterization and use of
genebank accessions (especially of wild crop
relatives) in crop improvement as limitations
associated with the use of exotic germplasm
including cross-incompatibility and linkage drag
will be eliminated (Dempewolf et al. 2017).

An important factor affecting both the gener-
ation and deployment of genetic variation
is recombination. Progress in characterizing,

understanding and manipulating the patterns of
recombination is being made in barley
(Aliyeva-Schnorr et al. 2015; Muñoz-Amatriaín
et al. 2015; Rey et al. 2015; Mascher et al. 2017).
In addition, targeted mitotic recombination via
CRISPR-Cas9 technology, which was first
demonstrated in yeast (Sadhu et al. 2016), is now
achievable in crop plants (Filler Hayut et al.
2017) and has the potential to considerably
increase genetic gains (Bernardo 2017).

In the following sections, we review current
knowledge on the patterns of genetic variation in
the barley genome, and revise the known mech-
anisms generating genetic variation—including
single-nucleotide polymorphisms (SNPs) and
structural variants—and the successes and chal-
lenges in identifying and using favorable variants
for barley improvement.

8.2 Landscape of Genetic Diversity
in the Barley Genome

Genetic variation can be generally divided into
SNPs, small insertions and deletions (INDELs),
and structural variations (SVs). SVs encompass
balanced variants, such as inversions and
translocations, and unbalanced changes, includ-
ing copy number variations (CNVs), of at least
50 bp in size (Alkan et al. 2011; Weischenfeldt
et al. 2013). Presence/absence variations (PAVs)
are an extreme type of CNV, in which a partic-
ular sequence is completely missing in one or
more individuals while present in others
(Springer et al. 2009).

8.2.1 Single-Nucleotide
and Insertion/Deletion
Polymorphisms

Because of their abundance in the genome, their
amenability for high-throughput genotyping,
and accessibility through short-read sequencing
technologies, SNPs have been the most studied
type of genetic variation in barley. Until recently,
the patterns of sequence diversity in the barley
genome have been studied only by resequencing
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a small number of loci of interest (Jakob et al.
2014) or by using comparatively low-density
marker assays with several thousands of markers
(Russell et al. 2011; Muñoz-Amatriaín et al.
2014a). The recent development of integrated
sequence and mapping resources (International
Barley Genome Sequencing Consortium 2012;
Mascher et al. 2013a) has enabled detailed
studies of the distribution of sequence variation
along the chromosomes. Concomitant with the
development of advanced genomics resources,
the progress in high-throughput sequencing
technology has made it possible to resequence
large parts or even the entirety of the genomes of
different individuals of a species. The short-read
sequences obtained by these technologies are
aligned to a reference genome and then sequence
variants are detected and genotyped by compu-
tational methods (reviewed by Nielsen et al.
2011).

Using this approach, several studies enquiring
about the genetic diversity in barley have found
that sequence variation is not distributed uni-
formly along the barley genome. The Interna-
tional Barley Genome Sequencing Consortium
(2012) detected more than 15 million SNPs in
whole-genome shotgun resequencing data from
four barley cultivars and one accession of bar-
ley’s wild progenitor H. vulgare ssp. sponta-
neum. They reported that SNP density decreased
towards proximal regions of all barley chromo-
somes. This finding was confirmed on a larger
scale by Russell et al. (2016), who resequenced
the gene space of 267 diverse accessions from a
worldwide diversity panel of wild and domesti-
cated barleys by means of exome sequencing.
The barley exome capture assay targets
approximately 60 Mb of mRNA-coding exons
and adjacent intronic regions, enabling a
cost-effective selective resequencing of genic
regions in the large and repeat-rich barley gen-
ome (Mascher et al. 2013b). The survey of
Russell et al. (2016) detected *1.7 million SNPs
and 140,000 INDELs. Eighty-two percent of
these variant were assigned to chromosomal
positions in the POPSEQ genetic map (Mascher
et al. 2013a). About two-thirds of variants were
located in annotated gene models. A comparison

of sequence diversity between wild and domes-
ticated barleys highlighted regions on several
chromosomes that had a substantially lower
diversity in landraces than in H. vulgare
ssp. spontaneum. Some of these regions were
collocated with genes selected during initial
domestication or subsequent crop improvements
such as the BRITTLE RACHIS genes on chro-
mosome 3H (Pourkheirandish et al. 2015) or the
NUDUM gene on chromosome 7H (Taketa et al.
2008).

However, the most prominent pattern in
both wild and domesticated barley was a sharp
decrease of nucleotide diversity in peri-
centromeric regions that was accompanied by a
lower recombination rate on an evolutionary
timescale (Fig. 8.1). This observation is related
to the nonuniform distribution of recombination
rate along the chromosomes. Cytogenetic map-
ping has revealed that crossovers predominantly
occur in the distal regions of the chromosomes
and that vast regions of the chromosomes show
very low recombination frequencies (Künzel
1982; Künzel et al. 2000). These regions are
commonly referred by as the “genetic cen-
tromeres”. The genetic centromeres of a chro-
mosome encompass not only the cytogenetically
defined centromeres, i.e., the sites of kinetochore
attachment, and the peri-centromeric regions but
also large tracts of interstitial regions. Thus, the
genetic centromeres make up about two-thirds of
the physical length of a barley chromosome.

A similar concentration of crossovers in
gene-rich, distal regions has also been reported in
wheat (Gill et al. 1996) and maize (Gore et al.
2009). More generally, a positive correlation
between nucleotide diversity and recombination
rate has been first observed in Drosophila (Begun
and Aquadro 1992). Maynard Smith and Haigh
(1974) have put forward the hypothesis that the
action of linked selection decreases neutral
sequence diversity. Thus, a selective sweep act-
ing on a single gene may reduce levels of
sequence polymorphisms also in linked chro-
mosomal regions. This effect would be strongest
in low-recombining regions where haplotype
blocks can persist uninterrupted for a longer
period of time. Another possible explanation is
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background selection against deleterious variants
(Charlesworth et al. 1993; Hudson and Kaplan
1995) that reduces neutral diversity in genomic
regions with low recombination rates. Lastly, the
differences between sequence diversity between
distal and proximal regions of the barley genome
may be explained by variation in mutation rate as
has been observed in mammalian genomes
(Hodgkinson and Eyre-Walker 2011).

8.2.2 Structural Variations

Structural variation—particularly CNV—has
been extensively studied in humans due to its
impact in disease susceptibility (Weischenfeldt
et al. 2013). Although our knowledge on SV in

plant genomes is more limited, barley is one of
the few species where CNV (including PAV) has
been explored at a genome-wide scale (Muño-
z-Amatriaín et al. 2013). Array comparative
genomic hybridization (aCGH) on a panel of
eight cultivars and six wild barleys identified
CNV affecting 14.9% of all sequences—and
9.5% of the coding regions—represented on the
array. The barley CGH array targeted *50 Mb
of genome sequence from cv. Morex, the refer-
ence genome (Mascher et al. 2017). CNV was
not equally distributed along the barley chro-
mosomes, with frequencies increasing towards
their distal ends (Fig. 8.2), which correlated with
recombination rate (Muñoz-Amatriaín et al.
2013). The only exception was chromosome 4H,
in which CNV rates in the peri-centromeric

Fig. 8.1 Relationship between sequence diversity and
recombination rate in barley. Recombination rates
(a) and sequence diversity (b, c) were estimated using
population sequencing of a biparental population (Mascher
et al. 2013a) and exome sequencing data of 137 barley
landraces (Russell et al. 2016) and plotted along the
genome. The x-axes of panels a and b use the POPSEQ

genetic map (Mascher et al. 2013a), while panel c uses the
map-based reference sequence assembly of Mascher et al.
(2017). The red line is a smoothed Loess curve. Blue lines
separate chromosomes. Green shading marks the
low-recombining peri-centromeric regions, which collapse
to singles points on a genetic scale (a, b), but encompass
30–50% of the physical length of the chromosomes c
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region were as high as in the distal ends
(Fig. 8.2c). However, most of those variants
were lost during domestication and breeding, as
it is shown by the pronounced differences
between domesticated and wild barley on the
peri-centromeric region of 4H (Fig. 8.2; Muño-
z-Amatriaín et al. 2013). A lower SNP frequency
had been previously observed on 4H (Interna-
tional Barley Genome Sequencing Consortium
2012). The lower recombination rates on this
chromosome (the shortest genetically but not
physically) could be limiting the emergence of
structural variation (via nonallelic homologous
recombination) as well as reducing CNV diver-
sity through the effect of background selection.
Even though a lower number of wild barleys
were used in the study, almost half of all CNVs
identified were present only in H. vulgare
ssp. spontaneum, indicating that domestication
and breeding bottlenecks also affected CNV
diversity. Still, that study likely underestimated
the number of CNVs present in wild barley
considering that sequences not present in cv.
Morex were not surveyed (Muñoz-Amatriaín
et al. 2013). There are some limitations associ-
ated with aCGH, including the inability to detect
changes in copy number for sequences not pre-
sent in the reference, the lack of knowledge about
the location of duplicated sequences, and the
difficulties in defining breakpoints if those occur
in an area not covered by the array (Marroni et al.
2014). Next-generation sequencing technologies
can provide solutions to some of these
limitations.

Although more rare in nature, some large
spontaneous inversions and translocations have
been detected in barley using cytological tech-
niques (Ramage et al. 1961; Konishi and
Linde-Laursen 1988). The study of Konishi and
Linde-Laursen (1988) provided the most com-
prehensive report of this type of chromosomal
rearrangements by investigating over a thousand
cultivated accessions and 120 wild barleys. Four
of the cultivated accessions (all from Ethiopia)
carried a reciprocal translocation involving
chromosomes 2H and 4H. More events were
identified in wild barley, with three wild acces-
sions carrying translocations between 2H and

4H, 3H and 5H, and 3H and 6H. In a more recent
study of wild barley, Fang et al. (2014) identi-
fied, using SNP markers, a potential chromoso-
mal structural variant on a similar region of
chromosome 2H, and another on 5H.

New long-read sequencing technologies such
as Single Molecule Real Time (SMRT)
sequencing have the potential to revolutionize
the study of SV (Chaisson et al. 2015). Still, very
large structural variants and those residing in
highly repetitive regions are difficult to resolve
with any existing sequencing method as they
may be larger than the individual reads. Addi-
tional non-sequence-based technologies such
optical mapping could provide access to unex-
plored SVs (Lam et al. 2012; Tang et al. 2015).
In barley, an optical map of the genome of the
reference cultivar Morex has been developed
using BioNano Genomics’ Irys platform (Beier
et al. 2017). Its comparison with optical maps
from other accessions would likely reveal com-
plex SVs present in barley genomes.

8.3 SNP Variation
and Genome-Wide Association
Studies

In the last years, barley has experienced a rapid
increase in the number of marker-trait associa-
tions determined by genome-wide association
studies (GWAS). This has been enabled by the
availability of high-throughput genotyping tech-
nologies and their application to assembled
panels of diverse germplasm. Part of the success
has been, however, due to large collaborative
projects such as the “Barley CAP” and “Triticeae
CAP (TCAP)”, which provided a framework for
exploiting diverse germplasm resources for bar-
ley improvement (reviewed in Muñoz-Amatriaín
et al. 2014b). The great potential of GWAS for
unveiling the genetic architecture of complex
traits in barley became evident when Von
Zitzewitz et al. (2011), using a panel of just 148
cultivars breeding lines and *3000 SNPs,
identified the same winterhardiness loci that had
been characterized in over 20 years of biparental
mapping. Also, using contemporary US breeding
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Fig. 8.2 Variation in copy number along the barley
genome assessed by aCGH. a Number of sequence
fragments targeted by the barley CGH array across each
barley chromosome. Distribution (b) and frequency (c) of
CNVs across the chromosomes for six wild (red) and
eight domesticated (black) barley accessions. CNV

frequencies in panel c are expressed as the number of
variants per number of targets. d Ratio between cultivated
and wild CNVs. Genomic positions for all panels are
based on the reference sequence assembly of Mascher
et al. (2017) and the window size was set to 20 Mb
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germplasm, Massman et al. (2011) mapped pre-
viously reported QTLs for Fusarium head blight
(FHB) resistance at a higher resolution, Gutiérrez
et al. (2011) identified QTLs for key traits asso-
ciated with malting quality, some which were
novel, while Berger et al. (2013) identified both
novel and previously described QTLs for agro-
nomic, grain quality, and disease resistance traits.
The larger extent of linkage disequilibrium in
barley breeding populations made possible the
application of GWAS to relatively small popula-
tions genotyped with only a few thousand markers.

As higher density SNP platforms became
available, more diverse germplasm could be
evaluated. One of the main objectives of the
TCAP was to access diversity within the USDA
National Small Grains Core Collection contain-
ing 2415 locally adapted landraces and breeding
materials from all over the world. Its genetic
characterization using the 9K iSelect array
(Comadran et al. 2012) allowed an understanding
of genetic structure and linkage disequilibrium
within the population. This collection was used
to successfully conduct GWAS of a few mor-
phological and agronomic traits, and to develop
smaller mini-core sets capturing most of the
allelic diversity present in the core collection
(Muñoz-Amatriaín et al. 2014a). This genetic
resource is being extensively used for identifying
beneficial alleles for several abiotic and biotic
stresses. There are already examples of success
including the identification of novel QTLs for
spot form net blotch (Neupane et al. 2015;
Tamang et al. 2015), net form net blotch
(Richards et al. 2017), Russian wheat aphid
(Dahleen et al. 2015) and spot blotch (Wang
et al. 2017b) resistance. QTLs for grain quality
including tocochromanol (vitamin E) content
(Graebner et al. 2015) have also been identified
in the USDA Core collection.

Array-based genotyping has also been exten-
sively used for association genetic studies by the
European barley community. For example,
Visioni et al. (2013) genotyped 184 barley geno-
types from the Mediterranean basin with the
Barley Oligo Pooled Array 1 (BOPA1, 1536

markers, Close et al. (2009)). They found a small
number of SNPs associated with frost tolerance,
two of which were close to regions previously
implicated in cold tolerance. Using the 9K iSelect
array on 216 cultivars representing European
two-row spring barley diversity in the twentieth
century, Tondelli et al. (2013) found markers
associated with plant height and straw strength
characters such as lodging and leaning. They also
observed regional reductions of genetic diversity,
a likely consequence of strong selection by
breeders. Neumann et al. (2017) combined 9K
SNP chip data with biomass measurements col-
lected through nondestructive automatic
high-throughput phenotyping. This system made
it possible to conduct dynamic association scans
across plant development, pinpointing different
QTLs for early and late biomass formation. The
recent decrease in per-basepair costs has unlocked
the potential of high-throughput sequencing for
association genetics. For example, Looseley et al.
(2017) performed exome sequencing on a
panel of 48 winter and spring from the United
Kingdom that differed for diastatic power (DP).
This panel was divided into four bulks
(winter/spring � low/high DP) to identify mark-
ers with contrasting allele frequencies in high and
low DP pools. The marker-trait associations were
validated in a wider panel using Kompetitive
Allele Specific PCR (KASP) assays.

Collections of wild barley germplasm are also
utilized for identifying new sources of disease
resistance. For example, Roy et al. (2010) found
new spot blotch resistance loci using the Wild
Barley Diversity Collection of over 300 Hor-
deum vulgare subsp. spontaneum accessions
(Steffenson et al. 2007), while Ames et al. (2015)
mined the same collection for powdery mildew
resistance. More recently, 25 accessions from the
Wild Barley Diversity Collection have been
crossed to a barley cultivar to develop an
advanced backcross-nested association mapping
(AB-NAM) population (Nice et al. 2017). This
resource will permit easier identification and
mapping of exotic alleles from diverse wild
germplasm at a high resolution.
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8.4 Contribution of Structural
Variation to Phenotypes

Structural variations can significantly impact
phenotypes by changing gene structure and
dosage, or altering regulatory elements. In the
barley genome, over 9% of sequences overlapping
protein-coding regions were found to be affected
by CNV (Muñoz-Amatriaín et al. 2013). Barley
genes affected by CNV were enriched for anno-
tations related to stress and plant defense
response, predominantly nucleotide-binding site
leucine-rich repeat (NBS-LRR) and other classes
of R proteins, which has been also shown in other
plant species such as rice (Yu et al. 2011) and
soybean (McHale et al. 2012). In a more recent
study, Cantalapiedra et al. (2016) showed that
PAVs in a cluster of NBS-LRRs at a powdery
mildew resistance locus identified in a Spanish
barley landrace could determine resistance/
susceptibility to a wide range of fungal isolates.

There are also several examples of structural
variations affecting other important traits such as
flowering time. Large deletions/insertions within
the first intron of VRN-H1 have been associated
with higher levels of gene expression and earlier
flowering time without vernalization (Fu et al.
2005; von Zitzewitz et al. 2005; Cockram et al.
2007), while the complete deletion of VRN-H2, a
repressor of VRN-H1, results in spring growth
habit (von Zitzewitz et al. 2005; Szűcs et al.
2007). Also, increased copy numbers of VRN-H3
(HvFT1), ortholog of FLOWERING LOCUS T,
have been associated with earlier transcriptional
upregulation of the gene and earlier flowering
time in the barley genetic stock BGS213 (Nitcher
et al. 2013). Later, Loscos et al. (2014) confirmed
the presence of CNV at HvFT1 in 49 European
spring-type barleys, although its effects appeared
to be dependent on the genetic background.

Structural variation has also been observed
at Frost resistance-2 (Fr-H2), a major
low-temperature tolerance locus coinciding with
a cluster of 13 different C-Repeat Binding Factor
(CBF) genes (Francia et al. 2004; Pasquariello
et al. 2014). Knox et al. (2010) showed that the
winter-hardy accession “Nure” had more copies
of the CBF genes CBF2 and CBF4 than the

frost-sensitive spring-type “Tremois”, which
suggested that multiple copies of these two CBF
genes could account for the phenotypic effect of
Fr-H2. A higher accumulation of CBF2 and
CBF4 transcripts had been previously associated
with the “Nure” allele at Fr-H2 (Stockinger et al.
2007). In a more recent study, Francia et al.
(2016) examined CNV of specific barley CBF
genes at FR-H2 in a panel of 41 accessions.
These authors found that higher copies of the
proximal gene cluster HvCBF2-HvCBF4 were
carried by the most frost-tolerant accessions,
together with lower copies of HvCBF3, which is
located in the distal cluster of FR-H2. Interest-
ingly, in the large-scale aCGH survey of Muño-
z-Amatriaín et al. (2013), the winter cultivars
“Igri” and “Franka” exhibited lower copy num-
bers of CBF3 than the spring types.

Also, structural variation in barley has been
associated with the acquisition of tolerance to an
excess of certain minerals in the soil. In 2007,
Sutton et al. (2007) reported that an increased
copy number of the boron transporter gene Bot1
in the Algerian landrace “Sahara” conferred
boron-toxicity tolerance. More recently, Fujii
et al. (2012) showed that aluminum-tolerant
accessions have a 1-kb insertion in the
upstream of HvAACT1, which encodes a citrate
transporter. This insertion causes an increase in
the expression of the gene in the whole root but
more markedly in the root tips, hence increasing
the amount of citrate secretion and protecting
those root tips from aluminum toxicity (Fujii
et al. 2012). This indicated that the aforemen-
tioned insertion is responsible for the acquisition
of aluminum tolerance in barley.

8.5 Molecular Mechanisms
Generating Genetic Variation
in Barley

Major insights into the molecular mechanisms
generating structural variation come from human
studies, in an attempt to understand the molecular
basis of genetic disorders (reviewed in Hastings
et al. 2009; Carvalho and Lupski 2016). Struc-
tural changes can arise from homologous and
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nonhomologous recombination mechanisms.
When homologous recombination (HR) between
sister chromatids or homologs is used for DNA
repair, no structural changes will occur unless
there is an incorrect pairing in regions of exten-
ded homology. This is called nonallelic homol-
ogous recombination (NAHR) and it has been
identified as a major source of recurrent struc-
tural variation. However, any DNA repair
mechanism that uses sequences with no homol-
ogy or very short microhomologies has the
potential to change the genome structure. Non-
homologous mechanisms including nonhomolo-
gous end joining (NHEJ) and replicative
mechanisms such as replication slippage, fork
stalling and template switching (FoSTeS) and
microhomology-mediated break-induced repli-
cation (MMBIR) are the basis of most nonre-
current rearrangements. Single-strand annealing
(SSA), a mechanism that repairs double-strand
breaks (DSBs) occurring between two flanking
repeats, also generates small deletions (Hastings
et al. 2009).

Transposable element (TE) activity is also a
major source of structural variation in both ani-
mal and plant genomes (Kidwell and Lisch
1997). Class I elements or retrotransposons
transpose via RNA intermediates, while Class II
TEs or DNA transposons use a cut-and-paste
transposition mechanism. Retrotransposons, par-
ticularly long terminal repeat (LTR) retrotrans-
posons, are the most abundant in plant genomes
and a major cause of TE-driven structural vari-
ations (Wang and Dooner 2006; Morgante et al.
2007; Pinosio et al. 2016). LTRs are largely
responsible for changes in plant genome size:
their replication is a major contributor to genome
size increase, while mechanisms to purge these
proliferating LTRs can lead to genome contrac-
tion (Bennetzen and Wang 2014; Lee and Kim
2014). Removal mechanisms including unequal
homologous recombination between LTRs and
NHEJ after DSBs can produce chromosomal
rearrangements (Bennetzen and Wang 2014).

In barley, sequence comparisons at the Rph7
leaf rust disease resistance locus from two culti-
vars showed high intraspecific haplotype vari-
ability primarily due to differences in LTR

retrotransposons (Scherrer et al. 2005). Addi-
tional insights into the mechanisms that can
generate structural variation were provided by
sequence-based comparisons between two barley
cultivars. In particular, WGS sequence data from
cv. Barke were compared to those from cv.
Morex in genomic regions containing
CNVs/PAVs identified by aCGH (Muñoz-Ama-
triaín et al. 2013). Due to the nature of the array
design, most variants analyzed (299) were rela-
tively small, averaging 492 bp, although some
spanned over 7 kb. In over 40% of them, short
sequence motifs bordering the breakpoint and
repeated at the other end inside the deleted region
were found, indicating double-strand breaks
repaired via SSA. Those sequence signatures,
previously attributed to “illegitimate recombina-
tion”, have been found in maize flanking small
deletions occurring during the process of frac-
tionation, where genes are preferentially removed
from one of the two homeologs after an ancient
tetraploidy event (Woodhouse et al. 2010).
Although SSA seems to be a minor player of
CNV formation in the human genome (Hastings
et al. 2009), results from this study suggest that
this may be a frequent mechanism generating
small deletions in diploid plants. Also, sequence
signatures indicating DSB repair through
synthesis-dependent strand annealing (SDSA;
Agmon et al. 2009) pathway of HR were found
in almost 13% of the structural variants analyzed.
In those cases, segments of nonhomologous
sequences are used as “filler” DNA to repair the
DSB. Finally, template slippage was identified as
the mechanism responsible for >15% of small
insertions/deletions (1–6 bp). In those cases, the
complete sequence of the insertion/deletion is
repeated perfectly in the immediate flanking
region. The study could not attribute any mech-
anism for 30.4% of analyzed variants (Muño-
z-Amatriaín et al. 2013). One of the limitations of
the barley CGH array is that it did not allow for
an exploration of large genomic regions with
high sequence similarity. Therefore, major
mechanisms contributing to CNV formation such
as NAHR could not be assessed. Similarly,
TE-mediated structural variants could not be
investigated as unique probes were chosen for
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the aCGH design. It is possible, however, that
some single-, low-copy-, or unidentified TEs
could be responsible for some of the variants
identified in the study. Future availability of
high-quality and highly contiguous assemblies
from additional barley accessions would provide
the breakpoint resolution needed to further
understand the mutational mechanisms generat-
ing structural variation in barley.

8.6 Conclusions

Advances in the throughput and information
content of sequence data have enabled exciting
advances in assessing the extant genetic variation
at all levels, from single-nucleotide polymor-
phisms to complex structural variants. The next 5
years will likely see a further accumulation of
genome variation datasets at the population scale.
Among other things, such data can provide new
insights in mutational dynamics, selection pres-
sure, and phenotypic relevance of structural
variation in barley. A key challenge is matching
the growing amount of genotypic information
with phenotypic data of similar breadth and
quality to underpin GWAS of genetically com-
plex, agronomically important traits such as
yield, yield stability, and durable pathogen
resistance. Other avenues for future research are
the development of computational platforms to
efficiently store large amounts of data, to inte-
grate various data domains (genetic variation,
phenotypes, gene expression), and to provide
easy-to-use tools for rapid access and interactive
analysis.
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9The Repetitive Landscape
of the Barley Genome

Thomas Wicker, Heidrun Gundlach
and Alan H. Schulman

Abstract
While transposable elements (TEs) comprise
the bulk of plant genomic DNA, how they
contribute to genome structure and organiza-
tion is still poorly understood. Especially, in
large genomes where TEs make the majority of
genomic DNA, it is still unclear whether TEs
target specific chromosomal regions or
whether they simply accumulate where they
are best tolerated. The barley genome with its
vast repetitive fraction is an ideal system to
study chromosomal organization and evolu-
tion of TEs. Genes make only about 2% of the
genome, while over 80% is derived from TEs.
The TE fraction is composed of at least 350
different families. However, 50% of the
genome is comprised of only 15 high-copy

TE families, while all other TE families are
present in moderate or low-copy numbers. The
barley genome is highly compartmentalized
with different types of TEs occupying different
chromosomal “niches”, such as distal, intersti-
tial or proximal regions of chromosome arms.
Furthermore, gene space represents its own
distinct genomic compartment that is enriched
in small non-autonomous DNA transposons,
suggesting that these TEs specifically target
promoters and downstream regions. Some TE
families also show a strong preference to
insert in specific sequence motifs which may,
in part, explain their distribution. The family-
specific distribution patterns result in distinct
TE compositions of different chromosomal
compartments.

9.1 Introduction

Transposable elements (TEs) are small genetic
units with the ability to move around in the
genome, make copies of themselves, or both.
They range in size from a few dozen bp to tens of
kb. TEs are found in practically all known
organisms, which suggest that they are of very
ancient evolutionary origin. It is generally
believed that they evolved from cellular enzymes
that modify or synthesize DNA (Malik and
Eickbush 2001; Gladyshev and Arkhipova
2011.). TEs can be divided into two main classes

T. Wicker (&)
Department of Plant and Microbial Biology,
University of Zurich, Zurich, Switzerland
e-mail: wicker@botinst.uzh.ch

H. Gundlach
PGSB—Plant Genome and Systems Biology,
Helmholtz Center Munich, German Research Center
for Environmental Health, Neuherberg, Germany

A. H. Schulman
Institute of Biotechnology and Viikki Plant Science
Centre, University of Helsinki, Helsinki, Finland

A. H. Schulman
Green Technology, Natural Resources Institute
Finland (Luke), Helsinki, Finland

© Springer International Publishing AG, part of Springer Nature 2018
N. Stein and G. J. Muehlbauer (eds.), The Barley Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-92528-8_9

123

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_9&amp;domain=pdf


based on their mode of replication (Wicker et al.
2007). These two main classes can be further
differentiated into at least 29 superfamilies,
ancient lineages which are found in most
eukaryotes (Wicker et al. 2007).

Class I elements (retrotransposons) transpose
via reverse transcription of an mRNA interme-
diate that is transcribed from a cellular DNA
copy. Autonomous retrotransposons all encode a
reverse transcriptase-RNAse (RT-RH), which
produces the double-stranded DNA from the
mRNA template. The long terminal repeat
(LTR) retrotransposons, which are evolutionarily
younger than the long-interspersed elements
(LINE) retrotransposons (Malik and Eickbush
2001), encode an integrase (IN) as well, which
integrates the dsDNA made by RT-RH back into
the genome. The RT-RH and IN are generally
expressed as a polyprotein, which is cleaved into
functional subunits by the aspartic proteinase that
is also part of the polyprotein (Schulman 2013).
The LTR retrotransposons can reach very
high-copy numbers because each replication
cycle from a single mRNA transcript can pro-
duce a new copy in the genome, which can, in
turn, generate new copies. Due to their large size
(*9 kb) and replicative capacity, LTR retro-
transposons are the most dominant elements that
determine the size of most plant genomes
(Paterson et al. 2009; Schnable et al. 2009;
International Brachypodium Initiative 2010;
Mascher et al. 2017), while in mammals the
LINE elements and not the LTR retrotransposons
dominate (Chalopin et al. 2015).

Class II elements (DNA transposons) have the
ability to excise from, and insert into, the genome
by a “cut and paste” mechanism involving a
transposase enzyme encoded by autonomous
forms of the elements (Kempken and Windhofer
2001). A typical DNA transposon is flanked by
terminal inverted repeats (TIRs), which act as
recognition sites for the transposase. Five dif-
ferent superfamilies of DNA transposons have
been described in most plant genomes: Harbin-
ger, Mariner, hAT, CACTA and Mutator (Wicker
et al. 2007). Occasionally, entire superfamilies

go extinct. For example, the banana genome
apparently has lost all CACTA elements (d’Hont
et al. 2012). In addition to the typical TIR DNA
transposons, plant genomes contain considerable
amounts of Helitrons, which belong to a curious
sub-class of DNA transposons that do not have
transposase genes but instead encode helicase
enzymes. It is, therefore, assumed that they
replicate via a rolling-circle mechanism (Kapi-
tonov and Jurka 2007). Helitrons are very
abundant in some plant genomes (e.g. maize;
Yang and Bennetzen 2009) and their actual
contribution to plant genomes is probably
under-reported because they are extremely
diverse and difficult to identify.

Autonomous TEs are defined as transposable
elements that possess all genes and regulatory
sequences needed to make copies of themselves
and/or move around in the genome. Often, these
autonomous elements give rise to large popula-
tions of non-autonomous derivatives, which have
lost some or all their genes and which depend on
enzymes encoded by autonomous elements for
their transposition. The most extreme cases are
the so-called miniature inverted-repeat transpos-
able elements (MITEs; Bureau and Wessler
1994a, b) which range in size from roughly 80 to
500 bp. Most plant MITEs are derived from
elements of the Mariner and Harbinger super-
families. In grasses, MITEs can vastly outnumber
their autonomous partners. Indeed, the Brachy-
podium distachyon genome contains over 20,000
Mariner MITEs but only a few dozen potentially
autonomous elements. Non-autonomous ele-
ments from other superfamilies are usually
longer. For example, the highly abundant Heli-
tron, Mothra from rice, is over 1200 bp long
(Roffler and Wicker 2015). Similarly, all Trit-
iceae species contain very large non-autonomous
CACTA elements, which encode only partial
genes or no genes at all (Wicker et al. 2003).

Whereas classification of TEs into superfam-
ilies is relatively simple, it is at the family level
where most TE diversity is found. TE families
are usually defined as groups of TE sequences
that can be aligned as DNA over most of their
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sequence (>80% sequence identity over >80% of
the entire TE length; Wicker et al. 2007).
This definition of TE family is somewhat con-
troversial, but nevertheless, it has proven useful
and practical. Most plant genomes contain hun-
dreds of different TE families. In the relatively
small B. distachyon genome of 275 Mbp, over
170 different TE families have been described
(International Brachypodium Initiative 2010).
Curiously, the number of TE families is similar
in the much larger sorghum and maize genomes
(Paterson et al. 2009; Schnable et al. 2009).
Thus, it is not the number of different TE families
that defines the genome size, but the copy
numbers within individual TE families.

The barley genome is among the largest plant
genomes sequenced and well assembled so far
(Mascher et al. 2017). With 5100 Mb, it is close
to the average of the plant genome sizes esti-
mated to date (Wicker et al. 2017). Nevertheless,
the distribution of plant genome sizes has a mode
(i.e. peak) at approximately 587 Mbp, with a
long tail towards very large genomes. Thus, it
appears that there is some selection for genome
sizes in the range of 100–1000 Mb and an
apparent “typical” size of approximately 600
Mbp. The smallest plant genome sequenced so
far is that of the carnivorous Genlisea aurea,
which has a size of only 63 Mb (Leushkin et al.
2013). Interestingly, there seems to be no clear
upper limit for genome sizes; many plants tol-
erate very large genomes with no phenotypic
effect. The largest plant genome described so far
is that of the lily Fritillaria assyriaca, which has
a size of 120,000 Mbp (Leitch et al. 2007; Kelly
et al. 2015). All angiosperms have very similar
numbers of genes in their basic (monoploid)
chromosome set; 32,000 genes of 3.5 kb each
comprise together only about 112 Mbp of DNA.
Hence, genome size is determined almost
exclusively by the amount of TE-derived
sequences. The barley genome is much larger
than the mode of the genome size distribution for
angiosperms and much larger than well-studied
genomes until now, but close to the average of
genome sizes that have been estimated. Thus, it
can show us what to expect when even larger
plant genomes will be sequenced in the future.

9.2 The Repetitive Fraction
of the Barley Genome Is
Dominated by a Small Number
of High-Copy TE Families

Early on, it became obvious that the barley
genome contains a few TE families that are
present in extremely high-copy numbers (Vicient
et al. 1999; Middleton et al. 2012). The com-
pletion of the barley genome sequence (Mascher
et al. 2017) revealed that ten Gypsy, three Copia,
and two CACTA families together comprise over
50% of the whole genome (Fig. 9.1). How many
copies each of these families have in the genome
is difficult to say, because many copies are
fragmented by deletions or nested insertions of
other TEs, or reduced to solo LTRs through
intra-element recombination. Copy numbers of
individual TE families can be estimated by
dividing the total number of annotated base pairs
by the length of the reference sequence for the
respective TE. Using this approach, it was esti-
mated that the 10 most abundant TE families
together represent approximately 230,000 indi-
vidual copies (Table 9.1, Wicker et al. 2017).
The rest of the repetitive landscape is comprised
of at least 350 TE families with moderate or
low-copy numbers (Mascher et al. 2017; Wicker
et al. 2017. As described above for sorghum and
maize, also in barley the number of families is
similar to that found in smaller plant genomes.
Indeed, the relatively small B. distachyon gen-
ome (275 Mbp) was annotated in detail, leading
to the identification of over 170 different TE
families (International Brachypodium Initiative
2010). By comparison, barley has less than twice
as many TE families, although the barley genome
is almost 20 times larger than the B. distachyon
genome. Thus, the factor that determines genome
size is the copy numbers of the most abundant
families.

Almost 81% of the barley genome was clas-
sified as derived from TEs (Mascher et al. 2017).
Considering that gene space contributes only
2–3% to the barley genome, approxi-
mately *16% remains un-annotated. This pro-
portion of un-annotated sequence is comparable
to that in other genomes. In maize,

9 The Repetitive Landscape of the Barley Genome 125



approximately 12% remained un-annotated
(Schnable et al. 2009), while in B. distachyon,
un-annotated sequences comprise approximately
25% of the genome (International Brachypodium
Initiative 2010). It is assumed that the
un-annotated portions of these genomes contain
additional, yet uncharacterized, TE families
(Wicker et al. 2017). These could be highly
degenerated TEs, or exotic TE types that have
very low-copy numbers and thus escape detec-
tion. Future efforts will be needed to further
characterize the un-annotated fractions in various
genomes, but it is safe to say that the actual
complexity of the repetitive fraction of plant
genomes has likely been under-estimated.

9.3 BARE1—The Most Abundant TE
Family in the Barley Genome

As previously described (Vicient et al. 1999;
Chang and Schulman 2008; Middleton et al.
2012), the Copia family RLC_BARE1 is the most
abundant in terms of copy numbers (>72,000) as
well as absolute contribution to the genome
(>14%; Fig. 9.1; Table 9.1), Together with other
Copia RTNs, it is preferentially localized in the
gene-rich distal regions of chromosomes
(Mascher et al. 2017). BARE1 is among the best
characterized TE families in plants. Autonomous
copies of BARE1 contain a canonical Copia

Fig. 9.1 Contribution to total genome sequence of the
top 20 TE families in the barley genome. Most broadly
represented is the Gypsy superfamily to which 15 of the
top 20 TE families belong (name prefix “RLG_”).
The Copia superfamily is represented by three families

(prefix “RLC_”). The only Class II superfamily repre-
sented in the top 20 is the CACTA superfamily (prefix
“DTC_”). The inset shows the schematic sequence
organization of these three superfamilies
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Table 9.1 Copy number
estimates of the most
abundant Class 1 and Class
2 element families in the
barley genome

TE family Total kba Lengthb Copy numberc

RLC_BARE1 623,043 8630 72,195

RLG_Sabrina 407,047 8030 50,691

RLG_BAGY2 240,798 8630 27,902

RLG_WHAM 167,138 9450 17,687

RLG_Surya 163,300 14,470 11,285

RLC_Maximus 110,928 14,400 7703

RLG_BAGY1 102,843 14,400 7142

DTC_Balduin 70,688 11,740 6021

RLG_Haight 57,185 13,080 4372

DTC_Caspar 54,465 11,568 4708

Total 1,997,435 209,707

DTT_Thalos 2865 163 17,574

DTT_Pan 716 123 5822

DTT_Athos 394 81 4868

DTT_Icarus 555 117 4747

DTT_Hades 392 108 3627

DTT_SAF 177 85 2087

DTT_Eos 506 326 1552

DTT_Oleus 231 150 1540

DTT_Pluto 328 274 1197

DTT_Stolos 205 274 749

Total 6369 43,763

DTH_Thorne 716 273 2624

DTH_Kerberos 594 285 2086

DTH_Xumet 591 376 1571

DTH_Rong 1218 1227 993

DTT_Marimom 2024 2129 951

DTH_Orpheus 183 272 674

DTH_Xenon 203 312 650

DTH_Xian 650 1161 560

DTH_Kong 489 2119 231

DTH_Tibone 187 1037 180

DTH_Zong 278 2396 116

Total 7133 10,634

Superfamilies are indicated by a three-letter code preceding the family name
DTC CACTA, DTH Harbinger, DTT Mariner, RLC Copia, RLG Gypsy
aTotal kb annotated as respective family-specific
bLength of the reference TE that was used for annotation
cCopy number estimate based on total kb occupied by the TE family and length of it
consensus sequence
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coding domain between the two LTRs that
encodes, in the direction of transcription, the
capsid protein Gag, integrase (INT), aspartic
proteinase (AP), and the reverse transcriptase-
RNAse H complex (RT-RH, Manninen and
Schulman 1993; Suoniemi et al. 1996). BARE1 is
not only actively transcribed, but also translated,
and forms virus-like particles (VLPs) (Jääske-
läinen et al. 2013, 1999). BARE1 produces two
groups of transcripts, one can replicate via
reverse transcription, but is not capped,
polyadenylated, or translated (Chang et al. 2013).
The other set is capped, polyadenylated, and
translated, but not replicated. The second set of
transcripts is also differentially spliced in
response to stress to make more Gag protein for
the formation of VLPs. BARE1 is not only
actively transcribed, but is also translated, and
forms virus-like particles (VLPs) (Jääskeläinen
et al. 2013, 1999).

Non-autonomous retrotransposons, lacking
one or more functional coding domain(s), are
commonly encountered and perhaps are the
dominant form in plant genomes (Sabot and
Schulman 2006). The inability of many of
non-autonomous elements to carry out a full
retrotransposon life cycle of transcription, trans-
lation, reverse transcription, packaging and inte-
gration (Fig. 9.2) may be complemented by
other, autonomous retrotransposons with which
they share signals needed for these steps. The
BARE1 element has a non-autonomous form,
BARE2 (Tanskanen et al. 2007). BARE2 ele-
ments cannot synthesize their own Gag due to a
deletion of the initiating ATG in the gag ORF,
which is conserved among BARE2 elements.
Nevertheless, BARE2 contains the key BARE1
signals for replication, including the PBS (Primer
Binding Site) for reverse transcription, the DIS
(DImerization Signal) for the association of the

Fig. 9.2 Retrotransposon
BARE1 life cycle. The steps
of BARE replication are
schematically depicted: 1
transcription; 2 nuclear
export; 3 alternatively
translation or packaging; 4
formation of virus-like
particles (VLPs); 5
packaging; 6 reverse
transcription; 7 nuclear
localization; 8 integration.
The grey curve represents the
nuclear envelope. GAG
capsid protein; AP aspartic
proteinase; RT reverse
transcriptase; RH RNaseH; IN
integrase
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two RNAs to be packaged, and the PSI (Pack-
aging SIgnal) for packaging into VLPs. Indeed,
BARE2 economizes by not synthesizing the
sub-genomic gag RNA but does transcribe the
replication-competent RNAs (Chang et al. 2013).
These are packaged into BARE1 VLPs. The
success of the BARE2 strategy is indicated by its
outnumbering BARE1 by about 2:1 in the gen-
omes of cultivated and wild barley, respectively,
Hordeum vulgare and H. spontaneum.

The ability of new RTN insertions to be
inherited and drive genome size growth critically
depends on where in the plant replication occurs.
Immunostaining with anti-Gag antibodies and
in situ hybridization have shown that BARE
protein and transcript localization strongly varies
from tissue to tissue (Jääskeläinen et al. 2013).
Gag is strongly localized to provascular tissues
and to companion cells in mature vascular tis-
sues. Gag and BARE RNA appears in the
developing floral spike, following transition to
flowering. The localization of Gag in the floral
meristems suggests that newly replicated copies
there can be passed to the next generation. The
visualized expression patterns are consistent with
those expected from the response elements that
have been identified in the BARE promoter.

9.4 The Barley Genome Contains
Large Populations
of Non-autonomous
Retrotransposons

Beyond BARE2 described above, three of the five
most abundant TE families seem to be
non-autonomous (RLG_Sabrina, RLG_WHAM,
and RLG_Surya), because they have none or only
fragments of the genes that are typically found in
autonomous elements (Fig. 9.3). Thus, it is
assumed that they rely on enzymes encoded by
other TEs for their proliferation. The Gypsy
family RLG_Surya, is possibly cross-mobilized
by the much less abundant RLG_Sukkula family.
Indications for this are a similar chromosomal
distribution (Fig. 9.3a) and strong sequence
homology in the RLG_Surya and RLG_Sukkula
LTRs. LTRs contain regulatory regions and serve

as start points for replication. Such cross-
mobilization has been described previously for
BARE2 elements (see above).

For the Gypsy families RLG_Sabrina and
RLG_WHAM, no putative autonomous elements
have been identified so far. Both RLG_Sabrina
and RLG_WHAM can be subdivided into differ-
ent subfamilies, some of them contain no coding
sequences at all, i.e. the LTRs flank an internal
domain of a few kb, which has no coding
capacity. These are reminiscent of the widely
distributed LARD elements, which are of full
length (*9 kb), but lack any coding capacity
(Kalendar et al. 2004). Additionally, RLG_Sab-
rina and RLG_WHAM have subfamilies that
contain a gene that probably encodes a Gag-like
protein and a partial reverse transcriptase, similar
to Morgane elements in wheat and its near rela-
tives (Sabot et al. 2006). Sequence similarity of
these partial proteins suggests that their autono-
mous master elements are homologs of the Athila
retrotransposon from Arabidopsis (Athila clade,
Fig. 9.3a). Moreover, the Copia family
RLC_Giselle likely depends upon closely related
autonomous RLC_Inga family elements for
transposition, because RLC_Giselle does not
have rt and int genes whereas RLC_Inga does
(Fig. 9.3b). These observations indicate that
non-autonomous retrotransposons mobilized by a
relatively small number of autonomous elements
contribute substantially to barley genome size.

In addition to the large Gypsy, Copia and
CACTA elements, which can range in size from
roughly 2 kb to over 30 kb, the barley genome
also contains approximately 54,000 small
non-autonomous DNA transposons of the Mar-
iner and Harbinger superfamily (i.e. MITEs;
Table 9.1). Most dominant is the Mariner
superfamily, which is represented by at least 36
families. The 10 most abundant Mariner families
are all small non-autonomous elements ranging
in size from 81 bp (DTT_Athos) to 274 bp
(DTT_Stolos and DTT_Pluto; Table 9.1). Such
small Mariner elements are also referred to as
Stowaway MITEs (Bureau and Wessler 1994b).
The most abundant Mariner family, DTT_Tha-
los, is present in more than 17,000 copies.
Interestingly, only about 150 potentially
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Fig. 9.3 Distribution of Gypsy and Copia retrotrans-
posons along barley chromosomes. Phylogenetic relation-
ships of a selection of abundant families are shown at
the left. Retrotransposon structure and gene content are
shown in the center. Chromosomal distributions are
shown at the right in bins of 20–40 Mb (depending on
the copy number) as heat maps and bar plots to indicate

absolute numbers. The y-axis indicates the total number
of kb that is occupied by the TE family in each bin (Note
that scales differ between families). Retrotransposon
families with different evolutionary histories show differ-
ent chromosomal distribution patterns. a Distribution of
Gypsy elements on chromosome 2. b Distribution of
Copia elements on chromosome 1
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functional, autonomous Mariner elements have
been identified in the barley genome (Wicker
et al. 2017). Thus, a vast number of non-
autonomous DNA transposons apparently rely
on a very small number of functional master
elements for their potential mobilization. The
situation is similar for non-autonomous Harbin-
ger transposons, although these elements are
about four times less abundant (Table 9.1).
Despite their enormously high-copy numbers, the
contribution of Harbinger and Mariner to barley
genome size is negligible because of their
shortness. Interestingly, these non-autonomous
TEs are present in copy numbers similar to that
in smaller genomes. Both rice and B. distachyon
contain roughly 25,000 MITEs, whereas the
barley genome contains approximately 54,000—
only about twice as many—despite having an
over tenfold larger genome. We assume that this
is related to MITEs being enriched near genes in
all grasses (Bureau and Wessler 1994a, b;
Buchmann et al. 2012; Roffler and Wicker 2015),
including barley (Wicker et al. 2016) and gene
number being very similar in the monoploid set
of chromosomes in all plant genomes.

9.5 Individual TE Lineages Occupy
Distinct Chromosomal ‘Niches’

Gypsy and Copia LTR retrotransposons are
found throughout the genome, resulting in a
more or less even distribution of coding
sequences for reverse transcriptase and integrase
along the chromosomes. However, at the indi-
vidual family level, distributions vary strongly.
For example, the Copia element RLC_BARE1 is
enriched in the distal regions of chromosome
arms, as is the closely related but far less abun-
dant RLC_HORPIA2 (Fig. 9.3b). In contrast,
RLC_Lara and RLC_Maximus show a clear
preference for proximal (peri-centromeric) chro-
mosomal regions (Fig. 9.3b). Retrotransposon
families of the Gyspy superfamily occupy com-
plementary genomic niches: the interstitial
regions of chromosome arms are dominated by

families from the Athila clade (RLG_Sabrina,
RLG_WHAM and RLG_Derami, Fig. 9.3a),
while RLG_Surya and RLG_Sukkula are enri-
ched in the proximal and distal regions. Gener-
ally, closely related families tend to have similar
distribution patterns. Indeed, there is a good
congruence between the phylogenetic tree of
LTR retrotransposons and their chromosomal
location (Fig. 9.3). An interesting exception is
the RLG_Abiba family, which is highly enriched
in peri-centromeric regions, while its closest
relative RLG_Romina shows a virtually inverse
chromosomal distribution (Fig. 9.3b).

DNA (Class II) transposon families also show
distinct individual distribution patterns. The
superfamily of the CACTA transposons is highly
abundant and represented by at least 20 families
in the barley genome. In total, they contribute at
least 5% to the genome as a whole (Mascher
et al. 2017). Among them, the proximal (cen-
tromeric and peri-centromeric) regions are
preferably occupied by the high-copy CACTA
family DTC_Balduin (Fig. 9.4). In contrast,
families of the Caspar clade are strongly enri-
ched in distal regions. Indeed, over 75% of
DTC_Caspar elements are located in the termi-
nal 20% of chromosome arms, the strongest
niche enrichment we found for any TE group
(Fig. 9.4). For less abundant Class II superfam-
ilies, such as Mutator, Mariner or Harbinger, we
observed the familiar pattern of enrichment in
distal regions that was found in other
plant genomes (Paterson et al. 2009; Interna-
tional Brachypodium Initiative 2010; Han et al.
2013).

It is important to mention that compartmen-
talization into chromosomal niches was only
observed for the distribution of large TEs such as
LTR retrotransposons and CACTA elements. The
very extensive populations of short non-
autonomous elements (i.e. MITEs) tend to clus-
ter near genes (Bureau and Wessler 1994a, b;
Paterson et al. 2009; International Brachypodium
Initiative 2010; Han et al. 2013; see below),
making their overall distribution largely congru-
ent with that of genes.
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9.6 The Space Surrounding Genes
Is a Distinct Genomic
Compartment

In addition to large-scale gradients in the distri-
bution of TE families, the barley gene space
represents its own unique genomic compartment
with its own TE ‘environment’. Genes tend to be
enriched in the distal chromosomal regions in of
barley, with gene density forming an exponential
gradient from centromeres to telomeres (Mascher
et al. 2017). In addition to this gradient along
chromosomes, genes are distributed non-
randomly. They are found mostly in clusters of
two–seven genes, (here, genes that are separated
by less than 20 kb were defined as belonging to
the same cluster). Individual clusters usually are

separated by long stretches (hundreds of kb)
comprising exclusively TE sequences.

Notably, the TE landscape close to genes
differs strongly from that of intergenic regions
(here, we arbitrarily define “intergenic regions”
as stretches of at least 200 kb that do not contain
genes). This particular gene space environment is
strictly local, including the gene and a few
kilobases upstream and downstream, and largely
independent of the gene’s particular location
along the chromosome. Of particular interest are
insertions of LTR retrotransposons and CACTAs
that are very near genes, because these generally
large elements have the potential to influence the
function of the gene. Retrotransposon composi-
tion changes drastically near genes: starting
approximately 10 kb upstream and downstream
of genes, the frequency of LTR retrotransposons

Fig. 9.4 Phylogeny and distribution of CACTA elements
in the barley genome. For the phylogenetic tree, 44
predicted CACTA transposase proteins deposited at TREP
were used. CACTA sequences come from Brachypodium
distachyon, Sorghum, rice, Arabidopsis thaliana and the
Triticeae. High-copy elements from the Triticeae are
highlighted in orange and red, while Triticeae low-copy
families are highlighted in blue. Chromosomal distribu-
tions (shown is chromosome 1H as the representative for
all barley chromosomes) are shown at the right in

windows of 10 Mbp. Total copy number on 1H are given
in parentheses next to the family name. DTC_Balduin
dominates in centromeric regions, while elements of the
DTC_Caspar clade occupy telomeres. It is not certain
whether the preference for different chromosomal regions
is evolutionarily conserved, as similar analyses have not
been done yet in other grasses. However, it is clear that
DTC_Caspar and DTC_Balduin represent ancient lin-
eages that were present already in the common ancestor of
the grasses (Buchmann et al. 2014)
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(i.e. Gypsy and Copia elements) and CACTA
elements drops sharply (Fig. 9.5a).

As mentioned above, close to genes, we find
mostly small, non-autonomous DNA trans-
posons. More than a third (36%) of Mariner and
25.7% of Harbinger transposons are found
within 5 kb of genes, a highly significant
enrichment. Within 10 kb, this enrichment
increases to almost 50% of Mariner and over
40% of Harbinger elements (Fig. 9.5b). Inter-
estingly, different types of elements also occupy
different niches in the proximity of genes: Mar-
iner transposons preferably reside immediately
upstream and downstream of the coding regions
of genes (Fig. 9.5c), whereas Harbinger trans-
posons are found further away. The observed

distribution of different TE types around genes
may reflect selective pressures that allow the
smallest elements (Mariners) to be tolerated
closest to genes. Most interestingly, Helitrons
(particularly the high-copy families DHH_Walter
and DHH_Xobar), as well as elements of the
Harbinger superfamily, have a clear preference
for promoter regions and are less abundant in
downstream regions (Fig. 9.5a). This asymmetric
distribution suggests that their presence in pro-
moters may be advantageous. However, it could
also be that DNA transposons are preferably
inserted near genes because chromatin is most
accessible in transcriptionally active regions.
Curiously, also LINEs show an asymmetric dis-
tribution around genes, and are found

Fig. 9.5 TE composition upstream and downstream of
genes. The CDS of 28,316 high-confidence genes were
used as anchor points. TE composition was determined
10 kb upstream and downstream of the gene. The x-axis
indicates the position relative to the gene while the y-axis
indicates how many genes had a TE of the respective
superfamily at the particular position up- or downstream.
Close to genes, Class 2 and LINE elements dominate.
Helitrons and Harbinger elements have a clear preference
for promoter regions while LINE elements are found

preferentially downstream of genes. a. Distribution of all
major TE superfamilies around genes. With increasing
distance from genes, Gypsy (RLG) and Copia (RLC) ele-
ments completely dominate genomic sequences, reflecting
the overall composition of the barley genome. b. Zoom-in
of the graph from (a), displaying only the TE superfam-
ilies that are enriched near genes. The y-axis was adjusted
for better visibility of the less abundant superfamilies and
the most abundant ones (Gypsy, Copia and CACTA) were
omitted
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preferentially in downstream regions (Fig. 9.5b).
One explanation for the higher frequency of
LINEs downstream of genes is that insertion of
these relatively large elements in promoters
might be deleterious, while they are tolerated
more easily in downstream regions.

9.7 What Molecular Mechanisms
Drive Genomic TE Niche
Specificity?

It is still unclear how TE families “find” their
chromosomal niches. Niche specificity could be
driven by a preference of the respective trans-
posase or integrase enzymes to bind to specific
sequence motifs. Analysis of the insertion sites of
several high-copy TEs, including RLC_BARE1
and RLG_Sabrina, as well as of multiple families
of Mariner, Harbinger and Helitron elements,
revealed pronounced differences in target site
preference (Fig. 9.6). Class II elements target
very specific motifs: Mariner elements prefer
A/T-rich targets with having the consensus [T/A]
[T/A]nnT-Ann[T/A][T/A], where the dash rep-
resents the insertion site (Fig. 9.6a); whereas
Harbinger transposons prefer a short TAA motif
(Fig. 9.6b). AT-rich motifs (e.g. TATA boxes)
are enriched in gene promoters of the barley
genome (Table 9.2). This target preference could
in part explain their preference for promoter
sequences, or it could be the result of selection
for promoters as their preferred site of insertion.
However, it is also possible, as mentioned above,
that these elements might simply target open
chromatin (i.e. transcriptionally active) regions
during transposition and establish themselves
close to genes, because their small size does not
disrupt promoter function.

Interestingly, Helitrons have a preference for
an asymmetric target, requiring an AAA triplet
starting 8 bp downstream of an A-T insertion site
(Fig. 9.6c). Previous studies reported the prefer-
ence of Helitrons for a 5′-AT-3′ insertion site
(Wicker et al. 2007) and for generally A/T-rich

sequences (Yang and Bennetzen 2009). How-
ever, preference for an asymmetric target has, to
our knowledge, not been reported previously for
any type of TE. The asymmetric sequence com-
position of the target site suggests that the
helicase/recombinase protein of Helitrons binds
the target DNA at the insertion site as well as one
rotational period away in the DNA double-helix
(i.e. 10 bp).

In contrast to DNA transposons, LTR retro-
transposons do not show obvious target site
preferences: the high-copy LTR retrotransposon
RLC_BARE1 has a weak preference for G/C
7–8 bp away from the insertion site, while
RLG_Sabrina has a slight preference for GGG
motif 3–4 bp upstream of the insertion site and a
CC motif 4 bp downstream. These findings are
consistent with previous studies that showed very
little target site preference for LTR elements
(Abe and Gemmell 2014). Nevertheless, different
LTR retrotransposon families show very distinct
chromosomal distributions. This suggests that
their integrase enzymes target epigenetic pat-
terns, such as histone modifications, rather than
DNA sequence motifs. Previous studies reported
that RLG_Cereba retrotransposons are particu-
larly enriched in peri-centromeric regions
(Hudakova et al. 2001), as are its homologs (the
CRM elements) in maize, rice, and B. distachyon
(Schnable et al. 2009, International Rice Genome
Sequencing Project 2005; International Brachy-
podium Initiative 2010). However, for barley, we
could not confirm such enrichment (Fig. 9.3a).
Instead, we found that the RLG_Abiba family has
taken over the proximal (peri-centromeric)
“niche” in barley. We speculate that its unique
preference for centromeric regions may be due to
the product encoded by an ORF that is not found
in any other retrotransposon family (Fig. 9.3a).
This protein might have novel properties that
enable Abiba elements to specifically target
centromeric regions, potentially similar to the
chromodomains in the integrase proteins of CRM
elements that likely target centromere-specific
histone modifications (Neumann et al. 2011).
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Fig. 9.6 Target site preferences of high-copy Class 2
transposons from barley. For the plots, the 30 bp flanking
complete (i.e. not truncated) elements on both sides were
collected. Then the different nucleotides at each position
were counted across all insertion sites of a given TE type.
The x-axis is the bp position relative to the TE insertion
site, while the y-axis shows the relative nucleotide

composition for each position. a Mariner elements have
a strong preference for A/T dinucleotides 2 and 5 bp away
from the insertion site, while (b) Harbinger elements
almost invariably prefer 3 bp A/T-rich motifs. c Notably,
Helitrons have a preference for an asymmetric target,
strongly preferring an AAA motif 8 bp downstream of the
insertion site

9 The Repetitive Landscape of the Barley Genome 135



9.8 Conclusions

The 5100 Mb barley genome provides insight
into the repetitive landscape of plant genomes
that are large by current standards of analysis, but
near the average size for angiosperms. The most
striking characteristic of the barley TE landscape
is that it is strongly compartmentalized. As we
have described in this chapter, there are several
hints as to what could drive this chromosomal
niche specificity. The TEs surrounding genes are
of particular interest because insertions in or near
genes can alter the expression and function of
genes (Hirsch and Springer 2016). However, it is
still not clear whether TEs play an active role in
driving barley genome evolution by providing
long-term fitness advantages, or whether they are
merely present because they are selfish elements
that have evolved successful strategies to amplify
within the genome without causing deleterious
effects. These two views of selectionist and
neutralist, respectively, need not apply, of

course, equally to all TEs in the genome, but
rather represent a framework for future research.
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10Molecular Mapping and Cloning
of Genes and QTLs

Mats Hansson, Takao Komatsuda, Nils Stein
and Gary J. Muehlbauer

Abstract
The barley genome is comprised of more than
39,000 high-confidence genes, which repre-
sent many valuable targets for breeders as well
as plant researchers trying to understand the
genetic network controlling the various grass
species, especially members of the Triticeae
tribe including barley, wheat, and rye. The
present chapter provides an overview of how
past activities with barley mutants, markers,
and genetic maps have laid the foundation for
the present physical map based on the barley
genome. We also describe how this new
genome sequence resource can be integrated

with mapping approaches to facilitate the
cloning of genes and quantitative trait loci
(QTL). Although the cost of genomic
sequencing is likely to decrease, we assume
that mapping of genes deficient in mutants
will remain an important approach for gene
identification. We present a comprehensive
list of barley genes identified up to 2017.

10.1 Introduction

Barley (Hordeum vulgare L.) is one of the oldest
crop plant species that was domesticated in the
Fertile Crescent approximately 10,000 years ago
(Badr et al. 2000). Barley also has a long history
as a model organism for plant genetic analyses.
This is obvious from the rich collection of vari-
ous barley mutants (Fig. 10.1) that are available
at various seed stock deposits (e.g., the Nordic
Genetic Resource Center at Alnarp (Sweden), the
Genebank at IPK (Gatersleben, Germany), and
the National Small Grain Collection at the
USDA-ARS (Aberdeen, ID, USA)). Past work
with mutants has resulted in a long list of mapped
traits of immediate interest for plant breeding
activities (Franckowiak 1996). The identification
of genes underlying these traits will facilitate our
understanding of basic physiological and
molecular processes in plants, which, in turn, will
generate novel ideas for how crop plants can be
further developed to serve society. In parallel,
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accumulated knowledge concerning the linkage
of genetic markers to valuable traits can be
directly used in plant breeding. Such genetic
markers are suitable for high-throughput screen-
ing, resulting in accelerated cultivar
development.

Mapping genes and traits in barley have been
performed for decades (Hor 1924; Miyake and
Imai 1922; Nilsson-Ehle 1922). However, the
step from mapping to the actual identification of
the gene through map-based cloning has been a
major challenge. This is mainly due to the large
genome size (5.3 Gbp) and the high content of
repetitive DNA (84%) like retrotransposons
(International Barley Genome Sequencing et al.
2012; Mascher et al. 2017). The first gene that
was successfully identified in barley through
map-based cloning was Mlo, which provides
resistance against powdery mildew based on the
absence of a functional Mlo gene (Büschges et al.
1997). Initially, successful examples of genes
identified through map-based cloning were
dominated by genes conferring resistance to
fungal and viral pathogens—Rar1 (Shirasu et al.

1999), Rpg1 (Brueggeman et al. 2002), Mla6
(Halterman et al. 2001), Ror2 (Collins et al.
2003), and rym4/rym5 (Stein et al. 2005). More
recently, there are also examples of genes related
to morphological and biochemical traits that have
been isolated including: spike row-type (Vrs1,
Vrs2, Vrs4, and Int-c; Komatsuda et al. 2007;
Koppolu et al. 2013; Ramsay et al. 2011;
Youssef et al. 2017), kernel morphology (Nud;
Taketa et al. 2008), early flowering (Ppd-H1,
Eam8, Mat-a; Turner et al. 2005; Zakhrabekova
et al. 2012), spike morphology (Ert-m, Lax-a;
Jost et al. 2016; Zakhrabekova et al. 2015), seed
dormancy (Qsd1; Nakamura et al. 2016; Sato
et al. 2016), closed flowering (Cly1; Nair et al.
2010), epicuticular waxes (Cer-cqu; Schneider
et al. 2016), chlorophyll biosynthesis (Fch2;
Mueller et al. 2012), shoot architecture (Cul4;
Tavakol et al. 2015), leaf development (Blf1; Jöst
et al. 2016), and culm length (Ari-e, Ari-o, Ari-u,
Brh13, Ert-u, Uzu1; Chono et al. 2003; Dockter
et al. 2014; Wendt et al. 2016). Table 10.1 pro-
vides a comprehensive list of the cloned genes
regardless of used method.

Fig. 10.1 Three examples of barley mutants, all exhibit-
ing spike phenotypes. The uzu1.a mutant is semidwarf
with short awns and a compact spike. Lks1.a (Awnless) is
an awnless mutant. Kap1.a (Hooded lemma) is charac-
terized by an appendage to the lemma, which develops as

a trifurcate structure consisting of a deformed floret at its
center with two triangular leaf-like projections called
lemma wings. Lks1.a and Kap1.a are dominant mutations
in contrast to the recessive uzu1.a mutation (www.
nordgen.org/bgs)
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Table 10.1 Cloned genes in barley

Locus
symbol

Locus name Gene/gene product Cloning strategy References

Architecture

ari-e breviaristatum-e,
HvDEP1

Heterotrimeric G-protein
γ-subunit

Candidate gene Wendt et al.
(2016)

ari-m, brh1 brachytic 1,
breviaristatum-m,
brachytic 1

Alpha subunit of
heterotrimeric G-protein

Positional cloning/candidate
gene

Braumann and
Hansson (2012),
Ito et al. (2017)

ari-o, brh.
af, brh14,
brh16, ert-
u, ert-zd

HvDIM DIMINUTO Candidate gene Dockter et al.
(2014)

ari-u, brh3,
ert-t

HvBRD BRASSINOSTEROID-6-
OXIDASE

Candidate gene Dockter et al.
(2014)

blf1 broad leaf 1 INDETERMINATE
DOMAIN protein
transcriptional regulator

Positional cloning/candidate
gene

Jöst et al. (2016)

brh13,
brh18

HvCPD CONSTITUTIVE
PHOTOMORPHOGENIC
DWARF

Candidate gene Dockter et al.
(2014)

btr1 nonbrittle rachis 1 Novel Positional cloning Pourkheirandish
et al. (2015)

btr2 nonbrittle rachis 2 Novel Positional cloning Pourkheirandish
et al. (2015)

com2 compositum 2 AP2-domain transcription
factor

Positional cloning Poursarebani
et al. (2015)

cul4 uniculme4 Blade-on-petiole
transcription factor
homolog

Positional cloning Tavakol et al.
(2015)

Eli-a Eligulum-a Unknown protein Transcriptional cloning Okagaki et al.
(2018)

ert-m erectoides-m Leucine-rich repeat
receptor-like kinase

Mapping/candidate gene Zakhrabekova
et al. (2015)

Ert-r, Zeo1 Zeocrithon 1,
Erectoides-r

HvAP2 GWAS Houston et al.
(2013)

fst2 fragile stem 2 HvCesA4 Transcriptional cloning Burton et al.
(2010)

int-a, vrs3 six-rowed spike 3 Histone demethylase Cloning-by-sequencing
Positional cloning/candidate
gene

Bull et al.
(2017), van Esse
et al. (2017)

int-c intermedium-C TEOSINTE BRANCHED
1 homolog

GWAS, mutant analysis Ramsay et al.
(2011)

Kap1 Hooded Knox3 Candidate gene Müller et al.
(1995)

lax-a laxatum-a Blade-on-petiole
transcription factor
homolog

Positional
cloning/cloning-by-sequencing

Jost et al. (2016)

(continued)
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Table 10.1 (continued)

Locus
symbol

Locus name Gene/gene product Cloning strategy References

lks short awn SHI-family transcription
factor

Positional cloning Yuo et al. (2012)

Lnt1 Low number of
tillers 1

Jubel 2 Positional cloning/expression Dabbert et al.
(2010)

mnd6 many-noded
dwarf

Cytochrome P450 oxidase Cloning-by-sequencing Mascher et al.
(2014)

nld1 narrow leafed
dwarf1

WUSCHEL-RELATED
HOMEOBOX 3 (WOX3)

Positional cloning Yoshikawa et al.
(2016)

nud Naked caryopsis Ethylene response factor
(ERF) family transcription
factor

Positional cloning Taketa et al.
(2008)

sdw1 semidwarf 1 Gibberellin 20-oxidase Candidate gene Xu et al. (2017)

trd1 third outer
glume 1

GATA zinc finger Mapping/synteny Houston et al.
(2012)

uzu1 HvBRI1 BR-insensitive 1 (BRI1) Synteny Chono et al.
(2003)

vrs1 six-rowed spike 1 Homeodomain-leucine
zipper I-class homeobox
gene

Positional cloning Komatsuda et al.
(2007)

vrs2 six-rowed spike 2 SHORT INTERNODES
(SHI)

Positional cloning Youssef et al.
(2017)

vrs4 six-rowed spike 4 RAMOSA 2 homolog Positional cloning Koppolu et al.
(2013)

Biotic stress resistance

Mla Mla NBS-LRR Positional cloning Wei et al. (1999)

mlo MLO Seven transmembrane
domain calmodulin
binding protein

Positional cloning Büschges et al.
(1997)

Rar1 RAR1 CHORD domain zink
binding protein

Positional cloning Shirasu et al.
(1999)

Ror2 ROR2 SNARE Positional cloning/synteny Collins et al.
(2003)

Rpg1 Rpg1 NBS-LRR Positional cloning/synteny Brueggeman
et al. (2002)

Rdg2a Resistance to
Drechslera
graminea 2a

CC-NB-LRR type
resistance gene

Positional cloning Bulgarelli et al.
(2010)

rpg4 rpg4 Actin depolymerizing
factor-like protein

Positional cloning Brueggeman
et al. (2008)

Rpg5 Rpg5 NBS-LRR-Kinase Positional cloning Brueggeman
et al. (2008)

rym4/5 rym4 eIF4E Positional cloning Stein et al.
(2005)

rym11 Rym11 PDIL5-1 Positional cloning Yang et al.
(2014)

(continued)
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Table 10.1 (continued)

Locus
symbol

Locus name Gene/gene product Cloning strategy References

Flower development

cly1 cleistogamy 1 AP2-domain transcription
factor

Positional cloning Nair et al. (2010)

Flowering time

eam5 early maturity 5 Phytochrome C Cloning-by-sequencing Pankin et al.
(2014)

eam8,
mat-a

praematurum-a Circadian clock regulator,
Early Flowering 3

Mapping/synteny/candidate
gene

Faure et al.
(2012),
Zakhrabekova
et al. (2012)

eam10 early maturity 10 LUX ARRHYTHMO
homolog

Mapping/candidate gene Campoli et al.
(2013)

mat-c HvCEN CENTRORADIALIS
homolog

GWAS, mutant analysis Comadran et al.
(2012)

Ppd-H1 photo period
dependent 1

Pseudo-response regulator Positional cloning Turner et al.
(2005)

vrn-H1 vernalization
response H1

Apetala-1-like Synteny/candidate gene Fu et al. (2005)

vrn-H2 vernalization
response H2

ZCCT-H Synteny/candidate gene von Zitzewitz
et al. (2005)

vrn-H3 vernalization
response H3

FLOWERING LOCUS
T-like

Candidate gene/mapping Faure et al.
(2007)

Kernel morphology

sex6 shrunken
endosperm
xenia 6

Starch synthase IIa Candidate gene Morell et al.
(2003)

Photosynthesis

fch2 chlorina
seedling 2

Chlorophyllide a
oxygenase

Candidate gene Mueller et al.
(2012)

tig-d tigrina-d FLU Candidate gene Lee et al. (2003)

xan-f xantha-f Magnesium chelatase large
subunit

Candidate gene Jensen et al.
(1996), Olsson
et al. (2004)

xan-g xantha-g Magnesium chelatase
middle-size subunit

Candidate gene Axelsson et al.
(2006)

xan-h xantha-h Magnesium chelatase
small subunit

Candidate gene Hansson et al.
(1999), Jensen
et al. (1996)

xan-l xantha-l Mg-protoporphyrin IX
monomethyl ester cyclase

Candidate gene Rzeznicka et al.
(2005)

Physiology

bot1 boron toxicity
tolerance 1

BOR1 efflux transporter Synteny/mapping Sutton et al.
(2007)

cer-c eceriferum-c CHS-like synthase Positional cloning/candidate
gene

Schneider et al.
(2016)

(continued)
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The given examples are all based on studies
with mutants. This demonstrates the immediate
importance of mutants for gene identification
activities and link modern genetic analyses to
studies over the past hundred years. The
chlorophyll mutants xantha-m.3 and albina-c.7,
and the short-culm mutant uzu1.a, where all
isolated before 1922 (Gustafsson 1938, 1940;
Miyake and Imai 1922). These early spontaneous
mutants were quickly outnumbered when
induced mutagenesis by physical treatment
(X-rays) was initiated in the 1920s (Stadler 1928)
and chemical treatment (mustard gas) was initi-
ated in the 1940s (Gustafsson and Mac Key
1948). The induced mutants exhibited very dis-
tinct phenotypic characters like the absence of
epicuticular waxes (e.g., eceriferum, glossy
sheath) or divergent spike morphology (e.g.,
erectoides, laxatum) (www.nordgen.org/bgs).

10.2 Mutants, Markers,
and Linkage Maps

Early cytological studies of barley chromosomes
and genetic studies of phenotypic barley mutants
(Smith 1951) laid the foundation for the later
construction of various genetic linkage maps and
cloning of genes. Cytological studies of con-
densed chromosomes made it possible to distin-
guish the seven pairs of barley chromosomes
from each other (Löve and Löve 1961). In
addition, microscopy was also used to follow
translocations of large chromosomal segments
(Hagberg and Hagberg 1968). Further, the
translocation lines could be used in genetic
crosses to barley mutants with distinct pheno-
typic characters. The linkage between the
translocation breakpoints and the mutations made

Table 10.1 (continued)

Locus
symbol

Locus name Gene/gene product Cloning strategy References

cer-q eceriferum-q Lipase/carboxyl
transferase

Positional cloning/candidate
gene

Schneider et al.
(2016)

cer-u eceriferum-u Cytochrome P450 protein Positional cloning/candidate
gene

Schneider et al.
(2016)

Qsd1 seed dormancy 1 Positional cloning Sato et al. (2016)

Qsd2 seed dormancy 2 Mitogen-activated Protein
Kinase 3

Positional cloning Nakamura et al.
(2016)

Pigmentation

ant1 anthocyanin-
less 1

R2R3 MYB transcription
factor

Mapping/candidate gene Himi and Taketa
(2015b),
Zakhrabekova
et al. (2015)

ant2 anthocyanin-
less 2

Basic helix-loop-helix
(bHLH) transcription
factor

GWAS/mapping/candidate
gene

Cockram et al.
(2010)

ant17 proanthocyanidin-
free 17

Flavanone-3-hydroxylase Candidate gene Himi and Taketa
(2015a)

ant30 proanthocyanidin-
free 30

Chalcone isomerase Candidate gene Druka et al.
(2003)

Sterility

des10 desynapsis 10 MutL-Homolog 3 Positional cloning/candidate
gene

Colas et al.
(2016)
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it possible to assign genes to specific chromo-
somes. The dense spike genes Ert-a, Ert-b, Ert-c,
Ert-d, Ert-e, Ert-i, Ert-g, Ert-m, and Ert-n were
mapped in this manner (Persson and Hagberg
1969). Therefore, the translocation lines func-
tioned as a very important bridge linking mutated
genes to certain chromosomes. Once the chro-
mosomal locations had been established for
mutants like the nine Ert genes just mentioned,
the mutants could be used in further crosses to
establish the chromosomal location of other
genes. Later, wheat lines carrying an arm of one
of the seven barley chromosomes (Islam et al.
1981) were also used to determine the chromo-
somal location of barley genes (Bilgic et al.
2007; Cho et al. 2006; Hansson et al. 1998;
Rzeznicka et al. 2005). Over the years, data from
various studies were assembled into genetic
maps comprising more than 150 phenotypic
markers distributed in seven linkage groups
corresponding to the haploid chromosome num-
ber of barley (Franckowiak 1996).

However, the number of mapped genes is
dwarfed by several thousand barley mutants that
have been isolated of which more than 20,000
are stored in genetic seed stock centers. To map
genes represented by the thousands of barley
mutants, linkage maps based on DNA markers
were developed. Different marker types, domi-
nated by restriction fragment length polymor-
phism (RFLP) and simple sequence repeats
(SSR), emerged in the late 1980s–late 1990s and
were used to develop genetic maps (Graner et al.
1991; Heun et al. 1991; Kleinhofs et al. 1993;
Ramsay et al. 2000; Shin et al. 1990). These
studies provided up to 568 markers distributed on
the seven barley chromosomes. The maps were
consistent in chromosome size and covered a
total map length ranging from 1173 to 1453 cM
(Graner et al. 1991; Kleinhofs et al. 1993;
Ramsay et al. 2000). The sizes of the seven
chromosomes were reported in these studies and
they exhibited an average of slightly less than
200 cM. A decade later, the number of identified
markers had increased and several high density
maps based on 1000–3500 markers were pub-
lished (Hearnden et al. 2007; Marcel et al. 2007;
Potokina et al. 2008; Rostoks et al. 2005; Sato

et al. 2009; Stein et al. 2007; Szücs et al. 2009;
Varshney et al. 2007; Wenzl et al. 2006).

In 2009, Close and colleagues explored more
than a half million of EST sequences available at
the public dbEST database, which had been
obtained through Sanger sequencing from sev-
eral barley cultivars (Close et al. 2009). Com-
plemented with sequenced PCR amplicons
derived from genomic sequences, approximately
22,000 SNPs were identified, of which 3072
were selected for two production-scale Illumina
GoldenGate oligonucleotide pool assays named
BOPA1 and BOPA2. A consensus genetic map
was constructed based on four double haploid
populations—Morex × Barke, Oregon Wolfe
Barley, Steptoe × Morex, and Haruna Nijo ×
OHU602. The consensus map involved 2943
SNP markers with 975 unique positions over a
total map length of 1099 cM. An improved
genetic map was developed with the same SNP
platform on 10 mapping populations and 2994
SNP loci were mapped to 1163 unique positions
with a total length of 1137 cM (Muñoz-Ama-
triaín et al. 2011). More recently, population
sequencing (POPSEQ) of the Morex × Barke
recombinant inbred line and Oregon Wolfe
doubled haploid populations resulted in identifi-
cation and mapping of over 11 million SNPs
(Mascher et al. 2013a). SNP markers are suitable
for the development of high-throughput screen-
ing and are transferable across mapping popula-
tions. Thus, SNPs can serve as anchors to link
mapping populations, and additionally can
anchor genetic maps to the barley reference
genome.

10.3 Identification of Genes
Through Map-Based Cloning

10.3.1 Genetic Mapping

Map-based cloning is a strategy to clone genes of
interest without prior knowledge of the gene
product (Krattinger et al. 2009). The often
tedious process consists of three major steps—
construction of a genetic map that indicates the
location of the gene relative to the genotyped
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markers, translation of the genetic map to a
physical map that reveals candidate genes
between the closest markers, and finally DNA
sequencing of candidate genes. A more detailed
scheme for the construction of a genetic map,
which is the initial step in map-based cloning,
could look like the following:

1. Construction of a mapping population. Typi-
cally, a mutant carrying a recessive mutation
is crossed to a cultivar (“wild type”). To
obtain markers covering the genome, it is
important that the cultivar has a different
genetic background compared to the mutant
strain. To ensure adequate marker polymor-
phisms, it is also advantageous to make
crosses of the mutant strains to several dif-
ferent genetic backgrounds. Flowers are first
emasculated in the mother plant to avoid
self-pollination and after 2–4 days anthers are
transferred from the father plant. If the mutant
is used as mother plant, unsuccessful emas-
culation (which causes self-pollination) will
be revealed by the resulting F1 plant which
will display a mutant phenotype. 50 F1 seeds
are expected to generate approximately 4000
F2 seeds, which is a standard size of a map-
ping population.

2. Cultivation of the F2 population for
low-resolution mapping. The F2 seeds are
planted and followed as individual plants. In
the first round, a smaller population of
approximately 100 F2 plants are analyzed.
The obtained resolution is normally above
1 cM.

3. Phenotyping. The F2 population is pheno-
typed. Generally, any population derived
from the cross of a recessive mutant and a
“wild-type” cultivar should display 25%
mutant and 75% wild-type phenotypes.

4. Low-resolution genotyping. Leaf material is
collected and genotyped with genetic mark-
ers. The relatively few individuals used in this
initial low-resolution mapping are analyzed
with many markers representing the range
from each of the maps from all seven chro-
mosomes. The markers have been identified
through comparisons between the original

mutant and the “wild-type” cultivar. Thus, it
is known which markers represent the mutant
and which represent the wild-type cultivar.
Most markers will occur with equal frequen-
cies in plants with a mutant or a wild-type
phenotype, i.e., they are not linked to the
mutation and far away from the gene to be
identified. The closer a marker is located to
the mutation, the fewer recombination events
are likely to occur between the marker and the
mutated gene, i.e., the marker and the muta-
tion are linked. For example, following 25
plants expressing the mutant phenotype, a
marker showing a wild-type genotype in only
one plant is closer to the mutation than a
marker showing a wild-type genotype in two
plants. The two markers, which are flanking
the mutation are selected for high-resolution
mapping. Presently, next-generation
sequencing technology is utilized for geno-
typing (genotyping-by-sequencing), which
often reveals markers close to the introgres-
sion sites of the analyzed plants as well as a
large set of markers distributed over the
genomes which can be used for further
high-resolution mapping. Genotyping-by-
sequencing can allow both DNA and RNA
to be sequenced and mined for SNPs, which
can be converted into genetic markers. In
restriction-site associated DNA sequencing
(RAD-Seq) single- or double-digested DNA
fragments are sequenced (Baird et al. 2008).
To reduce the complexity of the barley gen-
ome, RNA sequencing can be performed
although the plant material does not need to
be collected from tissues specifically dis-
playing the mutant phenotype. This is
because SNPs in all genes located near the
gene of interest and which are expressed in
the samples can be used as markers for the
mapping (Li et al. 2013; Liu et al. 2012). In
the so-called bulked segregant RNA-Seq
(BSR-Seq) analyses, samples from mutant
and non-mutant plants of a segregating F2
population were combined into two separate
pools and subjected to RNA-Seq, which
provided accurate mapping of a maize
glossy3 gene encoding an R2R3-type MYB
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transcription factor regulating genes involved
in synthesis of epicuticular waxes (Li et al.
2013). Another approach to reduce the com-
plexity of the genome is to use the barley
exome capture platform, which can capture
61.6 Mb of exon space (Mascher et al.
2013b). Exome capture sequencing of phe-
notypic bulks has been conducted to map and
isolate many-noded dwarf (Mascher et al.
2014).

5. Cultivation of the F2 population for
high-resolution mapping. F2 seeds are plan-
ted again and followed as individual plants.
More than 2000 F2 plants have often been
required to obtain a high-resolution genetic
map of less than 0.5 cM. The larger the
mapping population the better are the chances
of obtaining a high-resolution map.

6. Genotyping. All plants are screened with the
two flanking markers, which were identified
as the closest markers through the
low-resolution mapping above. This will
result in a small number of plants which show
recombination between the two markers.
These plants are further analyzed with addi-
tional molecular markers, which are located
between the two markers from the
low-resolution mapping.

7. Phenotyping. The recombinants identified in
the high-resolution mapping are phenotyped
as above. The mapping is said to have
reached saturation when flanking markers
show 100% linkage to the phenotype. These
markers will be located closest to the mutated
gene and explored in the physical map.

10.3.2 Physical Mapping

In the second major step of the process of
map-based cloning, the results from genetic
mapping are translated to the nucleotide
sequence of the genome, i.e., the physical
map. The units of the genetic map are given in
cM, reflecting recombination frequency, whereas
the physical map is measured in base pairs. Since
recombination in barley occurs more frequently

in telomeric regions of a chromosome compared
to its centromeric and pericentromeric regions a
cM unit can correspond to less than a million
base pairs near the telomere but several million
base pairs near the centromere. Nevertheless, in
the process of map-based cloning, the physical
stretch of DNA spanning the interval between the
two flanking genetic markers needs to be iden-
tified. Specific examples are instructive here. In
search for the two closely linked genes, Btr1 and
Btr2, regulating brittleness of the rachis (the node
of the central floral axis to which the kernel is
attached), a 0.19 cM region was identified on
chromosome 3H (Pourkheirandish et al. 2015).
This distance on the genetic map corresponded to
a 403 kb region on the physical map. Similarly, a
0.07 cM region on chromosome 2H was identi-
fied containing the six-rowed spike gene Vrs1
(Komatsuda et al. 2007). The region corre-
sponded to 518 kb in the physical map. During
the cloning of the powdery mildew resistant
gene, Mlo, a 0.64 cM region was identified on
chromosome 4H, which corresponded to
approximately 200 kbp (Büschges et al. 1997).

The physical map of the barley genome (Beier
et al. 2017; Mascher et al. 2017) is a game
changer that will significantly facilitate the pro-
cess of map-based cloning. Identified flanking
markers from the genetic maps will now be
easily found on the physical map, which will also
reveal the genes between the markers. Previ-
ously, the identified flanking markers had to be
identified in BAC clones or YAC clones con-
taining genomic barley DNA. A BAC clone
typically contains 80–150 kb of DNA (Interna-
tional Barley Genome Sequencing et al. 2012).
Thus, several BAC clones had to be linked in
order to bridge between the flanking markers.
First, the BAC clones containing the identified
markers were sequenced. The sequence infor-
mation made it possible to identify new BAC
clones partially overlapping with the initially
sequenced BAC clones. Repeating this
chromosomal-walk procedure made it possible to
construct a consensus sequence of the region
between the flanking markers. Six and 20 BAC
clones covered the Vrs1 and Nud region,
respectively (Komatsuda et al. 2007; Taketa et al.
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2008), demonstrating the major efforts of this
approach to identify genes of interest.

10.3.3 Candidate Gene Sequencing

The identified region in the physical map flanked
by the two markers contains genes of which one
is the gene of interest. To identify the correct
gene, the candidate genes are normally
sequenced. Since the F2 mapping population is
based on a genetic difference between a mutant
and a wild type, the correct gene should have a
point mutation, a deletion or any kind of muta-
tion that is likely to cause the observed mutant
phenotype. In the process of identifying the
correct gene, it is very helpful to have access to a
set of allelic mutants since they all should have
mutations in the same gene, which provides
strong evidence that the correct gene has been
found. For example, more than 50 allelic muta-
tions in each of three genes were used to identify
Cer-c, Cer-q, and Cer-u required for accumula-
tion of epicuticular aliphatic waxes (Schneider
et al. 2016).

In studies involving bacteria and yeast, a
complementation test of the mutant is a common
approach to verify that the correct gene has been
identified. In such tests, the candidate gene is
typically cloned in a plasmid from where it can
be expressed. The plasmid is transformed into the
mutant strain and if the mutant can be rescued
from its deficiency this provides very strong
evidence that the correct gene has been found.
Barley can be transformed but compared to many
unicellular organisms it is a major effort (Mri-
zova et al. 2014). In addition, not all genotypes
are easily transformed. Therefore, this approach
is still not routinely used in barley research to
verify candidate genes. One early successful
example concerns the verification of RPG1 as the
resistance gene to the stem rust fungus Puccinia
graminis f. sp. tritici (Horvath et al. 2003). RPG1
encodes a putative receptor kinase and is present
in the stem rust resistant cultivar Morex but not
the susceptive cultivar Golden Promise
(Brueggeman et al. 2002). Transformation of
RPG1 into Golden Promise transferred the

resistance to the transgenic plant (Horvath et al.
2003). A more recent example is provided by a
complementation test of a line carrying the long
dormancy qsd1 allele of wild barley H602 in a
genetic background of Golden Promise with a
construct carrying the cloned Haruna Nijo short
dormancy Qsd1 allele (Sato et al. 2016).

10.4 Exploring Near-Isogenic Lines

A collection of near-isogenic lines is also an
important resource for gene identification. To
generate the near-isogenic lines, 881 historic
barley mutants were recurrently backcrossed
(often 6 times) to the cultivar Bowman with
phenotyping in each F2 cycle (Druka et al.
2011). Through backcrossing, the regions close
to the mutations were fixed regardless of whether
one or several genes were involved in the for-
mation of the phenotypic character. In addition,
the near-isogenic lines were genotyped with
3072 SNP markers, which revealed the chromo-
somal location of the involved genes as well as
provided initial markers for further
high-resolution mapping (Druka et al. 2011).
Also, without further mapping, the near-isogenic
lines have been successfully used to identify
mutated genes. The approach was to compare the
location of candidate genes to the location of
introgression regions in near-isogenic lines dis-
playing relevant phenotypes. In this way, three
genes involved in brassinosteroid biosynthesis
were identified (Dockter et al. 2014). Interrupted
brassinosteroid biosynthesis causes a semidwarf
phenotype in several plant species (Kim and
Wang 2010; Vriet et al. 2012). Dockter and
colleagues found that barley genes orthologous
to BRASSINOSTEROID-6-OXIDASE, CON-
STITUTIVE PHOTOMORPHOGENIC DWARF,
and DIMINUTO, encoding three enzymes of the
brassinosteroid biosynthetic pathway in Ara-
bidopsis, were located on barley chromosome
2H, 5H, and 7H, respectively (Dockter et al.
2014). The location of the three genes over-
lapped with the introgression regions of
near-isogenic lines with semidwarf phenotypes.
Sequencing of the three genes from the
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near-isogenic lines as well as other allelic
mutants revealed mutations. Thus, genotype and
phenotype could be connected and the mutated
genes were identified.

10.5 Identification of Genes
by Genomic Sequencing
of Allelic Mutants

Whole-genome sequencing of mutant lines to
identify the mutated gene is a viable option if
several allelic mutants are available. However,
with current sequencing techniques, it is an
expensive option given the 5.3 Gbp size of the
barley genome. Mutant lines are likely to be very
polygenic especially if they have been isolated
through mutagenesis with physical or chemical
treatment, which introduces hundreds or thou-
sands of mutations randomly in the genome. To
succeed with this approach, it is, therefore,
essential to have access to allelic mutants since
random mutations in each line can be filtered
away and relevant mutations in the causal gene
identified.

Today, sequencing the barley genome
requires significant resources and it is beyond the
economic means of most research groups to
sequence the genomic DNA from multiple
mutants and wild-type individuals. Obviously, a
significant drop in the costs for genomic
sequencing is required before this is a realistic
option. In the meantime, sequencing of the
exome, the transcriptome, or single chromo-
somes or pieces of chromosomes are attractive
alternatives to reduce sequence complexity of the
barley genome. An in-solution hybridization-
based sequence capture platform has been
developed for selective enrichment of coding
DNA sequences (Mascher et al. 2013b). The
capture targets exome DNA and is based on
predicted genes from the genome of the barley
cultivar Morex, publically available full-length
cDNA sequences and RNA-Seq consensus
sequence contigs. The capture is estimated to
represent at least 86% of the barley genes.
Approximately 80–95% of all captured reads
could be mapped to these genes (Mascher et al.

2013b). The exome capture approach has the
advantage that genomic DNA from the lines to
be analyzed is used. Thus, the growing condi-
tions of the lines to be analyzed are less impor-
tant, which must be strictly considered if
transcriptome analyses are to be performed. In
RNA-Seq analyses, the transcriptome at a certain
time point or a certain growth phase is
sequenced. It is therefore important that mRNA
is isolated from the correct tissues at the correct
time point when the mutant phenotype is dis-
played. Despite these concerns, there might be
many instances when it would be advantageous
to perform RNA-Seq analyses since the barley
transcriptome is much less than the genome.
RNA-Seq analyses might, therefore, be a
cost-efficient approach to identify a mutated gene
in a group of allelic mutants. Recently,
flow-sorted chromosomes were sequenced from
allelic cer-q wax-less mutants (Sanchez-Martin
et al. 2016). With this approach, named Mut-
ChromSeq, sequence complexity was signifi-
cantly reduced and sequencing of five chemically
induced mutants where enough to confidently
identify the Cer-q gene.

10.6 Conclusions and Future
Perspectives

The publication of the barley genome (Beier
et al. 2017; Mascher et al. 2017) accelerated
barley research into the post-genomic era. In this
era, scientific activities are often focused on the
elucidation of the identified open reading frames
and gene models. Most genes encoding enzymes
of metabolic pathways will be easy to annotate
due to their sequence similarity to genes of other
organisms which gene products have been thor-
oughly studied through molecular and biochem-
ical analyses. Other gene products will be
possible to group according to general function
based on characteristic sequence motifs but it
might be a challenge to determine in which
biological process they are involved in. This can
be exemplified by genes obviously encoding
kinases, proteases, and various transcription
factors. Gene editing techniques are indeed
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emerging and TILLING populations exist
(Caldwell et al. 2004; Gottwald et al. 2009;
Szarejko et al. 2016; Talame et al. 2008), which
make it possible to use a reverse genetic
approach where a gene of unknown function can
be inactivated and the phenotypic effect can be
studied to reveal the function of the gene.
However, forward genetic approaches are more
straightforward in revealing the genes of the
many existing barley cultivars with desired and
important traits, as well as the rich collection of
induced barley mutants. In work involving for-
ward genetic approaches, the now published
physical map will be of immense value since less
time will be spent on translating genetic maps to
physical maps. Still, classic methods like the
mapping of genes and QTLs will remain an
important tool in gene hunting projects, since
mapping makes it possible to isolate and char-
acterize a certain locus, and thereby exclude
many other possible gene candidates.
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11Genomics Approaches to Mining
Barley Germplasm Collections

Martin Mascher, Kazuhiro Sato and Brian Steffenson

Abstract
Barley has been diversified during the long
process of evolution. The genetic diversity
that was lost during domestication and crop
improvement can be introduced from various
collections with extant wild relatives of barley
being a particularly rich source. Thousands of
diverse accessions of cultivated and wild
barley have been collected, preserved in ex
situ collections, phenotyped for various traits,
genotyped with molecular markers, and cata-
logued in databases. Such attributes make
these collections readily accessible for germ-
plasm mining. High-throughput sequencing
methods for assessing intraspecific diversity
have become available recently through the
implementation of exome sequencing and
genotype-by-sequencing in barley. These

methods enable the systematic collection of
molecular passport data of entire collections to
inform genebank management decisions.
They can also guide the selection of core
collections for further in-depth studies linking
phenotype and genotype. Finally, the joint
analysis of genetic data and information on
collection sites of accession can give insights
about the population structure, dispersal, and
evolutionary history of the crop.

11.1 Introduction

The genus Hordeum belongs to the tribe Trit-
iceae, which includes a number of important
cereal crops such as barley (Hordeum vulgare),
bread wheat (Triticum aestivum), and rye (Secale
cereale). These genera share a common wild
ancestor from 8 to 9 million years ago (Middle-
ton et al. 2014), but evolved independently to the
diverse present-day species. Natural mutations
and genome arrangements occurred during this
evolutionary period. Unlike bread wheat, an
allohexaploid crop with three genome donors
[Aegilops tauschii (DD), Triticum urartu (AA),
and likely Aegilops speltoides (SS * BB)],
barley is a simple diploid crop domesticated from
its wild progenitor H. vulgare ssp. spontaneum
(see also Chap. 17 for barley domestication).
Barley was one of the first crops domesticated by
humans in the Near East (Zohary et al. 2012).

M. Mascher
Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK) Gatersleben, 06466 Seeland,
Germany
e-mail: mascher@ipk-gatersleben.de

K. Sato
Institute of Plant Science and Resources, Okayama
University, Kurashiki 710-0046, Japan
e-mail: kazsato@rib.okayama-u.ac.jp

B. Steffenson (&)
Department of Plant Pathology, University of
Minnesota, St. Paul, MN 55108, USA
e-mail: bsteffen@umn.edu

© Springer International Publishing AG, part of Springer Nature 2018
N. Stein and G. J. Muehlbauer (eds.), The Barley Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-92528-8_11

155

http://dx.doi.org/10.1007/978-3-319-92528-8_17
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_11&amp;domain=pdf


After domestication, it was distributed and
adapted across a wide diversity of environments,
surviving and, in some cases, thriving in envi-
ronments that are too cool, too wet, too infertile,
or too saline for wheat (Dawson et al. 2015).
Barley is an important crop for producers across
a range of agro-systems: from the arid subsis-
tence lands of some developing countries to the
high input, intensively managed systems of
developed countries (Newton et al. 2011). As
such, barley is vulnerable to a number of biotic
and abiotic stresses. The crop has several differ-
ent important end uses, including malt for pro-
duction of various alcoholic beverages (e.g.,
beer, whiskey, etc.), animal feed, and human
food. These different end use products mandate
different target traits in breeding and sometimes
caused serious bottlenecks (e.g., high level of
susceptibility to Barley Yellow Mosaic Virus in
malting barley germplasm). Genetic diversity is
essential for the survival of all plant species on
earth. Plant breeding is predicated on genetic
diversity for crop improvement. This makes the
allelic diversity contained in germplasm collec-
tions the essential element for sustaining and
enhancing a crop species. Where wheat has three
genome donors and a number of wild relatives in
which to source genetic diversity, barley has
three genepools but only its wild progenitor
(primary genepool) and Hordeum bulbosum
(secondary genepool) can be used for recombi-
nation with cultivated barley. The objective of
this chapter is to review the genomic approaches
available for exploiting various germplasm col-
lections for enhancing barley and our basic
knowledge about the crop.

11.2 Sources of Diversity
and Germplasm Mining

11.2.1 The Genus Hordeum and
Germplasm Collections

The genus Hordeum is comprised of over 30
species including cultivated barley, H. vulgare
ssp. vulgare (see also Chap. 2 for detailed
descriptions of these species). The wild ancestral

form of cultivated barley is the subspecies H.
vulgare ssp. spontaneum. This taxon is a rich
source of new alleles for barley breeding because
it is genetically diverse and can readily hybridize
with the cultivated form (von Bothmer et al.
2003). Other wild Hordeum species are more
distantly related to cultivated barley and have
reproductive barriers limiting hybridization (see
also Chaps. 2 and 18). Barley germplasm has
been extensively collected because of its eco-
nomic importance in agricultural production and
end uses for malting and animal feed (Ullrich
2011). Thus, most of the accessions in ex situ
(genebank) collections are comprised of lan-
draces of H. vulgare ssp. vulgare. The number of
barley accessions housed in genebanks around
the world is extensive and second only to wheat
(FAO 2010). According to Knüpffer (2009),
there are over 485,000 accessions of Hordeum
residing in over 200 different genebanks around
the world. These collections include 299,165
accessions of H. vulgare ssp. vulgare (primarily
new and old cultivars and landraces), 32,385
accessions of H. vulgare ssp. spontaneum as well
as 4,681 accessions of wild species, and sub-
stantial numbers of genetic stocks, breeding
lines, and mapping populations. Many accessions
are duplicated among genebanks for safety or as
part of germplasm exchanges.

11.2.2 Barley Core and Other
Germplasm Collections

Since the numbers of barley accessions held in
genebanks are far too numerous and expensive to
fully characterize, an international barley core
collection was developed that consists of a
reduced number of accessions. This condensed
germplasm set was selected to represent the
greatest genetic diversity possible, but still be
manageable for researchers to conduct various
phenotyping studies in the laboratory, green-
house, or field. In the international barley core
collection (BCC) consisting of about 1500
accessions, there are eight groups of accessions:
(1) 285 landraces and cultivars from West Asia
and North Africa selected by the International
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Center for Agricultural Research in the Dry
Areas (ICARDA); (2) 380 landraces and culti-
vars from South and East Asia selected by
Okayama University in Japan; (3) 320 landraces
and cultivars from Europe selected by the Leib-
niz Institute of Plant Genetics and Crop Plant
Research (IPK) in Germany; (4) 155 landraces
and cultivars from the Americas selected by the
United States Department of Agriculture–Agri-
culture Research Service (USDA–ARS) National
Small Grains Collection (NSGC) in the United
States; (5) 11 cultivars from Oceania and other
parts of the world selected by researchers at the
Australian Winter Cereals Collection (AWCC) in
Australia; (6) 150 H. vulgare ssp. spontaneum
accessions selected by ICARDA; (7) 45 acces-
sions of 22 different wild Hordeum species (ex-
cluding H. vulgare ssp. spontaneum) selected by
the Nordic Genetic Resource Center (NORD-
GEN) in Sweden; and (8) about 200 genetic
stocks selected by the USDA–ARS NSGC
(Knüpffer and van Hintum 2003). Subsets of the
BCC have been used to investigate the genetic
architecture of diverse traits such as row type,
heading date, height, grain weight, grain starch
content, grain protein content, and grain cad-
mium content (Pasam et al. 2012; Wu et al.
2015).

In addition to the international barley core
collection, other sets of diverse cultivated core
collections are available at several genebanks.
For example, the USDA established the “NSGC
Barley Core” consisting of about 10% of
the >33,000 barley accessions in the genebank
(Muñoz-Amatriaín et al. 2014). This core con-
sists of 2417 accessions, but SNP (single
nucleotide polymorphism) genotyping revealed
172 cases where two or more accessions
appeared identical. Altogether, these cases
involved 520 accessions. In the final analysis, 82
accessions were retained from this group, and
438 were discarded from the original starting
number of 2298 accessions passing quality con-
trol for SNP calls (Muñoz-Amatriaín et al. 2014).
That over 19% of this rigorously curated col-
lection was discarded due to duplication, which
indicates that significant savings and efficiencies
can be made with other collections housed in

genebanks worldwide. The final “informative”
Core or iCore collection of the NSGC contains
1860 accessions from 94 different countries. At
the IPK in Germany, Pasam et al. (2014) estab-
lished a diverse panel of landrace germplasm in
order to capture wide adaptation to different cli-
mates. This Landrace Collection (LRC1485)
consists of 1485 spring landraces selected from
more than >22,000 barley accessions based on
various taxonomic traits (growth habit, row type,
seed color, etc.), available descriptions of the
original collection sites, and passport data.
LRC1485 includes accessions from a wide area
(from 5.63° to 62.47° north latitude and from
16.62° to 71.5° east longitude) of Europe, West
and Central Asia, and also North and East Africa.
Two-rowed types comprise 47.7% (708) and
six-rowed types comprise 52.3% (777) of this
collection. To reduce the LRC to a more man-
ageable number for various phenotyping and
molecular studies, the M strategy implemented in
MSTRAT (Gouesnard 2001) was used, resulting
in a reduced core set of 648 landraces. This panel
can be reduced by about half again by selecting
only two- or six-rowed types depending on the
research objective (Pasam et al. 2014).

Two large association genetics studies were
made on elite barley breeding germplasm in the
United Kingdom and the United States. The
Association Genetics of United Kingdom Elite
Barley (AGOUEB) project was based on over
1000 lines and cultivars (both spring and winter
types) evaluated in the national trials and utilized
SNP markers. In addition to resolving basic
questions about the level and extent of linkage
disequilibrium (LD) and population structure in
this elite germplasm (Rostoks et al. 2006),
AGOUEB contributed valuable data on the
mapping of both qualitative and quantitative
traits important for barley production and the
environment in the UK. The Barley Coordinated
Agricultural Project (BCAP) was a parallel and
concurrent association genetics project in the
United States. It focused on developing the tools
for GWAS with 3840 breeding lines from 10
programs (Hamblin et al. 2010; Zhou et al.
2012). Using 3072 SNP markers, many marker–
trait associations were discovered for yield
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components (Pauli et al. 2014), agronomic traits
(Cuesta-Marcos et al. 2010; Pauli et al. 2014),
end use quality (Berger et al. 2013; Gutiérrez
et al. 2011), and disease resistance (Berger et al.
2013; Massman et al. 2011; Zhou et al. 2014;
Zhou and Steffenson 2013a, b). With the
advanced breeding status of these BCAP lines (at
least to F4) and publically available genotype and
phenotype datasets, breeders can readily identify
suitable parents from other programs to intro-
gress various traits into their germplasm. In this
sense, the BCAP unified 10 different breeding
programs into one.

In Europe, a genomics-based project
(EXBARDIV) was launched to exploit useful
genetic variation in landrace and wild barley for
cultivated barley improvement (Tondelli et al.
2013). For this project, an incremental associa-
tion mapping approach was used based on dif-
ferent population types for the discovery of new
alleles in wild and landrace barley. One specific
objective of EXBARDIV was to determine the
efficiencies of identification and extraction of
useful alleles from these exotic sources in barley
breeding programs, especially with wild barley in
advanced backcross programs.

To capture the rich genetic diversity present in
the progenitor of cultivated barley, the Wild
Barley Diversity Collection (WBDC) was
established by Steffenson et al. (2007). This
collection is an expansion of the H. vulgare
ssp. spontaneum set contained in BCC men-
tioned above and consists of 318 accessions
selected on the basis of various ecogeographic
characters such as longitude/latitude, elevation,
temperature, rainfall, soil type, disease resistance,
etc. Since wild barley originated in the Fertile
Crescent and is still home to large populations
today, most of the accessions selected for the
WBDC were from this region (*64.5%). How-
ever, the habitat range of H. vulgare ssp. spon-
taneum is far more extensive, so representative
samples were also included from North Africa,
the Caucasus region, Central Asia, and South
Asia. The WDBC has been genotyped with
several marker systems [e.g., Diversity Arrays
Technology sequencing (DArTseq) and SNP
markers generated from oligonucleotide pooled

assays and genotype-by-sequencing (GBS)] and
phenotyped for over 30 traits related to yield,
agronomics, morphology, quality, and disease
resistance (Ames et al. 2015; Roy et al. 2010;
Sallam et al. 2017; Steffenson et al. 2007).
Comprehensive GWAS are currently in progress
to elucidate the genetic basis of these traits and
their genomic architecture. Another wild barley
core collection was established by Fu and Hor-
bach (2012) from the 3782 accessions of H. vul-
gare ssp. spontaneum held at the Plant Gene
Resources of Canada (PGRC). This wild barley
core collection was comprised of 269 accessions
selected by random sampling stratified with
respect to country of origin.

Since raw H. vulgare ssp. spontaneum
accessions are difficult to work with in terms of
phenotyping in the field and assessing the true
breeding value of their alleles, researchers have
developed backcross introgression populations
(also called Recombinant Chromosome Substi-
tution Lines or RCSLs) having every chromo-
some segment of a particular wild barley
accession transferred into the adapted back-
ground of a barley cultivar (von Korff et al. 2004;
Pillen et al. 2004; Sato and Takeda 2009; Sch-
naithmann et al. 2014; Schmalenbach et al.
2008). These populations are developed with the
aid of molecular markers and provide an oppor-
tunity to assess wild barley alleles in an adapted
genetic background as proposed by Tanksley and
McCouch (1997). Sato and Takeda (2009) used
this type of population to separate QTL control-
ling seed dormancy into a single locus and
cloned the major effect QTL Qsd1 (Sato et al.
2016). Such backcross introgression populations
are possible for H. vulgare ssp. spontaneum, but
not members of the secondary or tertiary gene-
pools of Hordeum due to crossing barriers. Still,
given the recent progress in identifying cultivated
barley with introgressions of H. bulbosum chro-
matin via exome capture re-sequencing data, the
rich diversity of this sole member of the sec-
ondary genepool is now more accessible for
breeders (Wendler et al. 2015).

Nested association mapping (NAM) popula-
tions are superior to other methods (i.e., con-
ventional biparental linkage mapping and

158 M. Mascher et al.



association mapping) for QTL detection in plants
because they have low marker density require-
ments, high allelic richness, high mapping reso-
lution, and enhanced statistical power—all
without the drawbacks of the other two methods
(Yu et al. 2008). They are constructed by
crossing a series of different exotic parents to one
common parent. As such, they capture both his-
toric (i.e., occurring throughout the life history of
the exotic and common parents) and recent (i.e.,
occurring after crossing the exotic parents with
the common parent) recombination events.
In NAM populations, the linkage between the
common parent and exotic parents is detected by
different haplotype combinations. Recently,
NAM populations were constructed with differ-
ent sets of diverse H. vulgare ssp. spontaneum
accessions by research groups in Germany (with
cultivar Barke) (Maurer et al. 2015; Saade et al.
2016) and in the United States (with cultivar

Rasmusson) (Nice et al. 2016). These popula-
tions offer the opportunity to assess the value and
genetic architecture of multiple allelic variants of
wild germplasm in an adapted cultivated barley
background.

11.3 Access to Germplasm Data

11.3.1 Databases

Comprehensive and accurate databases on
germplasm collections are crucial for many types
of studies regarding evolution, natural mutation,
and germplasm mining. Most of the pertinent
information regarding Hordeum germplasm col-
lections is available online via the respective
genebank databases (see Table 11.1). Addition-
ally, a comprehensive global database that
includes records on Hordeum accessions

Table 11.1 Databases of barley germplasm holdings at major genebanks around the world

Genebank URL (Cited 18 Nov 2016)

Plant Gene Resources of Canada http://pgrc3.agr.ca/search_grinca-recherche_
rirgc_e.html

National Small Grains Germplasm Research Facility, USA http://www.ars-grin.gov/npgs

International Centre for Agricultural Research in the Dry Areas https://www.genesys-pgr.org/welcome

Department of Applied Genetics, John Innes Centre, UK http://www.jic.ac.uk/GERMPLAS/bbsrc_ce/
index.htm

Leibniz Institute of Plant Genetics and Crop Plant Research,
Germany

http://gbis.ipk-gatersleben.de

Institute of Crop Germplasm Resources, Chinese Academy of
Agricultural Sciences

http://icgr.caas.net.cn/cgris_english.html

N. I. Vavilov All-Russian Scientific Research Institute of Plant
Industry

http://91.151.189.38/virdb/

Okayama University, Japan www.shigen.nig.ac.jp/barley/

Nordic Genetic Resources Centre, Sweden www.nordgen.org/ngb/

Genetic Resources Center, NARO, Japan http://www.gene.affrc.go.jp/plant/

Lieberman Germplasm Bank, Tel-Aviv University, Israel http://www2.tau.ac.il/ICCI/default.asp

Institute for Plant Genetic Resources, Bulgaria http://eurisco.ecpgr.org

Centre for Genetic Resources, the Netherlands http://www.cgn.wur.nl/UK/

Israel Gene Bank for Agricultural Crops, Israel http://igb.agri.gov.il/

Plant Genetic Resources Documentation in the Czech Republic http://genbank.vurv.cz/genetic/resources/

Research Institute of Plant Production Piestany, Slovakia http://eurisco.ecpgr.org

Suceava Genebank, Romania http://www.svgenebank.ro/index.htm
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collected from other genebanks is available
through Genesys at https://www.genesys-pgr.
org/welcome (Fig. 11.1). Other special data-
bases supporting the characterization of various
collections and breeding germplasm are also
available. For example, two large association
genetics projects focusing on United States
breeding germplasm and the NSGC barley core
collection were recently completed with all
genotype and phenotype data being deposited in
“The Triticeae Toolbox” (T3) (https://
triticeaetoolbox.org/). The German Genebank
Information System (GBIS) is a multilayered
system that (i) provides passport information and
an ordering system accessible by the general
public, and (ii) maintains records of seed and line
management as well as observational data for
internal use by genebank managers (Oppermann
et al. 2015). The Global Biodiversity Information
Facility (GBIF) (http://www.gbif.org/) is an open
data infrastructure to access data about all types
of life on earth, including barley. Accessions
have to be submitted to GBIF in order to gain
access to the data. A search using the term “H.
vulgare L.” revealed the mapped locations of
accessions submitted to the GBIF (Fig. 11.2).
The European Search Catalogue for Plant

Genetic Resources (EURISCO: eurisco.ecpgr.
org) provides information about 1.9 million
accessions of crop plants and their wild relatives,
preserved ex situ by almost 400 institutes. It is
based on a network of national inventories of 43
member countries and represents an important
effort for the preservation of the world’s agrobi-
ological diversity by providing information about
the large genetic diversity kept by the collabo-
rating institutions. EURISCO contains both
passport data and phenotypic data. DivSeek
(http://www.divseek.org/) develops and shares
methodologies, open-source software tools, and
practices to facilitate the generation, integration,
and sharing of data and information related to
plant genetic resources.

11.3.2 Use of Collection Site Data
for Germplasm Mining

Passport data and the ecogeographic parameters
associated with them are important for germ-
plasm mining. However, passport data for some
accessions, especially cultivated landraces, may
be of limited value due to the widespread
movement of germplasm via the seed trade or

Fig. 11.1 Size of barley collections in genebanks available through Genesys (https://www.genesys-pgr.org/welcome)
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incomplete information concerning the original
collection site. Typically, one would expect
greater correspondence between the ecogeo-
graphic data of collection sites and adaptive
evolution of wild barley accessions, which pre-
sumably coevolved for thousands of years in
these sites. Still, movement of these wild species
also occurred via humans and animals, extending
the taxon’s range far beyond their center of ori-
gin. Moreover, gene flow can occur within ex
situ H. vulgare ssp. spontaneum collections
when accessions are grown in close proximity to
other wild or cultivated accessions during
regeneration in genebanks (Jakob et al. 2014). In
a recent investigation, Russell et al. (2016a) uti-
lized the exome sequences of geo-referenced
landrace and wild barley accessions and
demonstrated the strong influence of geography
on the observed patterns of variation. Moreover,
individual genes controlling major traits such as
heading date and height showed variants by
environment associations.

The ecogeographical data associated with
accession collection sites can be extremely
important for allele mining. For example, if a
target trait is strongly related to environmental
conditions that favor continual challenge by a
pathogen or insect, the Focused Identification of
Germplasm Strategy (FIGS) (Mackay and Street
2004; http://figs.icarda.org/) can be employed to
achieve better targeting of a markedly reduced
number of accessions that likely carry the desired
allele(s). This technique has been successfully
used in barley to identify, within a much reduced
germplasm sample, additional resistance to the
net blotch pathogen (Endresen et al. 2011) and
also in wheat to identify resistance to the Russian
wheat aphid, powdery mildew pathogen, and
stem rust pathogen, specifically the widely viru-
lent race TTKSK (isolate synonym Ug99) from
Africa (Endresen et al. 2011). Some of the
identified resistances in these studies were novel
and found in accessions from environmentally
similar sites. In addition to ecogeographic

Fig. 11.2 Locations of accessions by the search “Hordeum vulgare L.” in Global Biodiversity Information Facility
(www.gbif.org)
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factors, the presence of other plant species can
have a marked effect on the evolution of disease
resistance in wild barley. Two cases in point
involve leaf (caused by Puccinia hordei) and
stem rust (Puccinia graminis f. sp. tritici) of
barley. From the evaluation of the WBDC to leaf
rust, all of the resistant accessions originated
from the Fertile Crescent, a region where the
alternate host of the pathogen (Star of Bethlehem
lily: Ornithogalum umbellatum) is present
(Dawson et al. 2015). Although the number of
WBDC accessions from Central Asia was con-
siderably smaller than those from the Fertile
Crescent, no leaf rust resistant accessions were
found in this region. In contrast, the frequency of
stem rust resistance from Central Asia was
markedly higher than those accessions from the
Fertile Crescent. This may be attributed to the
presence of common barberry (Berberis vul-
garis), the alternate host of P. graminis f.
sp. tritici (Dawson et al. 2015). These examples
clearly demonstrate that other factors must be
considered when implementing the strategy of
FIGS.

11.4 Sequencing Methods
for Barley Diversity

11.4.1 High-Throughput Sequencing
Methods for Assessing
Intraspecific Diversity

A high-quality reference genome sequence is
often only assembled for one or a very few
number of individuals of a species. Reference
genome projects are often followed by construc-
tion of haplotype maps (HapMaps) for assessing
intraspecific diversity at a genome-wide scale,
taking advantage of the newly developed
sequence resources. Prominent examples in crop
plants include the HapMaps of maize (Gore et al.
2009), rice (Huang et al. 2010), sorghum (Morris
et al. 2013), and wheat (Jordan et al. 2015). The
pan-genome and core genome sizes of wheat are
140,500 ± 102 and 81,070 ± 1631 genes,
respectively, with an average of 128,656 genes in
each cultivar (Montenegro et al. 2017). While

HapMap projects in species with small genomes
can be performed by whole genome sequencing
(WGS), large genome species require the reduc-
tion of genome complexity prior to sequencing
for cost reasons. The various means of com-
plexity reduction (Davey et al. 2011) differ in the
genome coverage and marker density they
achieve. Panel size and sequencing depth need to
be well balanced in large genome species, where
complexity reduction is necessary prior to
sequencing in order to obtain sufficient sequenc-
ing depth for reliable variant calling (Nielsen
et al. 2011). In barley, whole genome sequencing
is still impractical for large panels. Once geno-
typic data have been collected, HapMaps can
provide insights into the distribution of nucleotide
diversity, recombination rate, decay of linkage
disequilibrium, and genetic relationship patterns
among accessions. Additionally, HapMaps can
also underpin the connection of genotype with
phenotype by means of genome-wide association
studies (GWAS) (Huang and Han 2013). In the
following subsections, we will summarize recent
results from exome capture re-sequencing, GBS
genotyping of diversity panels, and entire gene-
bank collections.

11.4.2 Exome Sequencing to Assess
Genetic Variation
of Diversity Panels

Whole exome sequencing is a method of
sequencing that utilizes oligonucleotide probes to
selectively enrich sequencing libraries for frag-
ments from genic regions (Hodges et al. 2007).
As the design of an exome capture assay requires
prior sequence information about the genomic
sequence of target regions to design oligonu-
cleotide baits, exome sequencing usually requires
a reference genome sequence. Exome sequencing
was first used in human genomics (Ng et al.
2009) and has since been applied to several crop
species such as wheat (Jordan et al. 2015), maize
(Yang et al. 2015), and switchgrass (Evans et al.
2014). An exome capture liquid array is also
available for re-sequencing of the barley gene
space (Mascher et al. 2013a). The barley exome
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capture probe set was designed mainly from the
gene models predicted based on the whole gen-
ome sequencing of cv. Morex (International
Barley Genome Sequencing Consortium 2012).

A proof-of-principle study with 13 barley
cultivars and barley wild relatives revealed that
the assay reliably captures *60 Mb of
mRNA-coding sequences in diverse germplasm
(Mascher et al. 2013a). Subsequent to these pilot
experiments, the exome capture platform was
used to explore patterns of genetic diversity in a
representative collection of 228 geo-referenced
landraces and 91 accessions of H. vulgare
ssp. spontaneum (Russell et al. 2016a). This
study reported that the nucleotide diversity was,
on average, reduced by 27% in domesticated
barley relative to H. vulgare ssp. spontaneum.
Some regions with reduced exonic diversity in
cultivated barley were colocated with known
domestication traits such as the BRITTLE
RACHIS (Btr1 and Brt2) genes on chromosome
3H (Pourkheirandish et al. 2015) and the
NUDUM (nud) gene on chromosome 7H (Taketa
et al. 2008). Moreover, wild barley harbored
more private alleles and exhibited a more rapid
decay of linkage disequilibrium than domesti-
cated barley. Russell et al. (2016b) also tested for
associations between genetic markers and envi-
ronmental variables and found that geo-climatic
variables associated with temperature and dry-
ness were driving the adaptive responses as
barley dispersed from the site of initial domes-
tication in the Fertile Crescent across temperate
regions of the world to more northern latitudes
(Russell et al. 2016b). An in-depth analysis of
haplotype structure in known flowering time
genes revealed strong geographical structuring.
The exome capture dataset of Russell et al.
(2016b) will be an important community
resource for barley, affording geo-referenced
information on species-wide diversity linked for
the majority of barley genes. The first example of
how exome capture data can be used was pro-
vided by Mascher et al. (2016) who exploited it
for understanding the relationship between extant
landraces and 6000-year-old barley. During the

excavation of caves in the Judean desert, Israeli
archaeologists found well-preserved barley
grains from the Chalcolithic period. The excel-
lent preservation of the grains under the ambient
conditions at the site made it possible to extract
and sequence DNA fragments from them using
state-of-the-art ancient DNA protocols (Knapp
and Hofreiter 2010). The sequence analysis of
ancient DNA sequences in the context of the
extant diversity panel of present-day landraces
from the Levant showed that the 6000-year-old
barley sample was likely of the two-rowed type
and carried domesticated alleles of the BRITTLE
RACHIS genes. Moreover, the study of Mascher
et al. (2016) provided further evidence for repe-
ated gene flow between wild and domesticated
barley in regions where they occur sympatrically.

11.4.3 Genotyping-by-Sequencing
for Characterizing Entire
Germplasm Collections

Genotyping entire genebank collections will
generate comprehensive and coherent informa-
tion on genetic diversity and population structure
within the stored accessions and will facilitate the
systematic valorization of genomics data. The
long-term prospect is the evolution of genebanks
from service centers managing the collection and
maintenance of plant genetic resources into
integrated biological and digital repositories for
enhancing crop diversity and breeding. This
transition will require the development of an
innovative and intuitive diversity informatics and
data warehouse infrastructure to accommodate
and analyze big datasets (McCouch et al. 2013).
A first step toward this aim is collection of
genome-wide genotypic data for all accessions in
a genebank collection. The per-sample costs and
labor associated with the construction and
sequencing of exome capture or whole genome
shotgun libraries still prohibit the analysis of
entire genomes and exomes of all accessions in a
genebank collection. Thus, a technique for
greater complexity reduction and easier parallel
sample processing is required.
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GBS employs digestion with restriction
enzymes for complexity reduction prior to
high-throughput sequencing (Elshire et al. 2011).
In contrast to exome capture, GBS does not
require prior knowledge of target sequences or the
cost-intensive design and synthesis of bait
sequences. The GBS protocol commonly used in
large genome cereal species such as barley and
wheat (Poland et al. 2012) uses two different
restriction enzymes (PstI and MspI) for com-
plexity reduction. The methylation-sensitive PstI
effects a selection for fragments from gene-rich,
distal regions of the chromosomes (Wenzl et al.
2004). Coverage calculation in available GBS
datasets (Mascher et al. 2013b) indicated
that *3 Mb of the barley genome associated with
PstI andMspI restriction sites are reliably targeted
by GBS, i.e., represented in ≥90% of samples
with twofold read coverage. The main uses of
GBS in agricultural genomics are genetic map-
ping (in biparental populations and GWAS pan-
els) and genomic prediction in breeding programs
(Poland and Rife 2012). GBS is a highly stream-
lined, multiplexed wet lab protocol that relies only
on standard laboratory techniques and reagents
(Elshire et al. 2011). These attributes have made it
the method of choice for the cost-effective,
sequenced-based characterization of very large
germplasm collections encompassing thousands
of individuals (Romay et al. 2013; Lu et al. 2015).

Researchers at IPK in Germany are currently
using GBS to collect genotypic data for
all *22,000 accessions in the ex situ barley
collection. Although GBS may be a more labo-
rious procedure than large-scale SNP arrays, it
can provide valuable data on genetic polymor-
phisms without ascertainment bias (Moragues
et al. 2010). The first results on *3000 winter
barley accessions indicate that GBS can
yield *35000 SNP markers with genotype calls
in at least 90% of accessions. A comparison of
published datasets with both exome capture
(Russell et al. 2016b) and GBS data
(Pourkheirandish et al. 2015) for the same panel
of accessions has shown a very high concordance
between genotype calls (>99.5%) at SNP posi-
tions present in both sets. It is important to note in
this context that some genebank accessions panel

may harbor intra-accession diversity. Thus, it will
be worthwhile to study the heterogeneity of
accessions to derive a better estimate of the pre-
dicted total diversity in the collection. Neverthe-
less, the GBS data generated by IPK will provide
a valuable estimate of the genetic diversity
between accessions at a global scale. Moreover,
preliminary analyses have revealed a substantial
number of duplicates: at least 10% of sequenced
individuals share marker profiles with one or
more other individuals. How to handle potentially
duplicated accessions will require careful deci-
sions by genebank managers in the future.

In addition to underpinning population
genetic studies, GBS affords in silico fingerprints
that can be used as molecular passport data to
(i) identify duplicated accessions that share
identical genotypic data, potentially allowing for
a significant savings in germplasm maintenance
costs (see Sect. 5.2); (ii) establish core collec-
tions that provide the benefits of increasing the
efficiency of evaluations, while at the same time
reducing management and evaluation expenses
(Diwan et al. 1995; Escribano et al. 2008); and
(iii) highlight potential mix-ups where the origins
of accessions reported in the genebank informa-
tion system (Oppermann et al. 2015) are incon-
sistent with the patterns of genetic diversity.
With respect to the latter point, it will often be
difficult to trace back the sources of errors, e.g.,
seed exchange, incorrect recording of passport
data, and mistakes during the GBS workflow.

The costs for library construction and deep
sequencing associated with both exome capture
and whole genome sequencing are currently
prohibitive for genotyping thousands of acces-
sions with these methods. The 9K SNP array
(Comadran et al. 2012) suffers from ascertain-
ment bias. How well the recently developed 50K
SNP array (Bayer et al. 2017) performs for
assessing genetic diversity in diverse germplasm
including wild barley remains yet to be seen.
Even though more powerful marker platform
may become available in the future, the com-
paratively low-density GBS data can be used for
the informed selection of a manageable number
of accessions for core collections from the
thousands contained in genebanks. These core
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collections can be used for high-coverage
re-sequencing, allele mining in known genes
and in-depth phenotypic characterization to
underpin GWAS linking phenotype and
genotype.

11.5 Conclusions and Outlook

The advent of high-throughput genomics tech-
nology has revolutionized the study of barley
genetics. Completion of a reference genome for
barley, (http://webblast.ipk-gatersleben.de/
barley_ibsc/) together with genome-wide
re-sequencing datasets for assessing the diver-
sity of Hordeum, has provided important new
knowledge on the demographic history of barley.
Key findings include regions of the genome
selected during domestication of H. vulgare
ssp. spontaneum, adaptive evolution, and other
aspects important to our understanding of the
biology, ecology, and utilization of this impor-
tant crop species. With respect to crop
improvement, genome-wide re-sequencing has
provided a powerful platform for relating many
economically important traits to genotypes by
GWAS. Such studies can provide an initial
starting point for the cloning of both qualitative
and quantitative acting genes (Comadran et al.
2012; Sato et al. 2016). The germplasm resources
for Hordeum are extensive and held within many
genebanks across the world. While several useful
databases exist for barley online, there is a strong
need for a fully integrated database that includes
all collected data (phenotype, genotype, etc.) on
the Hordeum genetic resources available world-
wide. Given the limited resources available for
germplasm maintenance, characterization, and
utilization, as well as the problem of duplication
in genebank collections, it is essential that the
barley community come together to genetically
characterize as many accessions as possible
across genebanks and establish a new compre-
hensive core collection based on re-sequencing
data that captures the maximum amount of
genetic diversity while avoiding any redundan-
cies. Toward this goal, the IPK is genotyping all
of their 22,000 H. vulgare holdings by GBS.

Once other major genebanks conduct similar
characterizations, the comprehensive core col-
lection can be assembled and increased in suffi-
cient seed quantities for all to utilize in the barley
community. Considering the limitations many
research groups have for various phenotyping
and molecular assays, the comprehensive core
collection could be divided into manageable
subsets, similar to that done for barley landraces
by Pasam et al. (2014). Other non-duplicated H.
vulgare germplasm not included in the compre-
hensive core collection will serve as an additional
reservoir of allelic diversity mined via SNP
diversity analysis or even FIGS. Exploiting
members of the secondary and tertiary genepools
of Hordeum remains a challenge (Dempewolf
et al. 2017). However, for certain important
classes of genes, i.e., disease resistance or R
genes, some major advances could be made.
Most of the plant R genes characterized to date
encode proteins that contain Nucleotide-binding
and Leucine-Rich repeat (NLR) motifs. Based on
these attributes, Arora et al. (2018) developed a
robust and rapid protocol for identifying and
cloning R genes from a diversity panel of the
wild wheat species A. tauschii ssp. strangulata.
This protocol combines Association genetics
with R gene enrichment Sequencing (AgRenSeq)
to exploit pan-genome variation in germplasm
panels and is especially applicable to crop wild
relatives. With AgRenSeq, NLR gene comple-
ments could be efficiently isolated from various
wild Hordeum species, providing many targets
for R gene pyramiding in barley cultivars. This
could be achieved through the transformation of
multigene cassettes, which should extend the
effectiveness of resistance against pathogens with
high evolutionary potential. Additional advances
in such technologies and the cost-effectiveness of
re-sequencing throughput will lead to many
exciting discoveries in barley genomics.
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12Barley Inflorescence Architecture
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Abstract
Cultivated barley, Hordeum vulgare ssp. vul-
gare, is the fourth most abundantly grown
cereal in theworld (www.fao.org/faostat) and is
long associated with human civilisations.
Although most barley grain grown today is
destined for animal feed and malting, barley
remains an important source of primary calories
in many parts of the world. Increasing barley
yield in the face of challenges posed by
increasing world population and climate
change is a major goal of current research
efforts. Grain is the ultimate product of inflores-
cence development and maturation. As such,
understanding the genetics underlying inflores-
cence architecture in barley and then learning
how to apply this knowledge to manipulate

inflorescence development are important steps
towards improving yield. The barley reference
genome sequence represents an invaluable
resource to support the identification and func-
tional characterization of genes controlling
inflorescence architecture. Resolving the rela-
tionships between gene and inflorescence traits
are critical to support breeding as well as to
provide insight about fundamental questions in
cereal developmental biology. In this chapter,
we first provide an overview of inflorescence
development in cereals, highlighting the tran-
sitions in meristem identity associated with
species-specific architectures. From here, we
describe the development of keymorphological
features associated with the barley spike,
spikelet, floret and grain, while discussing the
identification and functions of genes which
regulate their development. We also discuss
those genes whose variation contributed to
architectural changes during domestication and
those with yield potential. Lastly, we describe
environmental control of inflorescence devel-
opment, with special attention toflowering time
and the agronomic environment.

12.1 Background

Over the course of evolution, flowering plants
rapidly radiated into new species with dramati-
cally diverse flowering forms which now

S. M. McKim (&)
University of Dundee at the James Hutton Institute,
Errol Road, Invergowrie, DD2 5DA Dundee,
Scotland, UK
e-mail: s.mckim@dundee.ac.uk

R. Koppolu � T. Schnurbusch
HEISENBERG-Research Group Plant Architecture,
Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Corrensstr. 3, OT Gatersleben,
06466 Seeland, Germany

T. Schnurbusch
Faculty of Natural Sciences III, Institute of
Agricultural and Nutritional Sciences, Martin Luther
University Halle-Wittenberg, Von-Seckendorff-Platz
3, Halle, 06108, Germany

© Springer International Publishing AG, part of Springer Nature 2018
N. Stein and G. J. Muehlbauer (eds.), The Barley Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-92528-8_12

171

http://www.fao.org/faostat
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_12&amp;domain=pdf


dominate almost every terrestrial niche (Scotland
and Wortley 2003; Endress 2011; Magallón et al.
2015). While beautifying our world, this varia-
tion in form also laid fertile ground for early
humans to domesticate grain crops—events that
founded early agrarian societies and further civ-
ilizations (Harlan and Zohary 1966). Now, cul-
tivated cereals, including wheat, rice, barley, oat
and maize, provide the majority of calories to the
human diet.

12.1.1 Inflorescences in Cereals

Cereal grain yield is inevitably linked to flow-
ering and the formation of spikelets, the basic
reproductive units of grasses (Malcomber et al.
2006). A single spikelet can give rise to one or
more flowers or florets whose fertilization leads
to grain. The total arrangement of spikelets and
florets on the shoot axis is called an
inflorescence.

Inflorescences provide a protective substrate
for flowering and pollination, deliver photosyn-
thate to fuel growth and grain set, and facilitate
grain dispersal. While grain crops are morpho-
logically similar during vegetative growth, their
inflorescences show remarkable species-specific
diversity, depending in part on whether the
inflorescence meristem at the shoot tip makes
spikelet meristems directly or branches into
further inflorescence axes first (Fig. 12.1; Bom-
mert et al. 2005; Doust 2007). For instance, rice
and oat inflorescences develop spikelets along
highly branched and elongated structures known
as panicles, while in barley, rye and wheat rows of
spikelets line a single, jointed vertical axis or
rachis, an inflorescence type called a spike
(Fig. 12.2a). The nature of the spikelet meristems
also influences the number of floret meristems
developed from each spikelet: the wheat spikelet,
for example, produces an indeterminate number of
florets, while the determinate barley spikelet forms
a single floret (Fig. 12.1). Thus, a species’

inflorescence architecture reflects both the
shifting identity and activity of meristems from
inflorescence to spikelet to floret and their inde-
terminate versus determinate nature. The idea of
shifting meristem identities appears most favor-
able in explaining the observed diversity of grass
inflorescences (McSteen et al. 2000; Laudencia-
Chingcuanco and Hake 2002), including their
extensive branching patterns (Whipple 2017).
Another concept, however, suggesting a “transient
model” for meristem determinacy in Arabidopsis
thaliana and other species, mainly based on the
antagonistic actions of only two proteins (Pru-
sinkiewicz et al. 2007), may be too simplistic to
explain complex grass inflorescences.

Each floret contains outer, leaf-like organs that
encircle inner sexual organs. Following fertiliza-
tion, a small embryo develops surrounded by
endosperm and pericarp, which collectively make
up the grain. In cereals, the grain kernel, or
caryopsis, is covered by an additional pericarp
layer and may be further enclosed by a hull. Grain
endosperm is the major energy source for the
germinating seedling, but early humans, like other
animals, discovered that endosperm is also a
dense packet of easily stored and consumed
calories. However, harvesting and processing
grain was challenging due to architectural features
of wild cereals, especially the fall of grain from
the mother plant (shatter), as well as long, lodging
stems and tough, protective organs coating the
grain. Thus, our ancestors cultivated inflorescence
variants which minimized these traits and
enhanced others to improve yield, selecting for
non-shattering yet easily harvested grain,
increased floret number and grain size, modified
floral branching patterns, and increased com-
paction (Sakuma et al. 2011). Over a relatively
short time, these selection pressures transformed
grain into our major food supply. Moreover, as
cereal cultivation spread globally, farmers also
modified flowering time sensitivity to photope-
riod and temperature to grow crops over wider
climates and latitudes (Cockram et al. 2007).
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Fig. 12.1 Shifting meristem identities in crops. Meris-
tem differentiation in Arabidopsis: Vegetative Meristem
(VM) transforms into an inflorescence meristem (IM) and
IM differentiates into Floret Meristems (FMs). Meristem
differentiation in rice: VM transforms into IM, which
further differentiates primary Branch Meristems (pBMs)
and pBM differentiates into secondary Branch Meristems
(sBMs). Spikelet Meristems (SMs) are produced on both
pBMs and sBMs. A single floret is produced in each SM.
Meristem differentiation in barley: VM transforms into an
IM and IM produces barley-specific Triple Spikelet
Meristems (TSMs). TSM differentiates into three SMs
(one central and two lateral). Each SM produces one FM
on a determinate rachilla meristem (determinate SM).
Meristem differentiation in wheat: VM transforms into an
IM and IM directly produces SMs. Each wheat SM
produces up to 10 FMs on an indeterminate rachilla
meristem (Indeterminate SM). Meristem differentiation in

the maize ear: VM transforms into an IM and IM directly
produces one SPM, which further differentiates into two
SMs, Sessile Spikelet Meristem (SSM) and Pedicellate
Spikelet Meristem (PSM). Each SM produces two FMs,
the Lower FM, (LFM) and Upper FM (UFM), and each
LFM aborts, resulting in two male-sterile UFs. Meristem
differentiation in the maize tassel: VM transforms into an
IM and IM directly produces one SPM, which further
differentiates into two SMs (SSM and PSM), while each
SM produces two FMs (LFM and UFM) all of which
produce female-sterile florets. VM: Vegetative Meristem;
IM: Inflorescence Meristem; PBM: Primary Branch
Meristem; SBM: Secondary Branch Meristem; TSM:
Triple Spikelet Meristem; SPM: Spikelet Pair Meristem;
SM: Spikelet Meristem; FM: Floret Meristem; SSM:
Sessile Spikelet Meristem; PSM: Pedicellate Spikelet
Meristem; UFM: Upper Floret Meristem; LFM: Lower
Floret Meristem
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Modern breeding continues to modify
inflorescence architecture and developmental
timing in cereals to improve yield. Nonetheless,
projected rates of increased grain demand cou-
pled with climate change present enormous
challenges to global food security (Kang et al.
2009; Lobell and Gourdji 2012). Exploiting and
generating novel changes in cereal reproductive
architecture is a key avenue to improve yield, yet
we still know relatively little about the underly-
ing mechanisms regulating variation in repro-
ductive architecture, both within and between
species (Sreenivasulu and Schnurbusch 2012;
Schrager-Lavelle et al. 2017). The explosion of
plant genomic resources, including those for
traditionally recalcitrant cereals such as barley,
holds exciting potential (Ford-Lloyd et al. 2014).
Yet to fulfill this promise, we must unravel the
genetic control underlying reproductive archi-
tecture and its variation in cereals. Barley, as a
diploid plant and dominant global crop with
plentiful mutant collections and the widest cli-
matic range of cultivated cereals is an ideal
organism on which to focus this effort.

12.2 Barley’s Inflorescence
Architecture

Barley is uniquely positioned to reveal the
genetic underpinnings of inflorescence architec-
ture in temperate cereals. Here, we first describe
the morphological events and features associated
with spike development in barley and then dis-
cuss the species-specific and shared functions of
genes known to control barley inflorescence
architecture, noting those genes whose variation
contributed to architectural changes during
domestication and those with yield potential
(Table 12.1). Throughout, we mention the
genomic tools and approaches used to identify
these genes and understand their function (please
see Appendix for Genetic and Genomic
Resources for Gene Cloning and Functional
Analysis), and highlight certain inflorescence
architecture loci yet to be cloned. Lastly, we
describe environmental control of inflorescence
development, with special attention to flowering
time and the agronomic environment.

Fig. 12.2 Morphology of the barley spike, spikelet
and floret. a Two-rowed barley spike, cultivar (cv.)
Bowman. Diagram on right shows alternating spikelet
nodes along the unbranched axis or rachis. b Barley
reproductive phytomer. Rachis internode with a single
spikelet flanked by a pair of subtending glumes. c Abaxial
face of floret with lemma and awn. d Floret with lemma
removed to show internal floret organs: lodicules,
stamens, pistil (single carpelovary and stigma). Adaxial
palea remains attached. e Floret diagrams showing

external and internal organs. A longitudinal profile
(adaxial, left and abaxial, right) shown in top diagram
and a bird’s eye view in bottom diagram. The lemma and
palea organs encircle the inner floret organs. Two abaxial
lodicules form between the lemma and ovary. Three
stamens develop at the base of the ovary, each comprising
a long filament tipped by an anther. The ovary is tipped
with stigma. Scale bars (b, c, d) 1 mm. spk: spikelet; ra:
rachis; gl: glume; le: lemma; lo: lodicules; st: stamen; ov:
ovary; sti: stigma; pa: palea; fi: filament; an: anther
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12.2.1 Barley Spike Ontogeny

The barley spike (Fig. 12.2a) emerges from the
flag leaf sheath just prior to anthesis. Known as
“heading”, this event is a common proxy for
flowering time in cereals but flowering actually
occurs earlier in most spring barleys (Alqudah
and Schnurbusch 2017). In fact, the transition to
reproductive development happens when the
shoot apex identity changes from vegetative to
reproductive, which can occur several weeks
before heading (Kirby and Appleyard 1987).
During vegetative development, the shoot apex
generates phytomers, basic plant body building
blocks, typically comprising a node, a lateral
organ (leaf), an axillary bud (tiller meristem
formed in the leaf’s axil), and an intervening
stem internode. At the reproductive transition,
the shoot apex in barley ceases making vegeta-
tive phytomers, and switches to making floral
phytomers, each made up of a rachis internode,
rachis node and axillary bud which generates a
spikelet meristem (Fig. 12.2b). Each spikelet
meristem matures into an unifloretted barley
spikelet which holds a single floret flanked by
two small and thin glumes (Fig. 12.2b, c). The
floret is made up of the enveloping sterile lemma
and palea surrounding two lodicules (grass
“petals”), three stamens and central carpel
housing a single ovary (Fig. 12.2c–e).

The floral transition is marked by dramatic
lengthening of the stubby barley shoot apex into
an elongated apical dome (Fig. 12.3a). The apex
generates successive, alternating pairs of trans-
verse double ridges (DRs). Each DR marks a
reproductive phytomer and consists of a large,
lower bract primordium ridge cupping a smaller,
rounder lateral meristem ridge in its axil. The
meristem ridge enlarges into a wide meristematic
band called a triple spikelet meristem (TSM) or
triple mound which splits into three spikelet
meristems (Fig. 12.3b): a larger central spikelet
meristem (CSM) bordered by two slightly basal,
smaller lateral spikelet meristems (LSMs)
(Fig. 12.3b, c). The lowermost node’s bract ridge
forms a small collar, separating the inflorescence
from the vegetative stem, while all other bract
ridges arrest. Indeterminate apex activity

continually displaces nodes towards the base,
leading to a young spike lined with triplet spi-
kelet nodes that mature along a bottom-up or
acropetal gradient (Fig. 12.3c). In many species,
flowers are connected to the main inflorescence
axis by a stalk or pedicel. In spikes, the spikelet
pedicel is greatly reduced to absent, such that the
spikelet base essentially fuses to the glumes and
rachis, rendering the spikelets sessile. This
attachment has implications for shattering
behavior in wild versus domesticated forms
(discussed below).

Commitment to spikelet fate is marked by initi-
ation of two glumes on the lowerflanks of eachSM,
first noticeable in the CSM whose development is
advanced compared to the LSMs (Fig. 12.3c). After
glume primordia formation, the SM transitions to a
floret meristem (FM; Fig. 12.3c) which is sub-
tended by the greatly reduced spikelet axis or
“rachilla”. Unlike rye and wheat whose indetermi-
nate spikelets generate a variable number of FMs
along the rachilla, barley spikelets produce only one
FM on a rudimentary rachilla. Each FM forms an
abaxial buttress primordium which differentiates to
form a large, outer (abaxial) lemma that folds
around thefloret (Fig. 12.3d, e). Later on, an adaxial
primordium ridge forms a thinner, inner (adaxial)
palea (Fig. 12.1c, d). The lemma rapidly grows over
the inner floret dome, while its tip develops an awn
primordium (AP) that develops into a long,
photosynthetically-active projection or awn
(Figs. 12.3e and 12.1c). Although the apex contin-
ues to form SMs, the number of spikelets is deter-
mined around the AP stage, since additional SMs
rarely develop completely (Alqudah et al. 2014).

The spike broadly maintains an acropetal
pattern of maturation; however, the lower two
nodes are usually delayed compared to the cen-
tral nodes (Bonnett 1935; Fig. 12.3c, d). Within
the inner floret whorls, the stamen primordia
arise first, initiating adaxial to the lemma and
palea (Fig. 12.3d, e), and each differentiate into a
distal anther and proximal filament (Figs. 12.3f
and 12.1c, d). Barley is self- or wind pollinated
and does not have large, showy petals; rather, it
develops lodicules, the highly-derived petals of
grasses (Whipple et al. 2007; Kellogg 2015),
which form as two heavily vascularised, small,

180 S. M. McKim et al.



fringed sacs between the base of the stamens and
the lemma (Figs. 12.3f–h and 12.2d, e). The
central single-carpel pistil consumes the remain-
ing FM, developing into a single ovary whose
two styles project a biforked, feathery stigma
(Figs. 12.3i and 12.2d, e). Lodicules swell late in
floret development, generally during anthesis or
pollen shed, to push the lemma outward from the
floret thereby facilitating pollen exchange
(Fig. 12.3g, h). Lengthening stamen filaments
project the anthers upward where they dehisce
pollen onto the stigma (Figs. 12.3h and 12.2d).
The fertilized ovary enlarges as the embryo and
endosperm differentiate to form the mature

caryopsis enclosed by the adherent lemma and
palea hull (Fig. 12.3j, k).

12.3 Row-Type and Lateral Spikelet
Fertility

The triple spikelet form is unique to the Hordeum
species and gives barley spikes an identity
known as “row-type”. In wild barley and many
cultivated varieties, each spikelet node develops
only one central fertile spikelet and one grain,
bordered by rudimentary, female-sterile lateral
spikelets whose floral organ development is

Fig. 12.3 Early and late stages of barley reproductive
development. a The lengthening shoot apex starts to form
double ridges. b Triple spikelet meristems cleave to form
a central spikelet meristem and two lateral spikelet
meristems. c Each spikelet meristem forms a single floret
meristem flanked by two glume primordia. Lemma
primordium form on the abaxial side of the floret
meristem. d Awn primordia develop on the extending
lemmas as stamen primordia emerge from the floret
meristem. e Awns extend from the expanding lemmas.
f Stamens form green anthers on filaments. Lodicules

swell. g Dissected swollen lodicules. h Yellow anthers
dehisce. Lodicules somewhat deflated. i Carpel with
single ovary and biforked stigma. j Expanding caryopsis.
k Dried grain with adherent hull. Scale bars (a, b)
100 lm; (c) 200 lm (d–f) 500 lm; (g–k) 1 mm. TSM:
triple spikelet meristem; CSM: central spiklet meristem;
LSM: lateral spikelet meristem; FM: floret meristem; GP:
glume primordium; LP: lemma primordium; SP: stamen
primordium; AP: awn primordium. cv Bowman for all
images. Micrograph/Photo credits Sarah McKim
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Fig. 12.4 Barley spike morphological mutants.
a Two-rowed barley spike (Six-rowed spike 1, Vrs1) with
sterile lateral spikelets and fertile central spikelets.
b Six-rowed barley spike (vrs1) with fertile central and
lateral spikelets. c vrs2 mutant spike showing enlarged
lateral spikelets and additional spikelets at spike base.
d vrs3 mutant spike. e vrs4 mutant spike with complete
restoration of lateral spikelet fertility and spike-branching
(arrow heads). f vrs5 mutant spike. g labile (lab) barley
spike showing random fertility and grain set in lateral

spikelets. h–j compositum1 (com1, h), compositum2
(com2, i), and low number of tillers-1 (lnt1, j) mutant
spikes showing non-canonical spike-branching pheno-
type. k rattail spike 1 (rtt1) mutant showing highly
branched spike without grain set. l extrafloret (flo) mutant
spike showing formation of extra spikelets (arrow heads)
from the adaxial base of central spikelets. m mulitflorous
2.b (mul2.b) mutant spike with formation of extra florets
(due to extended rachilla) only in the lateral spikelets
(arrow heads)
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inhibited. Since adjacent spikelet nodes are
oppositely positioned up the rachis, spikes have
two rows of central grain (Figs. 12.4a and 12.2a),
the “two-rowed” ancestral state (Zohary and
Hopf 2000). Most wild barleys (Hordeum vul-
gare ssp. spontaneum), the progenitors of culti-
vated barley, are two-rowed with a brittle rachis,
which enables disarticulation of arrowhead-like
triple spikelet for efficient grain dispersal (Zohary
1963). Sterile lateral spikelets are thought to act
as barbs to facilitate animal dispersal and/or grain
burial following spike shatter (Sakuma et al.
2011). Soon after domestication, lines were
selected which developed fertile lateral spike-
lets leading to three grains per node and six rows
of grain (Fig. 12.4b). “Six-rowed” barleys are
still cultivated today, yet their yield advantage is
minimal since these varieties develop fewer til-
lers (Kirby and Riggs 1978; Lundqvist et al.
1997). Moreover, grains from two-rowed vari-
eties are more uniform and thus preferred by the
malting industry compared to six-rowed vari-
eties, which as a result are usually destined for
animal feed.

Understanding genetic control of row-type and
its relationship to lateral spikelet fertility, tillering,
and grain set is a focus of intense research and has
a long history of study (Engeldow 1920, 1921,
1924; Leonard 1942; Nečas 1963; Takeda and
Saito 1988). Quantitative variation observed in
lateral spikelet growth in segregating two- by
six-rowed progenies suggested multiple loci
associate with row-type, while mutation screens
of two-rowed barley showed that lateral floret
fertility is modified by at least 11 loci, many of
which cause an intermediate phenotype between
the two- and six-rowed forms (Lundqvist and
Lundqvist 1988). There are at least five known
genetic loci that independently convert
two-rowed barley to six-rowed: Six-rowed spike
1 (vrs1, formerly for vulgare row-type spike 1),
vrs2, vrs3, vrs4, and Intermedium spike-c (Int-c,
or vrs5). These mutants display a variable degree
of lateral spikelet fertility (Koppolu et al. 2013)
(Fig. 12.4b–g). The development of six-rowed
spikes is predominantly controlled by a single
recessive gene Vrs1. These mutants do not persist
in wild populations since they lack the adaptive

dispersal advantage of the barbed spikelet; how-
ever, six-rowed barleys were cultivated prefer-
entially by early farmers due to more kernels per
spike. The earliest domesticated barley (9500–
8400 yBP) had two-rowed spikes whereas culti-
vation of six-rowed barley started later, approxi-
mately from 8800 to 8000 yBP (Helback 1959;
Zohary and Hopf 2000). The gene underlying
Vrs1 was identified by map-based cloning as
encoding a homeodomain-leucine zipper class I
transcription factor (Komatsuda et al. 2007),
which shows homology to the maize grassy til-
lers 1 which inhibits tiller outgrowth (Whipple
et al. 2011). Vrs1 is an inhibitor of lateral spikelet
fertility, so that in a functional state it promotes
two-rowed condition (Vrs1.b alleles), while
non-functional vrs1.a alleles promote lateral spi-
kelet development and are present in majority of
the cultivated six-rowed germplasm (Fig. 12.4a, b).
Vrs1 was recently shown to negatively influence
leaf primordium size, leaf vein number and also
leaf area (Thirulogachandar et al. 2017). Vrs1 also
pleiotropically influences tiller number in barley
(Liller et al. 2015; Alqudah et al. 2016).

Along with vrs1.a, a majority of the six-rowed
cultivars carry the Int-c.a, a dominant missense
allele of VRS5, which contributes to increased
grain fullness in commercial six-rowed cultivars
(Fig. 12.4f). vrs5, cloned by a combination of
map-based cloning and association genetics fol-
lowed by allele resequencing, encodes a
TEOSINTE BRANCHED 1/CYCLOIDEA/PCF1
(TCP) TCP transcription factor with homology to
the teosinte branched 1 (tb1) domestication gene
in maize (Ramsay et al. 2011). Higher expression
of tb1 in modern corn led to growth arrest of
axillary meristems (which otherwise give rise to
tillers), and thereby increasing apical dominance
(Doebley et al. 1997), highlighting a striking
conservation of lateral growth suppression
between maize and barley, although deployed in
different architectural contexts. Interestingly, tb1
promotes gt1 expression, especially in unfavor-
able environments (Whipple et al. 2011); how-
ever it is unclear if a similar relationship exists in
barley between VRS5 and VRS1.

There are several six-rowed-like barleys (vrs1
look-alikes), which do not harbor either a
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mutation in Vrs1 gene or an altered Vrs1
expression (Komatsuda et al. 2007; Youssef et al.
2017b). These findings suggest that the suppres-
sion of lateral spikelet fertility can be completely
abolished even in the presence of fully functional
VRS1 protein and hints that there is potentially
more naturally occurring variation for row-type
apart from variation in Vrs1 and Vrs5. From
mutational studies it is clear that other loci con-
tribute to lateral spikelet infertility. For example,
Vrs2 encodes a member of the plant-specific
SHORT INTERNODES (SHI) transcription fac-
tor family protein, which are known to be
involved in floral development, auxin biosynthe-
sis, gibberellin (GA) response, and leaf develop-
ment (Youssef et al. 2017a) (Fig. 12.4c). Mutants
at the vrs4 locus show a complete recovery of
lateral spikelet fertility as seen in vrs1 mutants
(Fig. 12.4e). The gene responsible for the vrs4
phenotype was genetically mapped to chromo-
some 3H and shown to encode a barley ortholog
of the maize inflorescence architecture gene
RAMOSA2 (HvRA2), which encodes a
LATERAL ORGAN BOUNDARY (LOB)
domain transcription factor (Koppolu et al. 2013).
In maize, RA2 (ZmRA2) functions as a central
regulator of the ramosa pathway, important for
inflorescence branch formation (Bortiri et al.
2006). Genetics and gene expression analyses
suggest that HvRA2 regulates the barley row-type
pathway by promoting the transcription of Vrs1;
when vrs4 is mutated, transcription of Vrs1 is
lowered resulting in six-rowed spikes (Koppolu
et al. 2013). Another row-type locus isolated
through mutant screens and analysis of natural
quantitative variation is Vrs3 (Int-a) located on
chromosome 1H (Fig. 12.4d). Cloning vrs3,
through a combination of mapping and synteny
approaches followed by extensive mutant rese-
quencing, revealed that, unlike other cloned
row-type genes that encode DNA-binding tran-
scription factors, Vrs3 encodes a putative Jumonji
C-type (JMJC) H3K9me2/3 histone demethylase
(Bull et al. 2017; van Esse et al. 2017), ortholo-
gous to the rice gene OsJMJ706 known to regu-
late rice spikelet morphology (Sun and Zhou
2008). Based on RNA-seq and qPCR, Vrs3 pro-
motes the expression of all known row-type

genes (Bull et al. 2017; van Esse et al. 2017), and
modulates the expression of genes involved in
hormone and sugar metabolism as well as stress
signaling (Bull et al. 2017).

Labile or irregular barley (H. vulgare L.
convar. labile (Schiem.) Mansf.) represents a
unique spike-type endemic to highlands of Ethio-
pia, Eritrea (Åberg and Wiebe 1945) and districts
of North India and Pakistan (Takeda and Saito
1988). Spikes of labile are characterized by ran-
dom or irregular lateral spikelet fertility
(Fig. 12.4g). For example within a single plant, in
one spike the lateral spikelets can be completely
reduced to a deficiens phenotype (extreme lateral
spikelet abortion, for phenotype see Sakuma et al.
2017), whereas other spikes show various degrees
of lateral spikelet fertility (Youssef et al. 2012).
Moreover, there is a continuous variation in the
number of fertile lateral spikelets from genotype to
genotype (Djalali 1970). Recent phenotypic and
molecular evidence linked the occurrences of
labile barleys mainly to higher altitudes above
2800 m average sea level [subpopulation T6;
(Tanto Hadado et al. 2010)]. Youssef et al. (2012)
showed that a majority of labile genotypes carry
vrs1.a (non-functional) and Int-c.a alleles at the
respective loci. Apart from these loci, the lateral
spikelet fertility and development is also severely
affected in mutants like small lateral spikelets1
(sls1), deficiens (Sakuma et al. 2017), semi-defi-
ciens and angustifolium barley mutants, where the
organs of lateral spikelets are highly reduced and
rudimentary. The identification of the underlying
genes in these mutants and the uncharacterized
row-type mutants (Youssef et al. 2017b) and their
functional understanding together with the known
row-type genes may unravel the mechanism of
row-type regulation unique to barley.

12.4 Determinacy

12.4.1 The “Unbranched” Spike

Inflorescence branching is dependent on the
developmental fate of the axillary shoot meris-
tems (Ward and Leyser 2004). The compound
spike may represent the ancestral form from
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which different inflorescence types have evolved
(Endress 2010; Kellogg et al. 2013; Remizowa
et al. 2013), and among those the non-ramified
spike represents the most derived inflorescence
form (Vegetti and Anton 1995). In panicles, the
spikelets are produced after one or more rounds of
branching; in contrast, the sessile spikelets in
barley are produced directly on the branchless
rachis. Inflorescence branch formation in barley is
thus genetically suppressed, a prominent feature
characteristic of barley and other Triticeae spe-
cies. Classical induced mutagenesis approaches
identified a group of barley mutants called com-
positum (com) which show non-canonical
spike-branching (Franckowiak and Lundqvist
2011a, b). The mutant loci in this group include
compositum 1 (5HL) and compositum 2 (2HS)
(Bossinger et al. 1992), while wild-type alleles
actively suppress spike-branching by specifying
SM identity and determinacy in all spikelet pri-
mordia. In com1 and com2 mutants the spikelet
meristems lose their identity and either produce
branches, which develop into miniature spikes, or
supernumerary spikelets or florets (Fig. 12.4h, i).
By map-based cloning and mutant resequencing,
Poursarebani et al. (2015) identified COM2 as an
AP2-ERF transcription factor, barley ortholog of
maize branched silkless 1 (bd1) (Chuck et al.
2002), rice FRIZZY PANICLE/BRANCHED
FLORETLESS 1 (FZP/BFL1) (Komatsu et al.
2003; Zhu et al. 2003), and Brachypodium dis-
tachyon MORE SPIKELETS 1 (MOS1) (Der-
byshire and Byrne 2013). Analogous
loss-of-function mutant phenotypes in maize,
rice, and Brachypodium indicate a conserved
function for this gene in regulation of inflores-
cence branching across grass species. The gene
responsible for the com1 locus is not yet known.

Apart from compositum mutants, several other
barley mutants such as vrs4, low number of tillers
1 (lnt1), and spike-lethal rattail (rtt1.a) also dis-
play variable levels of spike-branching
(Fig. 12.4e, j, k). Lnt1 encodes a BELL-like
homeodomain transcription factor JuBel2 on
chromosome 3HL (Dabbert et al. 2010). Although
lnt1.a mutants show reduced shoot-branching
(tillering), the spike-branching of lnt1 mutants is
comparable to that of com1 and com2 (RK pers.

obs.) suggesting that they function in similar
pathways. In case of the rtt1.a mutant, the floret
meristems reiteratively produce several spike-like
meristems which ultimately fail to form floret
meristems (Fig. 12.4k). Impaired HvRA2 func-
tion in the vrs4 mutants also leads to severe
spike-branching as seen in compositum mutants
(Fig. 12.4e). The defects in vrs4 mutants include
formation of extra spikelets/florets in addition to
the basic triple spikelet and also extension of the
CSM into a miniature spike (Koppolu et al. 2013;
Poursarebani et al. 2015). Poursarebani et al.
(2015) showed that expression of COM2 is
decreased in vrs4 mutants, suggesting a possible
mechanism explaining increased spike-
branching. Lastly, a role for microRNAs in
spike branch suppression was demonstrated by
Brown and Bregitzer (2011), where a Ds trans-
poson insertion in miR172 gene led to spike-
branching, suggesting that miR172 targets may
promote spike-branching and loss of SM identity.

12.4.2 Determinacy of Triple Spikelet

The triplet spikelet node originating from the
TSM is a unique feature of the barley inflores-
cence. Although wheat spikes also develop
through a DR stage, the meristematic ridge does
not cleave, limiting wheat spike nodes to one
spikelet (Kirby and Appleyard 1984). While cer-
tain genes influencing branch formation and
row-type also regulate spike-branching (described
above) and spikelet determinacy (described
below), mutant phenotypes suggest that they do
not affect the transition from DR to TSM and are
not required for TSM formation per se. Similarly,
the ramosa pathway controlling inflorescence
branching in maize is not responsible for the
maize-specific spikelet paired meristem formation
in the first instance, but for the determinacy
imposed on meristems with spikelet fate (Eveland
et al. 2014). Formation of boundaries within the
meristematic ridge to generate three separate spi-
kelet meristems likely involves a canalized pro-
gram of boundary gene expression; however, the
upstream drivers of this event are unknown.
Mutant collections do not include spikes without
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triple spikelet node architecture, suggesting that
genes controlling TSM architecture may be
important for viability, or are redundant.

Beyond suppressing lateral spikelet develop-
ment, multiple row-type genes, such as Vrs4,
Vrs3, and Vrs2, also have roles in preventing
additional spikelets and florets developing from
the spike once the spikelet triplet pattern is
established. For instance, loss of VRS4 function
not only causes spike-branching but also leads to
ectopic meristematic bulges on either side of the
LSM which develop into either glume-flanked
spikelets or solitary florets, probably due to the
disturbance in boundary establishment on the
lateral edges of the LSM (Koppolu et al. 2013).
Based on microarray analysis, gene expression in
vrs4 spikes showed signatures of enhanced cyto-
kinin and downregulation of trehalose phosphate
phosphatase (TPP), an enzyme which neutralizes
the growth-promoting trehalose 6-phophate signal

(Smeekens et al. 2010), consistent with increased
growth compared to wild-type (Koppolu et al.
2013). vrs4 ectopic spikelets are more common in
middle to basal nodes, while vrs2 mutants show
supernumerary spikelet formation around the two
lowest nodes of the spike (Youssef et al. 2017a),
suggesting that both Vrs4 and Vrs2 are also nec-
essary to maintain triple spikelet architecture in
the spike by regulating boundary formation and
proper auxin: cytokinin (CK) homeostasis along
the spike, respectively (Youssef et al. 2017a).
Both these studies emphasize the contribution of
hormone and sugar metabolism to the mechanistic
explanation of branching and lateral fertility in the
barley spike. The development of in vivo repor-
ters for hormone regulators and sugar signaling
would significantly advance our understanding of
the regulatory network controlling meristem ini-
tiation and outgrowth, and of the parallels with
other systems.

Fig. 12.5 Barley multifloret mutants. a Barley spikelet
triplet with canonical unifloreted spikelets produced on a
determinate rachilla (arrow heads). b Wheat spikelet with
four florets (F1–F4) produced on an indeterminate
rachilla. c–h Spikelets of barley multifloret mutants
multiflorus 2 (mul2, c), compositum 1 (com1, d),

compositum 2 (com2, e), low number of tillers 1 (lnt1,
f), and Six-rowed spike 4 (vrs4, g) showing more than one
floret per spikelet produced on an indeterminate rachilla.
Arrow heads indicate rachilla extension into extra florets.
F: floret; CS: central spikelet; LS: lateral spikelet
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12.4.3 Spikelet Determinacy

The number offlorets produced in a spikelet ranges
in Triticeae species from one to >2 (Sakuma et al.
2011) and depends on the meristematic activity
and growth of the rachilla (Forster et al. 2007). In
barley, the rachilla becomes vestigial after pro-
ducing one floret, and shows highly reduced
internode elongation and meristematic activity,
leading to a single floret per barley spikelet (de-
terminate rachilla; Fig. 12.5a). However, in
wheat, where up to 10 florets are produced per
spikelet, the rachilla assumes an indeterminate
developmental mode due to the continued devel-
opment of rachilla phytomers and meristematic
activity (indeterminate rachilla; Fig. 12.5b).
Such a profound developmental difference sug-
gests a possible species-specific regulation or
expression pattern of a genetic determinant that
may underlie rachilla determinacy. Several barley
mutants deviate from the set rule “determinate
rachilla”, and show more than one floret per spi-
kelet. In the barley mutant multiflorus 2.b (mul2.
b), the rachillae of lateral spikelets consistently
elongate to produce up to three florets per spikelet;
yet fascinatingly, rachillae of central spikelets
remain determinate and bear just one floret per
spikelet, suggesting that control of rachilla elon-
gation in central versus lateral spikelets can be
genetically separated (Figs. 12.5c and 12.4m).
Further, an additional floret phenotype is also
observed in the lateral spikelets of all
spike-branching mutants discussed so far (com1,
com2, lnt2 and vrs4; Fig. 12.5d–f). However, in
the spike-branching mutants, the rachillae of cen-
tral spikelets assume an inflorescence identity and
produce a miniature spike-like structure, which is
not seen in mul2mutants. By this observation it is
plausible to infer that the gene underlying themul2
phenotype could be a downstream target of any of
the spike-branching regulators.

Spikelet determinacy is also affected in barley
extrafloret (flo) mutants flo.a, .b, and .c
(Gustafsson et al. 1969). In these mutants an
extra spikelet (but not a floret as mentioned in the

locus name) develops from the adaxial base of
existing central spikelets (primary spikelets). The
extra spikelet as well as the primary central
spikelet all form spikelet organs (Fig. 12.4l). The
underlying gene for this phenotype is not yet
known.

12.5 Floral Organ Differentiation

Following glume initiation, the SM transitions
into a single FM that generates a canalized num-
ber and arrangement of asexual and sexual floral
organs (Fig. 12.2d, e). Barley mutant collections
contain a whole array of floral mutants which
show floral organ number (merosity) and/or
identity phenotypes (Franckowiak and Lundq-
vist 2010; Druka et al. 2011). Across angios-
perms, flower and floral organ formation is
associated with the function of MADS-box tran-
scription factors (Gramzow and Theissen 2010;
Wellmer and Riechmann 2010) and disruptive
variation in these genes may well underlie several
floral mutants in barley (Rossini et al. 2006).
Comparative transcriptomics in Digel et al. (2015)
showed suites of upregulated genes associated
with floral development, including multiple
MADS-box genes. In addition, BARLEY
FLORICAULA/LEAFY (BFL), PANICLE PHY-
TOMER2 (HvPAP2, a MADS-box gene), and
HvCONSTANS (HvCO6), homologues of key
floral genes in rice and arabidopsis, were down-
regulated in vrs2 mutants, consistent with vrs2
delayed floral maturation phenotypes (Youssef
et al. 2017a). Taken together, these expression
patterns suggest an importance in floral fate and
differentiation; however, we do not yet have cor-
respondingmutant phenotypes. Notably, although
normally expressed in the spike, ectopic overex-
pression of a subset of MADS-box genes, the
SHORT VEGETATIVE PHASE (SVP) homo-
logues in barley, BM1/BM10/VRN2, caused
reversion to shoot identity in floral meristems and
aberrant spike and spikelet differentiation (Tre-
vaskis et al. 2007), suggesting they are under strict
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spatial and/or expression level control to permit
normal floral meristem identity and floral
progression.

12.5.1 Bracts

Grasses actively suppress the development of a
subtending bract early in spike development,
potentially to prevent removal of resources from
the floret meristem (Coen and Nugent 1994;
Whipple et al. 2007). Suppression is lost in barley
third outer glume (trd) mutants which develop
large bracts subtending the spikelet nodes and a
leaf at the collar (Ivanova 1937; Houston et al.
2012; Fig. 12.6a). The subtending bract develops

at DR-TSM stage (Whipple et al. 2010), before
normal flanking glume differentiation, and likely
represents the growth of the lower meristem ridge.
Synteny and mutant allele sequencing suggested
that HvTRD encodes a GATA-like transcription
factor which has an orthologous function in rice
and maize (Whipple et al. 2010), supported by the
identification of 14 independent alleles through
extensive resequencing of allelic mutant popula-
tions (Houston et al. 2012).

12.5.2 Glumes

The barley spikelet develops a pair of flanking
glumes that differentiate into small, awn-tipped

Fig. 12.6 Selection of spike and spikelet architectural
mutants. a The third outer glume, (trd) mutant shows
ectopic development of a large central abaxial glume on
each spikelet. b The elongated outer glume (eog1) mutant
develops long awns on each glume. c The leafy lemma 1
(lel1) mutant shows leaf-like, wide lemmas. d The
laxatum.a8 (lax.a) mutant lacks a distinct awn-lemma
boundary. e The dominant Awnless1 (Lks1) mutant shows
loss of awn formation. f The lax.a mutant also develops

stamens instead of lodicules. g The Zeocriton1.b (Zeo1.b)
mutant lodicules fail to expand. h The multiple ovary1
(mov1.a) forms multiple ovaries in the pistil. i Zeo1.b
mutants form dense spikes due to reduced rachis intern-
ode elongation. j The accordian rachis 1 (acr1.a) mutant
develops extended rachis internodes. All mutants shown
are from the Bowman near-isogenic line population.
Scale bars (f, g) 1 mm. Photo credits (a, b, c, e, h, j) Arnis
Druka; (d, f, g, h, i) Sarah McKim
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bracts on either side of the floret. Genes neces-
sary for glume identity include VRS4 where
glumes are often replaced by ectopic florets and
can also remain undeveloped and/or fused
(Koppolu et al. 2013). In addition, in rice
OsMADS1/LEAFY HULL STERILE (LHS)
expression promotes lemma over glume identity,
suggesting that exclusion of LHS, and potentially
the barley orthologue, from the glume is impor-
tant for glume identity (Jeon et al. 2000; Prasad
et al. 2001, 2005). Glume size in barley is con-
trolled by the Elongated outer glume1 (eog1)
locus on chromosome 2HL (Druka et al. 2011;
Fig. 12.6b). Depending on the eog1 allele and
genetic background, the glume width and glume
awn length can be significantly increased or
reduced, with some alleles converting glumes
into lemma-like organs (Franckowiak and
Lundqvist 2013). Glume awn length, but not
glume width, is specifically regulated by the
Long glume awn 1 (Lga1) locus on chromosome
7HS, where the dominant allele (Lga1.a) confers
long awns and while recessive alleles (lga1.b)
lead to short awns. The short-awned allele is
considered the mutant form originating in west-
ern two-rowed cultivars (Franckowiak 2014a).
Variation at Lga1 does not seem to affect
lemma-awn length (Franckowiak 2014a) sug-
gesting independent genetic control of elongation
growth depending on the basal organ of awn
attachment.

12.5.3 Lemma and Palea

Whether these protective sheaths are homologous
to bracts, or represent floral organs analogous to
the sepals in eudicot flowers, has been long
debated (Arber 1934; Bell 1991; Kellogg 2001;
Lombardo and Yoshida 2015). However,
molecular and genetic studies in rice and maize
indicate that developing lemma and palea
express floral genes under distinct genetic control
(as argued in Lombardo and Yoshida 2015). As
mentioned, LHS homologue expression may also
confer lemma identity in barley, although this
remains to be tested. Two barley leafy lemma
mutants, lel1 (Fig. 12.6c) and lel2 show

conversion of lemmas into leaves (Bossinger
et al. 1992; Pozzi et al. 2000), suggesting the
underlying loci are critical for lemma identity.
The short awn 2 (lks2) allele is required for full
expression of the leafy lemma phenotype, in
addition to roles in lemma-awn development (see
below; Pozzi et al. 2000). The laxatum-a (lax.a)
locus in barley is associated with rachis internode
length (see below) but lax.a mutants also show
narrowed paleas and lemmas and lack the
lemma-awn boundary (Fig. 12.6d). Using an
ingenious combination of positional mapping
and mapping-by-sequencing of pooled recombi-
nants, Jost et al. (2016) showed that the lax.a
phenotype is caused by a large deletion in the
centromeric region of chromosome 5H which
deletes a gene encoding a homologue of the
BLADE-ON-PETIOLE (BOP) transcription fac-
tors, known to promote boundary formation, leaf
margin growth and floral organ identity in ara-
bidopsis (Hepworth et al. 2005; McKim et al.
2008).

12.5.4 Awns

Photosynthesis in the distinctive long awn
extending from the lemma tip likely contributes
to grain fill (Abebe et al. 2009; Taketa et al.
2011; Liller et al. 2017). Controlled by multiple
loci, changes in awn identity and/or length are
common phenotypes in both natural and mutant
populations. Awn mutants fall into two general
categories: mutants whose awn phenotype is part
of a pleiotropic effect on elongation growth; and
those specific to lemma-awn development
(Frankowiack and Lundqvist 2012; Rossini et al.
2014). A major locus essential for awn formation
is awnless, Lks1, on chromosome 2H, whose
dominant Lks1.a alleles lead to a loss of awn
development, the extent of which is environ-
mentally variable (Druka et al. 2011; Franck-
owiak and Lundqvist 2011a; Fig. 12.6e).

The first developmental gene cloned in barley
encodes a Class I KNotted1-like HomeobOX
(KNOX) transcription factor, BARLEY KNOX3
(BKn3) whose ectopic expression, due to a
duplicated intron in the BKn3 Kap (K) allele
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(chromosome 4HS), leads to the semi-dominant
Hooded phenotype where the lemma develops
side wings and an additional, inverted spikelet or
“hood” on its tip (Stebbins and Yagil 1966;
Muller et al. 1995; Richardson et al. 2016).
Recently, Richardson et al. (2016) revealed that
BKn3 expression in the lemma-awn boundary
leads to altered tissue orientation and growth
rates via induction and reorientation of an auxin
efflux transporter, Sister of PINFORMED1
(SoPIN1) in the ectopic hood meristem, which
may relate to the side wing phenotype, along
with higher expression of auxin importers and
boundary gene expression, providing clues of the
BKn3 downstream mechanism. The five cal-
caroides loci all lead to ectopic wing formation
on the lemma due to reversed growth orientation
but not hood formation (Pozzi et al. 2000). It will
be interesting to explore the possible mechanistic
links between the growth reorientation in cal-
caroides and Hooded.

In a screen for suppressed hood formation,
Roig et al. (2004) isolated five suppressors of
K (suK) loci. Ethylene treatment also rescues the
hooded phenotype and is associated with
decreases in BKn3 expression, potentially medi-
ated by Barley Ethylene-Response Factor1
(BERF1), Barley Ethylene Insensitive Like1
(BEIL1), and Barley Growth Regulating Factor1
(BGRF1) proteins which directly bind the BKN3
intron (Santi et al. 2003; Osnato et al. 2010).
Based on map positions of genes, these factors
are independent from the yet uncloned suK loci
(Osnato et al. 2010). Ectopic meristem formation
of BKn3 Kap is also suppressed by the short awn
lks2 mutant (Takahashi et al. 1953) which is also
independent from the suK loci (Roig et al. 2004).

Short awns may confer advantages under
stress in barley (Schaller and Qualset 1975), and
wheat (Rebetzke et al. 2016). Natural lks2 alleles
are concentrated in the Far East, suggesting
benefits under higher humidity (Takahashi 1987;
Yuo et al. 2012). Awns of lks2 are also finer and
less stiff, and lks2 florets have pistils with shorter
styles (Yuo et al. 2012). The gene underlying
lks2, roughly mapped to chromosome 7H
(Taketa et al. 2008), was further fine-mapped by

position and synteny with rice to a gene encoding
a SHI transcription factor in the same
grass-specific clade as VRS2 (Yuo et al. 2012). In
arabidopsis, SHI proteins are also involved in
apical growth, including style formation (Kuusk
et al. 2002), and promote auxin biosynthesis
(Sohlberg et al. 2006; Eklund et al. 2010),
highlighting a potentially conserved relationship
between SHI proteins, apical tissues and auxin,
with awns interpreted as apical tissues of the
lemma. The interval underlying a major QTL for
natural variation for awn length on chromosome
7H was narrowed down using fine-mapping and
NIL RNA-seq to reveal a candidate gene
(HORVU7Hr1G118500.1), encoding a zinc fin-
ger protein 3 which showed no homology with
either LKS2 or other genes more generally
affecting elongation growth (Liller et al. 2017).

Awns of wild barley and certain cultivated
varieties are lined with minute barbs leading to a
rough texture which may have aided in dispersal
similar to the sterile lateral barbs (von Bothmer
et al. 1995). Many cultivated forms show full or
partial loss of rough awns, since the barbs can
be unpleasant in fodder for animals (Takahashi
1955). Variation at multiple loci can reduce the
number of barbs, a phenotype often linked with
the reduction in stigma hair formation, suggest-
ing a shared regulatory pathway for both struc-
tures. Recessive raw1.a alleles at the Smooth
awn 1 locus (chromosome 5HL) lead to
semi-smooth or completely smooth awns
depending on the genetic background (Harlan
1920; Franckowiak 1997c). Mutant alleles of
Smooth awn 2 (raw2) reduce awn barb number
and in combination with raw1, lead to a very
smooth awn (Franckowiak 1997c). Smooth awn
6 (raw6) and Smooth awn 5 (raw5), both on
6HL, are more severe with very smooth awns
and few stigma hairs (Franckowiak 1997a).

12.5.5 Lodicules

Although lodicules are morphologically very
different from the typical eudicot petal, molecular
evidence of “B” class gene expression supports
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homology between petals and lodicules in
grasses (Whipple et al. 2007; Yoshida and
Nagato 2011). The aforementioned lax.a mutants
show homeotic conversion of lodicules to sta-
mens with two rather than the normal four lod-
icules suggesting that HvLAX.A inhibits stamen
identity in lodicules (Jost et al. 2016; Fig. 12.6f).

Swelling of lodicules at anthesis leads to
“open-flowering” and possible pollen transfer,
while loss of lodicule enlargement causes cleis-
togamy or “closed flowering”where foreign pollen
is excluded from the floret (Lord 1981). Thus,
cleistogamy is an attractive feature to control gene
flow between populations. Nair et al. (2010)
showed that variation in theCly1 (syn.Zeo,HvAP2)
was associated with cleistogamy: SNPs in cly1
cleistogamous alelles caused a loss of miR172-
regulation of Cly1 transcript and presumed
increased CLY1 levels, suggesting that Cly1 inhi-
bits lodicule swelling (Fig. 12.6g). Cly1 encodes a
miR172-regulated AP2-domain containing tran-
scription factor (Nair et al. 2010), homologous to
APETALA2 in arabidopsis and SHATTERING
ABORTION1 in rice which are similarly miR172
regulated and involved in petal or lodicule devel-
opment (Chen 2004; Aukerman and Sakai 2003;
Zhou et al. 2012).Cly1 is also subject to epigenetic
regulation at its promoter (Wang et al. 2015).
Timing of anthesis to spike emergence from theflag
leaf is also key for pollen exchange. Dominant
alleles at the Cly2 locus cause premature anthe-
sis and lodicule swelling prior to spike heading,
leading to a cleistogamous phenotype despite
functional lodicules (Wang et al. 2013).

12.5.6 Stamens and Ovaries

Stamen identity is controlled by the multiovary
(mov) loci whose alleles all cause a homeotic
transformation of stamens into carpels (Franck-
owiak et al. 2005; Fig. 12.6h). The unique mov1
mutant also shows transformation of lodicules
into leaf-like organs (Kleinhofs 2013). In addi-
tion to homeotic conversion of stamens to car-
pels, the mov4 mutant also produces extra
stamens which are associated with extra grain
set. Other mutants show losses of floral

determinacy associated with multiple carpels per
spikelet, such as vrs4 mutants (Franckowiak
et al. 2005; Koppolu et al. 2013). Two Ovaryless
(Ovl) loci affect pistil development where reces-
sive alleles result in defective ovaries: ovl1 is
mapped to chromosome 4H and confers a highly
pleiotropic phenotype including loss of awns and
midveins, while ovl2 is normal with respect to
awns and leaf midveins apart from rudimentary
ovaries (Franckowiak 2005; Kleinhofs 2013).
Unsurprisingly, mutations affecting carpel
development often reduce fertility; for instance,
the gigas1.a allele, mapped to chromosome 2H,
shows elongated ovaries, lemmas, stigma with
fewer papillae, and is semi-sterile in some
genetic backgrounds (Harvey et al. 1968).

A recent study showed that anther develop-
ment is controlled by the MALE STERILITY1
(MS1) gene on chromosome 5 which encodes a
PHD transcription factor (Fernández and Wilson
2014). HvMS1 was identified by reverse genet-
ics, an approach commonly used in arabidopsis
but will likely become more prevalent in barley
research, whereby RNAi targeting of a barley
orthologue of the rice and arabidopsis genes
known to control pollen wall development,
conferred male sterility (Fernández and Wilson
2014). Anther development is also controlled by
several, recessive Male-sterile genetic (msg) loci
(https://www.nordgen.org/bgs/index.php) where
recessive alleles lead to rudimentary anthers and
loss of filament elongation (Franckowiak 1997b).

12.5.7 Spike Growth and Rachis
Elongation

Initially close together, spikelet nodes separate
from each other during floret differentiation as
rachis internodes lengthen. The extent of elonga-
tion and the number of spikelet nodes determines
spike length and spike density (spikelets/rachis
length), two important agronomic traits which
along with peduncle length, influence heading
time. Spike density variation is associated with
multiple loci across the germplasm (Houston et al.
2013) and is a common phenotype catalogued
across mutant populations (Druka et al. 2011).
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Consistent with other plant species, gibberellin
(GA) and brassinosteroid (BR) hormone meta-
bolism and signaling regulate internode elonga-
tion throughout the barley plant, including the
rachis. One of the first architectural loci cloned in
barley, uzu1, is an orthologue of BRASSINOS-
TEROID INSENSITIVE1 (BRI1), which encodes
the receptor for BR (Chono et al. 2003). The uzu1.
a allele used to generate semi-dwarf “uzu barley”
in Japan, contains a single nucleotide polymor-
phism in HvBRI1 which leads to an overall
reduction in elongation growth in internodes,
awns, glumes and the grain (Chono et al. 2003).
By careful screening of mutant populations for the
diagnostic BR mutant phenotype profile, which
includes wavy leaf margins and erect leaf and awn
angles, multiple other BR-related genes were
cloned, including three genes encoding BR
biosynthetic enzymes (HvBRASSINOSTEROID-
6-OXIDASE, HvCONSTITUTIVE PHOTO-
MORPHOGENIC DWARF, HvDIMINUTO), and
further HvBRI1 alleles isolated (Dockter et al.
2014). Comparative analysis between HvBRI1
alleles showed that the uzu1.a mutations cause
temperature-dependent modifications of BRI1
function. The new HvBRI1 alleles were more
complete functional knockouts that may provide
more robust semi-dwarfism under variable con-
ditions (Dockter et al. 2014). GA has a particular
relevance to cultivated cereals where Green
Revolution semi-dwarfing alleles in wheat and
rice are now known to reflect defects in GA sig-
naling or biosynthesis (Hedden 2003). One of the
two semi-dwarf alleles are introgressed into
European cultivated barley, denso1/semi-dwarf1.
a (d1/sdw1.a), was recently confirmed to result
from a defective GA20oxidase gene, long sus-
pected (Jia et al. 2009), and now proven through
allele resequencing (Xu et al. 2017). The other
major semi-dwarfing allele in European barleys,
breviaristatum-e (ari-e), the cv. Golden Promise
semi-dwarfing allele, is located to chromosome
5H (Liu et al. 2014). By exploiting mutant pop-
ulations followed by transgenic complementation,
ari-e was recently shown to encode a hetero-
trimeric G protein (Wendt et al. 2016).

In addition to genes involved in hormone
metabolism and signaling, several developmental

transcription factors control rachis internode
growth in barley. The HvAPETALA2 (HvAP2/
Cly1) gene underlies the major QTL and GWAS
peak on chromosome 2H linked to spike density
in spring barley (Houston et al. 2013). HvAP2
inhibits rachis elongation since HvAP2 overex-
pression in the miR172-resistant Zeo alleles leads
to significant increases in spike density associ-
ated with delayed transition to rachis internode
elongation (Houston et al. 2013; Fig. 12.6i).
Recently, studies on the Q gene which encodes
an HvAP2 homologue in wheat showed that
variation in the miR172-targeting the Q transcript
was likely responsible for the domestication traits
linked to this locus, including spike compaction,
suggesting that this role is conserved in the
Triticeae (Debernardi et al. 2017; Greenwood
et al. 2017). Further, loss of function Q alleles
and overexpression of miR172 resulted in elon-
gated spikes and rachillae, and revealed a novel
function of Q in controlling floret number per
spike (Debernardi et al. 2017; Greenwood et al.
2017). It is unknown if spikelet determinacy is
also controlled by the Q orthologue in barley;
however, its expression was reduced in the com2
mutant, consistent with a role in meristem inde-
terminacy (Poursarebani et al. 2015).

Variation in other loci cause increased
internode elongation. HvLAX.A actually derives
its name from the increased rachis internode
elongation in lax.a spikes, which gives them a
“lax” or relaxed appearance, and suggests that
HvLAX.A function shortens rachis internodes.
Multiple other lax loci are known (lax.b-n) but
are not yet molecularly identified. As the name
implies, recessive alleles of the long basal rachis
internode locus (chromosome 4HS) cause exces-
sive elongation in the lower rachis internode
(Franckowiak and Lundqvist 2014), perhaps
reflecting an incomplete switch from culm to
spike identity. Consistent with a role of the floral
progression to the regulation of rachis internode
elongation, overexpression of the aforementioned
SVP-like genes also cause extreme rachis intern-
ode elongation, similar to the phenotype seen in
the accordian rachis1 mutant (Trevaskis et al.
2007; Franckowiak and Lundqvist 2010; Druka
et al. 2011; Fig. 12.6j).
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12.5.8 Hull

Domestication and cultivation also altered sev-
eral spikelet and grain architectural traits relevant
to the downstream uses of the barley grain.
Unlike other grasses, barley’s lemma and palea
hull firmly adheres to the caryopsis. Complete
loss of hull adherence in so-called “naked”
barley make the harvested grain readily edible.
Naked varieties are still grown throughout the
world, most notably in the Tibetan plateau where
barley is grown for human consumption (Taka-
hashi 1955) while barley destined for animal feed
and malting is “covered,” retaining the adherent
hull that protects the embryo and helps filter
liquids during malting.

The distinctive covered barley grain arises
from a sticky lipid “cementing layer” secreted
from the pericarp epidermis which adheres the
lemma and palea to the expanding grain (Harlan
1920; Gaines et al. 1985; Taketa et al. 2008).
Naked barley shows a complete loss of this layer
due to a single loss-of-function mutation in NUD
on chromosome 7HL (Taketa et al. 2008;
Franckowiack and Konishi 1997). NUD encodes
an AP2-like ETHYLENE-RESPONSE FAC-
TOR (ERF) transcription factor which is
expressed in the testa or seed coat underneath the
pericarp (Taketa et al. 2008). NUD shows
homology to arabidopsis WAX INDUCER1/
SHINE1 (WIN1/SHN1) which encodes a tran-
scription factor that regulates cuticular wax
biosynthesis, especially on floral organs in the
arabidopsis plant (Aharoni et al. 2004; Kannan-
gara et al. 2007). In barley, nud (naked) mutants
do not show obvious additional wax phenotypes,
suggesting that NUD is specialized for a
non-redundant role in barley hull adhesion.
Although the regulatory cascade originated by
NUD to create the cementing layer is largely
unknown, comparative transcriptome work
between Morex and Tibetan Hulless landrace
Dulihuang caryopses’ highlighted misexpression
of numerous regulatory and structural
cuticle-related genes in Dulihuang (Duan et al.
2015), in support of a conserved function

between NUD and WIN1. Furthermore, three
eceriferum (cer) mutants impaired in wax load
on aerial tissues, cer-yl, cer-ym and cer-zv, also
present naked grain (Taketa et al. 2008), con-
sistent with a link between wax biosynthesis and
hull adhesion, which may hint that these loci are
NUD targets.

In fact, naked and covered barley represent
the extremes of a sticky spectrum: intermediate
phenotypes where adhesion is weak rather than
absent causes a phenomenon called “skinning”
where the hull partially sheds (Hoad et al. 2016).
Skinning is a significant problem in the malting
industry worldwide, since variable hull loss
reduces malt homogeneity, decreasing efficiency
and output. Increasing prevalence of skinning
appears to be a germplasm-dependent effect of
new cultivars (Brennan et al. 2017), which can
lead to entire grain lots being rejected by malt-
sters. No loci have yet been linked to skinning. It
will be intriguing to learn if defective steps in
wax metabolism or transport are implicated.

12.5.9 Brittle Rachis

Barley domestication was driven by major
architectural and developmental changes that
allowed efficient planting and grain harvest,
improved quality of grain and increased grain
yields. Grasses employ diverse modes of grain
shatter based on placement of the abscission
zone, a specialized boundary that marks the sep-
aration layer between leaving organ and the main
plant body. In wild barley, “constriction grooves”
marking abscission zones form across the rachis
just above the spikelet node, weakening the rachis
such that the spike disarticulates into whole
wedge-shaped spikelet + rachis fragments at
maturity, preventing easy grain harvest (Ubisch
1915; von et al. 2005). Tight attachment of barley
grain to the rachis presented another barrier to
isolate grain. Domestication of barley in the first
instance involed early selection by ancient farm-
ers for tough rachis variants whose grain readily
abscised from the spike (Komatsuda et al. 2004;
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Sang 2009). Variation in two linked loci, Non-
brittle rachis1 (btr1) and btr2 underlie the tough
rachis typical of cultivated barley which is asso-
ciated with increased cell wall thickness in the
constriction grooves (Pourkheirandish et al.
2015). BTR1 and BTR2 were shown to encode
unrelated proteins, with BTR1 encoding a
potentially membrane-associated protein and
BTR2 showing limited similarity to
INFLORESCENCE DEFICIENT in ABSCIS-
SION (IDA), a small peptide key for organ
abscission in arabidopsis (Stenvik et al. 2006).

12.6 Environmental Control
of Inflorescence Architecture

We understand most about the genetically
determined aspects of plant architecture. How-
ever, in response to the challenges posed by their
sedentary life habit, plants have evolved
remarkable architectural plasticity. Environmen-
tal inputs often converge on many of the same
players involved in genetically predetermined
traits. As such, plant development in the field
represents an ongoing adaptive dialogue between
these intrinsic genetic programs and external
signals.

12.6.1 Time to Anthesis

In addition to reduced genetic diversity, modern
crops also show altered plasticity for climatic
cues compared to their wild relatives, due to
selection during post-domestication range
expansion. By far the best understood response
to environmental inputs in cultivated barley is
flowering time. In particular, barley cultivars
grown in northern regions show insensitivity to
vernalisation and photoperiod-related flowering
time cues to ensure that crops flower early in
spring (Comadran et al. 2012 and references
therein).

Barley, like all plants, regulate the floral
transition carefully, flowering only after accu-
mulating sufficient resources to fuel development
and grain fill, yet early enough to limit the win-
dow for disease, all the while ensuring the tran-
sition occurs within permissive climates for
optimal pollination and fertilization. In response
to these wide-ranging pressures, plants evolved
exquisitely sensitive internal and external sig-
naling pathways networked through central
integrator hubs to regulate flowering. Like most
other flowering plants, cereals rely on environ-
mental cues to adapt and optimize the time to
anthesis. As naturally evolved winter-annual
plants of the temperate regions, cold response
and a period of cold exposure (i.e., vernalisa-
tion) are essential prerequisites for initiating
floral induction in barley and wheat. This
ancestral state leads to the winter growth type,
while loss of this requirement underlies the
spring growth habit. Identified in either wheat or
barley through positional cloning, three spring
growth habit (sgh) loci mainly control the ver-
nalization requirement and winter growth habit
(Takahashi and Yasuda 1971; Laurie et al. 1995):
Vrn-H1, a floral meristem identity MADS-box
transcription factor of the APETALA1 (AP1)
class that regulates the transition from the vege-
tative to the reproductive meristem (Laurie et al.
1995; Danyluk et al. 2003; Yan et al. 2003); Vrn-
H2, a zinc finger CCT-domain containing
repressor of floral induction (Yan et al. 2004;
Chen and Dubcovsky 2012); and Vrn-H3 (syn.
HvFT1), the barley orthologous protein of ara-
bidopsis FT (Flowering locus T), which pos-
sesses the typical florigenic properties for floral
induction and can be considered as the down-
stream integrator of photoperiod (see below) and
vernalization pathways (Yan et al. 2006). While
all three proteins build a feedback regulatory
loop in leaf cells, allelic variation around the two
genuine vernalization loci Vrn-H1 and Vrn-H2 is
sufficient to convert winter-annual barleys into
spring types (von Korff and Campoli 2014). To
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induce the transition from vegetative to
inflorescence meristem state, HvFT1 must travel
from the leaf to the shoot apex where it upreg-
ulates VRN-H1, thereby promoting floral meris-
tem identity (Yan et al. 2006; Hemming et al.
2008). Loss of this requirement underlies the
spring growth rather than winter growth habit.

Another important environmental cue for
floral transition is day length. Cereal crops are
facultative long day (LD) plants, and experience
LD conditions from around 10 hours (h) light or
longer, while short days (SD) are reliably sensed
from 8 h or less. Since floral induction and
development has to occur under suitable tem-
peratures, sensing day length is a sensible proxy
for cereal crops to avoid frost conditions during
reproductive development. One central day
length-sensing genetic locus in barley, PHOTO-
PERIOD RESPONSE LOCUS1 (Ppd-H1),
encodes for a PSEUDO-RESPONSE REG-
ULATOR (HvPRR37) protein that promotes
floral transition and development under LD
conditions via upregulation of HvFT1 (Turner
et al. 2005; Hemming et al. 2008). Under non-
inductive SD photoperiods, however, barley
plants were capable of initiating floral primordia
but always failed to progress beyond this stage,
indicating a clear requirement for Ppd-H1
expression in photoperiod-sensitive plants to
successfully complete inflorescence development
(Digel et al. 2015). Importantly, the photoperiod-
and Ppd-H1-dependent successful induction of
inflorescence development correlated with the
expression of both HvFT1 and HvFT2, suggest-
ing that HvFT1 alone may not be sufficient under
these conditions (Digel et al. 2015).

A less photoperiod-sensitive allele of Ppd-H1
(i.e. ppd-H1) is associated with delayed heading
time, an adaptation to higher latitudes selected
during the domestication for higher barley yields
in central European spring barleys (Turner et al.
2005; Alqudah et al. 2014). Later heading time
reflects a ppd-H1 allele-dependent decrease in
CONSTANS1 (HvCO1) and HvCO2 expression
linked to reduced HvFT1 induction (Turner et al.
2005; Campoli et al. 2012). Interestingly, regu-
lation of heading time in ppd-H1 carrying
genotypes under LD conditions was

predominantly associated with allelic variation at
the HvCO1 locus in a GWAS of spring barleys
(Alqudah et al. 2014), while photoperiod-
sensitive genotypes only showed an association
with HvCO2 (Alqudah et al. 2014). Responses to
SD conditions are usually conferred by allelic
variation at the Ppd-H2 (HvFT3) locus (Faure
et al. 2007; Kikuchi et al. 2011) or HvCO9
(Kikuchi et al. 2011). For example, winter cul-
tivars are often combined with a recessive ppd-
H2 in order to delay heading under SD pho-
toperiods (Cockram et al. 2015). Moreover,
alleles at Ppd-H2 were highly associated with
time to heading and pre-anthesis phase duration
under LD, independent of the allelic status at
Ppd-H1 in a GWAS of spring barleys (Alqudah
et al. 2014), reinforcing the notion that Ppd-H2 is
an important photoperiod regulator for barley
adaptation and yield (von Korff et al. 2008;
Francia et al. 2011; Tondelli et al. 2014).

Photoperiod-independent induction of floral
development is usually related to the so-called
earliness per se (eps) or early maturity (eam) loci
in barley (Laurie et al. 1995). All of the currently
known Eam genes are associated with the cir-
cadian clock, such as Eam5 (Pankin et al. 2014),
Eam8 (Early Flowering3, HvELF3; (Faure et al.
2012; Zakhrabekova et al. 2012)) and Eam10
(LUX ARRHYTHMO, HvLUX1; (Mizuno et al.
2012; Campoli et al. 2013; Gawroński et al.
2014). The functional forms of these proteins all
suppress HvPRR37 or HvFT1 expression under
noninductive conditions (SD), while loss-of-
function mutants show induced HvPRR37
and/or HvFT1 expression, and hence floral pro-
gression, regardless of day length. Furthermore,
early floral induction in the elf3 mutant was not
dependent on HvFT1 transcript levels alone, but
also on GA biosynthesis genes, especially
HvGIBBERELLIN 20 OXIDASE2, and enhanced
bioactive GA1 levels in the leaves, highlighting
for the first time that GA is an important flori-
genic signal in barley, as in arabidopsis (Boden
et al. 2014). GA-mediated early heading in elf3
mutants was also highly associated with
increased transcript levels of essential floral
identity genes, such as of SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS1
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(HvSOC1), FLOWERING-PROMOTING FAC-
TOR3 (HvFPF3), BFL and HvPAP2, which all
promote floral development (Boden et al. 2014).
Based on their findings, the authors propose a
model in which Vrn-H1 expression in the apex
appears pivotal for the development of a recep-
tive meristem that is “competent” to transmit the
florigenic signals GA and HvFT1, which then
provoke floral development by triggering
expression of floral identity genes (Boden et al.
2014). A very similar set of floral identity genes
were downregulated (i.e., BFL, HvPAP24,
HvCO6) in GA-mediated late heading of the Six-
rowed spike2 (vrs2) mutant (Youssef et al.
2017a). Vrs2, which encodes a grass-specific
SHORT INTERNODES (SHI) transcriptional
regulator, is involved in pre-anthesis phase
duration and time to heading by regulating
sucrose, another florigenic signal, and GA levels
during barley spike development (Youssef et al.
2017a). GA3 leaf treatment completely rescued
the late heading phenotype of vrs2 mutants,
indicating that lower GA levels in vrs2 mutants
predominantly caused the delay in floral induc-
tion and development (Youssef et al. 2017a).

Interestingly, the proximodistal distribution of
GA levels detected in young, developing spike
sections of wild-type plants resembled the known
proximodistal floral patterning at anthesis, i.e.,
florets in the middle of the spike usually develop
fastest and self-fertilize first; these findings from
young spike sections show that the proximodistal
GA distribution, which favors central floral pro-
gression, has already been established during
early spike development (Youssef et al. 2017a).
While GA-mediated floral development in barley
appears to be executed, at least in part, by BFL
expression (Boden et al. 2014; Youssef et al.
2017a), it is evidentially surprising how little we
know about the function of BFL in Triticeae.
Recent GWAS results in spring barley, though,
suggest that alleles at the BFL locus might be
important for variation in pre-anthesis phase
duration and time to heading, specifically in
carriers of the ppd-H1 allele (Alqudah et al.
2014). Transgenic knockdown lines of its rice

ortholog, RICE FLORICAULA/LEAFY (RFL;
syn. ABERRANT PANICLE ORGANIZATION2,
APO2), show late or no heading at all, which was
in line with lowered transcript levels, whereas
overexpression of RFL/APO2 resulted in preco-
cious floral induction (Rao et al. 2008). More-
over, mutants of RFL/APO2 exhibited aberrant
floral organ identities and loss of floral meristem
identity, which similarly suggests a central role
during inflorescence formation (Ikeda-
Kawakatsu et al. 2012). RFL/APO2 seems to
regulate OsSOC1 and FRIZZY PANICLE (FZP)
transcripts (Rao et al. 2008), while it controls the
transition from the inflorescence meristem to the
spikelet meristem, cooperatively with APO1
(syn. rice UNUSUAL FLORAL ORGANS,
OsUFO) (Ikeda-Kawakatsu et al. 2012). A simi-
lar function with similar interactions may exist
for BFL; however, this remains untested.
Pre-anthesis phase durations have implications
for spike development because they influence the
number of spikelets that will abort prior to
anthesis. Spikelet abortion in barley mainly
appears in the apical spike part and can produce
substantial spikelet loss. Alqudah and Schnur-
busch (2014) found that higher spikelet survival
was positively associated with longer
pre-anthesis phase duration regardless of growth
condition or row-type.

12.6.2 Branching

In addition to new climates, elite cultivars grow
within an environment far removed from their
pre-domestication history. The agronomic envi-
ronment is characterized by several
human-derived inputs such as enhanced mineral
availability due to fertilizer application and shade
from dense planting. Although rarely studied
directly, cultivated varieties likely show altered
plasticity in response to the agricultural envi-
ronment compared to their wild relatives (Car-
riedo et al. 2016). Branching is exquisitely
environmentally sensitive as plants use cues such
as light quality, soil mineral levels and sugar
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status to balance branching benefits, such as
accessing new canopy, with its significant ener-
getic cost (Casal and Deregibus 1986, 1988;
Mason et al. 2014; Drummond et al. 2015;
Kebrom and Mullet 2015; Evers and Bastiaans
2016; see Teichmann and Muhr 2015) for an
in-depth review. Regulation of bud activation
and outgrowth contribute to branching plasticity
(Teichmann and Muhr 2015). Tiller bud out-
growth is repressed by Tb1 in maize, which also
appears to be a central hub for environmental
integration of branching (Sawers et al. 2005;
Kebrom et al. 2006, 2012; Mason et al. 2014;
Drummond et al. 2015). Although the canonical
barley spike is unbranched, breeders have long
observed branching spikes in the field depending
on environmental conditions (H. Bull, pers
comm). The extent and form of inflorescence
branching in dicot models, rice and maize also
responds to environmental control and often
involves many similar players as in vegetative
branching plasticity including Tb1 and hormonal
homeostasis. Interestingly, vrs3 and vrs5 phe-
notype expressivity is environmentally sensitive
(Bull et al. 2017) suggesting that functional
VRS3 and VRS5 buffer the two-rowed pheno-
type from environmental change, consistent with
the that certain regulators act to stabilize devel-
opmental networks in the face of environmental
variation. Tb1 suppresses lateral branching in
response to shade through activation of grassy
tillers 1 (gt1; Whipple et al. 2011), the VRS1
homologue, suggesting a potentially conserved
molecular relationships between VRS5 and
VRS1; however, we do not know whether
Tb1-like VRS5 is involved in responding to
environmental cues or whether it follows the
same regulatory pathway as Tb1. Furthermore,
genetic evidence indicates that VRS1 is tran-
scriptionally regulated directly or indirectly by
VRS4, hinting that environmental signals may
also be integrated differently. In fact, the vrs4
mutant phenotype was more severe under spring
conditions, suggesting an interaction between by
VRS4 and environmental control (Koppulu et al.
2013).

12.6.3 Floral Structure

Basic floral structure tends to be canalized and
species-specific. However, cold and short-day
conditions can rescue the Hooded phenotype,
suggested to reflect changes in hormonal home-
ostasis (Yagil and Stebbins 1969), consistent
with Osnato et al. (2010). Multiple reports sug-
gest interactions between floral architecture and
environmental stress; for instance, shifts to
carpelloidy in stamens induced by weather were
reported in English barley (Gregory and Purvis
1947). However, despite the risks posed by cli-
mate change to crop security, the plasticity of
floral form in cereals is relatively understudied.

12.7 Conclusions

Cultivated barley, H. vulgare ssp. vulgare, is the
fourth most abundantly grown cereal in the world
(www.fao.org/faostat) and is long associated
with human societies. Currently, barley grain is
used primarily for animal feed and as stock for
malt during brewing and distilling; nonetheless,
barley remains an important primary food staple
in many parts of the world, especially in cases
where barley is better suited to growing condi-
tions compared to wheat such as the Far Eastern
plateaus.

With the advent of high-quality genomic
resources, the barley reference genome sequence
will provide an invaluable community resource
for cereal genetics and genomics. It may also
furnish a much better contextualization of pop-
ulation genomic datasets and facilitate compara-
tive genomic analyses with other Triticeae, such
as wheat, in non-recombining regions that have
been inaccessible to analysis of gene collinearity
until now. But perhaps most importantly it will
enable positional cloning and gene identification
of mutant phenotypes following various approa-
ches (Table 12.1). Regardless of the approach
used, genetic analyses of mutants and functional
characterization of the underlying genes may
pave the way for a much better insight into barley
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inflorescence development and will help resolve
the relationships between gene and inflorescence
trait, which can support breeding as well as
answer fundamental questions in cereal devel-
opmental biology.

Appendix

Genetic and Genomic Resources for Gene
Cloning and Functional Analysis

A robust genetic map is the starting point for a
good physical map, which in turn is crucial for
identification of physical contigs harboring genes
of interest in positional cloning studies. Over the
past two decades, many barley genetic linkage
maps became available based on different marker
systems, including RFLPs (Graner et al. 1991;
Kleinhofs et al. 1993), SSRs (Varshney et al.
2007), DArTs (Wenzl et al. 2006), ESTs
(Potokina et al. 2008; Stein et al. 2007), SNPs
(Close et al. 2009; Rostoks et al. 2005), and a
combination of different marker systems
(Hearnden et al. 2007; Marcel et al. 2007).
A major advance was the development of the
barley genome zippers by positioning the
gene-based barley 454 sequence reads in synteny
with the genes of rice, Brachypodium, and Sor-
ghum (Mayer et al. 2011). These syntenic 454
reads were positioned in between the gene-based
SNP markers reported in the consensus map
developed by Close et al. (2009). A dense
genetic map-based on Morex � Barke RIL
population (3973 SNP markers) was developed
by Comadran et al. (2012) and (IBSC 2012).
Mascher et al. (2013a) further refined the
Morex � Barke RIL map by introducing a
strategy based on sequencing progenies of
Morex � Barke of population (POPSEQ) that
allowed de novo production of a genetically
anchored linear assembly (an ultra dense genetic
map with 4.3 million SNPs). Ariyadasa et al.
(2014) developed a genome-wide physical map
of barley by map-based sequencing (4.9 Gb
representing 96% of the physical length). A draft
genome sequence of barley was made available
by the International Barley Sequencing Consor-
tium (IBSC 2012). Further A high-quality barley

reference genome assembly was developed by
chromosome conformation capture mapping
(HiC) to derive the linear order of sequences
across the pericentromeric regions. Such resour-
ces greatly facilitate high-resolution trait map-
ping, gene isolation, and comparative genome or
transcriptome studies. The availability of gold
standard reference genome, physical maps and
marker systems paved the way for several
NGS-based fast-forward genetic analysis and
gene cloning strategies in barley such as
mapping-by-sequencing (Liu et al. 2014;
Mascher et al. 2014) exome capture (Mascher
et al. 2013b; Russell et al. 2016), and Mut-
ChromSeq (Sánchez-Martín et al. 2016). Gene
cloning was also accelerated due to robust
genetic analyses such as Genome-Wide Associ-
ation scans (GWAS) benefitting from variation
across germplasm (Comadran et al. 2012;
Houston et al. 2015; Houston et al. 2013; Ram-
say et al. 2011; Youssef et al. 2017).

Gene expression patterns can often reveal
insight about possible gene function and links to
mutant phenotypes. A high-quality RNA seq data
set from 16 different tissues (including six
inflorescence tissues) is available for all genes in
barley and the expression data can be visualized
through the BARLEX database (Colmsee et al.
2015). Apart from this, developmental stage
(from SAM until AP) and position specific
(LSM, CSM, and IM) reference transcriptome
data has been generated from Bowman (Sch-
nurbusch et al., Unpublished), which will pro-
vide the expression dynamics of inflorescence
developmental genes across time and space.

Once the gene underlying a phenotype is
identified, the further functional analysis is
essential to substantiate the gene function.
Towards this measure, barley has a rich collection
of chemical and ionizing ration induced mutants
defective in their inflorescence development. All
of these mutants are genetically characterized
(Lundqvist 2009; Scholz and Lehmann 1961) and
have been systematically maintained in geneticist
and breeder collections at the National Small
Grain Collection, Aberdeen, ID (http://www.
ars.usda.gov/Main/docs.htm?docid=2922), IPK
Genebank and the Nordic Genetic Resource
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Center, Alnarp, Sweden (https://www.nordgen.
org/bgs/index.php). Several of these mutants have
been backcrossed to (BW001 to BW979) a
near-isogenic background in the genotype Bow-
man (Franckowiak et al. 1985) making their
functional evaluation less cumbersome. Druka
et al. (2011) performed SNP genotyping of all
Bowman backcrossed mutants, which delimited
the genomic introgression responsible for the
mutant phenotype. The historical mutant resour-
ces together with SNP introgression data would be
a wonderful starting point for the functional
studies and positional isolation of responsible
gene/s in these mutants.

Most of the historical barley developmental
mutants identified in the past have more than one
mutant allele by which the underlying gene
function can be validated. However, for genes
being isolated by conventional bi-parental
genetic analyses or GWAS, and for those
mutants lacking enough number of mutant alle-
les, it is necessary to validate identified gene
candidates using reverse genetic approaches such
as TILLING (Targeting Induced Local
Lesions IN Genomes) or transgenics. As of
today, four different TILLING populations are
available for barley. These include (i) TILLMore,
a sodium azide induced six-rowed TILLING
population from Morex (Talamè et al. 2008).
(ii) Two-rowed EMS (Ethyl Methyl Sulfonate)
induced Barke TILLING population (Gottwald
et al. 2009). (iii) Two-rowed EMS-induced
Optic TILLING population (Caldwell et al.
2004) The other unpublished resources include
EMS-induced TILLING lines from two-rowed
cultivar Haruna Nijo (Sato et al. unpublished).
These reverse genetic tools shall enable func-
tional evaluation of genes in mutants of interest.

Testing genes of interest by transgenics is a
common functional genetics approach (Hensel
et al. 2011). Several transgenic approaches were
established for barley by which a preferred gene
can be complemented, downregulated, knocked-
out or over-expressed. Complementation is a
straight forward approach bywhich amutated gene

can be complemented by the functional wild-type
form of the gene. The quantitative effect of a gene
can be analyzed through approaches like RNA
interference (RNAi), Virus-Induced Gene Silenc-
ing (VIGS) (Hein et al. 2005;Holzberg et al. 2002),
which function through homology-dependant
post-transcriptional gene silencing. However,
these approaches suffer from potential off-target
effects (gene family members). This problem can
be circumvented through a recent technology
called Transcriptional Activator-Like Effector
Nucleases (TALENs), which allows sequence
specific in planta gene targeting with typically no
off-target effects in the genetic background of the
host genome (Boch et al. 2009; Joung and Sander
2013; Zhang et al. 2013). This technology has
already been proven successful in barley (Gur-
ushidze et al. 2014; Wendt et al. 2013). Recently,
the RNA-guided Cas9 system (CRISPR/Cas) has
been proven successful to knockout genes in barley
(Lawrenson et al. 2015). The comprehensive set of
available genetic and genomic resources discussed
will be useful to isolate and characterize genetic
determinants underlying various developmental
processes in barley.
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13Genetics of Whole Plant Morphology
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Abstract
Plant architectural features directly impact
plant fitness and adaptation, and traits related
to plant morphology and development repre-
sent important targets for crop breeding.
Decades of mutagenesis research have pro-
vided a wealth of mutant resources, making
barley (Hordeum vulgare L.) an interesting
model for genetic dissection of grass mor-
phology and architecture. Recent advances in
genomics have propelled the identification of
barley genes controlling different aspects of
shoot and root development. In addition to
gene discovery, it is important to understand
the interplay between different developmental

processes in order to support breeding of
improved ideotypes for sustainable barley
production under different climatic conditions.
The purpose of the present chapter is to:
(i) provide an overview of the morphology
and development of shoot and root structures
in barley; (ii) discuss novel insights into the
genetic, molecular and hormonal mechanisms
regulating root and shoot development and
architecture; and (iii) highlight the genetic
and physiological interactions among organs
and traits with special focus on correlations
between leaf and tiller development, flower-
ing and tillering, as well as row-type and
tillering.
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13.1 Barley Shoot and Root
Morphology
and Development

13.1.1 Shoot Development

13.1.1.1 Embryo and Shoot Apical
Meristem Development

The barley embryo is composed of a scutellum,
radicle, epicotyl (shoot apical meristem, leaf pri-
mordia, and coleoptile) and nodal region between
the epicotyl and radicle (MacLeod and Palmer
1966). The shoot apical meristem (SAM) forms
during embryogenesis and the activity of the SAM
determine the overall shoot body plan. Barley
meristems are composed of a clonally distinct outer
tunica layer (L1) and inner corpus layer (L2), with
the possibility of a three-layered SAM not exc-
luded (Doring et al. 1999). The SAM consists of
three zones including: (1) the peripheral zone
which is the site of lateral organ initiation; (2) the
central zone which contains pluripotent cells that
maintain the meristem; and (3) the rib zone that
produces the stem tissues. During embryogenesis,
the coleoptile and three to four leaves develop that

enclose the SAM, and an axillary bud forms in the
coleoptile axil and the first leaf axil (Fig. 13.1).

13.1.1.2 Leaf, Stem and Tiller
Development

Shoot development is governed by the SAM and
axillary meristems (AXM). The SAM produces
repeated segments known as phytomers, which
are composed of an internode (stem segment),
node, axillary bud, and a leaf (Weatherwax 1923;
Sharman 1942; Bossinger et al. 1992; Forster
et al. 2007).

Tiller development or lateral branching is
characterized by three defined stages (Fig. 13.1;
Schmitz and Theres 2005). The first stage
involves localized cell divisions in leaf axils
producing a small mound of meristematic stem
cells referred to as the AXM. In the second stage,
primordial leaves develop and an axillary bud is
formed. At this stage, the AXM needs to balance
stem cell maintenance and leaf initiation. Nor-
mally, one axillary bud develops in a leaf axil,
but two may be occasionally observed (Fletcher
and Dale 1974; Tavakol et al. 2015). At this
stage axillary buds may become dormant, or

(a) (d) (e)

(f)

(c)

(b)

P2
P1

(g)

Fig. 13.1 Barley vegetative development. a Three-
week-old seedling with two tillers. The arrows indicate
tillers. b Longitudinal section through mature seed (photo
courtesy of Allison Haaning) showing an apical meristem
(black arrow), an axillary bud (white arrow) and two of
the primordial leaves are designated P1 and P2. c Trans-
verse section through a 7-day-old shoot, the black arrows
indicate the two axillary buds and the white arrow
indicates the shoot apex. d Longitudinal section of a

2-week-old shoot apex. The shoot apical meristem has
transitioned to become an inflorescence meristem (black
arrow). An axillary bud is indicated by the star.
e Secondary axillary bud (arrow) developing in a tiller
leaf axil. f Four-week-old seedling with leaves removed to
show a tiller (white arrow) and an axillary bud (black
arrow). g Adult wild-type (cv. Bowman) plant with many
tillers. Scale bar = 200 lm
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continue to the last stage and form a tiller.
Usually, more axillary buds develop than tillers.
The last stage is characterized by elongation of
the internodes, leaf differentiation and tiller for-
mation. Primary tillers are derived from AXMs
forming in leaf axils from the first four or five
leaves, and sometimes the coleoptile (Fletcher
and Dale 1974; Kirby and Appleyard 1987).
Internodes on the first several phytomers remain
short throughout the life of the plant (basal
internodes), and it is on these phytomers that
axillary buds elongate and become tillers. Buds
on above ground phytomers do not normally
form branches. Primary tillers form in the leaf
axil of the main culm, while secondary and ter-
tiary tillers form in the leaf axils of primary and
secondary tillers, respectively. This process
occurs in a reiterative pattern to form the archi-
tecture of the plant. Tiller number is controlled
by a combination of environmental (e.g., light,
nitrogen, water, etc.) and genetic factors, and
hormones. Each tiller and the main culm have the
potential to form a seed-bearing inflorescence,
demonstrating the importance of tiller number
and vigor to yield.

Grass leaf development has been the focus of
numerous studies (reviewed recently in Lewis and
Hake 2016). Leaves initiate from a ring of peri-
clinally dividing founder cells located on the flank
(peripheral zone) of the meristem (Bossinger et al.
1992). The location of primordium initiation
corresponds to the disk of insertion at the node
(Sharman 1942). The barley leaf exhibits a
strap-like appearance and is divided into the distal
blade and proximal sheath. The sheath wraps
around the culm and supports the plant while the
blade is the major photosynthetic organ of the
plant. Separating the blade and sheath is the
ligular region, or collar, composed of the ligule
and two auricles (Fig. 13.2). Growth and differ-
entiation of the leaf proceeds via cell division and
expansion patterns that occur in a basipetal (tip to
base) wave such that when blade cells are fully
differentiated the sheath cells are still dividing
(Sylvester et al. 1990; Kołodziejek et al. 2006).

At the stem elongation phase, the apical
meristem has acquired a reproductive identity
(inflorescence meristem) and is pushed

acropetally by the growing aerial internodes.
Basal internodes elongate first, followed by those
located in more apical positions until elongation
of the peduncle (the last internode below the
spike) completes culm growth. A mature barley
plant typically displays 5–8 elongated cylindrical
and hollow internodes connected by solid nodes
(Briggs 1978). When fully grown, each internode
is generally longer than the internode immedi-
ately below it, except in some cases for the
peduncle (Briggs 1978). Within the internode,
the base is a meristematic zone (i.e., an inter-
calary meristem) characterized by delayed ligni-
fication and capacity for asymmetric growth to
restore vertical stem orientation in case of lodg-
ing (Briggs 1978). Anatomically, the internode
consists of different tissues: a silicified epidermis
surrounds alternate vertical files of photosyn-
thetic tissue and sclerenchyma fibers supporting
vascular bundles (Briggs 1978). More internally
a ring of sclerenchyma provides further support
to the internode, encircling a parenchyma (con-
taining additional vascular bundles), which is in
direct contact with the pith cavity (Briggs 1978).

13.1.2 Root Development

13.1.2.1 Structures of Barley Root
System

Similar to the other cereal species, barley is
characterized by an embryonic and a
post-embryonic root system (Fig. 13.3). The
embryonic roots initiate directly in the embryo
and emerge at germination or soon after and

Blade 

Sheath 

Ligule 

(a) (b)

Auricle 

Fig. 13.2 Barley leaf morphology. a Wild-type leaf with
blade, sheath, ligule and auricle. b Cul4 mutant leaf
exhibiting the lack of a ligule

13 Genetics of Whole Plant Morphology and Architecture 211



include the radicle (or primary root) and a vari-
able number of seminal roots (ranging from 3 to
8, but mostly 5–6; Jackson 1922; Bergal and
Clemencet 1962; Grando and Ceccarelli 1995;
Robinson et al. 2016). All of these roots emerge
from the basal pole of the embryo. The
post-embryonic (or shoot-borne) system is com-
posed of the crown (or nodal) roots arising from
the lower stem nodes of the main shoot and til-
lers. Finally, axial roots (i.e., primary, seminal
and nodal roots) of both embryonic and
post-embryonic development give rise to lateral
roots and this process can produce multiple
branching levels. This multiple-axis root system
typical of grasses is called homorhizic or fibrous.

Along each root, in longitudinal orientation,
three distinct zones can be broadly recognized
starting from the root tip: a meristematic zone
proximal to the root cap where cells divide, an
elongation zone, and a differentiation zone where
root hairs and lateral roots are formed (Yu et al.
2016).

The transversal structure of a barley root as
observable by optical microscopy on root cross

sections (Fig. 13.4) shows three main portions:
the epidermis, a multicellular cortex zone and the
stele (vascular) zone. The cortex always ends
internally with a single endodermis layer, fol-
lowed by the pericycle, the first stele layer. In the
stele, a variable number of central (mature)
metaxylem and peripheral (early metaxylem)
vessels can be observed, depending on the
position and the root type. Primary, seminal and
lateral roots have 4–5 cortical cell layers, and
typically one large central and 6–9 smaller and
circularly arranged peripheral metaxylem vessels
(Luxová 1989; Knipfer and Fricke 2011). Crown
roots have 7–8 cortical cell layers and 3–8 central
and 12–16 peripheral metaxylem vessels when
observed in sections at 20–300 mm from the root
tip (Luxová 1989; Knipfer and Fricke 2011;
Kotula et al. 2015). Phloem poles (or strands)
alternate regularly with xylem vessels in the
stele. Occasionally, and usually as a consequence
of waterlogging and hypoxia events, aerenchyma
develop following cortex cell breakdown (Pang
et al. 2004; Kotula et al. 2015).

13.1.2.2 Cellular Basis of Root
Development

Broadly speaking, cereal root architecture is
shaped by four processes: initiation of axial roots
(either in the embryo or at stem nodes), branch-
ing pattern, growth rate, and growth orientation
in response to gravity and other stimuli. The
modulation of these processes is mainly due to
the action (and interaction) of two classes of
phytohormones, auxin and cytokinins, in terms
of synthesis, movement, perception and/or
intracellular signal transduction (Lavenus et al.
2016).

The primary root primordium is initiated early
in embryo development at the base of the
scutellum node, while seminal root primordia
(mostly five) appear later in embryo develop-
ment, the first two near the primary root whereas
the remaining form a triad more distantly in the
scutellum at the level of the mesocotyl (Luxová
1986). The cellular origin of crown roots has not
been investigated as thoroughly. In both maize
(Zea mays) and rice (Oryza sativa), crown roots
originate from cells next to the peripheral

Primary root 
Seminal roots 

Crown roots 

Lateral roots 

Tiller 
Main stem 

Crown 
Soil level 

Rhizomatous
stem 

Seed 

Fig. 13.3 Schematic diagram of a barley plant at tillering
phase with emphasis on root system. Dimensions of
different organs are not represented in scale
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cylinder of vascular bundles in the lower nodes
of the stem (Atkinson et al. 2014), so it is
expected that barley crown roots develop fol-
lowing the same pattern.

The root branching pattern is the result of
cellular differentiation and growth processes,
which give rise to lateral roots. In contrast to
arabidopsis (Arabidopsis thaliana), where this
process starts from the pericycle in correspon-
dence with xylem poles, both pericycle and
endodermis at phloem pole cells participate in
forming the new lateral root in cereals (Smith and
De Smet 2012; Yu et al. 2016). While ara-
bidopsis has only two xylem poles, barley (and
other cereals) can have >15 phloem poles, mak-
ing the radial branching pattern much more
complex and difficult to predict.

Root hairs develop as tubular outgrowths
from a subset of epidermal cells called tri-
choblasts, count several billion per plant, and
greatly extend the root surface area in contact
with soil (Marzec et al. 2015). Root hair devel-
opment is regarded as three-phase: the estab-
lishment of root epidermal patterning, the
formation of the bulge on the root surface, and
finally, root hair growth (Marzec et al. 2015).
Approximately 50% of the epidermal cells
develop root hairs in Poaceae so that root hair
cells and hairless epidermal cells (atrichoblasts)
alternate along each epidermal cell file of the
mature root.

13.2 Genetic Control of Shoot
Architecture
and Development

Rich germplasm and mutant collections (e.g.,
Nordgen https://www.nordgen.org/bgs/index.php)
represent valuable sources of genetic diversity
that can be deployed in breeding and funda-
mental research into the molecular and physio-
logical mechanisms of barley plant development.
The following sections summarize current
knowledge of loci and genes controlling various
aspects of shoot and root morphology and archi-
tecture with special focus on correlations between
different traits, as illustrated by specific case
studies.

13.2.1 Genes Controlling Plant
Height and Their
Pleiotropic Effects

In cereals, plant height results from the number
and length of elongated internodes and is condi-
tioned by both endogenous and exogenous factors
allowing the plant to adapt its growth to the envi-
ronmental conditions. Genetic and physiological
studies of stem elongation in different grass spe-
cies highlighted the promoting role played by
phytohormones such as gibberellins (GAs) and

(a) (b) (a) (b)

Fig. 13.4 Barley root anatomy. Cross-sections were
taken at 50 mm from the root apex of approximate
85-mm-long young crown roots. a Magnification of the
stele (or vascular) zone showing three central metaxylem
(cmx) vessels. Twelve peripheral metaxylem (pmx) ves-
sels are also visible. b Detail of the cortex zone with

epidermis (ep) and sub-epidermis (se). oc, outer cortex;
mc, middle cortex; ic, inner cortex; en, endodermis; pe,
pericycle; xp, xylem parenchyma. Bars, 100 lm. Phloem
elements are not highlighted in these cross sections.
Reproduced with permission from Kotula et al. (2015).
New Phytologist © 2015 New Phytologist Trust
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brassinosteroids (BRs) (Vriet et al. 2012; Hedden
and Sponsel 2015) and the importance of auxin
transport (Balzan et al. 2014). Manipulation of
plant height has also been a strong focus for cereal
breeders since the 1920s as shorter plants are more
resistant to lodging, i.e. bending of the stem that
causes loss of grain yield and quality (Salvi et al.
2013). The semi-dwarf varieties of the Green
Revolution are the most emblematic example of
ideotype breeding: mutations in different GA
pathway genes were used to reduce plant height,
enhance stem sturdiness and lodging resistance,
improving fertilizer response and grain yield in
rice and wheat (Hedden 2003). “Miracle rice”
variety IR8 carries the recessive semi-dwarf (sd-1)
trait, caused by a loss-of-function mutation of the
GA20-oxidase2 gene (OsGA20ox2) controlling a
key step in GA biosynthesis (Sasaki et al. 2002;
Spielmeyer et al. 2002). In the case of wheat,
semi-dwarf stature was attained through Reduced
height-1 (Rht1) alleles encoding gain-of-function
forms of DELLA GA signaling repressors (Peng
et al. 1999).

Reduction of plant height is a priority for
barley yield improvement, especially in consid-
eration of increased lodging risk as a conse-
quence of climate change and extreme weather
events (e.g., storms and strong winds). Hundreds
of natural and induced barley mutants have been
traditionally classified under different categories
depending on alterations in plant height and other
phenotypes: breviaristatum (ari, lks), brachytic
(brh), curly dwarf (cud), dense spike (dsp), veg-
etative dwarf (dwf), elongation (elo), erectoides
(ert), gigas (gig), globosum (glo), GA-responsive
dwarf (grd), GA sensitivity (gse), short culm
(hcm), lazy dwarf (lzd), semi-minute dwarf (min),
many noded dwarf (mnd), narrow leaf dwarf
(nld), pyramidatum (pyr), semi-dwarf (sdw),
single internode dwarf (sid), slender dwarf (sld),
slender (sln), semi-brachytic (uzu), winding
dwarf (wnd), and Zeocriton (zeo) (reviewed in
Rossini et al. 2014; Dockter and Hansson 2015).
The following two are examples of plant height
mutants that have been characterized by pheno-
types that are not related to plant height per se:
the ari mutants which exhibit shorter awns
compared to their wild-type counterparts and in

some cases reduced plant height; and the ert
mutants which exhibit compact, dense spikes and
reduced plant stature due to shortening of rachis
and culm internodes, respectively (Lundqvist
2014). However, mutants assigned to different
categories often turn out to be allelic indicating
this nomenclature may reflect pleiotropic bio-
logical functions (e.g., Dockter et al. 2014). For
detailed information regarding barley plant
height loci, the reader is referred to the recent
excellent review by Dockter and Hansson
(2015). The following discussion focuses on
those loci for which the underlying genes have
been identified, allowing us to link their molec-
ular function to their phenotypic effects.

Advances in barley genomics are accelerating
the cloning of barley plant height genes
(Table 13.1), revealing in some cases their
involvement in the GA and BR pathways. As
these hormones regulate different aspects of plant
development and physiology, genetic variants
affecting their homeostasis, perception and sig-
naling often lead to complex pleiotropic effects
with important implications for breeding
(Nadolska-Orczyk et al. 2017). A classic exam-
ple is offered by the barley semi-dwarf1/denso
(sdw1) locus, recently shown to encode
HvGA20ox2, a homolog of the rice Green
Revolution gene Sd-1 (Xu et al. 2017). Analysis
of diverse varieties identified four alleles with
complete deletions or other gene mutations: the
weak allele sdw1.d is widespread in European,
US, Canadian and Australian malting barleys,
but negative pleiotropic effects make the most
severe alleles (e.g., sdw1.a) unsuitable for malt-
ing, limiting their use to feed barley (Xu et al.
2017). This is consistent with the major role of
GAs during seed germination and reserve
mobilization in the endosperm, processes that
have a direct impact on malting and brewing
(Hedden and Sponsel 2015). GA-related pleio-
tropic effects associated with the sdw1 gene also
include reduced thousand kernel weight, delayed
flowering and maturity time, while results for
other traits such as number of productive tillers
and grain yield varied among different studies
and may depend on genetic background or other
factors (reviewed in Kuczyńska et al. 2013).
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Further insight into the barley GA pathway
came from the characterization of GA-responsive
dwarf (grd), GA sensitivity (gse), elongation
(elo), and slender (sln) mutants (Chandler and
Robertson 1999). The Grd5 locus encodes
HvKAO, the cytochrome P450 ent-kaurenoic
acid oxidase (CYP88A), which catalyzes a key
step in GA biosynthesis (Helliwell et al. 2001).
Gse1 was shown to correspond to the HvGID1
gene, the barley orthologue of the rice GA
receptor gene (Chandler et al. 2008). In contrast
to dwarf grd5 and gse1 mutants, loss-of-function
sln mutant plants exhibit excessive stem growth
due to a constitutive GA response; conversely,
dominant mutations of the same locus result in a
dwarf phenotype similar to wheat Rht1, ara-
bidopsis GAI/RGA and maize D8 (Peng et al.
1999; Chandler et al. 2002). Despite overall
conservation of this GA signaling mechanism,
some differences emerged in the barley GA
response and other species and in contrast to

wheat the Sln1 locus has not been used in barley
breeding (Kuczyńska et al. 2013). A genetic
screen for suppressors of GA-defective dwarf
mutants identified a single aminoacid substitution
in the Spindly1 (Spy1) barley gene, encoding a
negative regulator of GA signaling: in the spy1a
mutant enhanced GA signaling leads to a higher
leaf elongation rate, but effects on plant height
were not described in detail (Chandler and
Harding 2013).

Early formulations of ideotype breeding
focused on selecting for morphological charac-
teristics to improve yield (Donald 1968). Sub-
sequently, this definition has broadened to
include a range of physiological, phenological,
and architectural features that are proposed to
improve crop productivity (e.g., see the follow-
ing reviews on rice breeding programs: Peng
et al. 2008; Jeon et al. 2011; Khush 2013;
Sharma et al. 2013). An interesting development
is the “smart canopy” model, which aims at

Table 13.1 Barley plant height mutant loci, whose genes have been identified

Locus Gene Function References

sdw1* HvGA20ox2 GA biosynthesis Xu et al. (2017)

grd5 HvKAO GA biosynthesis cytochrome P450
ent-kaurenoic acid oxidase (CYP88A)

Helliwell et al. (2001)

gse1 HvGID1 GA receptor Chandler et al. (2008)

sln1 HvSLN1 DELLA GA signaling repressor Chandler et al. (2002)

spy1 HvSPY1 GA signaling repressor Chandler and Harding
(2013)

uzu* HvBRI1 BR receptor Chono et al. (2003)

ari-o/brh14* HvDIM BR pathway D5-sterol-D24-reductase DIMINUTO Dockter et al. (2014)

ari-u/ert-t/brh3 HvBRD BR pathway brassinosteroid-6-oxidase Dockter et al. (2014)

brh13/brh18 HvCPD BR pathway C-23a-hydroxylase cytochrome P450 90A1
(CYP90A1)

Dockter et al. (2014)

ari-e* HvDEP1 Heterotrimeric G protein AGG3-type subunit Wendt et al. (2016)

brh1, ari-m Heterotrimeric G protein a-subunit Braumann et al. (2018),
Ito et al. (2017)

Zeo HvAP2 AP2/ERF transcription factor Houston et al. (2013)

nld1 HvNS WUSCHEL-RELATED HOMEOBOX
transcription factor

Yoshikawa et al. (2016)

hvd14.d HvD14 SL receptor a/b hydrolase Marzec et al. (2016)

*Used in barley breeding (Kuczyńska et al. 2013). BR brassinosteroid, GA gibberellin, SL strigolactone
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optimizing the performance of the whole crop
community by maximizing photosynthetic effi-
ciency through a combination of biochemical and
morphological traits (Ort et al. 2015). Among
them, erect leaf angle (especially of apical
leaves) was proposed to allow better penetration
of solar radiation through the canopy enhancing
photosynthesis in lower leaves: this trait was
demonstrated to increase biomass production and
grain yield in dense planting conditions (Sinclair
and Sheehy 1999; Sakamoto et al. 2006). The BR
pathway is a promising target for the develop-
ment of crop plants that combine reduced plant
stature and narrow leaf angle (Dockter and
Hansson 2015). The role of BRs in culm elon-
gation is well established and genes involved in
BR biosynthesis and signaling have been iden-
tified from dwarf mutants in rice (Zhang et al.
2014). BRs also condition leaf inclination: in
rice, cells on the adaxial side of the lamina-joint
expand in response to BR, making the blade
bend away from the stem axis and mutants
impaired in BR biosynthesis or signaling have
more erect leaves (Cao and Chen 1995; Yama-
muro et al. 2000; Sakamoto et al. 2006). The first
BR gene identified in barley was semi-brachytic
(uzu), encoding the ortholog of the BRASSI-
NOSTEROID1 (BRI1) hormone receptor
(Chono et al. 2003). The recessive uzu1.a allele
has long been used to confer reduced plant height
and improved lodging resistance in winter barley
cultivars in Japan, the Korean peninsula and
China (Saisho et al. 2004). In addition, leaf
erectness and decreased tillering make uzu bar-
leys suitable for dense planting conditions. While
the uzu1.a mutation has temperature-conditional
negative phenotypic effects, future breeding may
take advantage of a newly identified allele less
sensitive to elevated temperatures (Dockter et al.
2014). A recent screen for BR-related mutants in
barley identified a number of lines exhibiting
reduced plant stature (especially reduced length
of apical culm internodes) and acute leaf angle,
as well as short rachis internodes and short awns,
associating some of them to different mutations
in orthologs of BR-related genes (Dockter et al.
2014; Table 13.1). Decreased plant height,
strong culms, erect growth habit, and narrow leaf

inclination angle are also characteristics of
recessive mutants of the ari-e locus, which was
shown to encode HvDep1, a heterotrimeric
G-protein AGG3-type (Gc) subunit gene related
to rice DENSE AND ERECT PANICLE (Wendt
et al. 2016). These ideotype traits contributed to
the success of the malting barley cultivar Golden
Promise, which harbors a frameshift mutation in
the gene resulting in a truncated protein (allele
ari-e.GP, Wendt et al. 2016). Heterotrimeric G
protein complexes consist of Ga, Gb and Gc
subunits and mediate signal transduction from
G-protein-coupled receptors to downstream
effectors. Interestingly, another dwarf barley
mutant locus, brachytic 1 (brh1) was recently
associated with mutations in a gene encoding the
a subunit of heterotrimeric G protein (Ga),
reinforcing the role of this signaling complex in
controlling barley plant stature (Ito et al. 2017;
Braumann et al. 2018).

Together with BR-related mutants, further
evidence for partially independent regulation of
internode elongation is offered by the narrow
leafed dwarf1 (nld1) mutant, characterized by
reduced length of the apical internodes of the
culm (Yoshikawa et al. 2016). Nld1 acts in
control of leaf margin development and encodes
HvNS, a WUSCHEL-RELATED HOMEBOX
transcription factor homologous to the redundant
maize NARROW SHEATH1 (NS1) and NS2
factors (Nardmann et al. 2004; Yoshikawa et al.
2016). NS-defective maize mutants also exhibit
defects in internode elongation and leaf margin
formation suggesting that NS control phytomer
development coordinating medio-lateral leaf
development and internode growth (Scanlon
et al. 1996). However, in maize ns mutants, basal
internodes are affected, contrary to barley nld1
mutants (Scanlon et al. 1996).

Another transcription factor implicated in
control of internode elongation is HvAP2. The
corresponding transcript is a target of miR172:
mutations in the miRNA binding site (Zeocriton,
Zeo1, Zeo2, Zeo3) result in semidominant phe-
notypes including dwarfism and spike compact-
ness, a trait favored by breeders who wish to
reduce the amount of moisture retained by the
spike to prevent pre-harvest sprouting and fungal
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infections (Houston et al. 2013; Dockter and
Hansson 2015).

Recently, through a reverse genetics TILLING
approach a new barley dwarf mutant was iden-
tified and associated to a mutation in the
HvDWARF14 gene (HvD14): plants homozygous
for the hvd14.d allele showed significantly
reduced plant height, increased tiller number,
lower seminal root extension and higher lateral
root density compared to parent cultivar Sebastian
(Marzec et al. 2016). HvD14 encodes an a/b
hydrolase highly related to rice D14, the receptor
of strigolactones (SL), a class of plant hormones
that control different shoot branching and archi-
tectural traits (Waters et al. 2017). HvD14 rep-
resents the first functionally characterized
SL-pathway gene in barley and like its rice
ortholog is proposed to negatively control tiller
number (Marzec et al. 2016). Future research on
the characterization of other SL-pathway genes
might thus provide new allelic diversity to
develop barley cultivars combining reduced sta-
ture and increased tillering to augment barley
biomass production.

13.2.2 Genes Controlling Tillering

Barley researchers have identified and charac-
terized a large number of mutants with either an
increased or decreased number of tillers
(Table 13.2; Fig. 13.5). Many of these mutants
have been backcrossed into the cultivar Bowman
to provide a common genetic background for
comparing phenotypes. In many cases the
near-isogenic lines have been used to locate the
mutant allele to a small genetic interval (Druka
et al. 2011). There are four general classes of
tillering mutants. One class that does not develop
tillers but only develops a single main culm is
characterized by mutations in Uniculm2 (Cul2;
Babb and Muehlbauer 2003). Another class
exhibits a small number of tillers and is charac-
terized by mutations in Low number of tillers1
(Lnt1; Dabbert et al. 2010), Uniculme4 (Cul4;
Tavakol et al. 2015), and Absent lower laterals1
(Als1; Dabbert et al. 2009). A third class of
mutants exhibit a moderate reduction in tiller

number and are defined by mutations in Inter-
medium-b (Int-b; Babb and Muehlbauer 2003),
Opposite spike1 (Ops1; Okagaki and Muehlbauer
unpublished results) and Semi-brachytic (Uzu;
Babb and Muehlbauer 2003; Dockter et al.
2014). The fourth class of mutants exhibits an
increase in tiller number and include mutations
in Granum-a (Gra-a; Babb and Muehlbauer
2003), Grassy tillers (Grassy; Rossini et al.
2014), Narrow leafed dwarf1 (Nld1; Yoshikawa
et al. 2016), HvD14 (Marzec et al. 2016),
Many noded dwarf1/5 (Mnd1/5), Many noded
dwarf3 (Mnd3; Franckowiak and Lundqvist
2002) and Many noded dwarf 4/6 (Mascher et al.
2014).

Several studies have described the genetic and
morphological characterization of some of the
tillering mutants. Mutations in Cul2 result in the
lack of tiller development due to the inability to
develop an axillary bud, indicating that Cul2
regulates axillary bud formation (Babb and
Muehlbauer 2003). Mutations in Lnt1, Cul4 and
Als1 result in one to a few tillers due to the
inability to form axillary meristems on primary
tillers (Dabbert et al. 2009, 2010; Tavakol et al.
2015). Low-tillering cul2, lnt1, cul4, and als1
mutants combined with the high-tillering mutants
gra-a, mnd1 and mnd6 in double mutant com-
binations result in the respective low-tillering
phenotype (Babb and Muehlbauer 2003; Dabbert
et al. 2009, 2010). Interestingly, mutations in
Eligulum-a that exhibit dwarf, liguleless and
low-tillering phenotypes suppress the cul2
mutant phenotype, resulting in tiller development
on cul2 mutants (Okagaki et al. 2018).

Surprisingly, few of the barley tillering genes
identified to date correspond to expected genes or
pathways identified in other species. HvD14 is a
SL signaling pathway gene, and mutant alleles
confer a high-tillering dwarf phenotype similar to
rice SL mutants (Marzec et al. 2016). Mnd4/6
encodes a cytochrome P450 protein related to the
rice heterochronic mutant plastochron1 (Mascher
et al. 2014). Tillering defects are associated also
with mutations in the Uzu gene, encoding the
ortholog of the arabidopsis BRI1 and rice D61
genes (Babb and Muehlbauer 2003; Chono et al.
2003; Dockter et al. 2014).
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The majority of the classic barley tillering
mutants that have been cloned correspond to
genes linked to other functions or had previously
unknown functions. For example, Cul4 encodes
a barley homolog of the Arabidopsis boundary
genes BLADE-ON-PETIOLE (BOP1 and BOP2),
and Lnt1 is believed to encode the JuBEL2

protein, a homolog of the arabidopsis PENNY-
WISE protein (Dabbert et al. 2010; Tavakol et al.
2015). Mutations in BOP or PNY do not confer a
strong axillary meristem or branching phenotype
in Arabidopsis (Smith and Hake 2003; Norberg
et al. 2005). In addition, barley Eli-a encodes an
unknown protein that is highly conserved in

Table 13.2 Barley tillering mutants

Gene name Gene annotation Vegetative phenotypes References

Uniculm2
(Cul2)

No candidate No tillers, thick culm, wide
leaves

Babb and Muehlbauer (2003)

Eligulum-a
(Eli-a)

Unknown
RNaseH-like
domain protein

Suppresses cul2, thick
culms, dwarf, wide leaves,
liguleless

Okagaki et al. (2018), Lundqvist and
Franckowiak (2013)

Absent lower
laterals 1
(Als1)

No candidate gene Low tillering, thick culms,
wide leaves

Babb and Muehlbauer (2003),
Dabbert et al. (2009)

Uniculme4
(Cu4)

HvBlade-on-petiole Low tillering, thick culms,
wide leaves liguleless

Babb and Muehlbauer (2003),
Tavakol et al. (2015)

Low number of
tillers1 (LNT1)

JuBel2 Low tillering, thick culms,
wide leaves

Babb and Muehlbauer (2003),
Dabbert et al. (2010)

Intermedium-b
(Int-b)

No candidate gene Reduced tiller number Babb and Muehlbauer (2003),
Lundqvist and Franckowiak (2014)

Opposite
spikelets1
(Ops1)

Candidate—HvBarren
stalk fastigiate1
(HvBaf1)

Reduced tiller number Lundqvist and Franckowiak (2013),
Okagaki and Muehlbauer
unpublished results

Many noded
dwarf1/5
(Mnd1/5)

No candidate gene Many tillers, dwarf, narrow
leaves

Babb and Muehlbauer (2003),
Lundqvist and Franckowiak (2013)

Many noded
dwarf 4/6
(Mnd4/6)

Cytochrome P450 Many tillers, semi-dwarf,
narrow leaf

Mascher et al. (2014), Franckowiak
and Lundqvist (2002)

Many noded
dwarf 3
(Mnd3)

No candidate gene Many tillers, dwarf, narrow
leaf

Franckowiak and Lundqvist (2002)

Granum-a
(Gra-a)

No candidate gene Many tillers, dwarf, narrow
leaf

Babb and Muehlbauer (2003)

Grassy tillers No candidate gene Many tillers, narrow leaf Rossini et al. (2014)

HvD14 D14 a/b-hydrolase Many tillers, dwarf Marzec et al. (2016)

Intermedium
spike-m.85
(Int-m)

No candidate gene Many tillers, semi-dwarf Babb and Muehlbauer (2003),
Dahleen et al. (2007)

Intermedium
spike-c (Int-c)

HvTEOSINTE
BRANCHED1
(HvTB1)

Increased tillering in
seedlings

Ramsay et al. (2011)
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plants but a mutant phenotype has not been
observed in other plants (Okagaki et al. 2018).
Also, map positions of known barley tillering
mutants generally do not coincide with obvious
candidate genes (Hussien et al. 2014). Another
complication is raised by the Nld1 gene (Yoshi-
kawa et al. 2016). Barley nld1 mutants increase
tillering (Okagaki and Muehlbauer unpublished
data), which has not been observed in the maize
NS mutant (Scanlon et al. 1996). However,
common maize inbred lines do not tiller and an
effect on vegetative axillary meristems in maize
NS mutants, and potentially other mutants, is
unlikely to be detected. The maize TEOSINTE
BRANCHED (TB1) gene is a major determinant
of tiller number that regulates axillary bud out-
growth in maize; homologs in sorghum (Sor-
ghum bicolor) and arabidopsis play similar roles
(Doebley et al. 1997; Aguilar-Martínez et al.
2007; Kebrom et al. 2010). The barley TB1
homolog, Intermedium-c (Int-c), was shown to
control spike architecture; however, int-c mutants
do not increase adult tiller number although til-
lers do develop faster (Ramsay et al. 2011). Most
of the genes correspond to previously isolated
genes in other species, however the barley
mutant phenotypes reveal additional roles for
these genes that were not observed in other
plants.

13.2.3 Genetic Relationships
Between Leaf
and Axillary Meristem
Development

A series of mutants that disrupt leaf patterning
have been identified and characterized in barley.
These include mutations that result in disruption
of the blade-sheath boundary and exhibit a
liguleless phenotype [e.g., cul4, liguleless (lig),
and eli-a]. Other mutations alter the shape of the
leaf and include nld1 and broad leaf1 (blf1) that
exhibit narrow and broad leaves, respectively.
Blf1 encodes an INDETERMINATE DOMAIN
protein and reduces leaf width by restricting cell
division (Jost et al. 2016).

Recent evidence in barley and other plant
species are beginning to reveal a genetic con-
nection between lateral organ initiation and leaf
patterning (Johnston et al. 2014; Tavakol et al.
2015). Plants carrying mutations in Cul4 are low
tillering and liguleless (Fig. 13.2; Franckowiak
and Lundqvist 2002). RNA in situ hybridizations
showed that Cul4 is expressed in the leaf axil and
AXM, and during ligule development, indicating
that Cul4 is a boundary gene that establishes the
position of the axillary meristem and ligule
development. In addition, eli-a, originally
described as a liguleless leaf mutant

(a) (b) (c) (d) (e)

Fig. 13.5 Wildtype and mutant tillering phenotypes. aWild-type Bowman cultivar with tillers. b Cul2 mutant with no
tillers. c Lnt1 mutant with few tillers. d Cul4 mutant with few tillers. e Nld1 mutant with many tillers
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(Franckowiak and Lundqvist 2002) is expressed
in the preligular band and the developing ligule,
the leaf margin, and surrounding vascular bun-
dles, and was determined to promote tillering in
the cul2 mutant background (Okagaki et al.
2018). Characterization of these barley mutants
complemented maize transcriptome studies
describing a set of genes expressed at both the
ligular region and lateral organ boundaries
(Johnston et al. 2014) and work in eudicots
proposing a conserved genetic control of leaf and
axillary meristem boundary development (Busch
et al. 2011). Another leaf trait linked with til-
lering is leaf width. For example, barley
high-tillering mutants, gra-a, mnd1, mnd6, and
nld1, have narrow leaves (Okagaki and Muehl-
bauer unpublished results), whereas the
low-tillering mutants cul2, cul4, als1, and lnt1 all
exhibit broad leaves (Okagaki and Muehlbauer
unpublished results). Taken together, analyses of
barley mutants are revealing how tiller develop-
ment and leaf patterning are regulated by a
shared set of genes acting at multiple organ
boundaries throughout the shoot.

13.2.4 Correlation Between
Flowering Time, Leaf
and Tiller Development

Variation in tillering is also affected by genetic
variation in reproductive development. Studies in
biparental and diverse populations have identi-
fied QTLs or marker-trait associations for tiller-
ing close to flowering time genes (Karsai et al.
1999; Borràs et al. 2009; Alqudah et al. 2016;
Ogrodowicz et al. 2017). A strong vernalization
requirement and reduced photoperiod sensitivity
are commonly correlated with an increase in til-
lering in barley (Karsai et al. 1999; Wang et al.
2010). Accordingly, QTLs for tillering co-locate
with the major vernalization genes Vrn-H1 and
Vrn-H2 and the photoperiod response gene Ppd-
H1 (Karsai et al. 1999; von Korff et al. 2006;
Wang et al. 2010). Vrn-H2 is a strong inhibitor of
Vrn-H3 (a homolog of arabidopsis FLOWERING
LOCUS T, FT) and thus flowering time under
long photoperiods, whereas Vrn-H1A

upregulates Vrn-H3 and triggers flowering. Vrn-
H1 is induced during vernalization and represses
Vrn-H2 to allow for the expression of Vrn-H3/
FT1 (Yan et al. 2003, 2004). A deletion of the
Vrn-H2 locus and deletions in the first regulatory
intron of Vrn-H1 are prevalent in spring barley,
which flowers without vernalization (Hemming
et al. 2009; Rollins et al. 2013). In barley or
wheat populations segregating for natural varia-
tion at VRN1 or VRN2, the duration of vernal-
ization has a significant influence on a number of
developmental traits including tiller number
(Kato et al. 2000; Karsai et al. 2005, 2006).
Ppd-H1 encodes a PSEUDO-RESPONSE-
REGULATOR (PRR) protein, which is homol-
ogous to the arabidopsis PRR3/PRR7 of the cir-
cadian clock, and characterized by a
pseudoreceiver and a CCT (CONSTANS,
CONSTANS-like, and TOC1) domain (Turner
et al. 2005). The ancestral, dominant form of
Ppd-H1 confers an acceleration of flowering
under increasing day length and is commonly
found in Mediterranean barley genotypes. A
recessive mutation in the CCT domain of ppd-H1
has been selected in spring cultivars grown in
temperate agricultural areas. This variant leads to
a minor delay in the vegetative to reproductive
phase transition, but a strong delay of the
inflorescence development in spring barley
(Alqudah et al. 2014; Digel et al. 2015). Under
long photoperiods, Ppd-H1 upregulates Vrn-H3.
Proteins homologous to VRN-H3 such as ara-
bidopsis FT and rice Hd3a move from the leaves
through the phloem to the shoot apical meristem,
where they induce the transition from vegetative
to reproductive growth (Corbesier et al. 2007;
Tamaki et al. 2007). Ppd-H1, Vrn-H1 and Vrn-
H2 likely affect tillering by controlling the
expression levels of Vrn-H3/FT1 and conse-
quently the flowering signal in the shoot apical
meristem. A strong flowering signal increases
apical dominance, a term used to describe the
inhibition of axillary bud outgrowth by the main
stem (e.g., Cline 1997). The apical meristem
produces the plant hormone auxin (IAA) that
inhibits axillary bud growth by preventing the
synthesis or utilization of cytokinin within axil-
lary buds (Müller and Leyser 2011). In this
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context, it is interesting to note that in ara-
bidopsis, FT interacts with BRANCHED 1
(BRC1, a homolog of maize TB1) in axillary
buds to inhibit early floral transition
(Aguilar-Martínez et al. 2007; Hiraoka et al.
2013; Niwa et al. 2013). The function of BRC1/
TB1 is conserved among distantly related
angiosperm species, where the gene integrates
signals controlling auxin induced apical domi-
nance and thus branching (Doebley et al. 1997).
However, future research is needed to further
elucidate the molecular networks integrating
reproductive development and tiller number in
grasses.

It has been shown in many cereal crops that
early flowering does not only correlate with low
tillering but also a reduction in leaf size. A recent
genome wide association study in winter barley
has demonstrated that the largest effect on leaf
length and width colocated with Ppd-H1 (Digel
et al. 2016). The effect of Ppd-H1 on leaf size
was verified in near-isogenic lines that were
characterized by a dominant Ppd-H1 allele
introgressed into spring barley cultivars. The
effect of Ppd-H1 on leaf growth was only
observed under long days and correlated with its
effect on reproductive development. Differences
in the rate of leaf emergence, in the duration of
leaf growth and in the final leaf cell number
suggested that Ppd-H1 affected leaf size by
influencing the rate of age-dependent progression
of leaf development (Digel et al. 2016). Inter-
estingly, a recent study also showed that the
row-type gene Vrs1 influences leaf size by con-
trolling cell proliferation of leaf primordia cells
(Thirulogachandar et al. 2017). The authors
demonstrated that Vrs1 negatively affects the
development of leaf primordia in two-rowed
cultivars, probably by suppressing proliferation
of leaf founder cells that give rise to the leaf
primordia. This work provides another example
for the coordination of spike and leaf develop-
ment in barley.

Detailed physiological studies on the function
of genes controlling spike development will shed
more light on their role in shaping different plant
organs. Pleiotropic effects of these genes on tiller

number and leaf size might be important to opti-
mize source-sink relationships andmaximize yield.

13.2.5 Genetic Correlations Between
Row-Type and Tiller
Number

Shoot and spike branching determine above-
ground plant architecture and the major yield
components: the number of spikes per plant, the
number of seeds per spike and seed weight. It is
well known that these yield components are often
negatively correlated, i.e., increased spike number
negatively correlates with seed weight (Fonesca
and Patterson 1968; Gebeyehou et al. 1982).
These negative correlations between yield com-
ponent traits have been attributed to competition
of different plant organs for limited resources
(Adams 1967). However, the identification and
characterization of genes affecting either shoot or
spike branching have challenged this assumption
and suggested that both traits might be genetically
linked. For instance, the TB1 gene controls tiller
and spike morphology (Studer et al. 2011). In
cultivated maize, a natural overexpressing allele
was introgressed into cultivated germplasm to
decrease tillering and improve yield (Studer et al.
2011). The barley homolog of TB1, Int-c has been
identified as a major gene controlling lateral spi-
kelet development that also represses the number
of tillers in barley early in development (Ramsay
et al. 2011). A recent study has examined the
pleiotropic effects of a number of row-type genes
on tiller number in barley to better understand the
genetic correlations between individual yield
components (Liller et al. 2015). In two-rowed
barley only the central spikelet is fertile while in
six-rowed barley all three spikelets per rachis
node develop and set seeds. The genes underlying
the six-rowed spike (vrs) loci Vrs1 and Vrs4
encode transcription factors of the HD-ZIP (Hv.
Hox1) and LATERAL ORGAN BOUNDARY
families, respectively, and repress the develop-
ment of lateral spikelets (Komatsuda et al. 2007;
Koppolu et al. 2013). Intermedium (int) mutants
display enlarged lateral spikelets, which
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sometimes develop into seeds depending on the
position on the spike and the environment
(Lundqvist and Lundqvist 1987, 1988). The int-
c and int-a (vrs3) genotypes with mutations in
TB1 and a histone demethylase, respectively, are
characterized by a reduced upregulation of Vrs1
and a correlated development of lateral spikelets
(Bull et al. 2017; van Esse et al. 2017). Based on
differences in the correlation between the number
of seeds and tillers, Liller et al. (2015) identified
two mutant groups. The first group comprised
mutants with a higher number of seeds and
reduced tiller number expressed either early in
development or at full maturity. Mutants in the
second group were distinguished by a reduction in
seeds per spike and in tiller number and conse-
quently positive correlations between both traits.

Negative associations between seed and tiller
number were also found in the wheat tiller
inhibition (tin) mutant, which is characterized by
larger spikes and a higher grain number per
spikelet and a low tiller number (Kebrom et al.
2012). The spike phenotype can be induced by
removal of tillers after their initiation in the
wild-type plant (Kebrom et al. 2012). This
demonstrates that different plant organs can
compete for the same resources, resulting in a
decrease of tillers and an increase in seed num-
ber. Similarly, Alqudah et al. (2016) found that
the six-rowed vrs1 mutant with developed lateral
spikelets had significantly less tillers at the flag
leaf and heading stages compared to their
wild-type (Vrs1) parents. Liller et al. (2015),
however, found that vrs1 mutants displayed a
reduced tiller number at maturity, but not at
earlier stages of development. The authors,
therefore, concluded that vrs1 does not directly
control the outgrowth of axillary buds and the
reduction in tiller number was likely caused by
resource competition between tillers and seeds.
The additional row-type mutants, however, either
displayed altered tillering already at early
developmental stages or positive correlations
between seed number per spike and tiller num-
ber. For example, int-c mutants produced more
tillers at early developmental stages (Ramsay
et al. 2011; Liller et al. 2015), suggesting a direct

effect of this gene on tiller number. Similarly,
loss of function mutations in the homologous
maize TB1 or rice FINE CULM 1 (FC1) genes
increase the number of tillers (Doebley et al.
1997; Goto et al. 2005). While the barley
int-c mutant was high tillering at early develop-
mental stages, it ceased to develop new tillers
after reaching the flag leaf stage when tiller
numbers were decreased compared to the wild
type (Liller et al. 2015). This suggested that
either Int-c exerted different effects on axillary
buds of different order (primary, secondary, ter-
tiary), or its effect changed over development.

Alternatively, reduced tillering mutants such
as als, lnt1, and int-b exhibited a reduction in
seed number. This suggested that the causative
mutations may directly influence the initiation or
outgrowth of different meristematic tissues in
barley, rather than indirectly through resource
partitioning. Similarly, in maize it was shown
that the basic helix-loop-helix protein BARREN
STALK 1 (BA1) regulates vegetative and repro-
ductive lateral meristem development (Ritter
et al. 2002; Gallavotti et al. 2004). Furthermore,
the rice gene MONOCULM 1 (MOC1), a
homolog of the arabidopsis boundary gene
LATERAL SUPPRESSOR (LAS), controls shoot
as well as inflorescence architecture (Li et al.
2003). Consequently, these genes may have large
effects on seed number as they control the
number of seeds per spike and the number of
spike-bearing tillers. Taken together, there is
increasing evidence that the development of
different plant organs is governed by the same
genes. Knowledge of these genes and their
functions in different plant organs is important to
break the genetic correlations of shoot and spike
phenotypes to improve yield.

13.3 Genetic Control of Root
Architecture and Anatomy

The genetic analysis of root development in
barley lags behind those of other systems given
that just two mutants affecting roots (curly2 =
cu2, and few roots1 = fer1, Lundqvist and
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Franckowiak 2014) are included out of hundreds
described for shoot characteristics. However, at
least two mutagenized populations were screened
and dozens of root mutants were identified,
although those mutants are mostly not yet
genetically analyzed. For example, in the
“Optic”-based EMS-mutagenized population
(Caldwell et al 2004), White et al. (2009)
reported the identification of 30 lines showing a
root phenotype, with agravitropic/curly roots and
fewer or shorter root hairs. Similarly, in a NaN3-
treated population in the Morex genetic back-
ground (Talamè et al. 2008), 70 lines showing
aberrant root morphology were identified where
the prevalent phenotypes were short and/or curly
seminal roots (Bovina et al. 2011).

13.3.1 Seminal Roots

The genetics of seminal root development has
been well investigated in maize (Salvi 2017),
where the mutants rtcs and rum1, which genes
code for a LOB-domain and an Aux/IAA protein,
respectively, abolish the initiation of seminal
roots (Taramino et al. 2007; von Behrens et al.
2011). Plants carrying the rtcs mutant also lack
crown and brace roots, causing severe plant
lodging. Interestingly, the yet unmapped barley
mutant Fer1 (Linde-Laursen 1977) was descri-
bed as having 1–3 (instead of 5–6) seminal roots
and reduced or no nodal roots, associated with
plant lodging, suggesting a similarity with maize
rtcs. Five QTLs for number of seminal roots
were mapped in a “ND24260” � “Flagship”
double haploid (DH) barley population, with the
major QTL mapping on chromosome 5HL.
This QTL co-located with QTLs for root angle
and drought tolerance in barley, and for number
of seminal roots in wheat; an expansin gene was
suggested as a candidate gene (Robinson et al.
2016). In two additional studies, a barley mutant
displaying long roots in hydroponics was spec-
ulatively linked with disturbed hydrotropism
(Martinez et al. 2004), and a cell wall-associated
receptor-like kinase gene was associated with
root length in control and high-salt stress condi-
tions (Kaur et al. 2013).

13.3.2 Nodal and Lateral Roots

No specific mutants or genes controlling nodal or
lateral root development have been analyzed in
barley, whereas mutants lacking crown roots
have been isolated in rice and maize with
auxin-related functions showing an important
regulatory role (Orman-Ligeza et al. 2013; Yu
et al. 2016). In barley, several QTLs for nodal
root system size were identified with two major
loci co-mapping with the semi dwarfing genes
sdw1 and ari-e.GP, highlighting the potential
pleiotropic effects of shoot-oriented breeding
activities on root architecture in modern cultivars
(Chloupek et al. 2006). Specifically, in the sdw1
mutant reduced plant height was clearly associ-
ated with larger root size (Chloupek et al. 2006).

A source of allelic variation for nodal (as well
as seminal) root traits is wild barley (Hordeum
vulgare ssp. spontaneum). Variation among wild
barley accessions and between cultivated and
wild barley has been described in terms of
number of nodal roots, lateral roots, and total
root biomass (Grando and Ceccarelli 1995, Zhao
et al. 2010). QTLs associated with root pheno-
types have been mapped in introgression libraries
derived from cultivated x wild barley accessions.
Naz et al. (2012, 2014) characterized introgres-
sion lines of the wild barley accession ISR42-8 (a
wild barley accession from semi-desert areas of
Israel) in the Scarlett cultivar background.
Noteworthy, a major QTL for root system size on
the distal part of chromosome 5 was found to
overlap with a major QTL for root length iden-
tified in a wild � wild barley mapping popula-
tion (Chen et al. 2009).

13.3.3 Growth Angle

The genetic control of root growth angle is an
active area of research given that a number of
modeling and physiological studies identified a
steep root angle as associated with higher resource
use efficiency and productivity (Lynch 2013). One
gravitropic mutant in the Morex genetic back-
ground (Talamé et al. 2008), enhanced gravit-
ropic1 (eg1), was mapped on chromosome 6H
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(Salvi, unpublished results). eg1 showed rein-
forced response to gravitropism both in seminal
and lateral roots, globally resulting in a narrower
and steeper root apparatus. QTLs for root angle
were identified in an experimental cross involving
a wild-derived introgression line (Sayed et al.
2017). The strongest QTL was detected at marker
locus bPb-8558 (7.52 cM) on chromosome 7H
where the introgression of an exotic allele resulted
in a 31.6% increase in root angle and around 47%
of the roots exhibited an angle greater than 45
degrees. Recently natural allelic variation at the
key flowering time regulatory gene VRN-H1 was
causally linked to root architectural changes
(Voss-Fels et al. 2018). Interestingly, an early
flowering VRN-H1 allele was associated with
narrow root growth at the seedling stage and pro-
longed root growth at the deepest soil level during
grain filling. The authors suggested that this allele
likely contributed to the adaptation of some barley
cultivars to dry environments by providing
flowering-mediated drought escape and improved
root water acquisition (Voss-Fels et al. 2018).

13.3.4 Root Hairs

In an extensive effort, 19 root hair mutants were
subjected to detailed morphological and genetic
analyses and shown to correspond to nine inde-
pendent loci (Kwasniewski et al. 2013; Chmie-
lewska et al. 2014). Phenotypically, these
mutants were classified into the following cate-
gories: mutants with no root hairs (rhl, root
hairless), mutants with root hairs arrested at the
initial stage of development (root hair primor-
dial; rhp), mutants with short root hairs (rhs, root
hair short) and mutants with sparsely located
root hairs of different lengths (rhi, root hair
irregular). Differential expression of a root
expansin (HvEXPB1) gene was shown to
cosegregate with the root hair phenotype asso-
ciated with rhl1.a (Kwasniewski and Szarejko
2006). EXPA and EXPB are expansin proteins
potentially involved in cell wall-loosening and
cell enlargement (Cosgrove 2015).

The root hairless mutant bald root barley (brb
or rhl1.d) was utilized in comparative analyses at
various P availability conditions. The results
suggested that root hairs are important in P
acquisition and plant survival in low-P environ-
ments, but may be dispensable under high-P
conditions (Gahoonia and Nielsen 2003). Using
the same mutant, Zheng et al. (2011) demon-
strated a role for root hairs in heavy metal
acquisition. Unexpectedly, the same mutant was
tested for response to soil water deficit and
showed essentially no penalty in shoot growth
when compared to wild type, leading to the
implication that the absence of root hairs does
not affect the plant response to reduced soil
moisture (Dodd and Diatloff 2016). Recent
experiments based on root hair mutants con-
firmed the strong interconnection between root
hairs and root-associated microbes in barley
(Robertson-Albertyn et al. 2017).

13.3.5 Genetics of Rhizosheath

An interesting root feature for which natural
variation was observed in barley is the rhi-
zosheath, defined as the weight of soil that
adheres strongly to roots on uprooting. This trait
was first noted in desert grasses by A. G. Tansley
more than 100 years ago (George et al. 2014),
and has since been associated with stress toler-
ance and nutrient uptake. The rhizosheath results
from many factors including root hairs, produc-
tion of root-microbe mucilage, and symbiotic or
otherwise root-associated bacteria and fungi. In
an association mapping population of 144
European two-row spring barley genotypes,
variation for rhizosheath weight was found to be
under genetic control. A major rhizosheath QTL
apparently not related with roothairs was mapped
on chromosome 2H at 112 cM (George et al.
2014). However, in a subsequent study using a
different population, rhizosheath traits were not
clearly associated with phosphorus use efficiency
(Gong and McDonald 2017).
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13.3.6 Aerenchyma

A large range of phenotypic variation for root
aerenchyma across the genus Hordeum has been
documented by Garthwaite et al. (2003), who
highlighted Hordeum marinum as particularly
rich in aerenchyma and resistant to waterlogging.
Broughton et al. (2015) reported a major QTL for
root porosity (the percentage of gas volume per
root volume, widely used as an indicator of
aerenchyma formation) and waterlogging toler-
ance on chromosome 4H. A major QTL for
aerenchyma and porosity was mapped in the
same map position in two unrelated crosses
(Zhang et al. 2016, 2017), the latter involving a
H. spontaneum accession. Intriguingly,
Broughton et al. (2015) observed that the
porosity QTL on 4H was syntenic with both the
rice Sub1A-1 gene and maize QTL, Qaer1.02-3.
Both loci affect ethylene biosynthesis and
responsiveness, although in seemingly different
ways. Additional investigation is required in
order to clarify the actual mechanisms involved.

13.4 Concluding Remarks
and Future Prospects

Plant ideotypes have been defined as “a combi-
nation of morphological and/or physiological
traits, or their genetic bases, optimizing crop
performance to a particular biophysical environ-
ment, crop management, and end-use” (Martre
et al. 2015). In ideotype breeding, special atten-
tion should be dedicated to compensatory mech-
anisms in the development of different plant
organs and interrelationships among traits (Peng
et al. 2008). The application of novel genomic
approaches to the analysis of mutants and natural
genetic diversity is accelerating the discovery of
genes controlling barley plant architecture,
beginning to clarify the molecular and physio-
logical mechanisms that subtend development
and morphogenesis and the correlations among
different traits. Future research in this area will be
essential to provide the knowledge and allelic
diversity needed to design crop ideotypes that
combine favorable features for different end-uses.
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14A Genomic View of Biotic Stress
Resistance

J. Mitch Elmore, Dragan Perovic, Frank Ordon,
Patrick Schweizer and Roger P. Wise

Abstract
Over the last 100 years, research in barley
disease resistance has progressed from classical
genetic approaches up to molecular genetics
and genome-wide functional profiling. Along
the way, a multitude of well-characterized
genetic resources have paved the way for
mechanistic investigations into barley immu-
nity. Seminal discoveries in barley have been
translated to other crops, thus proving it to be an
excellent system for plant disease research.
Recent access to high-quality barley and
pathogen genomes has empowered large-scale
functional studies and facilitated the develop-

ment of new technologies to associate traits
with genes. Continued integration of existing
germplasm with anchored sequence data pro-
mises to expedite mapping and functional
characterization of important disease traits. In
this chapter, we offer a genomic view of barley
biotic stress with a focus on different types of
resistance, current genomic approaches to dis-
sect immune responses, and future prospects
for the field.

14.1 Biotic Threats and Disease
Resistance

Across its wide agricultural range, a variety of
invertebrate pests and microbial pathogens can
impact barley production resulting in significant
declines in grain yield and quality (Paulitz and
Steffenson 2010; Schweizer 2014). Microbial
pathogens are generally divided into categories
based on their lifestyle: biotrophs require living
host tissue for growth and reproduction, necro-
trophs feed on dead tissue, and hemibiotrophs
exhibit both biotrophic and necrotrophic habits.
Fungal and viral diseases are major threats to
barley production and will be the focus of this
chapter. The relative importance of specific dis-
eases may vary substantially over time and geo-
graphic region due to differences in environmental
conditions, cultivars, and pathogen virulence
(Paulitz and Steffenson 2010). Cereal rust caused
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by Puccinia spp. and powdery mildew caused by
Blumeria graminis f. sp. hordei are persistent
problems in most barley growing regions. Bipo-
laris sorokiniana spot blotch, Fusarium spp. head
blight, Pyrenophora graminea leaf stripe, Pyren-
phora teres net blotch, Ramularia collo-cygni leaf
spot, and Rynchosporium commune leaf scald are
other economically important diseases caused by
fungi (Paulitz and Steffenson 2010). The
aphid-transmitted Barley yellow dwarf virus
(BYDV) and Cereal yellow dwarf virus (CYDV),
and the soil-borne Barley yellow mosaic virus
(BaYMV) and Barley mild mosaic virus
(BaMMV) can also cause major yield losses
(Ordon and Kühne 2014).

14.1.1 Genome-Encoded Immune
Receptors

Plants produce pre-formed physical and chemical
barriers to pathogen ingress. In addition, plant
genomes encode an innate immune system
composed of different types of receptors that
actively recognize and respond to pathogens
(Jones and Dangl 2006; Dodds and Rathjen
2010). Extracellular pattern recognition receptors
(PRRs) at the cell surface monitor the apoplast
for “non-self” pathogen-associated molecular
patterns (PAMPs) such as fungal chitin. PRRs
can also recognize “modified-self” damage-
associated molecular patterns (DAMPs) such as
degraded fragments of the plant cell wall or
endogenous peptides that are expressed during
pathogen attack (Zipfel 2014). Plant PRRs are
plasma membrane-localized receptor-like kinases
or receptor-like proteins containing extracellular
domains that bind specific ligands. In response to
PAMPs, barley activates signaling networks
associated with MAP kinase cascades, produc-
tion of reactive oxygen species, vesicle traffick-
ing and secretion, cell-wall reinforcement, and
transcriptional reprogramming that culminate in
pattern-triggered immunity (PTI) (Hückelhoven
2007; Hückelhoven and Seidl 2016; Scheler et al.
2016). PTI is considered one of the first lines of
inducible pathogen defense and likely con-
tributes to a basal level of resistance to most

pathogens (Zipfel 2014). Currently little is
known about PRRs in barley (Tanaka et al. 2010;
Hückelhoven and Seidl 2016; Rajaraman et al.
2016), but downstream factors affecting patho-
gen invasion or spread have been identified via
forward genetics and functional genomics
approaches (Collins et al. 2003; Hu et al. 2009;
Douchkov et al. 2014, 2016).

Intracellular receptor proteins comprised of
amino-terminal coiled (CC) or Toll/interleukin-1
receptor homology (TIR) domains, a central
nucleotide binding NB-ARC domain, and a
carboxy-terminal leucine-rich repeat domain,
termed NLRs, control another aspect of pathogen
recognition in plants (Jacob et al. 2013; Cui et al.
2015). Interestingly, TIR-NLRs are absent in the
monocot lineage including barley (Jacob et al.
2013). Recent molecular characterization and
genome-wide analyses across flowering plants
have revealed the presence of many NLRs with
additional, “integrated” domains hypothesized to
facilitate pathogen recognition and represent
about 5–10% of NLRs encoded in plant genomes
(Cesari et al. 2014; Wu et al. 2015; Sarris et al.
2016).

NLR receptors detect the presence of patho-
gen virulence proteins, termed effectors, inside
host cells. Effectors function to manipulate host
cell physiology in order to suppress defense, and
accommodate growth and reproduction of the
pathogen. Effectors produced by biotrophs often
target PTI signaling proteins to suppress host
defense, while necrotroph effectors can induce
plant cell death (Lo Presti et al. 2015). NLRs
recognize effectors either through direct interac-
tion or indirectly by monitoring the status of
additional host proteins that are targeted by
effectors (Cui et al. 2015). NLR activation results
in effector-triggered immunity (ETI). ETI is
associated with many of the same cellular
responses as PTI but is executed more intensely
and is often accompanied by programmed cell
death or the hypersensitive reaction (HR) at sites
of infection, resulting in near-complete disease
resistance (Tsuda and Katagiri 2010). Research
in barley has been critical for dissecting plant
NLR biology and mechanisms underlying ETI
(discussed in Sect. 14.4).
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While the PTI/ETI conceptualization has been
a useful model for analyzing plant immunity, it is
increasingly clear that this classification fails to
capture the full scope of plant-microbe interac-
tions (Jones and Dangl 2006; Thomma et al.
2011; Pritchard and Birch 2014). For instance,
apoplastic effectors can be recognized by
PRR-type receptors and PAMPs can activate
ETI-like responses including HR (Cook et al.
2015; Thomma et al. 2011). There can be a great
deal of overlap in the magnitude of protection
mediated by different PRR-type and NLR-type
immune receptors with both types activating
“weak” or “strong” responses (Boyd et al. 1995;
Thomma et al. 2011). Also, it has become clear
that significant overlap exists in the defense
outputs activated by different classes of immune
receptors (Caldo et al. 2004; Thomma et al.
2011). Therefore, the plant immune system can
be considered a “continuous” surveillance system
for microbial invasion triggered by a range of
pathogen molecules with varying defense outputs
that do not depend strictly on the recognized
molecule or type of immune receptor (Cook et al.
2015).

14.1.2 Distinguishing Different Types
of Disease Resistance

Disease resistance can be classified broadly
based on different phenotypic outcomes and the
underlying genetics of both host and pathogen
(Zhang et al. 2013; Roux et al. 2014). The rela-
tive impact of structural and chemical (in)com-
patibilities, PRR- and NLR-type immune
receptors, and various downstream cellular
defenses may vary depending on the specific
plant–microbe interaction (Schulze-Lefert and
Panstruga 2011). Thus, the general definitions
described below fall on a spectrum of disease
resistance and could be achieved via overlapping
mechanisms.

Qualitative disease resistance is nearly com-
plete and renders the plant fully immune to
infection by particular pathogen isolates (Zhang
et al. 2013). This type of immunity is typically
genetically dominant and conferred by a single

resistance (R) gene with a major effect on the
disease outcome. R-genes often encode NLR
proteins that activate ETI signaling upon recog-
nition of specific effectors expressed by a
pathogen isolate. However, some PRR-type
receptors (Song et al. 1995) and other
non-receptor genes (Krattinger et al. 2009b) have
been designated as R-genes due to their mea-
surable effect on reducing disease incidence.
Qualitative disease resistance is often race-
specific: pathogen isolates with variable effector
repertoires can escape detection and cause dis-
ease on plant varieties with R-genes effective
against other races of the same pathogen. Indeed,
many plant pathogens are highly adaptive and
numerous examples exist where major R-gene
resistance has broken down in the field, possibly
via loss or modification of a corresponding
effector in the pathogen population (McDonald
and Linde 2002).

Quantitative disease resistance (QDR) is often
observed when sources of qualitative resistance
are not present in the host population (Roux et al.
2014). QDR is incomplete and results in a reduc-
tion but not elimination of disease symptoms.
QDR can be controlled by multiple genes, each
with a partial effect on the resistance phenotype
(Poland et al. 2009; Niks et al. 2015). QDR is often
race nonspecific and therefore active against all
races of a pathogen. In a segregating population,
QDR results in a continuous or near-continuous
distribution of phenotypes ranging from “more
resistant” to “more susceptible” (St. Clair 2010).
Quantitative trait loci (QTL) mapping is used to
localize QDRgenes on the genome but associating
specific geneswithQTL remains a challenge (Niks
et al. 2015). At a mechanistic level many forms of
QDR appear to be a manifestation of PTI, reflect-
ing specific cellular events that reduce pathogen
infection. Other forms of QDR appear to be
specific to particular pathogen isolates and might
be controlled byweaker alleles ofR-genes (Marcel
et al. 2008; French et al. 2016). It is generally
thought that QDR can be more durable than R-
gene resistance, in part, due to its polygenic nature
where each gene may control a different aspect of
the defense response (Poland et al. 2009; French
et al. 2016).
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Nonhost resistance (NHR) represents a special
case of immunity and is the most common in
nature. Most plants are resistant to most patho-
gens, so disease is relatively rare when consid-
ering all potential interactions amongst plants
and microbes. NHR is defined as full immunity
of an entire plant species to all genotypes of a
pathogen species (Niks and Marcel 2009). There
has been considerable interest in defining mech-
anisms of NHR with hopes of engineering plants
with this seemingly robust form of immunity.
Barley and other cereals represent good model
systems for defining the genetic basis of NHR
due to closely related pathogen (sub)species
being reciprocal non-pathogens on closely rela-
ted crops (Jafary et al. 2008; Aghnoum and Niks
2010; Douchkov et al. 2014). A combination of
genes and mechanisms likely operate during
NHR including structural barriers, inappropriate
chemical cues for pathogen development, and
activation of robust PTI and/or ETI responses
(Senthil-Kumar and Mysore 2013; Schulze-
Lefert and Panstruga 2011).

With respect to barley viruses, tolerance has
been observed in some cases, for example against
BYDV. Tolerance is the ability of the host to
limit the symptoms associated with disease
without limiting viral accumulation. Selecting for
tolerance reduces outward symptoms and
enhances agronomic traits such as yield under
viral load (Ordon and Perovic 2013). Pyramiding
of loci conferring tolerance has resulted in
quantitative resistance (a reduction in viral titer)
against BYDV (Riedel et al. 2011; Ordon and
Perovic 2013). Further studies have to be con-
ducted to investigate the mechanisms responsible
for this observation.

14.2 Downstream Applications
of the Barley Reference
Genome in Gene Isolation
and Detection of Natural
Variation

Development of a physical map and a reference
sequence by the International Barley Genome
Sequencing Consortium (IBSC 2012; Mascher

et al. 2013a, 2017) has facilitated many down-
stream applications. These include the develop-
ment of high-throughput genotyping platforms,
e.g., Illumina Golden Gate Oligo Pooled Assay
(Close et al. 2009), Illumina 9K iSelect array
(Comadran et al. 2012) and the Illumina 50K
iSelect chip (R. Waugh, personal communica-
tion), the barley Genome Zipper (Mayer et al.
2011), and exome-capture-based sequencing
methods (Mascher et al. 2013b). Using these
technologies in conjunction with the linear-
ordered genome sequence, researchers and
breeders can now associate traits of interest with
a precise genomic location and identify candidate
genes within the region almost instantaneously.

14.2.1 Fast Mapping, Development
of “Gene-Based”
Markers and Candidate
Gene Identification

Barley genetics has a long history of using
molecular markers and functional analysis to
identify genes underlying important biological
and agronomic traits. The reference genome will
facilitate sequencing of phenotyped resistant and
susceptible sub-pools from segregating popula-
tions followed by subsequent mapping using
methods such as next-generation mapping
(NGM) (Austin et al. 2011) and Population
Sequencing (POPSEQ) (Mascher et al. 2013a).
At the same time, high-resolution mapping of
resistance and tolerance genes using
high-density Single nucleotide Polymorphism
(SNP) platforms, e.g., Illumina iSelect 9K and
50K arrays or GBS (Poland et al. 2012) in
combination with bulk segregant analysis
(BSA) (Michelmore et al. 1991) is nowadays a
matter of months. Mapped genes can be
immediately positioned at the barley reference
genome. For precisely mapped resistance genes,
knowledge of the barley sequence allows a
rapid identification of candidate genes, followed
by their validation by allele-specific sequencing
in large populations, by mutant analysis, and by
transient or stable transgenic complementation
approaches.
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Targeted sequence-based capture methods
have been used in conjunction with
next-generation sequencing to rapidly character-
ize disease-associated loci. R-gene enrichment
and sequencing (RenSeq) (Jupe et al. 2013;
Andolfo et al. 2014) offers the unique opportu-
nity to generate the required high-resolution
information by capturing NLR sequences to
identify candidate resistance genes. MutRenSeq
combines mutagenesis with exome-capture and
sequencing and has rapidly identified R-genes in
wheat (Steuernagel et al. 2016). Exome QTL-seq
has been employed recently to map QTL for net
blotch resistance (Hisano et al. 2017). In addi-
tion, non-exome based complexity reduction
strategies using chromosome sorting have been
used to identify R-gene mutations in wheat and
barley (Sánchez-Martín et al. 2016).

In addition to fast chromosomal assignment of
novel genes conferring resistance or tolerance to
pathogens, the barley genome sequence will
allow a precise localisation of already mapped
genes. Different types of mapping populations,
various marker technologies used during the last
25 years, different modes of inheritance of vari-
ous marker types, rendered the comparison of the
exact positions of respective genes difficult.
Today, if respective marker sequences are
known, the gene-harboring interval can be
assigned precisely to the reference genome,
giving information whether respective genes may
be closely linked or be alleles of the same gene.

14.2.2 Using Natural Variation
to Discover Novel
Resistance
and Tolerance Alleles

One of the most important applications of the
reference barley genome is deciphering the nat-
ural variation in barley and related species. The
availability of gene-space- or genome sequences
for different barley cultivars, landraces, and wild
relatives will facilitate the rapid mapping and
isolation of genes conferring valuable agronomic
traits. These sequences will provide new mark-
ers, including SNPs, insertions/deletions (indels)

and copy number variants (CNVs), which may
be used in genome-wide association studies
(GWAS) for the identification and fine mapping
of genes and QTLs for disease resistance/
tolerance. Millions of informative markers
(SNPs, indels, and CNVs), and structural varia-
tions, such as duplications, inversions, transpo-
sitions, etc. identified through genome
comparisons will promote investigations into the
genetic and molecular bases of resistance and
tolerance mechanisms. Additionally, genome
sequences of Hordeum-related species such as
Brachypodium distachyon, Triticum aestivum L.
subsp. aestivum and wheat relatives, i.e.,
T. urartu, T. monoccocum, T. turgidum L.
subsp. durum and T. turgidum ssp. dicoccoides
will promote comparative genomics and provide
insights into the evolution of gene families that
are responsible for disease resistance and toler-
ance. Thus, soon it will be possible to thoroughly
exploit the rich barley and related cereal germ-
plasm resources by identifying gene variants
involved in disease resistance and introducing
them into elite cultivars using targeted breeding
or precision genome editing.

The use of Genotyping-by-Sequencing
(GBS) (Poland et al. 2012) in characterizing
Hordeum bulbosum introgression lines carrying
resistance to soil-borne viruses and BYDV has
been successfully employed to allocate the
introgressed genomic segments (Wendler et al.
2015) and to genotype the Rym16Hb mapping
population (Wendler et al. 2014). Furthermore,
historical multi-pathogen phenotypic data can be
combined with GBS to more precisely localize
QTL for resistance in existing introgression
populations (von Korff et al. 2005; Yun et al.
2005; Shtaya et al. 2007).

The most powerful method for the detection
of novel natural variants is whole genome shot-
gun sequencing (WGS) (Beier et al. 2016) of
resistant and tolerant genotypes. However, WGS
an expensive and bioinformatically demanding
endeavor due to the large size of the barley
genome and the abundance of repetitive ele-
ments. In order to reduce costs associated with
WGS and to enrich datasets with the most useful
sequence information, exome-capture methods
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have been developed (Mascher et al. 2013b;
Russell et al. 2016). Compared with WGS,
exome sequencing is relatively cheaper and less
data-intensive, but because only protein-coding
genes are sequenced, information that could
affect phenotypes (e.g., regulatory regions) is
excluded. Nonetheless, exome sequencing of
resistant and susceptible subpopulations can still
narrow down the genomic location of causal
allelic variants. Sequencing of the exomes in a
collection of 267 geo-referenced landraces and
wild barley accessions (Russell et al. 2016)
already has demonstrated the power of this
method in the discovery of hidden natural vari-
ation. The ongoing European project WHEALBI
(N. Stein, personal communication), in which an
additional 500 barley cultivars and landraces
have been subjected to exome sequencing, will
enhance our ability to associate traits with genes.
Furthermore, data from a current 50 barley
variety “pan-genome” project using WGS (N.
Stein, personal communication) can be used to
mine for novel resistance alleles. These collec-
tions are ideal sources for a high-resolution
GWAS analysis and will fully pay off upon
completion of detailed disease phenotyping with
multiple pathogens. Polymorphisms identified
using the above-mentioned methods in combi-
nation with the barley reference sequence can be
used for development of high-throughput PCR
based assays such as pyrosequencing (Silvar
et al. 2011) or competitive allele-specific poly-
merase chain reaction (KASP) (Allen et al. 2011)
which are the basis for marker-assisted selection
(MAS) procedures for disease resistance.

14.2.3 Leveraging the Transcriptome
to Target Regulators
of Disease Resistance

One of the major tools for functional genomics of
disease resistance is RNA-sequence—based
transcriptome profiling (RNA-seq). For example,
comparison of transcriptome profiles from barley
lines after virus inoculation and infestation by
non-viruliferous vectors can provide insights into
the gene expression differences associated with

virus replication and movement through infected
plants. RNA-seq transcriptome profiling of
resistant and susceptible barley lines enables
simultaneous investigation into host and patho-
gen gene expression during infection, facilitating
the identification of genes associated with both
host immunity and pathogen virulence. Genes
differentially expressed during infection can then
be evaluated for their roles in resistance or sus-
ceptibility via functional assays (more in
Sect. 14.5.2).

Genetical genomics, or expression quantita-
tive trait loci (eQTLs) mapping, enables one to
query thousands of expression level polymor-
phisms, i.e., the molecular phenotypes of genes
(Jansen and Nap 2001; Rockman and Kruglyak
2006; Chen and Kendziorski 2007). By profiling
the transcriptomes of allelic variants in a segre-
gating population, linkage-based eQTL analysis
can identify the chromosomal positions of key
regulators for a particular condition (Jansen and
Nap 2001; Rockman and Kruglyak 2006; Wil-
liams et al. 2007; Smith and Kruglyak 2008;
Kliebenstein 2009). In barley, eQTL approaches
have identified candidate genes for quantitative
resistance against leaf and stem rusts (Chen et al.
2010; Druka et al. 2008b; Moscou et al. 2011b)
and uncovered a defense gene regulon activated
by diverse powdery mildew resistance loci
(Surana et al. 2017).

One eQTL study dissected the genetic control
of immunity-associated gene expression in the
Q21861 � SM89010 doubled haploid popula-
tion (Steffenson et al. 1995) challenged with
Puccinia graminis f. sp. tritici TTKSK, com-
monly referred to as Ug99 stem rust (Moscou
et al. 2011b). Upon challenge with Ug99, over
360 defense-associated genes transferred regula-
tory control from several unlinked loci to a single
chromosomal region on barley chromosome
2HS. This trans eQTL hotspot also co-localized
with an enhancer of adult plant resistance to
Ug99.

Likewise, when the Q21861 � SM89010
population was infected with B. graminis f.
sp. hordei (Bgh), two highly significant clusters
of trans eQTL were identified near the telomeric
ends of chromosome 2HL (unlinked to the Ug99
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hotspot above) and chromosome 1HS. Within
these clusters reside diverse resistance loci
derived originally from the barley landrace,
Hordeum laevigatum (MlLa), and H. vulgare cv.
Algerian (Mla1); and associate with the altered
expression of 961 and 3296 genes during pene-
tration of host epidermal cells or development
of haustorial feeding structures, respectively.
Intriguingly, regulatory control of transcript
levels for 299 of the 961 genes is shifted from
MlLa on 2HL to Mla1 on 1HS as infection pro-
gressed (Surana et al. 2017). Genes regulated by
alternate chromosomal positions appear to be
repurposed as part of a conserved immune reg-
ulon to respond to different stages of pathogen
attack in a temporal manner.

As described above, expression profiling of
populations segregating for disease traits enables
the prediction of defense-associated genes and
their trans regulatory regions (Smith and Kru-
glyak 2008; Moscou et al. 2011b; Chen et al.
2010; Druka et al. 2008b; Surana et al. 2017).
Thus, eQTL analyses can provide a set of testable
hypotheses for investigating the regulation of
disease resistance. The key is to physically link
pathogen-induced trans gene regulation to the
immune response, for instance, by integrating
expression and phenotypic QTL data (Druka
et al. 2008a, b; Chen et al. 2010; Moscou et al.
2011b). This approach in conjunction with the
ordered genome sequence can result in the
identification of candidate R-genes, regulatory
transcription factors that control defense gene
modules, immune-active miRNA/siRNAs and
their targets, or variations of chromatin-based
regulation. Integration of different data layers
will ultimately result in a holistic view of barley
interactions with pathogens.

14.3 Genomic Tools in Breeding
for Virus Resistance

About 40 different viruses are known to infect
barley naturally (Lapierre and Signoret 2004). Of
these, soil-borne Barley yellow mosaic virus

(BaYMV) and Barley mild mosaic virus
(BaMMV) as well as the aphid-transmitted Barley
yellow dwarf virus (BYDV), and Cereal yellow
dwarf virus (CYDV) cause high yield losses in
susceptible barley crops (Ordon and Perovic 2013;
Ordon and Kühne 2014). Currently, phy-
topathogenic viruses cannot be controlled directly
by chemicals and the control of insect vectors has
becomemore difficult due to increasing insecticide
resistance. Therefore, genetic resistance is essen-
tial to reduce disease incidence to these viruses as
well as to soil-borne viruses whose plasmodio-
phorid vectors also currently cannot be combated
by chemicals. This holds especially true in the
background of climate change creating favorable
conditions for virus vectoring insects, in Northern
Europe, for example.

Domestication and breeding activities have
shaped the genome of barley and reduced the
level of genetic diversity available in the culti-
vated barley germplasm, which is presenting a
major limiting factor in developing new cultivars
resistant to biotic and abiotic stress (Tanksley
and McCouch 1997). Regarding virus resistance
genes, a major consequence is the depletion of
resistance genes in modern elite lines that can be
compensated by resistance re-introduction from
the primary gene pool (Ordon and Perovic 2013)
or by introgression from the secondary gene pool
represented by H. bulbosum (Perovic et al. 2013;
Wendler et al. 2014, 2015).

Barley geneticists, virologists and breeders are
in a position in which users of the first sequenced
model plants, i.e., Arabidopsis and rice, have
been for more than 15 years. Knowledge of the
whole barley genome sequence will not only
promote breeding but also provide an extraordi-
nary opportunity for basic biological research,
i.e., accelerated isolation of resistance genes
(Ordon and Perovic 2013) and rapid detection of
natural variation by allele-mining (Kaur et al.
2008; Hofinger et al. 2011; Yang et al. 2017).
Since elite barley cultivars show limited genetic
diversity regarding virus resistance and tolerance
genes, exotic accessions and wild barley rela-
tives, e.g., H. vulgare ssp. spontaneum and
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H. bulbosum, stored in gene banks, provide a rich
source of useful genetic/allelic variation.

14.3.1 Mapped Resistance Genes
to Viral Diseases
of Barley

Molecular markers closely linked to loci confer-
ring resistance to BaMMV/BaYMV or tolerance/
resistance to BYDV are available today and are
widely applied in barley breeding (Ruge et al.
2003; Ruge-Wehling et al. 2006; Scholz et al.
2009; Ordon and Perovic 2013; Perovic et al.
2014;Yang et al. 2013, 2017).Up to now, 18major
resistance genes corresponding to at least 9 dif-
ferent genetic loci have been identified that confer
resistance to either BaYMV or BaMMV, or to
several strains of both bymovirus species (Kai
et al. 2012; Perovic et al. 2014). Out of these, 16
genes originate from the primary gene pool and are
recessively inherited, except Rym17 which is
dominant (Kai et al. 2012). Two additional domi-
nant resistance genes, Rym14 and Rym16, were
introgressed from H. bulbosum (Ruge et al. 2003;
Ruge-Wehling et al. 2006). With respect to
BYDV, five genes conferring resistance/tolerance
are known: ryd1, Ryd2 and Ryd3 originating from
the primary gene pool (Ordon andKühne 2014), as
well as Ryd4 (Scholz et al. 2009) and an additional
QTL(Perovic et al. 2013)derived fromH.bulbosum.

To date, two genes effective against
BaMMV/BaYMV have been isolated using a
map-based cloning approach. These recessive
resistance genes correspond to two different host
factors needed for virus accumulation. The rym1/
11 locus encodes Protein Disulfide Isomerase
Like 5-1 (Hv-PDIL5-1) which is speculated to
function as a chaperone in correct folding of
virus proteins (Verchot 2012; Yang et al. 2014a,
b). The rym4/5 gene encodes Eukaryotic Trans-
lation Initiation Factor 4E (Hv-eIF4E), which
putatively functions in assisting the translation
initiation of a bymovirus precursor protein

(Kanyuka et al. 2005; Stein et al. 2005; Moury
et al. 2014; Sanfacon 2015). Genes specifying
resistance or tolerance to BYDV/CYDV have
been mapped but not yet been isolated.

14.4 Archetype Genes
and Pathways for Qualitative
Disease Resistance

While many traits for qualitative or race-specific
resistance have been identified and mapped in
barley, relatively few of the causal genes have been
cloned (Chełkowski et al. 2003; Friedt and Ordon
2007). Several features of barley have hindered
physical mapping projects thus far: (1) the 5.1Gb
genome requires very large libraries to achieve
appropriate coverage; (2) repetitive sequences
account for up to 84% of the genome, making
marker development a challenge; and (3) sup-
pressed recombination is common, especially
within centromeric and pericentromeric regions
which comprise nearly 50%of the genome (Künzel
et al. 2000; Krattinger et al. 2009a; Graner et al.
2010; IBSC 2012; Mascher et al. 2017). The
availability of genome-enabled tools (Sect. 14.2)
has alleviated someof these problems and promises
to further accelerate map-based cloning projects.

Initial annotation of the barley cv. Morex gen-
ome identified 191 NLR genes presumed to con-
trol pathogen recognition (IBSC 2012). Recent
re-analyses of the barley R-gene complement has
detected 336 NB-ARC encoding genes (Sarris
et al. 2016) and targeted RenSeq efforts have
annotatedmore than 400NB-ARCgenes inMorex
(J. Bettgenhaeuser, I. Hernanadez-Pinzon, M.
J. Moscou, personal communication). NLR genes
tend to cluster at the distal ends of barley chro-
mosomes especially on the arms of 1HS, 2HS,
6HL, and 7HS (IBSC 2012). The enrichment of
NLRs at specific genomic locations can favor
recombination and provides one potential mecha-
nism for sequence and functional diversification
(Hulbert et al. 2001; IBSC2012; Jacob et al. 2013).
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14.4.1 Mla—Exemplary Diversity
at an R-gene Locus

Some of the best-characterized plant NLRs
belong to the barley Mla gene family conferring
resistance against different isolates of powdery
mildew, Bgh (Halterman et al. 2001; Zhou et al.
2001; Halterman and Wise 2004). Around 30
unique Mla specificities against Bgh have been
described thus far which map to the short arm of
chromosome 1H (Jørgensen and Wolfe 1994;
Seeholzer et al. 2010). Remarkably, Mla ortho-
logs at syntenic regions of the homeologous
chromosome 1 of wheat and rye confer resistance
to not only wheat powdery mildew (B. graminis
f. sp. tritici) (Jordan et al. 2011) but also wheat
stem rust (P. graminis f. sp. tritici) (Periyannan
et al. 2013; Mago et al. 2015; Cesari et al. 2016).
These discoveries suggest that the cereal Mla
locus is a powerful incubator for the evolution of
disease resistance specificities (Mago et al. 2015;
Krattinger and Keller 2016). The ability of Mla
homologs to recognize different races of the same
species and distantly related fungal pathogens
makes it a valuable model to study R-gene evo-
lution. This diversity also indicates a potential to
engineer new recognition specificities as more is
known about the structural basis for effector
recognition.

Functional Mla alleles exist in repulsion from
each other and are rarely detected in the same
barley genotype (Jørgensen and Wolfe 1994;
Seeholzer et al. 2010). Sequencing of a 261-kb
BAC contig from barley cultivar Morex revealed
that the Mla locus is complex and comprised of
three distinct families of NLRs nested among
multiple classes of transposable elements and
repetitive DNA (Wei et al. 2002). Most barley
and wheat accessions contain 1–8 paralogous
genes belonging to the Mla family although not
all genes are expressed (Wei et al. 1999, 2002;
Seeholzer et al. 2010; Jordan et al. 2011). The
family has expanded to around 20 members in
rye (Mago et al. 2004, 2015). Sequence analysis
indicates that the resistance specificities of bar-
ley, wheat and rye Mla orthologs evolved after
the divergence of these species ca. 9 million
years ago (Mago et al. 2015; Krattinger and

Keller 2016). Examination of the Mla region in
Morex has supported a model where multiple
rounds of duplication, inversion, transposon
invasion, and repeat propagation have influenced
its current state (Wei et al. 2002). Together, these
observations suggest that the genomic region
where Mla resides is highly active and permits
the diversification of resistance specificities in
response to pathogen pressures. As more Trit-
iceae genomes are sequenced, it will be inter-
esting to reconstruct the evolutionary trajectories
of this dynamic locus.

Mla alleles exhibit high levels of sequence
identity, especially in the region encoding the CC
and NB-ARC domains (Halterman et al. 2001;
Halterman and Wise 2004; Zhou et al. 2001; Wei
et al. 2002; Shen et al. 2003; Halterman et al.
2003; Seeholzer et al. 2010). By contrast, the
region encoding the LRR domain is much more
variable and sites of positive selection in Mla are
located nearly exclusively in the LRR region.
These findings, along with domain swap exper-
iments, indicate that the LRR is under strong
diversifying selection and determines the recog-
nition specificity of MLA proteins, possibly
through direct binding with the cognate effectors
(Seeholzer et al. 2010; Shen et al. 2003). Effec-
tors from Bgh have been cloned using a
map-based approach (AVRa10 corresponding to
MLA10) (Ridout et al. 2006) and a
transcriptome-wide association approach (AVRa1

and AVRa13 recognized by MLA1 and MLA13,
respectively) (Lu et al. 2016). The availability of
both host and pathogen reference genomes
facilitates such genome- and/or transcriptome-
wide investigations into the natural variation of
diverse barley accessions and Bgh isolates. This
promises to accelerate matching of additional
Mla receptors with their recognized effectors
which should illuminate co-evolutionary pro-
cesses governing host-pathogen interactions.

Much is known about how Mla activates
disease resistance signaling. Many, but not all,
Mla alleles require Rar1, first identified in barley
and later found to be generally required for many
plant NLRs as part of a conserved chaperone
complex that regulates R-protein stability and
signaling (Shirasu et al. 1999; Zhou et al. 2001;
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Shen et al. 2003; Bieri et al. 2004; Halterman and
Wise 2004; Shirasu 2009). In the cell, MLA10
localizes to the cytoplasm and nucleus where it
controls distinct signaling events in each com-
partment (Shen et al. 2007; Bai et al. 2012).
Cytoplasmic MLA10 appears to activate cell
death while the nuclear pool of MLA10 interacts
with MYB and WRKY transcription factors to
regulate defense gene expression sufficient for
disease resistance (Shen et al. 2007; Bai et al.
2012; Chang et al. 2013).

Development of the Barley1 GeneChip, the
first commercial microarray platform for a crop
plant (Close et al. 2004), enabled genome-wide
surveys into the transcriptional reprogramming
that occurs during powdery mildew infection of
Mla resistant and corresponding susceptible
mutants (Caldo et al. 2004, 2006; Moscou et al.
2011a). These studies provided some of the first
transcriptional evidence for a link between basal
(PTI) and isolate-specific (ETI) resistance
responses. It was shown that virulent pathogens
suppress basal defense gene expression, whereas
MLA activation boosts expression of these
defense genes (Caldo et al. 2004, 2006). The core
Mla transcriptional regulon was also predicted
(Moscou et al. 2011a). One limitation of these
microarray analyses was that only changes in
host gene expression could be analyzed, but the
use of RNA-seq now allows the simultaneous
interrogation of both host and pathogen tran-
scriptomes during infection.

14.4.2 Rdg2a—Seed-Based
Resistance
in the Absence of HR

The hemibiotrophic fungus P. graminea causes
leaf-stripe disease on barley and is transmitted by
seed. The race-specific resistance gene Rdg2a
was cloned from chromosome 7HS using a
map-based approach and validated using stable
transformation of a susceptible variety (Bulgar-
elli et al. 2004, 2010). Rdg2a encodes a NLR
protein that resides in a gene cluster with two
additional NLR genes with high sequence iden-
tity in close proximity (<50 kb) indicating recent

duplication events. Interestingly, Rdg2a-based
resistance operates in the embryo of infected seed
and is associated with the accumulation of phe-
nolic compounds in the plant cell wall coinciding
with termination of P. graminea hyphal growth
(Haegi et al. 2008). However, resistance is not
associated with hypersensitive cell death in the
embryo, indicating that other defense mecha-
nisms are at work (Bulgarelli et al. 2010).

14.4.3 Rpg1—Durable, Qualitative
Resistance to Stem Rust

The Rpg1 gene confers qualitative resistance to
most races of the wheat stem rust pathogen
P. graminis f. sp. tritici (Pgt). Unlike many
major resistance genes, Rpg1 has been quite
durable in the field since the early 1940s but
emergence of Rpg1-virulent Pgt races QCCJ and
TTKSK threaten barley production throughout
the world (Steffenson 1992; Steffenson and Jin
2006). Rpg1 resides on chromosome 7HS and
was cloned using a map-based approach
(Brueggeman et al. 2002; Horvath et al. 2003).
Interestingly, the RPG1 protein is not a NLR but
exhibits a tandem protein kinase architecture
(Brueggeman et al. 2002). Molecular characteri-
zation of RPG1-dependent signaling and identi-
fication of the corresponding avirulence proteins
from Pgt indicate that RPG1 acts as a receptor
and/or early transducer of defense signaling upon
recognition of Pgt spores (Nirmala et al. 2006,
2007, 2010, 2011).

Mutagenesis of Rpg1-containing barley led to
the identification of a series of mutants, rpr1–rpr7,
that are required for P. graminis resistance (Zhang
et al. 2006; Gill et al. 2016). Using the Barley1
GeneChip platform (Close et al. 2004), a
transcript-based cloning approachwas employed to
identify rpr1 gene candidates in this fast-neutron
induced mutant (Zhang et al. 2006). Microarray
analysis comparing wild type and rpr1 identified
eight genes that were highly down-regulated in the
mutant. Three of these genes, including a putative
receptor-like protein kinase, were found to be
deleted in rpr1 and all deletions co-segregated with
the rpr1 phenotype on chromosome4H, suggesting
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oneormore are required forRpg1 resistance (Zhang
et al. 2006). The use of genome-enabled tools
(discussed in Sect. 14.2) will likely result in the
identification and characterization of Rpr genes in
the near future.

14.4.4 rpg4/Rpg5—A Complex
Resistance System
Against Stem Rusts

Genetic and molecular dissection of the rpg4/
Rpg5 resistance locus has revealed complex
interactions among multiple genes that control the
barley response to stem rust. The rpg4 locus on
chromosome 5HL confers recessive resistance to
many wheat stem rust races, including the Rpg1-
virulent Pgt races QCCJ and TTKSK (Jin et al.
1994; Steffenson et al. 2009). Co-segregating with
rpg4 is Rpg5, which controls dominant resistance
to the rye stem rust pathogen P. graminis f.
sp. secalis (Pgs) isolate 92-MN-90 (Brueggeman
et al. 2008). Rpg5 was isolated via map-based
cloning and found to encode a NLR protein with
an integrated carboxy-terminal protein kinase
domain (Brueggeman et al. 2008). Recent work
has also implicated Rpg5 in resistance of barley as
a near nonhost to the heterologous oat stem rust
pathogen P. graminis f. sp. avenae (Dracatos et al.
2015).

The exact gene(s) controlling rpg4-mediated
resistance had remained elusive until recently.
High-resolution mapping of three recombinant
populations revealed that rpg4 resistance is
controlled by two distinct, but tightly linked,
genetic intervals (rpg4-mediated resistance locus
RMRL1 and RMRL2) (Wang et al. 2013).
Located within RMRL1 is Rpg5, an actin
depolymerizing factor-like Adf3 gene, and a
typical NLR gene designated Rga1. Surprisingly,
virus-induced gene silencing of individual genes
at RMRL1 resulted in conversion of rpg4 plants
from resistant to susceptible, indicating that all
three genes are required for resistance (Wang
et al. 2013). Additionally, an unknown gene(s)
designated rpg4 modifier element 1 (Rme1) at
RMRL2 is required for rpg4 defense (Wang et al.
2013). Thus, rpg4-mediated defense is regulated

by at least four genes within a small region of
chromosome 5HL.

Diversity analysis of RMRL1 Rpg5, Adf3, and
Rga1 alleles in a panel of wild and domesticated
barley indicated that Rpg5 polymorphisms alone
likely control rpg4 resistance, thus implicating it
as the bona fide R-gene (Arora et al. 2013).
Intriguingly, the “recessive” nature of rpg4 could
be due to an insertion/deletion event that
replaced the kinase domain sequence of Rpg5
with an apparently functional protein phos-
phatase 2C (PP2C) gene in many susceptible
genotypes including the original susceptible
parents of mapping populations (Wang et al.
2013; Arora et al. 2013). Genetic data indicate
that this PP2C functions as a dominant suscep-
tibility factor and thus might suppress RPG5
activity in Rpg5/PP2C heterozygous plants
(Wang et al. 2013).

The integrated kinase domain of the
RPG5 NLR and requirement of Rga1 at the same
locus suggest that the two NLRs interact bio-
chemically to activate resistance upon recogni-
tion of an effector from Pgt stem rust (Wang
et al. 2013; Cesari et al. 2014; Wu et al. 2015).
Because Rpg5 is implicated in recognition of at
least three formae speciales of stem rust whose
primary hosts are wheat, rye, and oat, it is
tempting to speculate that a conserved effector
from these pathogens is recognized directly by
RPG5, possibly via its integrated kinase domain.
It is also possible that unrelated effectors are
recognized directly by RPG5 or converge on a
common host target that is guarded by RPG5.
The identification of the effector(s) recognized by
Rpg5 will further our understanding of this
important locus and will inform efforts to transfer
Rpg5 immunity to other cereals.

14.5 Quantitative Disease
Resistance and Nonhost
Resistance

PAMP—or pattern-triggered immunity (PTI) of
barley is suppressed by secreted effector mole-
cules from host-adapted pathogens (Deslandes
and Rivas 2012; Doehlemann et al. 2014).
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The residual level of PTI reflects what breeders
usually call quantitative disease resistance
(QDR). QDR has been described in a multitude
of, mostly fungal, barley-pathogen interactions
(Schweizer and Stein 2011). There are two
obvious ways of improving QDR to pathogenic
fungi: by either enhancing the PTI signaling
and/or outputs in order to override effector-
mediated defense suppression, or by rendering
plants less responsive to co-opting effectors and
thus, less vulnerable to attack. The former can for
example be achieved by introgressing a novel
PAMP receptor from plant genetic resources
such as wild barley H. vulgare ssp. spontaneum
or H. bulbosum, or by improving on the plant’s
performance to rapidly build up local cell-wall
appositions (papillae) as a universal penetration
barrier (Chowdhury et al. 2014). The latter can
be achieved by knocking out, mutagenizing or
introgressing more resilient alleles of so-called
“host susceptibility factors” such as Mlo, which
encodes a seven transmembrane-domain protein.
Strongly compromised or null-mutant alleles of
Mlo (e.g. mlo-11) have been used in spring bar-
ley breeding programs and are still effective after
more than 30 years of use (Acevedo-Garcia et al.
2014).

Nonhost resistance (NHR) of barley to a
number of important fungal pathogens has been
described including the wheat powdery mildew
fungus B. graminis f. sp. tritici, different rust
fungi (Puccinia sp.), Magnaporthe grisea
(Setaria isolate, related to the rice blast fungus
Magnaporthe oryzae), and Phakopsora pachyr-
hizi (soybean asian rust). There currently exist
two concepts for explaining the fascinating phe-
nomenon of NHR, which renders a plant species
immune or at least highly resistant to all known
races or isolates of non-adapted pathogens
invading other plant species. First, a nonhost
plant can possess one specific or a stack of
NLR-type resistance protein(s) (see previous
section) recognizing either an essential, con-
served effector molecule that is critical for
pathogenesis, or perceiving a sufficiently com-
plex array of effectors, which would leave spo-
radic mutations in one or the other without
co-evolutionary selection gain due to the

redundancy of pathogen perception by the non-
host. Second, the nonhost can have escaped
effector-mediated defense suppression or
co-option after speciation and during the subse-
quent, separated co-evolution with the new
pathogen forms or species that were “pulled
along” during plant speciation. This model pre-
dicts that effector molecules from non-adapted
pathogens are ineffective or at least strongly
reduced in efficacy and therefore, allow the plant
to fully express a robust PTI response. The two
hypotheses of nonhost resistance were put into a
co-evolutionary concept suggesting that R-gene
stacks are more important for close nonhost
species, whereas release of PTI suppression is
predominant in more ancient nonhost interactions
(Schulze-Lefert and Panstruga 2011; Stam et al.
2014).

Evidence has been obtained in barley for both
quantitative species-nonspecific and -specific
factors in mediating NHR to Puccinia spp. Bar-
ley is considered an intermediate host or near
nonhost to many rust species whose primary host
is a closely related cereal like wheat. Atienza and
colleagues (2004) accumulated genes for sus-
ceptibility to many heterologous rusts into one
experimental line called SusPtrit. SusPtrit was
then crossed with nonhost immune genotypes to
isolate sources of nonhost resistance (Jafary et al.
2006, 2008; Niks and Marcel 2009). These
studies found that nonhost resistance to Puccinia
is controlled by QTL with different, but over-
lapping, specificities for the rust species studied.
Furthermore, different immune cultivars carried
distinct QTL for resistance against the same rust
species, indicating a variety of genes can control
nonhost resistance even to the same pathogen
(Jafary et al. 2008). Evidence for major R-gene
qualitative resistance associated with HR (Jafary
et al. 2008) as well as isolate-specific quantitative
resistance without HR was also uncovered
(Dracatos et al. 2016), suggesting that
gene-for-gene interactions might also contribute
to nonhost resistance in some cases. Cloning of
the genes underlying the identified QTL will
significantly increase our understanding of
molecular mechanisms controlling NHR and
QDR in barley.
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14.5.1 Genome-Wide Analyses
of QDR and NHR

There are several options to address QDR and
NHR in barley at a genome-wide scale. One
possibility is to perform meta-QTL studies by
referring to genetic mapping data from the past
25 years (Fig. 14.1) (Schweizer and Stein 2011).
The historical RFLP- and SSR markers can now
be precisely placed onto the barley reference
sequence (IBSC 2012; Mascher et al. 2017)
together with more recent SNP markers. This
will allow searching for the most robust and
potentially multi-disease resistance QTL as an
entry point for high-resolution mapping and
eventual gene cloning. To our knowledge, a
causative gene for any resistance QTL has yet to
be molecularly isolated in barley.

Quantitative resistance is a trait of moderate
genetic complexity, usually being inherited by
less than ten QTL in plant genotypes carrying
agronomically interesting levels of resistance.
This allows for stacked introgression of QTL

from plant genetic resources by marker-assisted
selection. At the same time, genome-wide back-
ground selection can be performed in order to
reduce the load of non-adapted genome in the
backcrossing approach, which will accelerate the
recovery of elite cultivar performance (Francia
et al. 2005). It will have to be carefully tested,
however, to what extent QDR enhancement
might be associated with physiological costs or
trade-offs, which are directly linked to the func-
tion of the target genes and not to linkage drag.
Examples of resistance genes impacting cultivar
performance include mlo in barley (McGrann
et al. 2014), and Sr2 as well as Lr34 in wheat
(Juliana et al. 2015). One of the difficulties,
though, might be related to the fact that resis-
tance QTL are not preferentially located in distal
chromosome regions, in contrast to many NLR
genes and race-specific resistance loci (IBSC
2012). Due to the suppressed recombination
frequency around barley centromeres, some QTL
might therefore disqualify themselves for
non-transgenic introgression approaches.

Fig. 14.1 Meta-quantitative trait loci (QTL) for resis-
tance of barley to major fungal pathogens. QTL positions
projected onto the “Barley, integrated, Marcel 2009” are
indicated by bars to the right of the respective chromo-
somes. They either span the distance between nearby
QTL-flanking markers or indicate peak-marker positions
±5 cM. QTL extending over more than 30 cM were

excluded from the analysis. Meta-QTL calculated from
midpoint positions of overlapping QTL are indicated by
black bars to the left of chromosomes. Meta-QTL
numbers followed by letters indicate the presence of
several neighboring meta-QTL located within more
complex QTL regions. Figure adapted from Schweizer
and Stein (2011)
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14.5.2 Functional Genomics
Identifies QDR-
and NHR-Associated
Genes

A more direct way to identifying genes that are
relevant for the interaction of barley with its
major fungal pathogens may be to use functional
genomics approaches. One possible entry point
into the selection of candidate genes out of the
approximately 39,000 proposed gene models in
barley is transcript profiling, which was exten-
sively used and led to the identification of a
subset of pathogen- and R gene-regulated tran-
scripts, mostly from different interactions with
powdery mildew fungi (Caldo et al. 2004, 2006;
Zierold et al. 2005; Zellerhoff et al. 2010). In
these studies, up to 10% of all barley genes were
found to be regulated by any given pathogen.
This is still a large number and clearly too much
for labor-intensive, single-gene approaches such
as stable transgenic plants over-expressing or
silencing the respective candidate gene, TIL-
LING mutants, or CRISPR/Cas9 mutagenesis.

To efficiently screen hundreds of candidate
genes for an effect in barley-powdery mildew
interactions, Douchkov and associates (2005)
developed a high-throughput transient-induced
gene silencing (TIGS) system. TIGS of approx-
imately 1200 pre-selected, differentially expres-
sed barley genes resulted in the identification of
96 genes affecting the interaction in a statistically
significant manner (Douchkov et al. 2014).
Intriguingly, approximately two thirds of the
genes behaved as susceptibility-related factors
because TIGS enhanced resistance to the adapted
barley-powdery mildew fungus.

The identification of such susceptibility-related
genes opens up a fascinating option for gaining
durable resistance by site-directed mutagenesis of
such factors. Recent studies have employed
transgenic approaches using TALEN- and
CRISPR/Cas9 mediated gene editing (Wang et al.
2014) and non-transgenic TILLING-based meth-
ods to create mlo mutants at all alleles in hex-
aploid wheat (Acevedo-Garcia et al. 2016).
Proof of concept for precision gene editing was
recently obtained in barley (Budhagatapalli et al.

2015; Lawrenson et al. 2015). As known in the
case of mlo mutagenesis, generating null
(knock-out) variants of host-susceptibility factors
may compromise overall plant performance and,
as consequence, yield. However, breeders could
reduce yield penalty of mlo by careful background
selection resulting in cultivars that are most resi-
lient to the undesired side effects (enhanced sus-
ceptibility to necrotrophic-pathogen attack and to
abiotic stress). Recently, a tempered natural mlo-
allele was described, which proved valuable for
resisting extremely virulent, novel races of the
barley-powdery mildew fungus in Western Aus-
tralia yet allowing good abiotic stress resistance
(Spies et al. 2012; Ge et al. 2016). This example
also demonstrates the value of mining in barley
genetic resources for advantageous alleles.

A genome-wide TIGS screen was also per-
formed for NHR to the wheat powdery mildew
fungus. This yielded ten Rnr (for: Required for
nonhost resistance) candidate genes causing
partial break down of NHR (Douchkov et al.
2014). Three Rnr genes (Rnr5, Rnr6 and Rnr8)
are currently under deeper investigation, using
stable transgenic plants and CRISPR/Cas9-
induced mutations. The three genes encode a
Triticeae-specific, partial duplicate of the E3
ligase HvPUB15 for proteosomal protein degra-
dation (Rajaraman 2016), a cellulose synthase-
like protein (Douchkov et al. 2016), and a puta-
tive PAMP receptor of the LRR-receptor kinase
type of proteins (Rajaraman et al. 2016). Besides
the Rnr genes, mlo, Ror2 and Bax-inhibitor 1
were described as factors of NHR against wheat
powdery mildew (Elliott et al. 2002; Huckel-
hoven et al. 2003; Trujillo et al. 2004). Several of
these gene candidates did not only affect NHR-
but also QDR suggesting a functional similarity
of the two forms of resistance and strengthening
the model of NHR as a strong manifestation of
PTI in the absence of effector-mediated defense
suppression.

14.5.3 Exploiting NHR in Barley

How can barley translational research benefit
from the above-mentioned discoveries in NHR?
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Clearly, if we will be able to transfer nonhost
resistance-like traits we might achieve longer
durability of resistance. The problem of the
above-mentioned results on Rnr- and related
genes is that they tell us something about
mechanisms of NHR in barley—a “solved
problem”—but are not directly applicable for the
improvement of host resistance. What would be
required is broadening this approach to close
relatives of barley from the Triticeae tribe of
grasses searching for functional homologs of Rnr
genes against barley pathogens and then transfer
them into barley. This would have to be a
transgenic approach and therefore, not econom-
ically viable in a mid- to long-term perspective
due to consumer opposition in many countries to
marketing of transgenic plant products. On top of
this difficulty comes a scientific argument against
the direct transfer of NHR genes from closely
related plant species: A transcriptome compar-
ison of barley and wheat responding either as
hosts or as nonhosts to powdery mildew attack
revealed a clear decline in the overlap of those
orthologous genes that were differentially regu-
lated between hosts and nonhosts, compared to
the more generally pathogen-regulated set of
genes (Rajaraman 2016). Thus, how a close rel-
ative gained NHR after speciation may not be
predictable from studying just one species. There
rather appear to exist many ways to NHR, even
against different formae speciales or pathovars of
the same pathogen species.

Maybe a more viable, non-transgenic
approach to using NHR genes might be by
genome introgressions from the wild relative H.
bulbosum belonging to the secondary gene pool
of cultivated barley. Indeed, a number of inter-
esting resistance loci against important barley
diseases were discovered in H. bulbosum intro-
gression lines (Shtaya et al. 2007). The
map-based identification of the causative genes,
however, represents a big challenge due to severe
suppression of recombination in most “wild” loci
introgressed by wide crosses. At present, the use
of bona fide nonhost-resistance genes appears out
of reach for achieving durable resistance in bar-
ley. More realistic might be to identify those

NHR genes, which are also relevant to host
quantitative resistance and which might, there-
fore, confer more durable resistance. It will be
fascinating to find out if such bi-functional genes
might include host-susceptibility factors that
escaped effector manipulation after speciation
into host/nonhost. Such genes may indeed exist;
a receptor-like kinase contributing to NHR
against the wheat powdery mildew while acting
as host-susceptibility factor for barley-powdery
mildew fungus was recently identified (A. Him-
melbach, D. Douchkov and P. Schweizer,
unpublished). The identification of causative
SNP for such putative escapes followed by gene
editing bears the promise of highly targeted
introgression of a nonhost-like status into barley.
Another attractive option from genome-wide
approaches to QDR will be the introgression of
potentially valuable, resistance-associated and
ideally functionally validated, alleles of relevant
host genes from barley genetic resources of the
primary gene pool by backcrossing (Fig. 14.2).
Such backcrossing approaches will benefit from
genome-wide background selection to regain
elite cultivar performance more rapidly than was
possible in the “pre-genome era” of barley
research and breeding.

14.6 Conclusions and Future
Prospects

The availability of a high-quality barley genome
reference sequence is revolutionizing barley
genetics by accelerating the identification and use
of rare allelic variants in classical breeding
schemes, and facilitating efficient marker-assisted
backcrossing (MABC), marker-assisted selection
(MAS) and pyramiding of genetic factors
responsible for resistance and tolerance to
important barley diseases. The barley genome
sequence will accelerate the discovery of new
genes, facilitate allele-mining and the develop-
ment of large-scale SNP genotyping platforms.
More efficient use of genetics and breeding
methods and large-scale structural- and func-
tional genomic studies in combination with
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system-biology approaches will promote the
rapid improvement of cultivars and the functional
analysis of genes controlling disease resistance.

Accordingly, gene isolation will be acceler-
ated by reducing the time from gene mapping to
the identification and functional validation of
candidate genes as well as reducing the costs for
accomplishing the complete procedure. In this
respect, isolation of the first virus resistance
gene, rym4/5 (Stein et al. 2005) has taken almost
15 years, while using the first draft of the barley
genome helped to isolate the rym1/11 locus
(Yang et al. 2014a, b) in about 5 years. It is
expected that newly targeted resistance genes
will be cloned in a time frame from three to 5
years by applying map-based cloning procedures.

Functional genomics of barley and its patho-
gens will expedite the characterization of

resistance traits and pathogen virulence strate-
gies. Successful cloning of genes conferring
resistance to stem rust caused by P. graminis
spp., leaf-stripe disease caused by P. graminea,
and the powdery mildew pathogen B. graminis f.
sp. hordei is leading to a greater understanding of
R-gene evolution and diverse mechanisms of
cereal immunity. Barley and related cereals are
proving to be good model systems for investi-
gations into QDR and NHR, and the cloning of
causal genes is imminent. Barley loci associated
with resistance can be complex, often controlled
by many genes that work together for pathogen
recognition, downstream signaling, and ensuing
defense responses. As more resistance and
defense-associated genes are cloned, it grows our
genetic toolbox for the rational design of durable
disease resistance.

Fig. 14.2 Approaches to introgress or engineer quanti-
tative host- or nonhost-like resistance into cultivated
barley. Genetic resources of H. vulgare, including the
wild relative H. vulgare ssp. spontaneum, are valuable
donors of quantitative host resistance. Alleles of vali-
dated, resistance-related genes can be introgressed by
marker-assisted backcrossing. From Triticeae species that
cannot be crossed with barley, susceptibility-related and
possibly co-opted genes can be edited by RNA-guided
Cas9 to gain nonhost-like resilience to effector-mediated

manipulation. Both backcrossing and gene editing are
feasible using the secondary gene pool from H. bulbosum,
which exhibits strong resistance to many pathogens of
cultivated barley and which might be considered as
near-nonhost. The described approaches are limited to
barley pathogens such as B. graminis f. sp. hordei (Bgh),
Rhynchosporium commune (Rc), P. hordei (Ph), or
Pyrenophora teres (Pt) that cannot infect other Triticeae
species
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15Genomic and Genetic Studies
of Abiotic Stress Tolerance in Barley

Stephanie Saade, Sónia Negrão, Darren Plett,
Trevor Garnett and Mark Tester

Abstract
Barley is a resilient crop plant with higher
tolerance than other cereal plants for several
types of abiotic stress. In this chapter, we
describe the genetic components underlying
barley’s response to abiotic stresses, including
soil acidity, boron toxicity, soil salinity,
drought, temperature, and nutrient deficiency.
We describe typical symptoms observed in
barley in response to these stresses. We
enumerate the major qualitative trait loci
(QTLs) identified so far, such as FR-H1 and
FR-H2 for low-temperature tolerance. We also
discuss candidate genes that are the basis for

stress tolerance, such as HVP10, which
underlies the HvNax3 locus for salinity toler-
ance. Although knowledge about barley’s
responses to abiotic stresses is far from
complete, the genetic diversity in cultivated
barley and its close wild relatives could be
further exploited to improve stress tolerance.
To this end, the release of the barley
high-quality reference genome provides a
powerful tool to facilitate identification of
new genes underlying barley’s relatively high
tolerance to several abiotic stresses.

15.1 Introduction

Barley (Hordeum vulgare ssp. vulgare) is culti-
vated in both high-yielding, high-input agricul-
tural systems, and in marginal, low-input
agricultural environments. Barley was domesti-
cated 10,000 years ago in the Fertile Crescent
(Badr et al. 2000); however, its domestication
was not confined to a single center of origin
(Allaby 2015; Zohary 1999). In fact, Poets et al.
(2015) recently showed that cultivated barley
results from multiple sources of wild popula-
tions. Thus, the different geographic environ-
ments to which barley and its wild relatives have
been exposed have resulted in a mosaic of
adaptive variants containing tolerance to abiotic
stresses (Allaby 2015). Barley is thus considered
to be more resilient than other crops [for further
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details, see Newton et al. (2011)]. Despite this
resilience, barley is affected by several abiotic
stresses that decrease both yield and grain qual-
ity, which in turn result in considerable economic
losses (e.g., the malting industry is directly
affected by the yield and quality of barley). To
breed for increased abiotic stress tolerance, we
must harness the wealth of genetic variation
provided by cultivated barley and its wild rela-
tives. For instance, a wild allele from one
H. vulgare ssp. spontaneum donor contributed to
a 30% increase in barley yield under high soil
salinity conditions in the field (Saade et al. 2016).

In this chapter, we describe the geographic
extent of each abiotic stress that affects barley,
the general symptoms barley exhibits in response
to these stresses, mechanisms of stress tolerance
and their molecular bases, and future research
prospects and opportunities offered by the release
of the high-quality genome sequence of barley
(Mascher et al. 2017). Here, we review studies of
barley’s responses to single stresses although we
know that, under field conditions, barley plants
are often exposed to more than one stress. For
example, heat stress and drought can co-occur in
arid regions (Savin et al. 1996) and boron toxi-
city is often observed at the same time as soil
salinity and alkalinity (Goldberg 1997). While
work on combined stresses is beyond the scope
of this review, we aim to provide a comprehen-
sive review of the major advances in research on
the genetic mechanisms affecting barley’s toler-
ance to abiotic stresses.

15.2 Soil Acidity

Acidity in soil affects all the world’s regions to
some extent; it is a major problem in develop-
ing countries where management practices are
often unable to ameliorate pH decreases (FAO
2015). It was estimated that soil acidity affects
over 40% of the world’s arable land (Kochian
1995). Aluminum (Al) is the main constraint in
acidic soils (Foy et al. 1978). Under acidic
conditions, Al is solubilized to the toxic Al3+,
which inhibits root elongation and affects
absorption of several plant nutrients such as Ca,

Mg, P, and K (see Zhang and Li (2016) and
Foy et al. (1978) for details). Symptoms of Al
toxicity in plants include root thickening and
darkening; phosphorus deficiency-like symp-
toms in the shoots including overall stunting
with small, dark green leaves and late maturity;
purpling of stems, leaves and leaf veins; and
yellowing and death of leaf tips.

Barley is among the most Al-sensitive of the
cereal crops, although genetic variation in Al tol-
erance exists in barley’s germplasm (Reid et al.
1969). The differences in Al tolerance in barley
genotypes have been attributed to differences in
the release of organic acid anions, such as malate
and citrate, from root apices (Ma et al. 2001; Ryan
et al. 2001). Once these organic acid anions are
released from root cells, they can bind Al3+,
reducing its availability and thus toxicity (Zhou
et al. 2013). The genetic mechanisms controlling
the release of organic acid anions are likely asso-
ciated with allelic variation at several loci.

Early research on the genetic control of Al
tolerance in barley using the Dayton (Al-tolerant)
and Smooth Awn 86 (Al-sensitive) genotypes
detected a major locus, Alp, on the long arm of
chromosome 4H (4HL) (Minella and Sorrells
1992; Reid 1971). Another early study found that
a single gene, named Pht, on chromosome 4H
was responsible for tolerance to high acidity in
the soil (Stolen and Andersen 1978). The same
chromosomal location on chromosome 4HL also
included the Al tolerance locus, Alt, which was
mapped using amplified fragment length poly-
morphism (AFLP) in an F2 progeny derived from
a cross between the Yambla (moderately
Al-tolerant) and WB229 (Al-tolerant) genotypes
(Raman et al. 2002). Later, Minella and Sorrells
(1997) showed that tolerance to low pH (Pht) and
tolerance to aluminum (Alp) are controlled by the
same locus. Ma et al. (2004) used F2 seedlings
from a cross between the Murasakimochi
(Al-tolerant) and Morex (Al-sensitive) genotypes
to identify microsatellite markers associated with
Al tolerance and citrate secretion on chromosome
4H. High-resolution mapping of Alp suggested
that HvMATE, which encodes a multidrug and
toxic compound extrusion (MATE) protein, may
underlie Al tolerance (Wang et al. 2007).
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In 2007, Furukawa et al. (2007) identified
HvAACT1 as the gene underlying the Al toler-
ance locus. This gene was found to encode a
citrate transport protein located on the plasma
membrane and was identified by fine mapping
using the F4 recombinants between the
Murasakimochi and Morex genotypes.
HvAACT1 is a member of the MATE family; it is
constitutively expressed in the roots of the
Al-tolerant barley cultivar Murasakimochi (Fur-
ukawa et al. 2007). Interestingly, although
expression of HvAACT1 was not induced by Al,
a good correlation was found between Al toler-
ance and citrate release from barley root apices;
the HvAACT1 expression level was determined
to be higher in Al-tolerant genotypes (Furukawa
et al. 2007). Constitutive overexpression of
HvAACT1 in transgenic barley and wheat plants
demonstrated the ability of HvAACT1 to
increase citrate efflux and Al tolerance in acidic
soils (Zhou et al. 2013). Also, barley plants
transformed with sorghum SbMATE showed an
increased Al-dependent citrate efflux from root
apices and Al tolerance when compared with null
segregant plants (Zhou et al. 2014). The presence
of a 1-kb insertion in the 5′ untranslated region
(UTR) was later linked to the higher expression
of HvAACT1 in Al-tolerant genotypes (Fujii et al.
2012). This mutation altered protein expression
from root pericycle cells in sensitive genotypes to
the root apices of Al-tolerant genotypes. This
finding affects our understanding of the original
role of HvAACT1 in facilitating the translocation
of iron from roots to shoots (Fujii et al. 2012).
More recently, another allele was found in
HvAACT1 of the Al-tolerant Chinese genotype
CXHKSL, but the mechanisms leading to this
tolerance are yet to be confirmed (Ma et al.
2016).

In wheat, Al tolerance, controlled by a gene
located in chromosome 4DL and expressed
constitutively in root apices, depends on malate
efflux from root apices (Raman et al. 2005;
Sasaki et al. 2004). Indeed, the transgenic
Golden Promise (Al-sensitive) barley genotype
that expresses TaALMT1 under ubiquitin pro-
moter exhibits Al-activated malate efflux and
enhanced Al tolerance (Delhaize et al. 2004).

Zhou et al. (2014) showed that barley lines
transformed with wheat TaALMT1 were more
Al-tolerant than barley lines overexpressing
HvAAC1 and lines transformed with SbMATE.
The closest homolog of TaALMT1 in barley is
HvALMT1, which is located on chromosome 2H
and is mainly expressed in stomatal guard cells
(Gruber et al. 2010). In Xenopus oocytes,
HvALMT1 is weakly activated by Al3+, facili-
tating the movement of malate and other ions
across oocyte membranes. Thus, HvALMT1 has
been proposed to facilitate organic anion trans-
port to regulate turgor in stomatal guard cells and
root elongation zones (Gruber et al. 2010).

Using a genome-wide association study, Zhou
et al. (2016) found 22 QTLs associated with Al
tolerance, including HvAAC1, but also presented
unknown QTLs underlying acid soil resistance.
Although the genetic mechanisms underlying Al
tolerance in barley are quite well known, it is
likely that publication of the barley high-quality
genome sequence (Mascher et al. 2017) will
facilitate the discovery of other genes related to
the release of organic acid anions from root
apices and new alleles of HvAACT1. In the field,
barley farmers should follow effective soil man-
agement practices and use Al-tolerant germplasm
to overcome the negative effects of acidic soils
on yield.

15.3 Boron Toxicity

The range in which soil is considered neither
deficient of boron (B) nor toxic from B, an
essential plant nutrient, is quite narrow (Gold-
berg 1997). In arid and semiarid regions with low
rainfall, soluble B is only partially leached from
the subsoil, and the problem of high B concen-
tration in the soil (B toxicity) becomes evident
(Reid 2010; Ryan et al. 1998). In particular,
plants in Australia (Cartwright et al. 1986) and
some areas of the Middle East, such as Syria
(Ryan et al. 1998), suffer from B toxicity.
Symptoms of B toxicity include chlorosis and
necrosis starting at the leaf tips. Brown lesions
also appear in the margins of the oldest leaves
and progressively affect the whole shoot
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(Jefferies et al. 1999). Also, the growth of shoots
and roots is retarded, which results in reduced
yield (Holloway and Alston 1992; McDonald
et al. 2010). B toxicity in barley is managed by
the use of B-tolerant genotypes that can maintain
low B concentrations in the shoots (Yau and
Ryan 2008). For example, Sahara 3771 (a
B-tolerant Algerian landrace) is a promising
source of B tolerance alleles because it can
maintain growth under high B conditions. Under
the same conditions, Schooner (a B-sensitive
genotype) showed shoot and root biomass
reduction by 79 and 51%, respectively, compared
with plants grown under control conditions.
Furthermore, the roots of Sahara 3771 plants had
lower B concentrations than in the external
solution, whereas the roots of Schooner plants
had equal B concentrations to the growth solu-
tion. Hayes and Reid (2004) concluded that the
mechanism responsible for B tolerance in Sahara
3771 was related to the B efflux from the roots.

Jefferies et al. (1999) used restriction fragment
length polymorphism (RFLP) markers and
doubled-haploid lines resulting from the cross
between the Sahara (B-tolerant) and Clipper
(B-sensitive) genotypes to map regions of the
barley genome associated with B tolerance. They
found four regions (on chromosomes 2H, 3H,
4H, and 6H) associated with different traits
involved in B tolerance. Regions on chromo-
somes 4HL and 3HS associated with relative root
length (the root length at a B concentration of
0 mg/L relative to the root length at 100 mg/L of
B) accounted for 39% of the trait variation. Other
regions on chromosomes 2H and 4H associated
with the leaf symptom score accounted for 38%
of the observed variation. The region on chro-
mosome 4H was also associated with shoot dry
mass, and together with a region on chromosome
6H, accounted for 53% of the variation observed
in the B concentration in shoots. The alleles
coming from Sahara conferred higher relative
root length, lower leaf symptoms, higher dry
mass, and lower B concentration in the shoots at
the respective loci (Jefferies et al. 1999). Sutton
et al. (2007) identified HvBot1 as the gene
underlying the 4H QTL responsible for B toler-
ance in Sahara, with higher transcript levels of

HvBot1 related to B tolerance (Sutton et al.
2007). Hayes et al. (2015) found that the nine
Saharan accessions (Sahara 3763–Sahara 3771)
from the Australian barley germplasm collection
had tandemly duplicated Sahara alleles that
conferred B tolerance. Genotypes carrying the
duplicated (estimated four copies) Sahara allele
of HvBot1 had higher gene expression in the
roots (more than a 200-fold increase) (Hayes
et al. 2015), where it functions as an efflux-type
borate anion transporter (Sutton et al. 2007).
However, more investigation of HvBot1 is nee-
ded to clarify the mechanism of B efflux (Hayes
and Reid 2004).

More recently, Hayes et al. (2015) found eight
synonymous single nucleotide polymorphisms
(SNPs) in the HvBot1 coding regions of the
Clipper and Sahara alleles, although all were
silent mutations. They therefore attributed the
difference between alleles solely to expression
levels. Emebiri et al. (2009) used marker-assisted
selection (MAS) to introgress the favorable
Sahara alleles at the 4H locus to the breeding line
VB9104, which is adapted to conditions in
southern Australia. However, results from field
experiments conducted at four locations on the
generated nearly isogenic lines were inconsistent
because, in some locations, genotypes with the B
tolerance allele had higher yields, whereas, in
other locations, these genotypes had lower
yields, suggesting a significant genotype-by-
environment interaction. However, malting
quality was not affected, suggesting that the
introgression of the B tolerance allele had no
penalty on quality (Emebiri et al. 2009). Simi-
larly, McDonald et al. (2010) found that intro-
gressing B tolerance alleles from Sahara at the
2H and 4H loci had little or no effect on yield
gain in the field and that yield gain was largely
affected by site location. This recombinant inbred
line (RIL) population had yields similar to or
lower than their progenitors although they
exhibited reduced B toxicity symptoms and
reduced B concentrations in their shoots. This
result could be because B-tolerant plants grow
vigorously during early stages, thus using up the
limited water available in arid regions and
therefore affecting plants at the reproductive
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stage. Another reason could be that B toxicity is
often accompanied by other constraints, such as
high salinity. In fact, McDonald (2006) showed
earlier that variation in yield in soils in which
both stresses occurred simultaneously is due to
salinity rather than to B toxicity. Tissue tolerance
to B and the ability to overcome other soil con-
straints are both necessary for increasing yield
under high B concentrations (McDonald et al.
2010).

The B tolerance gene underlying the 6H QTL,
identified by Jefferies et al. (1999), was cloned
by Schnurbusch et al. (2010). This gene,
HvNIP2;1, encodes an aquaporin that belongs to
the subfamily of nodulin-26-like intrinsic pro-
teins (NIPs). NIPs are channel proteins that allow
transport of water and other small solutes such as
boric acid (Takano et al. 2006). The expression
of HvNIP2;1 was found to be specific to the roots
and to increase the permeability of the plasma
membrane to B in heterologous systems (i.e.,
Xenopus oocytes and yeast cells). In addition, the
roots of Clipper (B-sensitive genotype) plants
had 15-fold more HvNIP2;1 transcripts com-
pared with those of B-tolerant Sahara. Differ-
ences in the regulatory sequence regions,
upstream of the ATG codon, may explain the
differences in transcript levels of HvNIP2;1
between the two genotypes. One mechanism of
barley tolerance under high B concentrations in
the soil could be the reduced expression of
HvNIP2;1 to limit the passive influx of B from
the roots (Schnurbusch et al. 2010). This mech-
anism, combined with high expression of
HvBot1, may increase B tolerance. In B-limited
environments, higher HvNIP2;1 expression
would be beneficial for plants to avoid deficiency
in this nutrient (Schnurbusch et al. 2010; Takano
et al. 2006). Hayes et al. (2015) screened 65
barley genotypes for differences in the coding
sequence and transcription level of HvNIP2;1
and found that the open reading frame of
HvNIP2;1 was highly conserved. However,
Sahara genotypes presented a unique SNP in the
5′ UTR region of HvNIP2;1. This SNP, 44 bp
upstream of the start codon, resulted in a shorter
upstream open reading frame that translated into
a short polypeptide, resulting in lower expression

in Sahara (Hayes et al. (2015). Limited knowl-
edge is available about the genes underlying the
2H and 3H QTL. HvBot2, a B-transporter gene,
has been suggested as a candidate gene under-
lying the 3H QTL because Sahara 3771 has a
deletion in the 3′ end of the coding sequence,
which may disrupt the protein function. The
publication of the barley high-quality genome
sequence (Mascher et al. 2017) will allow
advancement of the research needed to clarify the
B tolerance mechanisms underlying the 2H and
3H mechanisms.

15.4 Soil Salinity

Soil salinity is a major constraint on agriculture
and impacts food security and political stability.
Currently, 1128 Mha, including 20% of irrigated
lands (http://www.fao.org/water/en/), are esti-
mated to be affected by soil salinity. The largest
such area, of 189 Mha, is located in the Middle
East (Wicke et al. 2011). These numbers are
expected to increase due to climate change and
poor irrigation practices (Hayes et al. 2015).
Qadir et al. (2014) estimated that an annual
economic loss of US$27.3 billion is due to soil
salinity. Salinity tolerance is a complex poly-
genic mechanism (Roy et al. 2014) that enables
plants to maintain growth and to produce pho-
toassimilates under saline conditions (Munns
2002). The response of plants to salinity includes
several tolerance mechanisms, namely shoot
ion-independent tolerance (or osmotic tolerance),
ionic tolerance and tissue tolerance (Munns and
Tester 2008; Roy et al. 2014). Numerous genes
have been proposed to contribute to salinity tol-
erance traits (Roy et al. 2014).

Barley is the most salt-tolerant cereal crop
(Munns and Tester 2008). This distinction for
barley could partially be due to salinity tolerance
in its tissues. For example, evidence exists that is
consistent with barley having better ability than
durum wheat to compartmentalize Na+ in vac-
uoles (James et al. 2006). A high cytoplasmic
K+/Na+ ratio in mesophyll cells would allow
barley to maintain its photosynthetic capacity
under saline conditions (James et al. 2006;
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Wu et al. 2013). Besides the ability of barley to
accumulate and tolerate high levels of Na+, Na+

exclusion is still an important mechanism in
barley salinity tolerance. Halophytic relatives of
barley have been used in several studies to
understand the differences in the mechanisms of
salinity tolerance between species (Islam et al.
2007; Maršálová et al. 2016). For example,
Garthwaite et al. (2005) reported that seven wild
Hordeum species were better able to exclude Na+

from their shoots compared with cultivated bar-
ley, when grown on nutrient solutions with dif-
ferent NaCl concentrations. Hence, improving
cultivated barley salinity tolerance could be done
by making use of exotic germplasm. In fact,
Nax3 and Nax4 loci, described below, were
identified using a landrace (Sahara 3771) and a
wild barley (Hordeum spontaneum) accessions.

Barley wild relatives are an important source
of genes to increase salinity tolerance. For
example, Saade et al. (2016) identified a wild
allele on chromosome 2H that resulted in a 30%
yield increase under saline conditions. Also, the
overexpression of HsCBL8 gene from a H.
spontaneum line native to the Qinghai–Tibet
Plateau resulted in an increased salinity tolerance
in rice (Guo et al. 2016).

The ability of barley to retain K+ in its cells
under saline conditions is possible through
high-affinity K+ transporters, such as HvHAK1
(Santa-Maria et al. 1997). In fact, HvHAK1
expression was higher in the shoots and roots of
K305 (a salt-tolerant genotype) compared with
I743 (a salt-sensitive genotype) (Ligaba and
Katsuhara 2010). Na+ is sequestered in the vac-
uoles away from the cytoplasmic machinery via
Na+/H+ antiporters localized on the tonoplasts
(vacuolar membranes). The electrochemical gra-
dient generated by the vacuolar H+-inorganic
pyrophosphatase (V-PPase) and the vacuolar H+-
ATPase (V-ATPase) provides the driving force
for this movement (Rea and Poole 1993; Sze
et al. 1992). Fukuda et al. (2004) studied the
effects of 400 mM of mannitol (osmotic effect)
and 200 mM of NaCl (ionic effect) on the
expression of two V-PPases (HVP1 and HVP10),
V-ATPase subunit A (HvVHA-A) and Na+/H+

antiporter (HvNHX1). One copy of each gene

was detected in the barley genome. The transcript
level of HvNHX1 increased fivefold in the roots
of barley plants treated with 200 mM of NaCl
compared with the roots of control plants, sug-
gesting that HvNHX1 plays a role in salinity
tolerance. Treatment with 400 mM mannitol
increased the transcript level of HvNHX1 four-
fold compared with the transcript level in control
plants. HvNHX1 protein could thus be trans-
porting ions other than Na+ into the vacuoles. In
fact, AtNHX1 has a K+/H+ exchange function
(Bassil et al. 2011; Venema et al. 2002) and
plays an important role in turgor regulation and
stomatal function through K+ uptake at the
tonoplast (Barragan et al. 2012). V-PPase HVP10
exhibited a higher transcript level in roots than in
shoots, whereas HVP1 exhibited higher shoot
expression. HVP10 and HvVHA-A transcript
levels in the roots increased in response to the
addition of NaCl and decreased in response to the
addition of mannitol, while the transcript level of
HVP1 increased in response to the addition of
both. HVP10, HvVHA-A, and HVP1 transcript
levels did not change in the shoots (Fukuda et al.
2004).

HVP10 was proposed as a strong candidate
underlying HvNax3, a locus on the short arm of
chromosome 7H identified in a biparental popu-
lation resulting from a cross between the wild
barley CPI-71284-48 (H. vulgare ssp. sponta-
neum) and the cultivar Barque-73 (Shavrukov
et al. 2010, 2013). HvNax3 was found to be
associated with Na+ exclusion, explaining 10–
25% difference in leaf Na+ of plants grown
hydroponically under salinity (Shavrukov et al.
2013). The importance of vacuolar pyrophos-
phatase in improving salinity tolerance was best
illustrated by Schilling et al. (2014) who found
that transgenic barley genotypes expressing the
arabidopsis vacuolar pyrophosphatase gene
(AVP1) had a larger shoot biomass (30–42%)
compared with wild-type genotypes under
salinity conditions in the field. Furthermore,
transgenic barley AVP1 genotypes had a higher
yield as indicated by a larger number of heads
per plant (16–58%), grains per plant (76–85%),
average grain weight (29–43%), and grain yield
per plant (79–87%) (Schilling et al. 2014).
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A third vacuolar Na+/H+ antiporter, HvNHX2,
was isolated in barley (Vasekina et al. 2005) and
increased salinity tolerance was observed when
HvNHX2 was overexpressed in arabidopsis
(Bayat et al. 2011) and potato plants (Bayat et al.
2010).

The role played by the so-called high-affinity
potassium transporters (HKT) in the ionic com-
ponent of salinity tolerance has been clearly
established. In fact, TmHKT1;4-A2 and
TmHKT1;5-A were suggested as candidate genes
underlying two sodium exclusion loci, Nax1 and
Nax2, respectively. When grown in saline fields,
durum wheat genotypes carrying the TmHKT1;5-
A locus had lower concentrations of leaf Na+ and
25% higher grain yield compared with
near-isogenic lines lacking TmHKT1;5-A. More
importantly, TmHKT1;5-A had no effect on yield
in low-salinity soils (Munns et al. 2012). HKTs
can be classified into two groups based on their
amino acid sequences (Platten et al. 2006).
Class I HKTs are more likely to be Na+-trans-
porters whereas class II HKTs (high-affinity Na+)
function as Na+/K+ symporters or Na+- or K+-
uniporters (Hauser and Horie 2010; Maser et al.
2002). Furthermore, some class I HKT trans-
porters are localized in the plasma membrane of
xylem parenchyma cells in the root stele,
allowing them to retrieve Na+ from the xylem
and to prevent Na+ from reaching the shoot (Byrt
et al. 2007). Class II HKT proteins, which are
localized at the root epidermis/cortex, play an
important role in plant growth under K+-limited
conditions, and they may be downregulated
under salinity conditions (Huang et al. 2008).

Identifying the specific functions of HKT has
been challenging and controversial, especially
when heterologous systems are used (Haro et al.
2005). In barley, two HKT proteins have been
characterized: HvHKT1;5 (class I) and
HvHKT2;1 (class II) (Hauser and Horie 2010).
Mian et al. (2011) reported that HvHKT2;1 was
predominantly expressed in the root cortex and
cotransported Na+ and K+ when expressed in
Xenopus oocytes. Also, transgenic barley lines
overexpressing HvHKT2;1 had a higher relative
growth rate compared with wild plants under
saline conditions (Mian et al. 2011).

Furthermore, HKT2;1/2-like, HKT2;3/4-like,
HKT1;1/2-like, HKT1;3-like, and HKT1;4-like
genes have been mapped on respective regions of
barley chromosomes 7HL, 7HL, 2HL, 6HS, and
2HL. These regions are in synteny with regions
in rice that contain HKT genes (OsHKT2;1,
OsHKT2;4, OsHKT1;1 & OsHKT1;2,
OsHKT1;3, and OsHKT1;4, respectively); they
could thus harbor rice HKT orthologs (Huang
et al. 2008).

Little is known about the shoot
ion-independent tolerance mechanism in plants
(Roy et al. 2014). Rapid and long-distance sens-
ing seems to require reactive oxygen species and
calcium waves (Choi et al. 2014; Gilroy et al.
2014). The salt-overly sensitive (SOS) pathway is
a putative signaling mechanism in salinity
response (Munns and Tester 2008). In barley, the
homolog of arabidopsis SOS3,HvCBL4, has been
identified as a candidate gene underlying the
HvNax4 locus (Rivandi et al. 2011). HvNax4 was
initially identified using a mapping population of
doubled-haploid lines derived from a cross
between Clipper and Sahara 3771. It is located on
chromosome 1HL (Lonergan et al. 2009). Riv-
andi et al. (2011) characterized HvNax4 using the
same population. They found that HvNax4 gov-
erned the Na+-concentration in the shoots of
plants grown in pots, but it had no significant
effect on plants grown under hydroponic condi-
tions. Moreover, the effect of HvNax4 on the Na+

content in shoots varied with soil type, suggesting
that HvNax4 expression was strongly influenced
by the environment. Furthermore, the mRNA
expression of HvCBL4 did not vary between
Clipper and Sahara 3771, but an amino acid
residue change was proposed to alter the protein
function between the two genotypes. Because
HvNax4 expression was found to be highly
dependent on the environment and because it did
not significantly affect plant biomass, the agro-
nomical importance of this locus has not yet been
determined. Further progress in research on the
shoot ion-independent tolerance mechanism in
barley is expected due to the advances in
high-throughput phenotyping methodologies
(Saade et al., unpublished data). Such research
employing a wide range of barley genotypes may
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clarify which genomic regions (and/or genes) are
responsible for the shoot ion-independent com-
ponent of salinity tolerance.

One should note that besides the QTLs pre-
sented here, a large body of genetic studies has
identified QTLs associated with traits contribut-
ing to salinity tolerance in barley. For instance,
Long et al. (2013) identified two QTLs on
chromosome 3H (126.3 cM) and 6H (60.2 cM)
that are associated with salinity tolerance,
defined as the biomass production under saline
relative to nonsaline conditions. Other study
focused on plant survival and leaf chlorosis, and
identified a QTL on chromosome 4H (145 cM)
associated with these traits (Fan et al. 2016b).
Liu et al. (2017) related stomatal traits and yield
to salinity tolerance, and found QTLs on chro-
mosomes 1H (11 cM) and 3H (58.9 cM) asso-
ciated with grain yield, and QTLs on
chromosome 1H (121.4 cM) and 2H (10.3 cM)
associated with stomatal pore area and stomatal
conductance, respectively. Moreover, QTLs
associated with salinity tolerance were identified
at different developmental stages such as salinity
tolerance at germination (Mano and Takeda
1997), seedling (Ellis et al. 2002; Mano and
Takeda 1997), and reproductive stage (Liu et al.
2017; Xue et al. 2009). Barati et al. (2017)
identified several QTLs contributing to agro-
nomic performance in the field under nonsaline
and saline conditions using a doubled-haploid
population derived from Clipper and Sahara. The
barley high-quality reference genome (Mascher
et al. 2017) will allow the identification of the
candidate genes underlying many of these
described QTLs. In addition, the publication of
the high-quality barley genome sequence
(Mascher et al. 2017) allows the identification of
homologs of important players in salinity toler-
ance, such as the Na+/Ca2+ exchanger-like pro-
tein AtNCL (Wang et al. 2012a). Also, salt
tolerance genes that are absent from the barley
genome may be identified. For instance,
AtCIPK16, a calcineurin B-like protein interact-
ing protein kinase that reduces shoot Na+ in
arabidopsis (Roy et al. 2013), does not have a
homolog in barley (Amarasinghe et al. 2016).

Moreover, the genetic position of some barley
genes involved in salinity tolerance, such as
HVP1 and other candidate genes underlying QTL
regions associated with salinity tolerance (Long
et al. 2013; Ma et al. 2015), can be further pin-
pointed using the barley high-quality reference
genome (Mascher et al. 2017).

15.5 Drought

In a general sense, drought can be defined as a
lack of precipitation over a long period of time
affecting certain activities and sectors (National
Drought Mitigation Center (NDMC), http://
drought.unl.edu/DroughtBasics/WhatisDrought.
aspx). However, drought is a complex phe-
nomenon that can be divided into four categories:
meteorological, hydrological, agricultural, and
socioeconomic. In this section, we discuss agri-
cultural drought (hereafter drought), which refers
to a condition in which soil moisture does not
meet the needs of a particular crop at a particular
growth stage. The occurrence of drought has
become more frequent due to climate change;
this increasing frequency has severe conse-
quences for agriculture and, consequently, for
economic stability and food security. The impact
of drought on crop yield is enormous. For
example, severe drought in Kenya caused wheat
yield to decrease by 45% in 2009 compared with
the yield in 2010. The 2011 drought that affected
the grain belt and large parts of the United States
increased food prices across the globe (http://
www.fao.org/docrep/017/aq191e/aq191e.pdf).

Symptoms of drought stress include slower
plant growth and leaf expansion, deeper root
systems, stomatal closure to reduce transpiration
(which in turn increases leaf temperature and
affects photosynthesis) and the accumulation of
compatible solutes such as proline, sorbitol, and
glycine betaine to adjust the cytoplasmic osmotic
potential (Baerenfaller et al. 2012; Daszkowska-
Golec and Szarejko 2013; Farooq et al. 2009;
Singh et al. 2015; Tombesi et al. 2015; Uga et al.
2013). A pot experiment, using barley landraces
from Iran, showed that drought can decrease the
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relative water content in leaves, the midday leaf
water potential, and stomatal conductance
(by 90%) compared with plants in well-watered
pots, thus reducing photosynthetic activity
(Robredo et al. 2007, 2010)

Another pot experiment, using 11-day-old bar-
ley seedlings showed that root mass aggregated
towards the bottom of the pot and adventitious root
formation was halted under drought conditions. In
addition, a 10-fold increase in proline, involved in
osmotic adjustment, was observed in barley roots
in response to drought, aswell as a severe reduction
in the shoot-to-root ratio (Sicher et al. 2012).

Because of the importance of drought stress,
several studies have focused on geneticmapping of
drought-associated traits. Fan et al. (2015) exam-
ined a mapping population derived from a cross
between TX9425 (a drought-tolerant Chinese lan-
drace) andFranklin (adrought-sensitive genotype).
They used wilting as the trait to evaluate drought
response. This work led to the identification of a
QTL on chromosome 5H that was independent of
two other developmental traits—awn length and
heading date. The gene underlying this QTL was
suggested to be 9-cis-epoxycarotenoid dioxyge-
nase 2 (HvNCED2), which is involved in the syn-
thesis of abscisic acid (Fan et al. 2015).
Mikolajczak et al. (2017) identified 103 QTLs
associated with yield-related traits when 100 RILs
from a cross between European and Syrian culti-
vars were grown under different water regimes.

Roots play a crucial role in acquiring water
under drought stress. In fact, the smaller size of
the root system in spring barley was associated
with lower grain yield in dry environments
(Chloupek et al. 2010). Reinert et al. (2016) used
a barley diversity panel composed of modern
cultivars, landraces, and wild accessions to
identify a QTL on chromosome 5H that was
induced by drought and associated with the dry
weight of roots. HvCBF10B and HvCBF10A
were suggested as candidate genes underlying
this QTL because their conserved domains har-
bored a large deletion of 37 amino acids in wild
barley compared with cultivated genotypes.

RILs from the mapping population between
Tadmor (a drought-tolerant Syrian genotype) and

Er/Apm (a moderately drought-tolerant genotype)
were grown in pots in growth chambers under
control and drought conditions. A QTL on chro-
mosome 7H was associated with the relative
water content and osmotic potential of leaves
(Teulat et al. 1997, 1998, 2001a). It was coseg-
regated with the Acl3 locus (Hansen and von
Wettstein-Knowles 1991). Acl3 encodes barley
acyl carrier protein III, which is involved in the
synthesis of the fatty acyl chain (Hansen and von
Wettstein-Knowles 1991). Acl3may play a role in
membrane protection or fluidity under stress
conditions and thus improve drought tolerance
(Teulat et al. 1998). Another study associated this
QTL with carbon isotope discrimination in the
field, which is a measure of transpiration effi-
ciency (Teulat et al. 2002). Under field condi-
tions, Teulat et al. (2001b) and von Korff et al.
(2008) evaluated the same RIL population for
agronomic traits across different Mediterranean
environments with varying drought severity. The
genetic effects on flowering time, kernel weight,
and plant height were stable across these envi-
ronments, and QTLs associated with these traits
were detected in both studies with comparable
effects. However, yield seemed to be more
influenced by the environment than other traits. In
particular, the Tadmor allele at the pHva1 marker
had a favorable effect on grain yield in the loca-
tions with more severe drought (von Korff et al.
2008). This marker colocates with HVA1 gene on
chromosome 1H, which also plays a role in
low-temperature tolerance (Tondelli et al. 2006;
von Korff et al. 2008). The same locus also had a
significant effect on the wilting score in a map-
ping population derived from a cross between
Scarlett (a drought-sensitive German genotype)
and ISR42-8 (a wild accession of H. sponta-
neum). The HVA1 QTL explained 12% of the
phenotypic variation, with the wild allele con-
tributing to a 17% decrease in the wilting score
relative to the domesticated allele (Sayed et al.
2012). Transgenic studies showed that wheat,
rice, and oat transformed with barley HVA1 had
higher drought and salinity tolerance than control
plants had (Babu et al. 2004; Bahieldin et al.
2005; Oraby et al. 2005; Xu et al. 1996).
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Other studies, such as Suprunova et al. (2007),
identified Hsdr4 (H. spontaneum dehydration-
responsive 4), which codes for a Rho-GTPase-
activating-like protein and is involved in drought
tolerance in wild barley. The arabidopsis Rho
GTPase homolog (AtRac1) is known to play a
central role in abscisic-acid-mediated stomatal
closure (Lemichez et al. 2001). Besides stomatal
closure, the cuticle also plays a role in plants’
adaptation to drought because it limits water loss.
In barley, several eceriferum (cer) genes involved
in the deposition of epicuticular waxes were
detected in a mutagenesis study (Lundqvist and
Lundqvist 1988). Recently, Cer-cqu (Cer-c, Cer-
q, and Cer-u) has been identified on chromosome
2HS as a cluster of three separate genes encoding:
(1) a chalcone synthase-like polyketide synthase,
(2) a lipase/carboxyl transferase, and (3) a P450
enzyme (Hen-Avivi et al. 2016; Schneider et al.
2016). Chen et al. (2004) identified a spontaneous
wild barley mutant genotype, eibi1, which was
found to be hypersensitive to drought with a low
capacity to retain leaf water. The hypersensitivity
of this genotype was due to a thin cuticle that
resulted from low cutin deposition. The eibi1 gene
was mapped to the pericentromeric region of
chromosome 3H (Chen et al. 2009), and
HvABCG31, an ATP-binding cassette subfamily
G (ABCG) transporter, was identified as the gene
underlying eibi1 (Chen et al. 2011).

Drought-induced root and leaf proteomic and
metabolomic changes revealed that several pro-
teins and metabolites, namely HSP70, proline,
carbohydrates and ascorbic acid, accumulated in
response to drought in drought-sensitive geno-
types, but these proteins and metabolites were
constitutively elevated in drought-tolerant geno-
types. Hence, biochemical predisposition could
confer increased tolerance to drought (Chmie-
lewska et al. 2016). In fact, several barley genes
have been successfully used to improve drought
tolerance in barley and in other crops, e.g.,
overexpression of the isoform HvSNAC1 in bar-
ley (Al Abdallat et al. 2014) and overexpression
of HvCBF4 in rice (Oh et al. 2007).

Many traits, such as relative water content,
have been shown to work as selection parameters
for drought in barley (Matin et al. 1989). How-
ever, other traits have the potential to be used to
map drought tolerance loci. Fv/Fm, the ratio of
variable to maximal fluorescence in a
dark-adapted state, evaluates the effect of stress
on the reaction centers of Photosystem II and
works as a selection criterion for drought toler-
ance (Guo et al. 2008). This trait has been used in
a mapping population under greenhouse condi-
tions (Guo et al. 2008). Two QTLs (116 and
135.7 cM) on the long arm of chromosome 2H
respectively explained 15 and 9% of Fv/Fm

phenotypic variation under drought conditions
during the post-flowering stage. However, the
use of Fv/Fm as a possible selection criterion
should be validated in other populations.

Several studies have detectedQTLs involved in
drought tolerance under controlled and field con-
ditions using different genetic material (Baum
et al. 2003; Diab et al. 2004; Guo et al. 2008;
Honsdorf et al. 2014; Lakew et al. 2013;
Peighambari et al. 2005; Rollins et al. 2013;
Talame et al. 2004; Teulat et al. 1997, 1998,
2001a, b, 2002, 2003; von Korff et al. 2008).
However, these studies identify only the QTLs
underlying the traits of interest; they do not iden-
tify genes underlying drought tolerance in barley.
It is possible that many of these studies could be
reanalyzed using new markers to validate discov-
ered QTLs or to identify new QTLs using the
improved barley genome sequence (Mascher et al.
2017). As such, the use of more markers and better
physical maps of barley provided by the
high-quality reference genome (Mascher et al.
2017) should lead to more accurate identification
of QTLs and their underlying genes involved in
drought tolerance. The publication of the
high-quality barley genome sequence (Mascher
et al. 2017) allows the identification of homologs
of important players in drought tolerance. For
example, the in silico and expression analyses of
barley calcium-dependent protein kinases
(CDPKs) demonstrated the involvement of

268 S. Saade et al.



CDPKs in barley signaling pathways in response
to drought (Fedorowicz-Strońska et al. 2017).

15.6 Temperature Stress

Temperature stress has a strong effect on the
growth and development of barley. Temperature
can be divided into three ranges: (i) low-
temperature range, which includes cold and
freezing; (ii) optimum temperature range at
which the plants grow and develop normally; and
(iii) high-temperature range, which is associated
with heat stress.

15.6.1 Low-Temperature Stress

Low-temperature stress, which includes cold (also
known as chilling, above freezing point tempera-
ture) and freezing (below freezing point tempera-
ture), has a severe effect on small-grain crop plants
in temperate climates (Kosova et al. 2011). In
regions such as southern Australia, where winter
temperatures are not low enough to cause freezing
damage at the vegetative stage, radiation frost
constitutes a problem at the reproductive stage.
Radiation frost occurs during clear nights when the
plant canopy is receiving less heat than what is
radiated away, causing temperatures to drop below
zero. Yield is severely affected by radiation frost as
a result of floret and spike abortion as well as
damage to developing grains (Reinheimer et al.
2004;Zhenget al. 2015).According to the2006and
2012 reports from the Grains Research & Devel-
opment Corporation (https://grdc.com.au/uploads/
documents/frost.pdf, https://grdc.com.au/uploads/
documents/GRDC-FS-CrackingWheatsToughest
Nuts.pdf), frost causes yearly losses of more than
$33 million in crop production in southern Aus-
tralia andVictoria and about $100 million in barley
andwheatproduction innorthernNewSouthWales
and Queensland.

Barley, like other temperate cereals, has an
increase in freezing tolerance when exposed to
cold at vegetative stages, a phenomenon known as
cold acclimation or hardening. Under cold stress,
plants have a short-term response including cold

acclimation, and a long-term response, which
involves developmental responses such as ver-
nalization (Kosova et al. 2011; Pecchioni et al.
2014). Barley can be classified into spring, facul-
tative, and winter types depending on its growth
habitat, tolerance to low temperature, require-
ments for vernalization, and sensitivity to pho-
toperiod (Tondelli et al. 2014). Photoperiod
sensitivity and vernalization play roles in
low-temperature tolerance by delaying the transi-
tion from the vegetative to the reproductive stage,
thus delaying flowering, which allows plants to
survive low-temperature stress (Fowler et al.
1996a, b, 2001; Mahfoozi et al. 2001a, b). In fact,
genes that confer low-temperature-tolerance are
expressed during the vegetative stage (Fowler et al.
1996b; Mahfoozi et al. 2001b), and processes that
prolong this stage increase low-temperature tol-
erance. Some mechanisms that may contribute to
freezing tolerance include the ability to prevent or
reverse proteins’ denaturation and to reduce the
physical damage of dehydration resulting from
freezing-induced intercellular ice formation
(Snyder and Melo-Abreu 2005; Thomashow
1998; Yadav 2010). Another important mecha-
nism in freezing tolerance is the stabilization of
membranes. In fact, the lipid composition of
membranes and the accumulation of sucrose and
other simple sugars seem to change in response to
cold acclimation (Thomashow 1998). For
instance, blt4, a barley gene involved in freezing
tolerance, encodes a putative lipid transfer protein
and plays a role inmodifying the lipid composition
of membranes (Thomashow 1998). Because blt4
expression is also induced under drought stress,
this gene could be responsive to dehydration
(Dunn et al. 1991). Hydrophilic polypeptides,
encoded by cold-responsive (COR) genes, seem to
contribute to membrane stabilization and increase
stress tolerance during freezing (Thomashow
1998).

Genetic mapping of barley has identified loci
associated with freezing tolerance on chromo-
somes 1H, 2H, 5H, and 6H. A doubled-haploid
population resulting from a cross between a
winter barley (Nure) and spring barley (Tremois)
was assessed for low-temperature tolerance using
three traits: winter survival in the field, frost
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resistance (controlled freeze test), and Fv/Fm.
Two major QTLs were associated with the three
traits and mapped on the long arm of chromo-
some 5H (Francia et al. 2004). The first QTL
(FR-H1) was previously mapped by Hayes et al.
(1993) in a barley population of Diktoo (winter)
crossed with Morex (spring), which was assessed
for field survival and the lethal temperature at
which 50% of the plants die (LT50). Interestingly,
FR-H1 was found to overlap with the VRN-H1
vernalization locus. Whether this association of
both vernalization requirement and freezing tol-
erance is a result of having linked genes (Francia
et al. 2004; Hayes et al. 1993) or having one gene
with pleiotropic effects (Tondelli et al. 2014; von
Zitzewitz et al. 2011) is still a debatable question
(Fisk et al. 2013). If one considers the pleiotropy
effect, then HvBM5A would be the candidate
gene underlying VRN-H1 and FR-H1 (von
Zitzewitz et al. 2005). HvBM5A, the barley
ortholog of TmAP1, is a MADS-box transcrip-
tion factor (von Zitzewitz et al. 2005; Yan et al.
2003), and spring accessions harbor a deletion in
their first intron (Fu et al. 2005). Besides freezing
tolerance at the vegetative stage (Francia et al.
2004; Hayes et al. 1993), the FR-H1/VRN-H1
locus is also associated with frost tolerance at the
reproductive stage. In fact, FR-H1 has been
associated with frost-induced floret sterility and
grain damage in three different mapping popu-
lations (Reinheimer et al. 2004).

Another QTL specifically associated with
frost-induced floret sterility was mapped on the
long arm of chromosome 2H (Reinheimer et al.
2004). Approximately 30 cM away from FR-H1,
the second QTL (FR-H2) detected by Francia et al.
(2004)mapped to the same regionwhere QTLs for
the accumulation of two cold-responsive proteins,
HvCOR14b (Crosatti et al. 1999) and TMC-Ap3
(Baldi et al. 1999; Mastrangelo et al. 2000), map-
ped.AnHvCBF transcription factorwas suggested
as a candidate underlying FR-H2 because
HvCBF4 was the peak marker and at least 12
HvCBF of the 20 barley CBFs mapped to FR-H2
(Francia et al. 2004, 2007; Pasquariello et al.
2014). Tondelli et al. (2006) suggested that
HvCBF genes rather than their regulators, i.e., the

inducer of CBF expression (ICE1) and fiery-1
(FRY1), were candidates for the FR-H2 locus. The
higher copy number of CBF genes in winter
genotypes compared with those in spring suggests
the involvement of copy number/gene duplication
in the degree of low-temperature tolerance in
temperate climate cereals (Knox et al. 2010; Ton-
delli et al. 2011). In fact, transgenic barley over-
expressing TaDREB2 and TaDREB3 exhibited
increased drought and frost tolerance, as well as
higher expression of stress-responsive genes
involved in protecting cells from damage and
desiccation (Morran et al. 2011).

The genetic mechanism of freezing tolerance
exhibited dynamic control between FR-H1 and
FR-H2. CBF genes at FR-H2 were more highly
expressed in barley genotypes carrying the win-
ter allele (vrn-h1) at the VRN-H1 locus compared
with genotypes carrying the spring allele. In
addition, the expression of CBF was reduced
after vernalization (in vernalization-requiring
plants), indicating that VRN-H1 attenuated the
expression of FR-H2 (Stockinger et al. 2007).
The involvement of FR-H1 and FR-H2 in cold
acclimation was detected using a genome-wide
association mapping approach, where the pres-
ence of specific alleles (winter alleles) at these
loci conferred maximum low-temperature toler-
ance (von Zitzewitz et al. 2011). The allelic
variation at FR-H1 and FR-H2 was also the main
determinant of frost tolerance in a panel of a
European two-row spring barley population
(Tondelli et al. 2014). Besides FR-H1 and FR-
H2, Fisk et al. (2013) mapped another QTL, FR-
H3, which is associated with freezing tolerance
on the short arm of chromosome 1H.

Research on low-temperature tolerance in
barley is far from complete. Extensive
high-quality research, including proteomics and
metabolomics studies, is warranted to identify
the genes involved in each of the two compo-
nents of low-temperature tolerance, cold toler-
ance and freezing/frost tolerance. The barley
high-quality reference genome (Mascher et al.
2017) can significantly contribute to a better
understanding of the genetic mechanisms
underlying low-temperature stress. For instance,
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the genes underlying the Fr-H3 QTL still need to
be identified (Fisk et al. 2013). Also, whether or
not freezing tolerance and vernalization require-
ments are due to a pleiotropic effect or linkage
still needs to be clarified. Interestingly, copy
number variation also plays a role in frost toler-
ance. Francia et al. (2016) found that within a
collection of 41 barley genotypes, the genotypes
with higher copy numbers at HvCBF2 and
HvCBF4 showed increased frost tolerance
(Francia et al. 2016). Therefore, sequencing dif-
ferent barley varieties could help in identifying
variations in copy number and their role in
enhancing stress tolerance.

15.6.2 High-Temperature Stress

The negative impact of climate change on crop
yield has been established, with a projected
increase in global temperature on the order of
*4 °C by the late twenty-first century (IPCC
2014). High temperature (hereafter heat stress)
affects the duration of the growing season, geo-
graphic distribution (Dawson et al. 2015), and
malting quality of barley (Savin et al. 1996). The
effects of heat stress depend on several factors,
such as stress intensity (temperature in degrees),
duration and rate of temperature increase (Wahid
et al. 2007). Symptoms of heat stress in barley
include the reduction of yield and yield compo-
nents, such as number of tillers per plant, spike
length and thousand grain weight, and a lower
final starch concentration (possibly caused by
irreversible inactivation of sucrose synthase)
(Abou-Elwafa and Amein 2016; Högy et al.
2013; MacLeod and Duffus 1988; Wallwork
et al. 1998). Nevertheless, heat stress in barley is
still an understudied topic, and further research is
expected to take place due to climate change.

Barley, like other cereal crops, is particularly
sensitive to heat stress during panicle develop-
ment and meiosis, with high temperatures (over
several days) causing abnormal pollen develop-
ment and complete sterility (Sakata et al. 2000).
Oshino et al. (2007) studied the effect of
high-temperature injury on anther development

in barley and observed a premature progression
of early developmental stages and fate (e.g.,
progression to meiosis of pollen-mother cells).
Transcriptional analysis suggested that the
genetic control involved in the cessation of
anther cell proliferation was related to the
repression of cell proliferation factors, such as
histones, replication licensing factors, and DNA
polymerases (Oshino et al. 2007). Gene expres-
sion and differentiation of anthers were studied
under normal (20 °C day/15 °C night) and heat
stress (30 °C day/25 °C night) conditions,
revealing that genes that are active in the anthers
under normal temperature conditions, such as
H3, H4, and glycine-rich RNA-binding protein
genes, were transcriptionally inhibited under heat
stress (Abiko et al. 2005). After anthesis, a field
trial in Iran showed a 17% reduction in grain
yield in barley under heat stress and significantly
affected parameters, including the translocation
of photosynthates to the grain, starch synthesis,
and deposition in the developing grain (Modhej
et al. 2015). Field trials have shown grain yield
reduction caused by heat stress causing a higher
penalty when temperature increased during stem
elongation (Ugarte et al. 2007). In another field
experiment using a panel of 138 spring barley
genotypes, Ingvordsen et al. (2015b) corrobo-
rated the previously found decrease in grain yield
(55.8%) caused by heat stress (Högy et al. 2013).

One field study in Egypt comprising 320 wild
barley accessions and six local genotypes
showed that several yield components, such as
days to flowering, plant height and thousand
kernel weight (among others), were affected by
heat stress (Abou-Elwafa and Amein 2016). The
screening of such a large number of individuals
in the primary gene pool of barley quantified the
effects of heat stress and grouped genotypes into
two distinct groups based on heat stress toler-
ance. Cluster analysis revealed that group 1
consisted of 112 barley accessions mainly origi-
nating from cold regions while group 2 consisted
of 224 barley genotypes with variable degrees of
tolerance to heat stress (Abou-Elwafa and Amein
2016). These valuable data may provide the basis
for future mapping populations and/or

15 Genomic and Genetic Studies of Abiotic Stress Tolerance in Barley 271



genome-wide association studies that could
reveal the genetic mechanisms underlying heat
stress in barley.

Also, Phillips et al. (2015) examined barley’s
recombination landscape and observed that high
temperature significantly changed the patterns of
recombination only in male meiosis. Transcrip-
tome changes in developing barley seeds in
response to heat stress revealed the downregu-
lation of genes related to storage compound
biosynthesis and cell growth (Mangelsen et al.
2011). Metadata analysis also showed that seed
embryo and endosperm were the primary loca-
tions of heat stress response genes and an overlap
of heat- and drought-responsive genes in barley
caryopses (Mangelsen et al. 2011).

The relative importance of day and night heat
stress is still under debate. Garcia et al. (2015)
observed approximately 7% reduction in grain
yield per degree of night temperature increase
during the critical period of grain filling. This yield
reduction was caused by an accelerated develop-
ment, which caused increased tillering, death and
impacted biomass and grain production.

Despite the undeniable importance of heat
stress, limited knowledge is available on the
genetic mechanisms controlling barley’s
response to high temperature. Heat shock pro-
teins (HSP) are the obvious candidates underly-
ing the plant’s heat stress response. Xia et al.
(2013) investigated the allelic variation of
HSP17.8, which encodes an HSP ubiquitously
produced in response to heat stress, and its
association with agronomic traits in barley. Nine
haplotypes for HSP17.8 were identified, with
wild accessions exhibiting greater allelic diver-
sity than found in cultivated barley. These results
suggest the role of HSP17.8 in response to heat
stress as well as to drought. In addition to HSP,
miRNAs are heat inducible and may play a role
in barley thermotolerance through downregula-
tion of their target genes (Kruszka et al. 2014).

To date, numerous studies have identified
QTLs associated with general agronomic traits
(e.g., yield and plant height) although little work
has been done on traits specifically associated
with heat stress. Gous et al. (2016) mapped a
doubled-haploid population derived from a cross

between ND24260 (stay-green genotype) and
Flagship (high-quality malting genotype) to
identify QTLs associated with the stay-green trait
under abiotic stress conditions. Ten QTLs were
identified, six of which were associated with heat
stress and four with drought (Gous et al. 2016).
In addition, Ingvordsen et al. (2015a) performed
a genome-wide association study on spring bar-
ley genotypes under heat stress and elevated CO2

and identified a QTL associated with grain yield
under heat stress on chromosome 2H. However,
these loci should be further validated in field
trials and the genes underlying these regions
should be identified. Most strategies to avoid
heat stress are related to early sowing and shorter
season cultivars. This may be due to the com-
plexity of heat stress and its strong interaction
with the environment and to limited knowledge
about heat-tolerant genotypes and the genetic
regions underlying heat stress. The opportunity
provided by the barley high-quality reference
genome (Mascher et al. 2017) to identify new
markers is expected to provide considerable
advances in genetic mapping for heat stress.
Studies with a design similar to the one adopted
by Abou-Elwafa and Amein (2016) and
Ingvordsen et al. (2015b) can be extremely
valuable to future genetic mapping studies
specifically targeting heat stress.

15.7 Nutrient Deficiency (Nitrogen
and Phosphorus) Stress

Crop nutrition is a key determinant of yield
potential. An adequate supply of essential macro-
and micronutrients is required for crops to
achieve sufficient vegetative growth to ensure the
development of nutritious grain. Fertilizer is a
major input cost for farmers but is nevertheless
often applied in excess of a crop’s requirements.
For example, estimates are that cereal crops take
up only 40–60% of the applied nitrogen (N) fer-
tilizer and that unused N may be leached from
the soil or lost to volatilization (Raun and
Johnson 1999; Sylvester-Bradley and Kindred
2009). The impact of this “lost” N is of critical
concern as a source for major economic loss as
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an environmental pollutant that leads to release
of potent greenhouse gases and eutrophication of
aquatic environments (Zhang et al. 2015).

Insufficient availability of N and phosphorus
(P) has the greatest impact on yield potential of
crop plants (Hawkesford et al. 2012). Such
deficiency directly limits yield potential as
affected plants have a lower capacity for radia-
tion capture and hence grain production,
regardless of the application of fertilizer during
the reproductive growth stage. The nutrient
required in greatest supply is N because it is an
integral component of major plant macro-
molecules. N-limited crops may yellow, partic-
ularly older leaves, due to loss of chlorophyll.
P-deficient crops may, on the contrary, have
older dark green leaves due to the accumulation
of sugars and other compounds, and their root
growth can be limited, reducing uptake capacity
for other nutrients and water.

Nutrient use efficiency (NUE) is most com-
monly measured by relating crop yield to the
amount, both applied and residual in the soil, of a
particular nutrient available to the crop (Good
et al. 2004). NUE may be improved through
changing agronomic practices, such as the timing
of fertilizer application and crop rotations
(Fageria and Baligar 2005). The limited capacity
for nutrient uptake and utilization in plants pre-
sents a real opportunity to improve NUE. In high
input, high rainfall areas, what determines NUE
is very different than in low input, dry areas
(Cossani et al. 2010). In a similar way, increasing
P use efficiency in P-fixing soils is very different
than in P-available soils. Within these scenarios,
the weather at a site influences NUE from season
to season. However, there are a few underlying
mechanisms which, if improved, would work
across environments and management scenarios.
First, in some environments, uptake efficiency
may be improved by altering the architectural
traits of roots such that the crop may access
fertilizer deep in the soil profile or at shallow
depths (Garnett et al. 2009). The families of
transporters mediating both low- and
high-affinity uptake of N and P have been
described (Smith et al. 2003; Wang et al. 2012b),
with the barley NRT2 and Pht1 transporters

among the first N and P transporters identified
and characterized in cereals (Rae et al. 2003;
Vidmar et al. 2000a, b). Improving the efficiency
of these transporters through the selection of
superior alleles has improved uptake of target
nutrients in rice (Fan et al. 2016a; Hu et al.
2015). Another important aspect for P uptake is
the plant’s interaction with mycorrhizae. Select-
ing varieties of barley and mycorrhizae that
maximize P uptake in an agricultural environ-
ment is a possible strategy to improve NUE
(Grace et al. 2009).

Similarly, there is scope to improve the uti-
lization efficiency of nutrients once they have
been taken up from the soil. Much is known
about the biochemical pathways in plants that are
responsible for the conversion of inorganic
nutrients into the organic building blocks for
protein synthesis (Xu et al. 2012). The role of
glutamine synthetase (GS) in N assimilation in
barley has been well documented (Avila-Ospina
et al. 2015; Goodall et al. 2013) and GS is
regarded as a candidate gene in both reverse and
forward genetic approaches to improve NUE
(Hirel et al. 2007; Thomsen et al. 2014). How-
ever, the gene encoding alanine aminotransferase
(AlaAT) in barley has exhibited the most pro-
mise to increase NUE via overexpression
because it has improved NUE in canola and rice
(Good et al. 2007; Shrawat et al. 2008). Impor-
tantly, uptake and utilization systems are often
intricately intertwined such that the status of one
system provides important feedback signaling,
which alters the capacity of the other. In general,
the remobilization of nutrients, particularly N,
stored in vacuoles, proteins and other molecules
in older leaves is another determinant of NUE for
which underlying genetic loci have been identi-
fied in barley (Havé et al. 2016; Hollmann et al.
2014; Mickelson et al. 2003; Yang et al. 2004).
However, for malting barley production, it is
important the grain has 9–12% protein content,
as excess protein interferes with the malting
process (Bertholdsson 1999). Grain N has been
the focus of most efforts to identify genetic
regions regulating NUE in barley and a locus has
been identified on chromosome 6 that regulates
leaf senescence and N reallocation (Bezant et al.
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1997; Cai et al. 2013; Heidlebaugh et al. 2008;
Jukanti and Fischer 2008; Jukanti et al. 2008).
The newly published high-quality barley geno-
mic sequence (Mascher et al. 2017) will aid in
efforts to identify the causal gene(s).

Genetic improvements in NUE have been
made “inadvertently” during yield-based selec-
tion in barley breeding over the last 75 years,
even though breeding trials were conducted with
extensive application of N fertilizer (Bingham
et al. 2012). However, these gains are not suffi-
cient to alleviate concerns over rising fertilizer
costs and increasing environmental regulations of
fertilizer application. Variation in NUE has been
identified in adapted barley varieties (Anbessa
et al. 2009, 2010; Beatty et al. 2010); however,
variation in the transcriptomic responses of
contrasting Tibetan wild barley lines to low N or
K barley lines suggests that this collection may
be a source of greater variation in NUE and
component traits (Quan et al. 2016; Wei et al.
2016; Zeng et al. 2014). To assess the potential
of exotic germplasm to be a source of superior
NUE more fully will require its incorporation
into more advanced populations such as the
nested association mapping (NAM) or
multi-parent advanced generation intercross
(MAGIC) populations (Nice et al. 2016; Sanne-
mann et al. 2015) to reduce the “wildness” of the
material, which can create artifacts in data due to
issues such as phenology (Karley et al. 2011).
A field-based analysis of a barley association
mapping panel revealed how large the environ-
mental influence is when measuring traits like P
uptake and assimilation efficiency, requiring
multiple site-years of data to produce meaningful
genetic associations (George et al. 2011; George
et al. 2014). The studies also showed the poten-
tial for identifying surrogate traits for NUE, such
as rhizosheath production, as a way to screen
more quickly for NUE potential.

There has been very little success in improv-
ing barley NUE through genetic modification
approaches (McAllister et al. 2012). It is clear
that improved genetic modification tools will be
necessary and the identification of N- and
P-responsive promoter elements will play an
important role in fine-tuning transgene

expression to change nutrient supply in the field
(Schünmann et al. 2004a, b). The arrival of the
barley high-quality reference genome (Mascher
et al. 2017) will help identify further regulatory
motifs and targets for application of genome
editing technologies, such as CRISPR/CAS
(Teotia et al. 2016).

15.8 Other Stresses

Other stresses, mainly waterlogging and man-
ganese (Mn) and cadmium (Cd) toxicity, affect
barley to a lesser extent.

Cultivated barley shows a genetic diversity in
waterlogging tolerance, and this tolerance varies
according to life stage, with barley being more
susceptible to waterlogging at preemergence,
seedling growth, and reproductive stages (Setter
and Waters 2003). Breeding for waterlogging
tolerance in barley is still in its early stages with
few studies examining waterlogging tolerance in
barley. Li et al. (2008) mapped waterlogging
tolerance using two doubled-haploid populations
and targeting traits such as leaf chlorosis, plant
survival, and plant biomass reduction. Some
QTLs (on chromosomes 1H, 3H, and 7H) were
significant in both populations and some QTLs
associated with more than one trait, such as the
4H QTL, which associated with leaf chlorosis
and plant biomass. In addition to these mapping
studies, Mendiondo et al. (2016) showed that
HvPRT6, an N-end rule pathway N-recognin E3
ligase PROTEOLYSIS6, played a role in water-
logging tolerance in barley. In fact, the role of the
N-end rule pathway in controlling plant response
to hypoxia, which results from waterlogging, has
already been established in arabidopsis. Trans-
genic barley plants with decreased HvPRT6
expression exhibited increased waterlogging tol-
erance as manifested by biomass maintenance,
increased yield, and decreased chlorophyll
degradation under stress (Mendiondo et al.
2016).

Although barley is sensitive to Mn toxicity, a
large genetic variation in Mn tolerance exists
among cultivated genotypes (Hebbern et al.
2005). This variation could be harnessed to
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identify chromosomal regions not yet identified
that are involved in Mn tolerance. Huang et al.
(2015) proposed that breeding for Mn tolerance
could improve waterlogging tolerance in barley,
which could be due to the decrease in soil redox
potential under waterlogging, which in turn
increases the soil Mn2+ concentration and causes
Mn toxicity effects in plants. On the other hand,
Leplat et al. (2016) examined 248 barley vari-
eties that were cultivated in six distinct envi-
ronments prone to Mn deficiency, and identified
several putative QTLs. Then, the authors were
able to explore putative candidate genes in the

flanking region of the SNP associations, using
the barley genome sequence.

Cadmium is a heavy metal usually associated
with polluted soils. It can affect human health, and
barley grains have the lowest threshold value for
Cd concentration for food safety among cereal
crops (Wu et al. 2015). Barley genotypes have
differences in tolerance to Cd toxicity (Chen et al.
2008; Persson et al. 2006). A genome-wide
association study demonstrated a large genotypic
variation in the Cd concentration in different
organs and detected several QTLs associated
with Cd accumulation, some of which were

Fig. 15.1 The genetic components of barley tolerance to
abiotic stresses. The major abiotic stresses reviewed in
this chapter are shown in bold; examples of QTLs

associated with each stress are italicized; and the candi-
date genes underlying the tolerance mechanisms are
italicized and in parentheses
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organ-specific (Wu et al. 2015). Furthermore, Cao
et al. (2014) used microarray expression profiling
on two genotypes contrasting in their Cd tolerance
to identify novel genes that might play a role in
various mechanisms of Cd tolerance.

15.9 Conclusions

The responses of plants to abiotic stresses are
complex. While certain tolerance mechanisms
are specific to a particular stress (e.g., Na+

exclusion from the leaf blades under salinity),
plants have to cope with the co-occurrence of
multiple stresses under field conditions.
Co-occurrence of stresses can trigger common
responses, with some molecular pathways likely
to play roles in more than one stress, e.g., path-
ways involving reactive oxygen species. In bar-
ley, three out of the 13 dehydrin genes were
induced by low temperature and drought (Tom-
masini et al. 2008). The role of dehydrins in
barley in response to several stresses including
cold, drought, and salinity was reviewed by
Kosova et al. (2014). In addition, as previously
mentioned, transcription factor-encoding genes
such as C-repeat binding factors (CBFs) are
involved in low-temperature and drought stress
(see Hasegawa et al. 2000). Another example is
HVA1, which encodes a stress-induced class III
late embryogenesis abundant (LEA III) protein
(Hong et al. 1992) and is associated with salinity,
drought, and low-temperature tolerance (Hong
et al. 1992; Xu et al. 1996). In fact, due to the
resilient nature of barley to abiotic stresses,
numerous barley genes have been used to
improve stress tolerance as reviewed by Gürel
et al. (2016).

In this chapter, we have described the broader
impact of each stress and the physiological and
genetic components of barley stress responses.
Many of the responses to stresses, such as to heat
stress and Cd toxicity, remain understudied. The
previously released barley genome sequence
(Mayer et al. 2012) enabled the identification of
candidate genes involved in stress tolerance. The
completion of the barley high-quality reference
genome (Mascher et al. 2017) will undoubtedly

contribute to an improved and more compre-
hensive picture of barley genetics and genomics
in response to abiotic stress (Fig. 15.1).
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16Genomics-Based Barley Breeding

Kevin P. Smith, William Thomas, Lucia Gutierrez
and Hazel Bull

Abstract
The creation of the first barley reference genome
opens up new and improved avenues for the
translation of genetics and genomics to applica-
tion in plant breeding.Despite steady progress in
barley breeding, there is still a great need for
improved barley cultivars that provide raw
materials for a wide array of products, are
adapted to diverse growing conditions, and
provide sustainable and profitable income for
farmers. In this chapter, we investigate some of
the major challenges in barley breeding and
describe how our ever-increasing understanding
of the barleygenomehas led to newmethods and
approaches to meet those challenges. There are
several excellent reviews of barley breeding that
detail progress in breeding over time (e.g., Friedt

et al. 2010). Here, we will focus on how genetic
tools and resources have affected progress so far
and the prospects to utilize current and emerging
genomic tools to sustain barley improvement. In
particular, we explore the evolution of marker
development for mapping, genomic approaches
to selecting parent combinations and from
within segregating breeding populations,
exploiting diverse germplasm, tapping into
genomic regions of limited recombination, and
utilizing bioinformatic characterization of
genetic load. Access to a complete reference
genome is already providing breeders and
geneticists information about candidate genes
for QTL that are targets for marker-assisted
selection, the physical order of genetically linked
markers in regions explored by fine mapping,
and the ultimate consensus map with which to
compare mapping studies. Additional full gen-
ome sequences leading to a pan-genome for
barley, refinement of the reference genome, and
new tools to access, analyze, and utilize genomic
information will foster further integration of
genomics into barley improvement.

16.1 Successes in Barley Breeding
Before a Reference Genome

The past 56 years has seen a steady rise in the
world average yield per unit area of barley that is
in the order of 0.025 t/year producing a world
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average that was in 2014 just under 3 t/ha with
minima and maxima of 0.33 (Oman) and 9.2 t/ha
(Belgium), respectively (http://www.fao.org/
faostat/en/#data/QC). Arguably, much of this
improvement in world barley yields is due to
improved management, it is undeniable that
improved varieties developed by breeding pro-
grams targeting specific macro-environments
have also had a substantial impact. Riggs et al.
(1981) compared 37 spring barley varieties
released from the late nineteenth century up to
1980 and found that breeding had improved the
yield potential largely by improving harvest
index and concurrently reducing height. As the
lines were all grown together in the same trial,
the changes observed are truly genetic, but it
could be argued that the introduction of semid-
warf types with some more recent varieties car-
rying either the ari-e.GP or sdw1 gene could
have biased the findings. More recent studies of
official trials in the UK showed that the rate of
gain in a high yielding environment from 1982 to
2007 is approx. 0.07 and 0.06 t/ha per year for
winter and spring barley, respectively. Specifi-
cally, 42 and 86% of that increase was due to
improved genetics of winter and spring barley,
respectively (Mackay et al. 2011). Analysis of a
single breeding program in the Midwest U.S.
documented a more modest gain of 0.015 t/ha
per year in yield over a 40 year period for
six-row spring malting barley (Condon et al.
2009). Much of this potential is not realized on
farm, however, and there is evidence in some
countries that a yield plateau has been reached. In
the UK, this plateau is visible in the average
wheat yields since 2000 but progress in on-farm
yields still appears to be happening in barley with
annual rates of increase of 0.019 and 0.013 t/ha
for winter and spring barley, respectively.

How have these yield increases been
achieved? From studies of UK barley, it appears
that much of the yield increase originates from
increases in thousand grain weight (Thomas et al.
2014), although the other two key yield compo-
nents (grain and spike number) were not mea-
sured. The study conclusively demonstrated that
heading date and crop maturity had not changed
over the survey period while breeding had

significantly reduced height, although the latter
can largely be ascribed to the transition to culti-
vars carrying the sdw1 semidwarfing gene
(Thomas et al. 2014).

Breeding malting barley poses additional
challenges, as gains in yield must be accompa-
nied by maintaining or improving a suite of
malting quality traits. For example, the gains in
yield made in the US Midwestern spring six-row
program paralleled a favorable increase in malt
extract and an unfavorable increase in soluble
protein (Condon et al. 2009). Breeding has also
significantly increased the malt extract of the
spring barley crop in the UK, although the
increase in the winter barley crop was not sig-
nificant and bridging that quality gap remains a
major challenge for winter barley breeders
(Thomas et al. 2014). Wort viscosity has signif-
icantly decreased over time in the UK winter
barley crop but not in the spring barley crop
where it has remained within acceptable bounds.
By contrast, characters such as wort beta-glucan
content, diastatic power, and fermentability show
no significant trends with time and considerable
variation so there has been no consistent breed-
ing progress for these aspects of malting quality.

Breeding for disease resistance is also very
important for barley; however, there are few
studies that have evaluated progress in disease
resistance over time. Rajala et al. (2017) provide
some evidence of improvement over a 100-year
span in the resistance of Nordic cultivars to net
blotch (spot and net form) as well as scald but
few other studies have been published. This is
partly due to much resistance breeding work
focusing on race-specific resistance leading to the
so-called boom and bust cycles for powdery
mildew resistance in barley. The deployment of
the mlo resistance gene in Europe since the late
1970s has provided a durable source of resistance
to powdery mildew that genomic tools have now
characterized as a loss of function of a suscepti-
bility factor (Piffanelli et al. 2004) that is still
effective in current cultivars. Non-race-specific
resistance remains an attractive breeding objec-
tive but has proved particularly difficult to select.
The development of molecular markers has sig-
nificantly improved selection for resistance to
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diseases that are either difficult to characterize or
not present in all environments, e.g., selection for
resistance to barley mild mosaic and barley yel-
low mosaic viruses in NW Europe (discussed in
the following section).

To examine progress made in plant breeding,
it is useful to consider a modification of the
breeder’s equation Ry = (h2S)/C, where Ry is the
response to selection per year, C is the length in
years of the breeding cycle (from cross to use of
the progeny in a subsequent cross), h2 is the
narrow sense heritability, and S is the selection
intensity. Heritability is a function of the avail-
able genetic variation and the accuracy of
selection. In addition, progress is measured as the
response per unit time. Therefore, breeding pro-
gress is a function of (1) genetic variation,
(2) selection accuracy, (3) selection intensity, and
(4) breeding cycle time. As we consider the
various tools, methods, and activities of breeders
both past and present, it will be useful to frame
them within these four components of gain per
unit time.

Historically, the free exchange of germplasm
among worldwide breeding programs has con-
tributed to the genetic variation exploited by
breeders and the subsequent genetic gains. As
programs mature, breeders select primarily from
within their own elite gene pools which over time
may reduce genetic variation (Condon et al.
2008). Breeders will, however, use reciprocal
crossing agreement for the early introduction of
material from competitor programs, but these are
generally sampling the same local elite gene
pool. Thus, to improve the rate of genetic gain
breeders must increase the accuracy and/or
intensity of selection or reduce the breeding
cycle time. Selection intensity is limited by
available resources and the cost to select among
individuals using phenotypic or genotypic
selection. As the cost of phenotyping has gen-
erally remained constant or increased, the pri-
mary means to increase selection intensity are
through exploiting high-throughput genotyping
platforms (see section below). The accuracy of
phenotyping has improved with developments in
plot machinery that improve the accuracy of
sowing and harvesting of trials combined with

improvements in computing power that have
facilitated the use of more flexible experimental
designs and statistical procedures that can be
used to account for nongenetic effects in field
trials (Sarker and Singh 2015). For many traits,
however, the contribution of genotype × envi-
ronment interaction will be a significant compo-
nent of heritability that will limit gains and
breeders still have to conduct multisite trials that
capture their range of target environments. Even
with improvements in selection accuracy, there
are diminishing returns with selection intensities
below 10%.

Breeders have therefore paid particular atten-
tion to reducing the breeding cycle time as hav-
ing the first of a new “type” of cultivar on the
market is often more critical to market success
than having a better cultivar that may be 1–
2 years later to market. Commercial breeding
programs in Europe have been particularly suc-
cessful in this regard. Examining the pedigrees
and year of first recommendation of cultivars
on the UK Cereals & Oilseeds Recommended
Lists (https://cereals.ahdb.org.uk/varieties/ahdb-
recommended-lists.aspx) shows that some lines
are being recrossed within 3 years (Fig. 16.1).
For example, there were four years between the
first recommendation of the spring barley West-
minster and its progeny variety Concerto. Yet,
subsequent to this the breeding interval has been
reduced further with only 3 years between the
first recommendation of Concerto and Chronicle
(the selection of a Concerto/Quench cross). This
short cycle time continues with only 3 years
between Chronicle and its progeny Sienna
(Chronicle/Genie). From this, it is clear that the
breeding cycle in spring barley using a breeder’s
own material is now down to 3 years and can
sometimes be just two (Westminster, Concerto,
Chronicle, Genie, and Sienna are all varieties
from the Limagrain breeding programs). How-
ever, these rapid turnarounds seem limited to
material from a breeder’s own program, this is
illustrated in the pedigree of Chronicle, Quench
(a variety from Syngenta) was first recommended
5 years prior to the recommendation of its pro-
geny Chronicle, suggesting utilizing another
breeder’s variety within a cross adds another two
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years to the breeding cycle for a company while
the potential of the variety is evaluated. This
highlights the need for breeders to recognize and
integrate valuable breeding material into their
crossing programs at early generations so com-
petitive advantage is maintained.

In addition to the basic pedigree breeding
scheme, more rapid advancement to homozygos-
ity has been developed through the application of
doubled haploidy and single seed descent (SSD).
More recently, SSD methodology has been com-
bined with high-intensity lighting regimes to
develop a technique called “speed breeding”
where as many as 7 generations can be achieved in
one year (Christopher et al. 2015). While this
technique has been perfectly demonstrated with
germplasm adapted to short-day growing, it
remains to be seen if the same reduction can be

achieved in germplasm adapted to long days,
although multiple generations of <10 weeks were
achieved in European spring barley under less
intense lighting (Riggs and Hayter 1976).

Breeders have always been ready to adopt
new technologies once they are convinced that it
either improves the speed and/or the efficiency of
selection or provides new sources of variation.
This was seen in the 1950s with effort on
mutation breeding to introduce semidwarf genes
into cultivars. Later, breeders invested in doubled
haploid production to speed up the production of
inbred lines and improve the accuracy of selec-
tion. As molecular markers for key but “hard to
measure” traits became available, breeders then
adopted marker-assisted selection. Despite the
substantial progress made through phenotypic
selection and more recently with marker-assisted

Fig. 16.1 Pedigree of some
UK recommended spring
barley cultivars. All the
cultivars apart from Sebastian
(Sejet) and Drum and Quench
(Syngenta) are from the
Limagrain program. Years in
the circles are the first year
that a cultivar was placed on
the AHDB Cereals and
Oilseeds recommended list
for the UK. Colors progress
from dark to light green to
reflect older to newer first
years of recommendation
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selection, there is still great need to accelerate
breeding efforts to meet a wide array of agricul-
tural challenges and improve our food system.
Regardless of the specific challenge, improving
breeding progress will require using genetic
variation, applying accurate selection, impos-
ing stringent selection intensity that is
cost-effective, and reducing the breeding cycle
time. Recent progress in barley genomics
including access to a reference genome provides
opportunities to improve existing breeding
methods and develop novel approaches to barley
improvement. In the following sections, we
explore some of these opportunities and specu-
late how they may affect barley breeding.

16.2 Abundant and Reliable
Markers

For molecular markers to be deployed
cost-effectively in a breeding program they
should increase the efficiency of selection over
that of traditional phenotyping methods. For this
to happen, markers should have reliable linkage
with genes controlling specific traits of interest,
exhibit a high level of polymorphism, be high
throughput, occur at a high density in the gen-
ome, be relatively inexpensive, and be readily
transferable among germplasm groups. In the
past 25 years, barley researchers have actively
applied different kinds of markers for the purpose
of genetic mapping (Table 16.1). However, until
relatively recently, there has been limited
deployment of marker-assisted selection in bar-
ley breeding programs.

Isozymes, the earliest form of molecular
marker, offered the possibility of using surrogate
markers to help introgress disease resistance
genes from exotic sources in a more precise
manner and, more importantly, enable the intro-
gression of recessive major genes without the
need for progeny testing to establish phenotypes.
However, there were insufficient isozyme mark-
ers and the levels of polymorphism were too low
to make this approach widely applicable. Nev-
ertheless, this approach was used to develop
markers to select for the Barley Yellow Mosaic Ta
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Virus (BaYMV)/Barley Mild Mosaic Virus
(BaMMV) rym4 resistance locus in winter barley
breeding programs (Konishi et al. 1989). rym4
still represents a major source of resistance to
BaYMV and BaMMV in elite European winter
barley germplasm.

Some of the earliest markers deployed were
restriction fragment length polymorphisms
(RFLP), used particularly in the early stage
selection of traits such as malt extract QTL (Barr
et al. 2000) and major pathogen resistance loci,
e.g., cereal cyst nematode resistance (Kretschmer
et al. 1997) and rym4 BaMMV/BaYMV resis-
tance (Graner and Bauer 1993). The gel-based
screening methodology of RFLP and lack of
sequence information made marker development
and deployment slow and labor intensive, with
consensus RFLP barley linkage maps consisting
of approximately 587 genome-wide markers
(Langridge et al. 1995), although polymorphism
levels within each cross were in the order of
100–150 markers.

Random amplified polymorphic DNA
(RAPD) markers are the result of the random
amplification of genomic DNA in single 10
nucleotide primer PCR reactions. The pattern of
the resulting random amplification is used to
determine genotype. Like RFLP they are a
gel-based screening method making them rela-
tively slow and labor intensive. Additionally, due
to the non-targeted nature of amplification,
reproducibility of results can be low and there-
fore application limited; however, attempts were
made to develop markers for Rhynchosporium
resistance loci in barley (Barua et al. 1993).

Amplified fragment length polymorphisms
(AFLPs) are a refinement of the RFLP technique,
following digestion of genomic DNA with
restriction enzymes; adaptor sequences are liga-
ted to the fragments enabling targeted PCR
amplification. Compared to other marker types,
AFLPs were found to be more readily transfer-
able across populations making them more
amenable to use in breeding (Qi and Lindhout
1997). Despite these advantages, there appeared
to be little use of AFLPs directly in breeding.

Simple sequence repeats (SSR) offered
advantages over RFLP through their polyallelic

nature, greater transferability between germ-
plasm, higher genome density, and their semi-
automated scoring through incorporation of
fluorescently labeled primers (Ramsay et al.
2000). Several SSR have been readily deployed
in breeding programs these include Bmac 29 &
QLB1 for the selection of rym4/rym5
BaYMV/BaMMV disease resistance alleles
(Graner et al. 1999; Tyrka et al. 2008). While the
linkage between the SSR marker and resistance
remains robust, further work identifying the
underlying gene means that diagnostic SNP
markers can now be deployed for the selection of
rym4/rym5 resistance (Hofinger et al. 2011).

The development of SNP markers in tandem
with improvements in genotyping technology has
further revolutionized the accessibility of
molecular markers to barley breeding programs.
The Illumina BOPA1 and BOPA2 SNP plat-
forms (Close et al. 2009), each comprising 1536
SNP identified through the Sanger sequencing of
PCR amplicons and EST sequences, were the
first opportunity for automated high-throughput
multiplex SNP genotyping in barley. The sub-
sequent development of high-density genetic
linkage maps provided the first opportunity to
undertake large-scale genome-wide comparative
studies of elite cultivars to understand recombi-
nation patterns and associated haplotype selec-
tion blocks.

A genome-wide association study of the
association genetics of UK elite barley
(AGOUEB) collection in combination with
morphological trait information used to ensure
distinct, uniform, and stable (DUS) cultivars in
the official UK varietal registration process (e.g.,
rachilla hair length) led to the development of a
suite of SNP markers for the traceability of
specific morphological DUS phenotypes within
breeding programs (Cockram et al. 2010, 2012).
As an extension to this the use of BOPA1 and
BOPA2 markers in addition to morphological
characterisation as part of the official registration
process has been investigated, however the study
concluded that 1:1 correspondence between
genetic and phenotypic distance was not possible
and raised questions as to what genetic distance
threshold would be deemed appropriate to
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determine distinctness between varieties (Jones
et al. 2013).

Since the development of the BOPA1 and
BOPA2 SNP platform, advances in sequencing
technologies have facilitated the development of
higher density SNP platforms. The 9K iSelect
platform included all the BOPA1 and
BOPA2 SNP, 5000 SNPs developed from the
RNA sequencing of radicle and embryo tissue of
10 spring barley cultivars, and additional SNP
identified from resequencing studies of specific
genes (Comadran et al. 2012). The 9K iSelect
was superseded by the 50K iSelect, developed
from the exome capture of 170 cultivars repre-
senting a diverse set of winter and spring culti-
vars and landraces (Bayer et al. 2017).

The higher SNP density has enabled the
development of robust linkage maps with
increased reliability in marker order. Neverthe-
less, the SNPs surveyed are a small subset of
those existing in elite gene pools, let alone
among wild barleys and it is a matter of chance
as to when an individual SNP arose compared to
a linked functional polymorphism. This means
that the SNP most highly associated with the
phenotype may not be the closest SNP to the
functional polymorphism. In an association study
of row type in barley, the closest BOPA1 SNP
(11_20302) to the candidate gene (HvTB1) was
not highly significantly associated with the phe-
notype whereas an adjacent SNP (11_20606) had
the highest LOD score (Ramsay et al. 2011).

While the ability to map loci associated with
traits has been greatly enhanced through
high-density SNP genotyping platforms, the
application of markers in breeding has been
facilitated by low density, high throughput, and
low-cost markers. In an attempt to bridge the gap
in malting quality between the spring and winter
barley crop, the higher marker density afforded
by the 9K iSelect has been used for the tandem
marker-assisted introgression of three consis-
tently selected independent QTL associated with
malting quality from spring germplasm into
winter (JHI unpublished). The marker-assisted
selection of multiple introgressions requires lar-
ger population sizes but their screening is facil-
itated by the development of cost-effective

high-throughput single-marker genotyping sys-
tems such as the KASP marker system (LGC
genomics) and automated plate-based DNA
extraction technologies such as the QIAextract
(QIAGEN).

Advancements in multiplex sequencing tech-
nology and subsequent reduction in cost have
facilitated the use of genotyping by sequencing
approaches to characterize germplasm in barley
breeding programs. This approach combines
SNP identification and genotyping into a single
process; briefly, following genome complexity
reduction and barcoding, multiple individuals are
sequenced within a single sequencing reaction.
Following sequencing, results are de-multiplexed
and sequence aligned either using de novo
assembly or more recently the reference genome
(Poland et al. 2012a, b; Mascher et al. 2013c).
Although in theory all SNPs distinguishing
individuals in a population should be identifiable
using this approach, in reality, it is often a
trade-off between sequencing depth and cost. The
deeper the sequencing, the fewer the sequencing
artifacts, but the more expensive the genotyping.
In a study, mapping drought tolerance loci within
a population of Hordeum spontaneum/Hordeum
vulgare inbred lines of the 41,554 SNP identified
the following filtering for missing data and
comparison with parental genotypes only 3744
SNP could be mapped (Honsdorf et al. 2014).
While the information recovered is population
specific, the relatively large-scale bioinformatics
capability required to process GBS data currently
makes this technology less amenable to situa-
tions where selection decisions need to be made
relatively quickly in a breeding program. That
said, efforts are ongoing to develop faster, more
efficient GBS bioinformatics pipelines, which
should accelerate deployment of this technology
(Torkamaneh et al. 2017).

Genome-wide assays, such as SNP chips and
GBS, have made parental characterization and
QTL discovery much more routine. But while the
cost per data point is small, the cost per sample is
not when applied on the scale of a typical barley
breeding program. Simple PCR assays facilitate
the large-scale screening of specific alleles at key
genetic loci in breeding populations. An example
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of this is the epiheterodendrin (Eph) marker that
was deployed to select suitable varieties for use
in the UK distilling industry. This marker screens
for the non-production of the glycosidic nitrile
epiheterodendrin, which is a cyanogenic gly-
coside precursor of the potential carcinogen ethyl
carbamate (Hedley et al. 2005). A simple PCR
diagnostic was developed to select for nonpro-
ducers of Epiheterodendrin and is being used to
identify varieties suitable for use in distilling
(Bringhurst 2015). Another example was the
development of a cleaved amplified polymor-
phism (CAP) marker used to introgress the null
allele at the LOX-1 barley locus. Introgression of
this allele from an Indian barley landrace into
the elite cultivar CDC-Kendall through marker-
assisted backcrossing improved beer flavor and
head retention (Hirota et al. 2005, 2006a, b; Hoki
et al. 2010). The resulting introgression line
CDC-PolarStar was first registered in 2010
and occupied 0.93% of the 2.466 M/Ha of
two-rowed malting barley area in Western
Canada in 2016 (Canadian Grain Commission).
In parallel, a joint project between Carlsberg and
Heineken screened a batch of mutated seed for
low or absence of LOX-1 activity and protected
their intellectual property through separate
patents (Skadhauge et al. 2010). The research
program identified two mutants with no detect-
able activity and breeding programs have
licensed the technology to introgress the char-
acter into adapted germplasm resulting in the
release of a number of new spring cultivars with
Chanson being added to the AHDB Cereals and
Oilseeds list of Recommended Varieties for
2017.

In a few cases, where the genes underlying a
specific locus have been cloned, “perfect”
genetic markers exist enabling the direct selec-
tion of the phenotype of interest through geno-
typing. One such example is that of barley
row-type, non-synonymous SNP and frameshift
mutations within HvHox1 cause the switch from
two-rowed to six-rowed spike morphology
within cultivated germplasm (Komatsuda et al.
2007). Therefore in a two-rowed by six-rowed
cross, it is possible to reliably select for the
specific row type of interest at the seedling stage.

Additionally, genome-wide association mapping
(GWAS) of barley row type has identified the
historic consistent tandem selection of specific
“six-rowed” alleles of the unlinked HvTB1 gene
with the six-rowed alleles at HvHox1 (Ramsay
et al. 2011). The reason for this tandem selection
remains unclear, six-rowed alleles at HvTB1
alone are insufficient to produce a six-rowed
phenotype (Lundqvist and Lundqvist 1987), but
the repeated selection for this combination sug-
gests some selective advantage. The availability
of “perfect” markers at both loci increases the
intensity of selection within six-rowed breeding
programs as all those lines without the desired
six-rowed HvHox1, six-rowed HvTB1 allele
combination can be disregarded at the seedling
stage.

The changing marker platforms and lack of
overlap of markers among mapping populations
and breeding populations severely limited the
deployment of marker-based selection in breed-
ing (Table 16.1). The reference genome provides
a uniform platform to integrate results. The ple-
thora of markers now available can all be
anchored physically, enabling QTL identified in
diverse studies to be overlaid, with the potential
for improved confidence, resolution, and hence,
selection accuracy. The ability to overlay QTL
becomes very important when breeding pro-
grams need to go from understanding the locus
that controls the trait to identifying a specific and
informative marker that can be used for selection
in their breeding program. In summary, the
development of the reference genome will
greatly facilitate the rapid translation of research
findings to applied barley breeding.

16.3 Accurate Selection
in Segregating Populations

Modern plant breeding activities consist of
evaluating the genetic merit of lines by discern-
ing genetic from environment and noise com-
ponents (Bernardo 2010). Selection strategies in
plant breeding could be grouped into three cat-
egories: traditional, marker-assisted (MAS;
Tanksley 1983), and genomic selection (GS;
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Meuwissen et al. 2001). Traditional plant
breeding uses either phenotypic information per
se or from relatives to evaluate their genetic
value (Fehr 1991; Bernardo 2010). MAS, on the
other hand, involves the identification of markers
linked to genes or quantitative trait loci
(QTL) for relevant traits, and then selecting
individuals based on their marker scores
(Tanksley 1993; Hospital and Charcosset 1997).
Finally, GS involves the prediction of the genetic
merit of individuals based on a large number of
genome-wide marker scores and a statistical
model (Meuwissen et al. 2001).

Compared to phenotypic selection, MAS has
clear advantages for: (1) traits that are difficult to
phenotype because they are either expensive to
measure, time-consuming, or very complex;
(2) traits that require specific environments or
developmental stages; (3) during backcrossing
with recessive alleles or to speed up the process
by avoiding the need to progeny test; and (4) to
pyramid multiple alleles (Xu and Crouch 2008).
Evidence for the advantage of MAS schemes has
been documented widely. This includes improv-
ing the pace and precision of backcross strategies
(Tanksley 1983) using either foreground selec-
tion (Hospital and Charcosset 1997) or back-
ground selection (Visscher et al. 1996; Hospital
and Charcosset 1997) to reduce linkage drag
(Hospital 2005), increasing the rate of genetic
gain compared to phenotypic selection
(Eathington 2005; Crosbie et al. 2006; Ragot and
Lee 2007), and successfully introgressing disease
resistance or stress tolerance genes (Cregan et al.
1999; Cahil and Schmidt 2004; Johnson 2004;
Niebur et al. 2004; Eathington 2005; Crosbie
et al. 2006; Ragot and Lee 2007), or grain quality
traits (Dubcovsky 2004). Marker-assisted selec-
tion can improve genetic gain by several means.
First, MAS can improve selection accuracy for
traits that are difficult to phenotype. For example,
expensive traits such as malting quality are usu-
ally selected at the end of the breeding cycle, on
small populations, and based on few or no
replications. The use of markers can improve
selection accuracy which should increase genetic
gain (Gutierrez et al. 2011). Another example is
when the phenotype is difficult to evaluate or

environment specific such as complex adult plant
disease resistance. The use of markers can
improve selection accuracy in environments
where the disease is not fully expressed or heri-
tability is very low (Gutierrez et al. 2015). Sec-
ond, the response to selection can be increased
by choosing optimal parental combinations such
as in gene pyramiding (Castro et al. 2003). Third,
breeding cycles can be reduced if used for
example for either foreground or background
MAS with backcrossing. Finally, selection
intensity can be increased when inexpensive
markers are used instead of expensive pheno-
typing such as malting quality analyses. By using
cheaper methods to evaluate the genetic merit of
individuals, larger population sizes can be used,
and therefore, greater selection intensities can be
imposed without seriously compromising future
genetic gain by narrowing the genetic diversity.

An MAS program requires the identification
of genes or genomic regions associated with the
trait(s) of interest (Paterson et al. 1988; Tanksley
1993), a validation step (Patterson et al. 1990),
and ultimately deployment (Lande and Thomp-
son 1990). The use of molecular markers in
breeding programs has been explored since the
1980s (Stuber 1992). There are several strategies
to identify quantitative trait loci (QTL) of rele-
vant traits in plants including biparental popula-
tion or traditional QTL mapping (Hayes et al.
1993) and GWAS (Jannink et al. 2001).

Traditional QTL mapping requires first the
construction of balanced populations with known
recombination history. Later, a statistical associ-
ation between a molecular marker and the trait of
interest is sought through linkage disequilibrium
using either linear regression models (Haley and
Knott 1992) or mixture distributions (Lander and
Botstein 1989). Since all the recombination
occurred within the limits of the experiment, the
linkage disequilibrium is expected to be caused
by physical linkage of the molecular marker and
the QTL, and therefore, the location of the QTL
can be inferred (Lander and Botstein 1989).
Many QTL mapping studies have identified
genomic regions associated with relevant quan-
titative traits in barley. Some of these studies
include QTL for malting quality (see Szűcs et al.
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2009 for a review); agronomic traits
(Cuesta-Marcos et al. 2008, 2009); disease
resistance for Fusarium head blight (de la Peña
et al. 1999; Mesfin et al. 2003; Canci et al. 2003)
and yellow rust (Castro et al. 2003); heading date
(Sameri and Komatsuda 2004); photoperiod
(Szűcs et al. 2006); vernalization (Dubcovsky
et al. 2005) and winterhardiness (Hayes et al.
1993; Karsai et al. 1997, 2005; Pan et al. 1994;
Francia et al. 2004).

GWAS is also based on a statistical associa-
tion between the molecular marker and the trait
of interest. However, since diverse populations
without a known recombination history are used,
the cause of linkage disequilibrium could be
physical linkage and other causes such as selec-
tion, genetic drift, mutation, admixture, and
population structure (Jannink et al. 2001).
Therefore, controlling for population structure is
crucial in GWAS (Pritchard et al. 2000).
Advantages of GWAS over biparental QTL
mapping include assessment of genetically
diverse germplasm stocks; higher resolution
mapping; effective use of historical data; avoid-
ance of family-specific effects; and immediate
applicability to cultivar development because the
genetic background in which QTL are estimated
is directly relevant for plant breeding (Kraakman
et al. 2004). This strategy has been used suc-
cessfully in barley for agronomic traits (Kraak-
man et al. 2004, 2006; Cuesta-Marcos et al.
2010; Locatelli et al. 2013; Pauli et al. 2014);
flowering time (Stracke et al. 2009); winterhar-
diness (von Zitzewitz et al. 2011); malting
quality (Beattie et al. 2010; Gutierrez et al. 2011;
Mohammadi et al. 2014, 2015); disease resis-
tance to Fusarium head blight (Massman et al.
2011), leaf rust (Gutierrez et al. 2015) stem rust
(Zhou et al. 2014), spot blotch (Roy et al. 2010;
Gutierrez et al. 2015), net blotch (Tamang et al.
2015), and stripe rust (Gutierrez et al. 2015).
Furthermore, the development of cultivars with
increased resistance to Fusarium head blight was
successfully accomplished where QTL associ-
ated with Fusarium head blight resistance were
identified (de la Peña et al. 1999; Mesfin et al.
2003; Canci et al. 2003) and MAS was initiated.
GWAS studies were later performed (Hayes and

Szűcs 2006), and marker–trait associations were
validated and used for MAS (Navara and Smith
2014; Jefferies et al. 2003; Chutimanitsakun et al.
2013). Some reviews have also focused on dif-
ferent aspects of GWAS in barley (Cockram
et al. 2008; Bradbury et al. 2011; Hayes and
Szűcs 2006; Waugh et al. 2009; Wang et al.
2012; Muñoz-Amatriaín et al. 2014).

One of the main limitations of QTL studies is
that the effect of some QTL can be overestimated
due to insufficient population sizes (Beavis
1998). Furthermore, often the QTL that are
identified have small effects and explain a small
portion of the total variation (missing heritability,
Manolio et al. 2009). Other limitations to QTL
studies are: inaccurate positions of QTL with
large confidence intervals (Melchinger et al.
1998) and sampling bias in QTL effects (Lande
and Thompson 1990); poor phenotypic data
quality (Kearsey and Farquhar 1998); genetic
background interaction where markers identified
in a particular background may not be effective
in a different background (Langridge et al. 2001)
due to small effect QTL (Charcosset and Moreau
2004) or epistasis (Lin et al. 2000); and QTL by
environment interaction (Hayes et al. 1993;
Romagosa et al. 1999; Mathews et al. 2008;
Gutierrez et al. 2015). Another limitation specific
to GWAS studies is properly accounting for
population structure, especially in barley where
different breeding objectives have been pursued
between two- and six-row barley (Gutierrez et al.
2011). Furthermore, successful QTL introgres-
sion requires QTL validation (Stuber et al. 1999)
using relevant parents, populations, and envi-
ronments. A few QTL published in barley have
been validated, including QTL for root archi-
tecture (Ahmad Naz et al. 2012), disease resis-
tance (Canci et al. 2004; Castro et al. 2003; Yun
et al. 2006; Navara and Smith 2014), and agro-
nomic traits (Spaner et al. 1999; Muñoz-Ama-
triaín et al. 2008; Romagosa et al. 1999). All of
these limitations make it challenging to use the
QTL results in breeding programs. The few
successful cases of QTL utilization have been for
traits with simple inheritance or where the QTL
explains a large proportion of the phenotypic
variance (Massman et al. 2011). Marker-assisted
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backcrossing has successfully been used in bar-
ley to select for leaf (van Berloo et al. 2001) and
stripe rust (Toojinda et al. 1998), and barley
yellow dwarf virus (Jefferies et al. 2003) among
others. Markers can also be used for combining
alleles from several genes at the same time (i.e.,
gene pyramiding). This has been a successful
strategy especially for stacking disease resistance
genes in barley to obtain durable disease resis-
tance to stripe rust (Castro et al. 2003), barley
yellow mosaic virus (Okada et al. 2004; Werner
et al. 2005), and Fusarium head blight (Navara
and Smith 2014) among others. See the previous
section for examples with other traits.

While MAS has been used to select for
favorable alleles at specific loci, GS is used to
select for quantitative traits using a large number
of markers deployed to predict the performance
of the individuals skipping the significance test
for any specific marker (Meuwissen et al. 2001).
The principle consists of developing a prediction
model based on a large population thoroughly
studied for both molecular and phenotypic
information (i.e., the training population) and
using the model to predict phenotypic perfor-
mance in instances where phenotyping is not
suitable (i.e., early generation testing, off-season
nurseries, difficult traits to phenotype; Heffner
et al. 2009). Genomic selection has the potential
to increase gain in plant breeding programs
(Heffner et al. 2010; Rutkoski et al. 2010; Lorenz
2013; Hayes et al. 2013). GS was first developed
in animal breeding (Meuwissen et al. 2001) and
has since been transferred into plant breeding
(Heffner et al. 2009). There has been extensive
work in evaluating GS model performance (e.g.,
Solberg et al. 2009; Crossa et al. 2010; Heffner
et al. 2011; Heslot et al. 2012; de los Campos
et al. 2013; Zhao et al. 2012; Storlie and Charmet
2013; Longin et al. 2015), optimization of the
training population in terms of population size
(e.g., Lorenzana and Bernardo 2009; Asoro et al.
2011; Lorenz et al. 2012; Riedelsheimer and
Melchinger 2013), number of markers (e.g.,
Lorenzana and Bernardo 2009; Asoro et al. 2011;
Heffner et al. 2011), and the relationship among
individuals (e.g., Asoro et al. 2011; Rincent et al.
2012; Crossa et al. 2013; Isidro et al. 2014;

Albrecht et al. 2014; Tayeh et al. 2015; Lorenz
and Smith 2015; Akdemir et al. 2015), account-
ing for genotype by environment interaction
(Resende et al. 2011; Heffner et al. 2011; Bur-
gueño et al. 2012; Dawson et al. 2013; Jarquín
et al. 2014; Lado et al. 2016) and strategies for
implementing GS in breeding programs (Zhong
et al. 2009; Burgueño et al. 2012; Crossa et al.
2010; Heffner et al. 2011; Crossa et al. 2011;
Heslot et al. 2012; Lorenzana and Bernardo
2009; Poland et al. 2012a, b; Zhao et al. 2012;
Longin et al. 2015; Hofheinz et al. 2012; He et al.
2016; Michel et al. 2016; Hoffstetter et al. 2016;
Lado et al. 2017a, b). Several studies have shown
larger genetic gains per unit time from GS than
from phenotypic selection in plants (Combs and
Bernardo 2013; Asoro et al. 2013; Rutkoski et al.
2015; Beyene et al. 2015; Krchov et al. 2015;
Longin et al. 2015; Marulanda et al. 2016; Sal-
lam and Smith 2016). Additionally, larger
genetic gains from GS than from MAS in plants
has also been extensively documented (e.g.,
Massman et al. 2013; Asoro et al. 2013; Rutkoski
et al. 2015). Some of these studies have specifi-
cally optimized genomic prediction or genomic
selection strategies in barley (Zhong et al. 2009;
Iwata and Jannink 2011; Lorenz et al. 2012;
Mohammadi et al. 2015; Lorenz and Smith 2015;
Sallam and Smith 2016; Neyhart et al. 2017).

The barley reference genome will be a valu-
able resource to expand the application and
improve the effectiveness of GS. Because GS
relies on LD between the QTL and the marker,
higher marker density increases the probability of
finding a marker in perfect LD with the QTL (de
los Campos et al. 2013). Therefore, GS can act
directly on the causative mutations present in
whole genome sequences (Meuwissen et al.
2016), and increases in prediction accuracy with
sequence data have been found (Brøndum et al.
2015). Additionally, dense markers can improve
the accuracy of the predictions by improving the
estimation of the realized relationship matrix
among individuals due to Mendelian sampling
(Crossa et al. 2017). The use of whole genome
sequence data becomes relevant especially when
high population structure is found (Meuwissen
et al. 2016) such as when including large training
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datasets from multiple breeding programs, the
use of two-row and six-row or winter and spring
breeding programs. The use of whole genome
sequence data might require the use of nonlinear
methods to account for the full variability present
(Meuwissen et al. 2016).

With respect to the breeder’s equation, GS can
increase genetic gain per unit time in a number of
ways. First, selection accuracy can be improved
in situations where the phenotype is irrelevant
such as greenhouse evaluations, off-season
nurseries, or any situation where the heritability
of the trait is zero (e.g., environments were dis-
eases are not expressed). Second, the genetic
variance can be maximized by choosing specific
parental combinations instead of blindly crossing
the best parents (see section below). Third, the
breeding cycle can be reduced by the use of
genomic selection in combination with other
technologies such as doubled haploids, rapid
cycle single seed descent methods in green-
houses or the use of off-season nurseries.
Although the gain per cycle might not be
improved, by increasing the number of cycles per
year, a larger genetic gain can be achieved in
shorter periods. Finally, selection intensity can
also be increased where cheaper technology
allows for evaluation of larger populations.
Certainly, commercial breeders are evaluating
the use of genomic prediction models in their
programs (Schmidt et al. 2016) and, at the very
least, they will be using them for the early
selection of parents to reduce the breeding cycle
to 2–3 years (see Sect. 16.1).

16.4 Selecting Optimal Parent
Combinations

Selecting parent combinations that are likely to
produce superior progeny is one of the most
critical steps in plant breeding. For the most part,
parent selection is based primarily on the per-
formance per se of an individual and those
individuals that are most superior (e.g., highest
yielding or least diseased) are selected to be used
as parents. The mean of the selfed progeny from
a cross between two inbred parents is expected to

be equal to the mean of the parents in the absence
of epistasis (Bernardo 2010, p. 76). Selecting
parents with superior performance focuses on
creating progeny populations with favorable
means. The use of this approach in “good by
good” breeding has been successful in improving
agronomic and malting quality traits in barley
(e.g., Condon et al. 2009).

One consequence of selecting elite parents for
crosses is that over time in a relatively closed
breeding population the parents will become
more genetically similar (Condon et al. 2008).
When both parents have equally favorable means
and are genetically similar, the expectation is that
the progeny will exhibit low variation for the
trait. In terms of the breeder’s equation, we are
reducing genetic variance. The only way to make
progress in breeding is to generate progeny that
exceed the value of the parents (i.e., transgressive
segregation). Thus, it is desirable to design par-
ent combinations that not only produce a pro-
geny population with a high mean but also a high
variance. The usefulness of a cross is a function
of both the mean and the variance of a family
(Schnell and Utz 1975). In a case where two
crosses are expected to have the same mean but
different variances, with all else being equal, we
would expect the cross with the higher variance
to produce more superior progeny (Fig. 16.2).

Fig. 16.2 Consider the distributions of two populations
with the same mean value, but different variances (VG).
The mean of the superior progeny (i.e., top 10%; vertical
lines) will be greater in a population with a larger variance
(green) than in a population with a smaller variance (red).
Courtesy J. Neyhart
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It is easier to obtain a reliable estimate of the
mean of a population than it is to obtain a reliable
estimate of the variance but, from Fig. 16.2, it is
clear that discriminating between populations on
the basis of their genetic variances would greatly
improve breeding progress. Several strategies for
selecting parent combinations that should gener-
ate progeny populations with a large variance
have therefore been evaluated in barley and other
crops. While most studies report limited success
predicting population variance, several were
successful. For example, in oat, the coefficient of
parentage as determined with trait data was
effective at predicting progeny variance (Souza
and Sorrells 1991). Other predictors that have
been evaluated include the phenotypic difference
between parents or various measures of the
genetic distance between parents. In maize, the
“distance” between parents as estimated by phe-
notype was much more predictive of progeny
variance than using SSR or SNP (Hung et al.
2012) markers. In barley for two of five traits, the
phenotypic distance between parents was signifi-
cantly associated with genetic variance in the
progeny while the genetic distance between par-
ents as determined by markers was not (Kuczyn-
ska et al. 2007). Based on these examples and
others, the phenotypic difference between parents
is only modestly predictive of progeny variance
but superior to genetic distance based on markers.

It is somewhat surprising that genetic distance
is such a poor predictor of progeny variance. One
explanation could be that genetic distance is
derived from all (genome-wide) markers while
the trait of interest is associated with only a
subset of loci. Mohammadi et al. (2015) incor-
porated genetic marker information into an
approach that uses marker effect estimates and
simulated progeny to predict the progeny vari-
ance from parental combinations in barley. They
used this simulation approach to predict the mean
of the best 10% of the progeny from many
simulated crosses and determined the extent to
which the predicted mean of the population and
the predicted variance of the population was
associated with superior progeny mean. The
population mean explained 82 and 88% of the
superior progeny mean, for yield and mycotoxin

content, respectively. However, adding the pre-
dicted population variance increased those cor-
relations to nearly 100%. This procedure, called
PopVar, was later validated using empirical dis-
ease data from barley breeding populations
where it was more predictive of progeny variance
than several methods using phenotypic difference
and genetic distance between parents (Tiede et al.
2015). PopVar was also used to choose parental
combinations for other traits in wheat revealing
that modeling the variance was not very impor-
tant for grain yield but was more important for
grain quality traits (Lado et al. 2017a, b). The
success of this approach depends on whether
there are sufficient differences in variance among
candidate crosses in order to select those pre-
dicted to have superior progeny and the relia-
bility of marker effect estimates used in the
simulation of progeny.

The availability of the first complete barley
reference genome should offer possibilities to
refine PopVar and other similar approaches
(Mascher et al. 2017). Access to large numbers of
informative markers may improve the ability to
estimate marker effects that more completely cap-
ture the genetic variation in populations. Improved
distribution of markers throughout the genome
should improve the ability to capture recombina-
tion events in simulated populations. Lastly,
knowledge of the genetic and physical positions of
markers will provide more accurate descriptions of
recombination in the genome that could be incor-
porated into methods that simulate progeny from
parental crosses. Automated scripting of data
analysis pipelines should enable breeders with trait
and genotype data to more easily incorporate
procedures that select potentially optimal parent
combinations in addition to superior parents.

16.5 Efficiently Utilizing Exotic
Germplasm for Novel Alleles

If a breeder cannot find sufficient genetic varia-
tion among elite lines within their breeding
population, it may be necessary to utilize exotic
germplasm to provide useful variation for crop
improvement. In barley, breeders recognized this
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potential over 100 years ago when studying the
inheritance of mildew resistance in crosses of
cultivated barley with its wild progenitor, H.
spontaneum (Biffen 1907). This resistance
became known as the “spontaneum resistance”
conditioned by the Mla6 allele at the major Mla
locus on chromosome 1H. For the next 70 years,
researchers searched germplasm collections for
additional sources of resistance, principally to
powdery mildew, as described by (Wiberg 1974).
Virtually all of these resistance sources came
from unadapted sources and some were the
mainstay of resistance breeding for the majority
of the twentieth century. Most of the resistant
alleles were dominant and were introduced
through backcross or multi-parent mating designs
where selection for the resistant phenotype could
be conducted in the F1 generation provided there
was a virulent form of mildew present. While
these schemes proved efficient in introducing the
desired resistance, they were far from precise and
often resulted in the introgression of deleterious
linked characters, often referred to as linkage
drag, due to the relatively large size of the donor
segment retained. This was highlighted by the
finding that barley cultivars with the Hordeum
laevigatum mildew resistance tended to have
harder endosperms, higher grain beta-glucan
content, and lower alpha-amylase levels than
those without (Swanston 1987). The use of
markers has also facilitated the rapid introgres-
sion of novel quality characters from exotic
germplasm. A novel allele at the beta-amylase
locus Bmy2 was identified in a collection of H.
spontaneum lines and a marker developed to
enable its transfer into adapted germplasm (Paris
et al. 2002).

While there are a number of other examples of
the use of exotic germplasm to identify novel
alleles for barley improvement, these are largely
for major genes with well characterized pheno-
types that can either be used to directly screen for
novel variants or to map the controlling gene and
develop an efficient marker system for use in
marker-assisted selection (MAS). The challenge
is to identify beneficial sources of variation for
quantitative traits. There are two possible
approaches to this. One is to use diverse sources

of exotic germplasm in a combined phenotyping
and genotyping study and the other is to utilize
DNA sequence information coupled with
knowledge of biochemical pathways and/or
localization of quantitative trait loci (QTL) to
screen germplasm for DNA variants.

Several approaches have been devised to
screen exotic germplasm phenotypically and
genotypically and all require crossing and seg-
regating population development. These include
recombinant chromosome substitution lines,
advanced backcross QTL population, and nested
association mapping populations. All three of
these approaches have been used to study H.
spontaneum lines for barley improvement. Matus
et al. (2003) report the generation of a set of
RCSLs for barley that were subsequently used to
identify genomic regions from a wild barley
accession that improved tolerance to terminal
drought stress (del Pozo et al. 2012). The first
AB-QTL project reported in barley was a study
of a population of DH lines derived from the
BC1F2 of a cross between the variety Barke and
the H. spontaneum accession HOR 11508 that
found beneficial sources of variation from the
wild barley that could be deployed in
drought-prone environments (Talame et al.
2004). A number of other AB-QTL studies of
populations derived from crosses between dif-
ferent H. spontaneum accessions and spring
barley cultivars have been published since then
with all reporting beneficial alleles from the
exotic parent. For example, Sayed et al. (2012)
reported alleles that increased proline accumula-
tion and reduced leaf wilting derived from the
wild barley accession ISR42-8 in an AB-QTL
population derived from a cross between it and
the spring barley Scarlett. The AB-QTL
approach is, like the RCSL approach, limited to
studying one or two exotic lines. The NAM
method provides a means of assessing a slightly
broader range of exotic germplasm as 10-30
accessions can be combined in one study. The
brittle rachis of H. spontaneum presents a prob-
lem in using such accessions as direct parents in
constructing NAM populations but can be over-
come by combining the advanced backcross
approach to eliminate or reduce the deleterious
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effects of exotic germplasm in a NAM crossing
design to maximize the germplasm that can be
usefully phenotyped for yield characters. A ma-
jor advantage of this approach is that it results in
more rapid decay of linkage disequilibrium than
either AB-QTL or recombinant inbred line pop-
ulations (Nice et al. 2016). This has enabled the
localization of a QTL that improves yield under
saline conditions by 30% to a 5 cM region on
chromosome 2H that included several potential
candidate genes (Saade et al. 2016).

The NAM approach still can only be applied
to relatively few accessions from breeders’ una-
dapted gene pools and the large-scale assessment
of genebank accessions for beneficial alleles
remains a challenge. Where potential candidate
genes are known, screening large collections of
lines can be done efficiently by pooling DNA
samples and then screening for sequence vari-
ants. This approach has been applied to mutant
populations using Targeting Induced Local
Lesions IN Genomes (TILLING; McCallum
et al. 2000). This approach has been used to
develop the TILMORE populations of barley
mutants (Talame et al. 2008) and can also be
adapted to screen germplasm collections in the
EcoTILLING method, which has been shown to
identify sequence variants at two major powdery
mildew resistance loci in barley (Mejlhede et al.
2006). The availability of extensive sequence
data means that this process can now be accel-
erated and applied to large-scale screening of
genetic resources through the deployment of
exome capture arrays. An exome capture array
has been developed for barley (Mascher et al.
2013b) and provides a means for the high
throughput functional genotyping of collections
of exotic barley germplasm to identify novel
variants.

16.6 Exploiting Genomic Regions
with Limited Recombination

Recombination is the major force behind the
generation of genetic variation in breeding pop-
ulations. From a breeder’s perspective, more
recombination is desirable in regions of the

genome where unfavorable and favorable genes
are physically linked. In these regions, recombi-
nation results in the independent assortment of
alleles and the possibility to select individuals
with fewer unfavorable linkages. On the other
hand, less recombination is desirable in regions
of the genome where blocks of favorable alleles
at linked loci have been assembled through
selection. Thus, knowledge of the patterns of
recombination in the barley genome relative to
genes that control important breeding traits
would be incredibly useful to breeders.

The distribution of recombination events is
not homogeneous throughout the genome with a
predominantly distal location of chiasmata in
barley (Higgins et al. 2012). This effect means
that the relationship between the physical and
genetic map varies along a chromosome with
distances estimated as ranging from 0.3 to over
250 MB/cM on chromosome 3H in barley
(Künzel and Waugh 2002). This trend is apparent
in early barley linkage maps where markers are
concentrated in the centromeric regions (e.g.,
Hayes et al. 1993). Using the physical positions
of BOPA1 and BOPA2 SNP markers for chro-
mosome 6H of the Steptoe ×Morex population it
is clear that there is dramatically reduced
recombination for a large portion of the chro-
mosome (Fig. 16.3). This can lead to association
of unfavorable alleles at linked loci as recombi-
nation events are so rare that disrupting such
linkage blocks rarely occurs. For example, the
winter barley variety Igri carries a resistance

Fig. 16.3 Relationship between genetic and physical
distance on chromosome 6H based on the Step-
toe × Morex mapping populations using 109 BOPA1
and BOPA2 SNP markers
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factor to net blotch (Pyrenophora teres) that is
within 0.8 cM of the RFLP marker cMWG680
located in the centromeric region of chromosome
3H (Graner et al. 1996) yet the same marker
co-segregates with a resistance locus for scald
(Rhynchosporium commune) with Igri carrying
the susceptible allele. This means that the
expectation is that 1/125 progeny from a repul-
sion cross will carry resistant alleles to both
diseases. Since the frequency of generating such
a favorable recombinant is low, breeding must be
done in two steps. First, one must assemble the
favorable recombinant and then subsequently
utilize that recombinant in breeding for other
traits.

There are at least two ways that reduced
recombination creates obstacles to progress in
breeding. The first is the case of an unfavorable
correlation between two traits. Breeders are
always imposing selection on multiple traits in
breeding populations and inevitably encounter
two traits that are unfavorably correlated. There
are several cases of correlated traits mapping to
the same genomic region in barley. One of the
notorious examples in barley involves FHB dis-
ease resistance which is unfavorably correlated
with other agronomic traits. Two loci of major
effect for FHB on chromosomes 2H and 6H have
been identified in several populations including
Gobernadora (Zhu et al. 1999), Chevron (de la
Peña et al. 1999; Ma et al. 2000), Fredericksen
(Mesfin et al. 2003), Zhedara (Dahleen et al.
2003), and CIho4196 (Horsley et al. 2006).
The FHB resistance mechanism on chromosome
2H was characterized as early expression (i.e.,
before infection) of defense-related genes: cell
reinforcement, PR proteins, and antimicrobial
metabolites (Huang et al. 2016). This genomic
region on 2H also maps with heading date
(Steffenson 2003; Nduulu et al. 2007; Massman
et al. 2011), where disease resistance is found on
late heading individuals (Mesfin et al. 2003; de la
Peña et al. 1999; Horsley et al. 2006). This
unfavorable association has been documented as
a series of closely linked loci, and recombinants
were found when large population sizes and fine
mapping with near-isogenic lines (NIL) were
used (Nduulu et al. 2007). On the other hand, the

6H locus for FHB seems to be induced by the
presence of the fungus (Huang et al. 2016) and
maps together with several other agronomic
traits. This region on chromosome 6H harbors a
locus of major effect for GPC (Canci et al. 2003,
2004; de la Peña et al. 1999) with at least three
alleles: low (Karl), moderate (Midwest six-row
barley), and high (Chevron) GPC (Heidlebaugh
et al. 2008; Jukanti et al. 2008; Jukanti and Fis-
cher 2008; Mickelson et al. 2003). Regardless of
the large effort to elucidate the genetic mecha-
nisms of this unfavorable correlation between
FHB and GPC, it remains largely unknown
whether FHB and GPC on 6H are tightly linked
loci or pleiotropic (Canci et al. 2003). Finally,
this region on chromosome 6H is also associated
with several agronomic traits including other
disease resistances (Mascher et al. 2013a; Grewal
et al. 2008; Richter et al. 1998; Cakir et al. 2003;
Canci et al. 2004; Ma et al. 2000; Steffenson
et al. 1996), heading date (Jukanti and Fischer
2008; Lacerenza et al. 2010), yield (Distelfeld
et al. 2014), senescence, nitrogen storage and
mobilization (Mickelson et al. 2003), lodging
(Skov Kristensen et al. 2016), plant height, and
morphological traits (Druka et al. 2011) as well
as DON accumulation. It is believed that the
association between senescence and nitrogen
accumulation is pleiotropic (Jukanti and Fischer
2008). However, the association of FHB severity
and DON accumulation are believed to be dif-
ferent loci tightly linked together because mod-
erate FHB resistant lines have been found with
high DON accumulation (Lamb et al. 2009) and
similar FHB severity were found with segrega-
tion for DON accumulation (Smith et al. 2004).
Other regions of tightly linked QTL or genes
have been resolved by fine mapping with large
populations and NILs for several malting quality
traits on both chromosome 1H (malt extract,
alpha-amylase, and diastatic power; Han et al.
1997) and 4H (malt extract alpha-amylase, dia-
static power, and beta-glucan content; Gao et al.
2004). The genetic basis of trait correlation is
either tight linkage of independent genes each
controlling separate traits or pleiotropy. In most
cases, it is very difficult to distinguish the two. If
enough recombinants are screened to recover
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individuals in which the two traits are uncoupled,
it is reasonable to draw the conclusion of linkage
as the mechanism. However, the inability to
recover such individuals is not sufficient evi-
dence to conclude pleiotropy. To make this
conclusion, one must demonstrate unambigu-
ously that a single gene is responsible for both
traits. This can be accomplished through gene
silencing or direct gene modification of the gene
suspected to control both traits.

A second way that reduced recombination
creates obstacles to progress in breeding is
through linkage of unfavorable alleles that con-
trol the same trait. If a series of closely linked
genes with favorable and unfavorable allelic
effects are always inherited as a unit then under
simple additive model the effect of the inherited
unit will be the sum of the effects. Thus, without
recombination in this region, potentially useful
alleles will go undiscovered in genetic mapping
studies and would not contribute to predictions
from genomic selection approaches. Thus, with
the current methods of QTL mapping using
low-resolution mapping, QTL in such regions
would be undetectable. Exploring regions sus-
pected to carry repulsion phase linkages by
generating large numbers of recombinants in
targeted regions may reveal the so-called frac-
tionated QTL (Johnson et al. 2012). Discovering
and exploring these regions could reveal useful
genetic variation that is currently unexploited in
breeding populations. Selecting for rare recom-
binants by screening large segregating popula-
tions or through targeted recombination may
allow breeders to exploit this untapped resource
(Bernardo 2017).

16.7 Improving Barley Through
Targeting Deleterious Alleles

Barley improvement to date has relied on phe-
notypic information to impose direct selection or
to develop marker prediction strategies for indi-
rect selection. Strategies such as MAS and GS
(discussed above) require phenotypic informa-
tion, preferably from germplasm closely related
to the target breeding population, to develop

models (from single locus to genome-wide) that
predict the phenotype of selection candidates. In
the case of MAS, phenotypic information is
associated with genotype using a mapping pop-
ulation to identify markers that are subsequently
used for selection in segregating breeding pop-
ulations. Genomic selection extends this
approach by predicting the phenotype using all
genome-wide marker effects. Both of these
approaches require evaluating individuals for a
phenotype in order to develop predictions that
are based on DNA sequence.

The cumulative knowledge gained from
studying gene function and crop genomes pro-
vides an opportunity to make inferences about
the relative value of a gene based on its DNA
sequence alone. Sequence variants that substan-
tially alter the length or amino acid sequence of a
protein from its ancestral state are more likely to
have a negative effect on function and reduce
fitness. These deleterious alleles would be
expected to be eliminated from the population
due to purifying selection. The effectiveness of
purifying selection, in a self-pollinated species
that is predominantly homozygous, is determined
by the effective population size (Ne) and the
relative disadvantage or selective coefficient
(s) for one homozygous class over the other. If
Nes is less than one, then variants are primarily
subjected to genetic drift rather than selection.
Thus, deleterious alleles (small values of s) will
be subjected to selection and eventually purged
from the population if Ne is large enough.
However, if Ne is small as is often the case in
breeding populations, deleterious alleles can
persist in the population. In addition, regions of
the genome with low effective recombination are
also expected to accumulate deleterious muta-
tions through a mechanism referred to as “Mul-
ler’s ratchet” (Felsenstein 1974; Muller 1964).
Persistent deleterious alleles segregating in
breeding populations could be a new target for
improving yield (i.e., fitness) in plant breeding
(Morell et al. 2011).

Identification of putatively deleterious alleles
based on sequence information alone is not
limited to premature stop or nonsense mutations.
Changes in DNA sequence that alter the amino
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acid sequence (non-synonymous) can modify the
function of proteins and thus affect fitness.
Bioinformatic approaches have been developed
to determine which amino acid changes are likely
to have deleterious effects based on DNA
sequence conservation (Ng 2003; Adzhubei et al.
2010; Chun and Fay 2009). These approaches
use sequence databases to determine whether a
non-synonymous variant occurs in a region that
is conserved across a phylogenetic taxon. If the
variant is rare, particularly across related species,
it is presumed to be deleterious. Beyond SNPs,
other variants would include insertions and
deletions that can also alter gene function. Thus,
a variety of approaches can be used to assess
sequence variants and predict the likelihood that
they are deleterious.

Access to a complete reference genome and
accessible resequencing technology enables the

possibility to impose selection based entirely on the
genotype with no phenotypic information. An
alternative approach to barley improvement would
be to identify unfavorable or deleterious alleles and
reduce their frequency in the breeding population.
Kono et al. (2016) characterized SNPs for a diverse
set of 15 barley genotypes and found that 8.4–8.8%
of the SNPs relative to Morex were non-
synonymous (Table 16.2). They used the inter-
section of three methods based on sequence
conservation to identify putatively deleterious
mutations and found between 882 and 1220 per
genome. This range excluded Morex as that was the
reference genome used for comparison. Further-
more, *40% of these putatively deleterious SNPs
were private to an individual cultivar (Kono et al.
2016). Taken together, this indicates that there are a
large number of potential deleterious alleles that
could be reduced or eliminated through breeding.

Table 16.2 Categories of SNPs from a diverse set of barley cultivars and the parents of a spring six-row breeding
population at the University of Minnesota

Sample Putatively
deleteriousa

Differences
from Morex

Noncoding Coding Synonymous Non-synonymous Nonsense

Barke 1070 162,954 130,832 32,122 17,800 14,322 86

Bonus 882 135,540 108,762 26,778 15,184 11,594 65

Borwina 894 139,222 111,613 27,609 15,699 11,910 62

Bowman 998 130,335 105,575 24,760 13,645 11,115 77

Foma 1151 156,846 126,608 30,238 16,746 13,492 84

Gull 885 128,671 103,143 25,528 14,555 10,973 55

Harrington 1063 153,203 124,264 28,939 15,995 12,944 89

Haruna Nijo 1078 155,245 125,143 30,102 16,655 13,447 83

Igri 1077 161,224 130,100 31,124 17,275 13,849 98

Kindred 931 86,932 69,996 16,936 9458 7478 34

Morexb 700 5239 4602 637 253 384 4

Steptoe 1061 148,785 120,245 28,540 15,839 12,701 91

Vogelsanger
Gold

910 146,303 117,557 28,746 16,168 12,578 70

FT11 1220 243,049 195,009 48,040 26,886 21,154 147

OUH602 1174 197,405 158,377 39,028 21,701 17,327 115

Breeding
Parentsc

659 146,279 111,488 34,791 17,764 17,027 242

aFrom supplemental Table 4 in Kono et al. (2016)
bReference genome for SNP comparison
cSet of 21 parents that were founders of a new six-row spring breeding population developed at the University of
Minnesota (Kono et al. unpublished)
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The number of deleterious alleles carried by
an individual determines the genetic load and is a
predictor of the overall fitness. In an agronomic
context, it can be argued that yield is analogous
to fitness. In a spring six-row breeding popula-
tion, SNPs categorized through bioinformatics as
putatively deleterious explained a higher pro-
portion of the variance for yield than coding
SNPs, non-synonymous SNPs, and all SNPs
(Kono et al. unpublished). Since genome-wide
SNP breeding methods (i.e., GS) rely predomi-
nantly on common alleles, using information on
rare putatively deleterious alleles could provide
additional insight into breeding. It remains to be
established how prevalent the differences in gene
content and copy number observed between
different maize genotypes (Swanson-Wagner
et al. 2010) is in barley, but the availability of
a high-quality reference genome will improve
our ability to estimate such effects and predict
whether or not these will contribute toward
variation in deleterious alleles.

Assuming that deleterious alleles identified
through bioinformatics have some predictive
ability for yield, how could they be used in
breeding? Since it appears that many putatively
deleterious alleles are private, breeders could
design crosses between elite performing lines
that would maximize the segregation of delete-
rious alleles and select segregating individuals
with minimal genetic load. Another possibility
would be to first implement genomic selection
and then impose selection for reduced genetic
load. Of course, all of these approaches would
depend on the genome distribution of deleterious
alleles. Simulation studies show that deleterious
alleles are more likely to accumulate near loci
that are under positive selection (Hartfield and
Otto 2011). This would suggest that large pop-
ulations would be needed to generate sufficient
recombination to break up the linkage between
large effect favorable alleles and linked deleteri-
ous alleles. If such an approach seems impracti-
cal, then restoring function to deleterious alleles
with larger effects through gene editing may be
an alternate approach.
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17Barley Domestication, Adaptation
and Population Genomics

Karl Schmid, Benjamin Kilian and Joanne Russell

Abstract
Wild and cultivated barley are characterized
by a high level of genetic diversity and a
pronounced geographic population structure.
Numerous studies using a diversity of markers
showed that the centre of diversity of both
wild and cultivated barley is in the Western
part of the Fertile Crescent where the species
was presumably domesticated. Comparisons
of geographic diversity patterns suggested
additional centres of domestication, of which
the Eastern part of the Fertile Crescent (Iran or
Himalaya), are most strongly supported. In
wild barley, the geographic distribution of
genetic and phenotypic diversity largely fol-
lows a neutral isolation by distance pattern,
but common-garden experiments and environ-
mental association studies indicate that local
adaptation by natural selection also had a
significant influence on these patterns but, so

far no strong candidate genes for local adap-
tation were identified. Cultivated barley lan-
draces and elite material have a significantly
reduced level of genetic diversity compared to
wild barley which also shows significant
geographic differentiation and evidence for
local adaptation. Several major domestication
genes have already been cloned and patterns
of diversity largely confirm the hypotheses
that these genes were exposed to strong
domestication-related selection that caused a
reduction of diversity in these genes. Ex situ
genebank collections of wild and domesti-
cated barley were used to define core collec-
tions that have been phenotyped and
genotyped to facilitate allele mining and
introgression into elite varieties. The future
utilization of barley genetic diversity will be
facilitated by a good reference genome. The
rapid progress of sequencing technologies and
modern breeding methods like genomic selec-
tion and genome editing will contribute to an
efficient utilization of barley genetic diversity.

17.1 Introduction

Barley (Hordeum vulgare L. subsp. vulgare) is a
founder crop of Old World agriculture (Zohary
et al. 2012). Since its domestication from its closest
wild relativeHordeum vulgare subsp. spontaneum
(C. Koch) Thell. in the Fertile Crescent, about
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10,000 years ago, the geographic range of its
cultivation area has expanded dramatically, espe-
ciallywithin temperate regions of theNorthern and
Southern hemispheres. Domesticated barley
became adapted to diverse local climatic condi-
tions, which subsequently has led to a large
diversity of both landraces and modern elite vari-
eties. Historically, domesticated barley was used
as a food crop for human consumption, which still
continues in certain regions of Africa, Asia and
Latin America (Fischbeck 2003), but its main use
today is for animal feed and alcohol production
from malted barley. In addition to being an eco-
nomically important crop species, it is also amodel
species for cereal genomics, mainly because it is a
predominantly self-pollinated and diploid species
(2n = 14).

Modern barley varieties tend to have a narrow
genetic basis compared to their wild ancestors due
to genetic drift and high levels of inbreeding in
breeding populations (Caldwell et al. 2005).While
a well-defined genetic basis for yield-related traits
is highly desirable, there are also traits that benefit
from high levels of genetic diversity. These
include resistance genes to allow coevolution with
pathogens and genes involved in adaptation to
local conditions and environmental stress factors
such as extreme temperatures or periods of
drought. Landraces and crop wild relatives
(CWR) are recognized as valuable sources of
novel genetic variants for introgression into
modern varieties if they are resistant to pathogens.
As for landraces, these should be reasonably
adapted to the target environment of the crop. This
insight has led to an important research paradigm
in crop plant genetics: The search for agronomi-
cally important genes in CWR and landrace
germplasm and the introgression of useful alleles
into modern varieties by either marker-assisted
selection (MAS) or genetic engineering (Tanksley
and McCouch 1997; Zamir 2001; McCouch et al.
2013; Dempewolf et al. 2017). Considerable effort
has been made to introgress desirable alleles from
wild barley and landraces into breeding popula-
tions; the most successful have focused on disease
resistance (Schmalenbach et al. 2008; Friedt et al.
2011), abiotic stress (Kalladan et al. 2013; Fan
et al. 2015; Mora et al. 2016) and recently root

architecture traits (Sayed et al. 2016). These
studies have provided a catalogue of useful vari-
ation but with recent technological advances in
sequencing and the application of genomic selec-
tion and genome editing, we envisage a step
change that will lead to the deployment of this
diversity for crop improvement.

For an efficient use of plant genetic resources, it
is necessary to obtain a comprehensive collection
of genetic resources that ideally captures most of
the standing genetic variation, and to characterize
those lines phenotypically and genetically. We
review the current state of research on phenotypic
and genetic variation in wild and domesticated
barley from a population genetics perspective, and
describe the various approaches to characterize
this diversity in barley. Furthermore, we discuss
the opportunities and problems of identifying
agriculturally interesting genes thatmay be used to
improve modern elite varieties.

17.2 Phenotypic Variation in Wild
Barley

Wild barley occurs throughout the Eastern
Mediterranean, Middle East and Central Asia up
to the Himalayas (Harlan and Zohary 1966). Its
core area of natural distribution is the Fertile
Crescent, where it is frequently found in large
local populations and exhibits the greatest eco-
logical and morphological diversity. Israel and
the West Bank are centres of barley diversity,
where geographically and phenotypically distinct
ecotypes were identified (Snow and Brody 1984)
and confirmed by a phenotypic analysis of mul-
tiple traits (Hübner et al. 2012a). Elsewhere (e.g.
the Himalayas), wild barley occurs in lower
densities and is more dispersed. North African
populations from Libya and Morocco were also
reported (Molina-Cano et al. 1987, 1999; Orabi
et al. 2007). Wild barley grows in diverse envi-
ronments, which includes primary habitats
(Hübner et al. 2012b), but it is also associated
with sites disturbed by human activities, where it
has a weedy and colonizing character. Since it
can interbreed with domesticated barley, such
weedy forms may constitute hybrids.
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Phenotypic variation between genotypes from
different regions (frequently called ecotypes)
may represent neutral divergence between
genetically separated populations or local adap-
tation to habitats that have different environments
varying in precipitation levels, light intensities,
soil characteristics or temperature (Hübner et al.
2012b; Bedada et al. 2014; Russell et al. 2014).
To understand these complex environmental
interactions, reciprocal common-garden experi-
ments have been proposed as a means to compare
fitness parameters of ecotypes from different
geographical origins (Verhoeven et al. 2004). In
both wild and domesticated barley, fitness dif-
ferences between native and transplanted eco-
types were observed, suggesting that at least
some proportion of the observed phenotypic
variation is adaptive (Harlan and Martini 1938).
In Israel, a strong temperature and precipitation
gradient occurs within a short geographic dis-
tance, providing the means to studying local
adaptation (Volis et al. 2001). A comparison of
ecotypes from Mediterranean habitats in North-
ern Israel and xeric habitats in the Negev desert
identified significant genetically determined fit-
ness differences (Volis et al. 2001, 2002, 2010,
2011). Native ecotypes showed higher fitness
values than transplanted ecotypes, and trait dif-
ferences observed were consistent with previous
hypotheses. Mediterranean ecotypes occur in a
more predictable environment with respect to
rainfall and produce larger seeds, whereas desert
ecotypes produce more seeds with a lower ger-
mination rate, but have a higher sensitivity to
environmental cues such as spring precipitation.
Taken together, these studies indicate local
adaptation of different ecotypes, which is caused
by genetic differences that may represent useful
variation for plant breeding.

17.3 Presence of Population
Structure in Wild Barley

As expected for a predominately self-fertilizing
species, wild barley shows a strong population
structure at different geographic scales. An early
DNA sequence survey of nine genes in 25

accessions representing the species range from
Israel to the Himalayas partitioned genetic
diversity into three geographic regions consisting
of a Western population (Israel, Jordan, Syria),
the Zagros mountain region (Eastern Turkey,
Iraq, Northern Iran), and the Eastern population
(Afghanistan, Turkmenistan, Tajikistan and Iran)
(Morrell et al. 2003). Some loci showed a distinct
geographic structure, which is defined as the
restricted occurrence of certain haplotypes in one
region. In contrast, other genes showed no evi-
dence for such a structure, despite high levels of
polymorphism at these loci, which suggests suf-
ficient migration to move mutations across the
species range whether or not the variants are
adaptive or advantageous. The level of poly-
morphism in the Western (Levant) region was
significantly higher than in the Zagros and
Eastern regions, the former region is considered
as the site of barley domestication. This
large-scale population structure was essentially
confirmed by most recent studies of species-wide
diversity (Jakob et al. 2014; Russell et al. 2014,
2016; Pankin et al. 2017). Genetically distinct
populations were also observed in the Western
margin of the natural distribution range in North
Africa (Molina-Cano et al. 1999).

Strong genetic differentiation also occurs
within the major regions and at the geographi-
cally small scale, within a few hundred metres.
Most of these studies have focused on the Levant
region with its distinct physical geography and
climatic variability, ranging from harsh desert to
fertile Mediterranean environments (Volis et al.
2001, 2002, 2009; Hübner et al. 2009, 2012b).
Hübner et al. (2009) systematically collected
wild barleys, known as Barley1K, which reflect
this variability. All of the phenotypic and geno-
typic data generated from this collection identify
a strong and highly significant relationship
between genetic and geographic distance, i.e.
geographically close accessions tend to be
genetically more similar than distant accessions
(Hübner et al. 2009, 2012b; Bedada et al. 2014).

Of particular interest is the population struc-
ture on the small geographical scale. The natural
habitat of wild barley in the Levant region is
characterized by local microsites that differ
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environmentally over short distances. Probably
the best known of these is ‘Evolution Canyon’ at
Nahal Oren, Mt. Carmel, Israel (Nevo 1995). The
canyon is oriented in an East-West direction, one
slope exposed to the South and constitutes a hot
and dry (xeric) environment; the opposite slope
is exposed to the North and characterized by a
more humid and cooler microclimate. This is
accompanied by different vegetation types and
suggests that species that occur on both slopes
have adapted locally by natural selection to their
respective conditions. Numerous studies using a
variety of markers such as RAPDs (Owuor et al.
1999), SSRs (Huang et al. 2002; Nevo et al.
2005), ribosomal DNA (Gupta et al. 2004),
BARE1 transposons (Kalendar et al. 2000), and
DNA sequences of gene fragments (Bedada et al.
2014) detected significant genetic differentiation
between opposing slopes of the Canyon. The
level of genetic differentiation, GST (Nei 1973)
was comparable to the differentiation of two
populations with a distance of 100 km (Turpei-
nen et al. 2001). A similar differentiation
between slopes was also observed at other Can-
yons in the region (Hübner et al. 2009). These
studies highlight divergence at the microclimatic
scale, not just in wild barley but in other organ-
isms that survive on both slopes of this unusually
diverse region (Nevo 2014).

Comparative range-wide studies, extending
from North Africa, through the Fertile Crescent,
and into Central Asia, have been used to address
population structure and divergence in relation to
domestication (reviewed by Dawson et al.
(2015)). A strong and highly significant rela-
tionship between genetic and geographic dis-
tance may arise from isolation by distance (IBD),
which is a neutral demographic process inde-
pendent of selection and the predominately
self-fertilizing nature of barley. Self-fertilization
facilitates the coexistence of genetically differ-
entiated lineages in close proximity that con-
tribute to a strong geographic clustering in
population structure inference methods like
STRUCTURE (Ingvarsson and Eckert 2002).
The IBD hypothesis was formally tested using
SNP and SSR markers (Russell et al. 2014) and
exome sequencing data (Russell et al. 2016). In

both cases, the geographic pattern of genetic
diversity shows strong IBD but was also con-
sistent with possible Pleistocene refugia at the
eastern Mediterranean and Central Asia because
of a slightly increased similarity of accessions
from these regions. At a more local level within
the Levant, patterns of IBD are very strong and
highly significant (Hübner et al. 2009). Patterns
of diversity at different scales indicate that geo-
graphic distribution of genetic variation is largely
determined by neutral processes.

In contrast, a highly geographically structured
population may reflect differential adaptation to
environmental variables. This hypothesis can be
tested by searching for significant correlation of
genetic diversity with environmental variables.
Climate modelling showed a significant effect of
climate on the geographic distribution of SNP
and SSR alleles (Jakob et al. 2014; Russell et al.
2014). This was further confirmed with exome
capture sequencing data from 91 wild barley
H. spontaneum accessions and a subsequent
association of genetic variation with 36 envi-
ronmental variables reflecting their geographic
origin (Russell et al. 2016). Generally, the asso-
ciation of SNP allele frequency distributions with
environmental variables was low (correlation
coefficient of 0.07 or less), but some SNPs and
genomic regions showed highly significant
associations that indicate the contribution of
these regions to local adaptation. Similarly, on a
smaller regional scale, Hübner et al. (2009)
observed associations between environmental
variables and genetic diversity within the Bar-
ley1K collection. Both studies recognize the role
of environment in shaping genetic diversity.
A principal component analysis coupled with an
ordination analysis revealed that the environ-
mental parameters elevation, midday temperature
and rainfall explained a large proportion of the
variance, and the geographic distribution of
inferred genetic clusters aligns well with these
gradients (Hübner et al. 2012b).

Taken together, these studies clearly indicate
that wild barley genetic diversity shows a strong
population structure that is, at least, partially
influenced by local adaption, consistent with the
results of common-garden experiments along
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environmental gradients. Wild barley not only
harbours considerable novel variation but this
diversity is functional and will be useful for
future plant breeding efforts to a changing and
challenging climate (Ellis et al. 2000; Dawson
et al. 2015).

17.4 Candidate Genes for Local
Adaptation

A significant (but weak) correlation of environ-
mental variables and patterns of genetic diversity
may allow the mapping of genes that contribute
to local adaptation. To date, two studies have
used a similar genome-wide and population
genetics approach to scan for associations
between environment and genes (Fang et al.
2014; Russell et al. 2016). Both used divergent
statistics, based on allele frequencies (Bayenv2;
Günther and Coop 2013) to identify SNPs that
are associated with environmental variables,
either treating individuals as a single population
(Russell et al. 2016) or defining populations
using ordination or clustering approaches (Fang
et al. 2014). The former, using exome capture
data, used an outlier approach to identify multi-
ple SNPs, distributed throughout the genome,
significantly associated with different environ-
mental variables, a particularly strong footprint
on chromosome 1H, with unknown function. The
latter study also revealed associations with both
temperature and precipitation variables for SNPs
in previously identified genes on chromosome
2H and 5H, respectively. Importantly, many
associations were clustered in a manner consis-
tent with structural variants.

Given the large size of the barley genome (ca.
5.1 Gbp) and the potentially complex types of
polymorphisms (e.g. insertion–deletion poly-
morphisms, regulatory versus protein coding
variants, chromosomal inversions versus indi-
vidual gene variants, strong effect versus weak
effect polymorphisms; Weigel and Nordborg
2015), much adaptive genetic diversity will be
missed in genomic scans of local adaptation until
routine whole genome sequencing using
single-molecule long-read sequencing becomes

standard. In the future, genome resequencing and
genomic linkage analysis coupled with suitable
statistical analysis may provide much greater
power to identify causal adaptive genetic variants
(Vitti et al. 2013).

17.5 Effect of Domestication
on Genome-Wide
Polymorphisms

Archaeological findings indicate that barley was
domesticated in the Levant region about 10,500
B.P. (Tanno and Willcox 2011; Zohary et al.
2012). Early genetic studies of barley domesti-
cation were interpreted as supporting a single
domestication in the Eastern Fertile Crescent
(e.g. Badr et al. 2000; Salamini et al. 2002).
Other sites of domestication have been postu-
lated, based on the diversity observed in lan-
draces and wild barleys from these areas. For
example, Morocco (Molina-Cano et al. 1999),
Ethiopia (Orabi et al. 2007), and the Tibetan
Plateau (Dai et al. 2012, 2014) were suggested as
possible secondary sites of domestication. In the
case of Morocco, Blattner and Badani Méndez
(2001) suggested that this was an unlikely second
site of domestication and the diversity could be
attributed to migration and secondary introgres-
sion. Most authors now agree that more complex
domestication events have occurred within the
distributions of wild progenitors, but do not
preclude additional domestication events else-
where (Morrell and Clegg 2007; Brown et al.
2009; Russell et al. 2011; Civán and Brown
2017). Because wild and domesticated barley
occur in the same geographical locations, gene
flow is possible, complicating the analysis of
domestication and suggesting that a simple single
event is insufficient to account for the complexity
of the relationship between crops and their wild
ancestors. Many studies have focused on com-
paring wild barley to cultivated accessions usu-
ally with varying sample sizes and unmatched
collection sites. In general, all studies agree that
wild barleys are more diverse than cultivated
accessions with both nuclear and chloroplast
markers (Clegg et al. 1984; Neale et al. 1988;
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Maroof et al. 1990; Badr et al. 2000; Wei et al.
2005; Kilian et al. 2006; Morrell and Clegg
2007; Orabi et al. 2007; Backes et al. 2008; Jilal
et al. 2008; Russell et al. 2011; Comadran et al.
2012; Dai et al. 2012; Hübner et al. 2012b; Poets
et al. 2015a). Table 17.1 shows diversity esti-
mates of several studies that are based on SNP
genotyping, sequencing of individual genes, or
resequencing of large numbers of exomes. The
difference in estimated levels of genetic diversity
between studies focusing on few genes and
exome resequencing studies may result from a
bias towards more polymorphic genes or more
diverse samples than the resequencing studies.

Gene flow between wild and domesticated
barley seems to be quite common. For this rea-
son, several researchers have suggested caution
when using ex situ genebank repository acces-
sion to address questions regarding domestica-
tion and gene flow. Jakob et al. (2014) found that
recently collected accessions of wild barley
showed an unambiguous geographic assignment
in resequencing data whereas accessions from ex
situ genebank repositories did not and exhibited
footprints of introgression from domesticated
barley that may have occurred during the ex situ
regeneration of genebank material. A comparison

of wild barley accessions from Israel with
domesticated barley landraces using 1536 map-
ped SNPs of the Illumina Golden Gate Barley
OPA1 (BOPA1) array (Close et al. 2009) also
uncovered gene flow between both groups
(Hübner et al. 2012b). In a matched sampling
study across Syria and Jordan, using the same
SNP array, Russell et al. (2011) observed sec-
ondary contact between wild and landrace bar-
leys. More extensive sequence comparisons
revealed a limited effect of domestication on
genetic diversity of barley landraces (Morrell
et al. 2013), which was confirmed by the analysis
of 7842 SNP markers (Comadran et al. 2012) in a
large sample of wild and domesticated barley
accessions from the whole species range (Poets
et al. 2015a). Patterns of allele sharing between
wild and domesticated barley revealed signifi-
cantly increased allele sharing with proximate
(e.g. geographically close) wild barley popula-
tions in different regions of barley cultivation.
Taken together, these analyses indicate that
despite a clear differentiation of wild and
domesticated barley in population cluster-type
analyses (principal component analysis, PCA,
and STRUCTURE; Falush et al. 2007), barley
was likely domesticated in multiple regions with

Table 17.1 Comparison of selected genetic diversity estimates in wild and cultivated barley

Loci
sequenced

Sample size, n Diversity
measure

Diversity level Percentage References

H. spontaneum H. vulgare H. spontaneum H. vulgare Wild/Dom.

7 genes
(5616 bp)

25 20 hp 0.00765 0.00279 36 Kilian et al.
(2006)

5 genes (ca.
2600 bp)

19 263 hp 0.0106 0.0085 80 Saisho and
Purugganan
(2007)

1135 SNPS 131 317 H 0.217 0.187 86 Russell et al.
(2011)

7 genes
(9296 bp)

25/45 36 hW 0.0069 0.0056 82 Morrell
et al. (2013)

59.5 MB
exome

91 137 hp NA NA 73 Russell et al.
(2016)

13.8 MB
exome

344 89 hp 0.00297 0.00153 52 Pankin et al.
(2017)

Diversity measures H is heterozygosity. hW and hp are different estimators estimates of the population mutation parameter h ¼ 4Nel
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subsequent exchange of genetic diversity
between wild and cultivated genotypes. Recent
archaeobotanical studies provide support for
multiple and independent domestications of bar-
ley (Willcox 2005; Fuller et al. 2011a, b; Riehl
et al. 2013). In particular, wild barley populations
contributed more strongly to geographically
close (proximal) landraces. A low level of
genome-wide linkage disequilibrium (LD) and
short tracts of identity by state (IBS) alleles
indicate that this contribution does not originate
from recent gene flow but reflects an ancient
contribution that may date back to the beginning
of barley cultivation. The analysis of genetic
diversity by Poets et al. (2015a) also indicated
that wild barley from the Southern Levant con-
tributed most to domesticated barley, suggesting
that barley was domesticated in this region,
consistent with archaeological findings (Lev
et al. 2005) and other studies (Russell et al.
2011).

17.6 Levels of Linkage
Disequilibrium

Wild barley is a predominately self-fertilizing
species and therefore expected to show a high
level of linkage disequilibrium. However, LD
decays to half the initial value within a gene,
which is unexpected (Morrell et al. 2005). Para-
metric estimates of both mutation and recombi-
nation showed that recombination is as important
for generating haplotypic diversity as mutation in
barley populations in a set of 18 genes (Morrell
et al. 2006). This study also showed evidence for
gene conversion, which does generally not con-
tribute to genetic map based estimates of
recombination rate (Andolfatto and Nordborg
1998). For this reason, recombination rate in
barley is likely underestimated. Linkage dise-
quilibrium in cultivated barley populations is
higher than in wild barley, and within cultivated
barley higher in elite breeding populations than
in landraces (Caldwell et al. 2005). The high
level of LD within cultivated barley implies that
significantly smaller numbers of markers than in
wild barley are sufficient for QTL mapping in

genome-wide association scan (GWAS)
(Gawenda et al. 2015) or achieving high pre-
diction accuracies in genomic prediction (Thor-
warth et al. 2017). Genotyping of genetically
diverse barley material representing worldwide
diversity like the barley core collection (Muño-
z-Amatriaín et al. 2014) or regional breeding
material such as the Nordic countries (Bengtsson
et al. 2017) revealed stronger differences in LD
than in diversity that likely reflects different
selection histories in geographic regions or traits.

17.7 Population Genomics
of Domestication Genes

It has long been hypothesized that similar traits
and genes may have been selected in all
domesticated grasses, including seed size and
dispersal, photoperiod, dormancy, flowering
time, disease resistance and stress response
(Paterson et al. 1995). Consequently, among
other traits, wild cereals were transformed from
photoperiod sensitive, small-seeded plants with
seed shattering often owing to a disarticulating or
brittle inflorescence into less photoperiod sensi-
tive, nonshattering, large-seeded domesticates
with either a summer or winter annual habit,
which enabled humans to plant and harvest
(Paterson et al. 1995). Several domestication
genes were identified by QTL mapping and
positional cloning in various crop species, of
which the majority encodes transcription factors
whose domesticated alleles are functional and
lead to temporal or spatial changes in expression,
or to a change in protein function (Doebley et al.
2006; Lenser and Theißen 2013). Sequence
variation at or near some domestication genes
shows a footprint of selection such as a reduced
level of nucleotide variation, excess of rare
polymorphisms or high linkage disequilibrium
(LD), suggesting that advantageous alleles were
rapidly fixed by artificial selection (Wang et al.
2005; Wright et al. 2005; Comadran et al. 2012).
A good understanding of the genetic basis of
domestication phenotypes (or Domestication
Syndrome Factors, DSF) has important implica-
tions for plant breeding, since beneficial alleles
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can be identified in CWR and landraces and
introgressed into modern materials (Ellis et al.
2000; von Korff et al. 2006).

The transition from wild to domesticated crops
mainly entails changes to three morphological
features that make the crop easier to harvest: seed
size, ear rachis stiffness and the glume structure.
Additional domestication- or improvement-
related traits for barley are spike row number
(two- versus six-rowed), caryopsis type (hulled
versus naked), seed size, ear length, awn length,
flowering times (early and late), reduced seed
dormancy, vernalization requirement and pho-
toperiod insensitivity (Salamini et al. 2002). Fre-
quently, domestication traits are controlled by
major effect genes that produce highly visible
phenotypes, which facilitate their genetic and
functional analysis. In barley, several major QTLs
controlling these traits have been mapped
(Pourkheirandish and Komatsuda 2007; Somers
et al. 2007; Pasam et al. 2012), but so far only a few
candidate genes have been identified (see
Table 17.1 in Dawson et al. (2015) for genes
cloned). One reason is that the resolution of basic
QTL (biparental mapping) experiments is gener-
ally rather poor (5–20 cM), and for a positional
cloning approach in barley a resolution of at least
0.05 cM is needed. This requires testing thousands
of progeny for quantitative variation, which in
most cases cannot be estimated reliably on the
single plant level. Complementary methods like
expression QTL (eQTL) mapping (Potokina et al.
2008; Chen et al. 2010; mainly disease-resistance
genes), association studies (Long et al. 2013;
Alqudah et al. 2014; Gawenda et al. 2015; Maurer
et al. 2016), and selective sweep mapping
(Comadran et al. 2012; Russell et al. 2016) are
complementary and increasingly powerful meth-
ods for identifying genes controlling both quali-
tative and quantitative traits in barley.

Since only a small number of domestication-
related genes have been cloned, little is known
about the role of natural or artificial selection and
their footprint on patterns of variation in these
genes. A classical assumption is that genes,
which contribute to the domestication syndrome
and are therefore selected during domestication

show a stronger footprint of selection (i.e. a
reduction of genetic diversity) relative to nonse-
lected genes, which are only affected by demo-
graphic domestication bottlenecks (Tanksley and
McCouch 1997; Wright et al. 2005).

The best characterized domestication genes in
barley are Btr1 and Btr2, which both indepen-
dently determine the brittleness of the rachis, and
therefore control seed shattering. In both genes,
recessive alleles produce the nonbrittle phenotype
(Pourkheirandish et al. 2015). The fine mapping
and positional cloning of the two genes required
the analysis of two mapping populations consist-
ing of more than 10,000 lines each. Sequence
analyses of allelic variation at the btr1 and btr2
alleles suggested that the brittleness mutation
originated twice in different regions in the Levant.
Both nonbrittle alleles are monophyletic and
originated by microdeletions that cause frame-
shifts in the protein coding regions. The selection
of the btr1 allele occurred in the Southern Levant
region and selection of the btr2 allele in the
Northern Levant. Nonbrittle accessions from
Central Asia all carried the btr1 allele suggesting
that it migrated there after domestication by
human activities. At both loci, the respective
nonbrittleness allele segregates at a high frequency
in modern barley populations and show very low
levels of polymorphisms and high LD, indicating a
strong genetic bottleneck, potentially resulting
from selection of these haplotypes during domes-
tication. In comparison to wild barley, haplotype
numbers at Btr1 and Btr2 are reduced to 7 and
20%, respectively, in domesticated barley, and a
network analysis revealed that all domesticated
barley haplotypes either belong to the btr1 or btr2
lineages, consistent two independent domestica-
tion events. More recently, PCR genotyping an
independent barley landrace collection provided
evidence for at least three independent origins of
the stiff rachis phenotype in barley (Civáň and
Brown 2017). This further supports a more pro-
tracted domestication scenario. Given these
observations, a formal test of selection that
accounts for the genome-wide effects of domesti-
cation needs to be conducted to differentiate
between single andmultiple domestication events.
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There are two major types of domesticated
barley that differ by their spike row number.
Two-rowed spikes represent the ancestral con-
dition found in wild barley. It is controlled by a
dominant allele at the Vrs1 locus, and the
six-rowed type which is caused by a point
mutation in this gene (Komatsuda et al. 2007).
Six-rowed barley originated at least three times
from either wild or cultivated two-rowed barley
by independent loss-of-function mutations in
Vrs1, which encodes an HD-ZIPI class home-
obox protein. A phylogenetic analysis revealed
that these mutations probably originated in the
Western Mediterranean about 7000 to
6000 years BP and spread rapidly throughout the
Western cultivation range of barley.

INTERMEDIUM-C (INT-C) influences lateral
spike fertility bymodifying the action ofVrs1. It is
a homolog ofmaize teosinte branched-1 (tb1), and
a polymorphism survey in an association panel
indicated that two different variants of the gene are
associated with two-rowed (int-c.b) and six-rowed
barley (Int-c.a) genotypes (Ramsay et al. 2011).
A high proportion of non-synonymous polymor-
phism indicated that this allele was strongly
selected in the six-rowed barley. It was not shown
that these alleles are causal for the phenotypic
differences and they may be linked to more distant
causal polymorphisms. However, both alleles
were also found in wild barley suggesting that the
mutation causing the phenotypic differences pre-
dates domestication (Ramsay et al. 2011).

Selective sweep mapping for genes involved
in adaptation to postdomestication environments
in Europe, which are characterized by longer day
length and different temperature regimes identi-
fied the barley homolog of the Antirrhinum gene
CENTRORADIALIS, HvCEN, which controls
flowering time and has been enriched in Euro-
pean spring and winter barley accessions
(Comadran et al. 2012). Resequencing of HvCEN
and the identification of haplotypes in a large
collection of wild and domesticated barleys
indicated an enrichment of the early flowering
alleles in domesticated accessions, and showed
that selected alleles predate domestication and
therefore the phenotype in domestication is not
due to new mutations. For example, haplotype III

is present in wild barley and fixed in spring
cultivars from Northern Europe, haplotype II is
frequent in wild barley from the eastern
Mediterranean and also in domesticated winter
lines. The enrichment of different haplotypes in
domesticated barley groups indicates strong
diversifying selection.

The control of flowering time by photoperiod
(day length) is an important trait in crops as it has
a strong effect on yield. In barley, a recessive
allele of the Ppd-H1 gene (the day length non-
responsive allele ppd-H1) determines flowering
time under long day conditions, which is an
important adaptation to Northern latitudes. The
causal variant was identified by genetic analysis
(Turner 2005), and by sequencing, the gene in 72
wild barleys and 194 landraces (Jones et al. 2008)
showed a typical domestication-related bottle-
necked locus although two studies differ in the
inferred causal variant at this gene. The frequency
of the responsive Ppd-H1 and nonresponsive
ppd-H1 alleles show a highly significant gradient
along latitude in Europe, which indicates post-
domestication selection. Both alleles originated in
wild barley indicating that the nonresponsive
allele is not a novel mutation that arose during the
expansion in Europe. Furthermore, this allele
likely originated in the Eastern part of the Fertile
Crescent near the Zagros mountain, which is
close to the postulated secondary centre of barley
domestication (Morrell and Clegg 2007).

The genetic control of seed dormancy also
shows a footprint of selection during barley
domestication. Seed dormancy is an important
trait for adaptation because it controls germina-
tion in response to environmental variation. In
domesticated barley, synchronous germination
by reducing seed dormancy is a selected trait; on
the other hand in wet climates, a very short seed
dormancy contributes to preharvest sprouting.
QTL analyses of populations led to the
identification of two genes controlling barley
seed dormancy. Qsd1 encodes an alanine
aminotransferase (Sato et al. 2016), and Qsd2
encodes a Mitogen-Activated Protein Kinase
Kinase 3 (Nakamura et al. 2016). Resequencing
of both genes in large panels of wild and
domesticated barley revealed distinct
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evolutionary patterns of genetic diversity. At the
Qsd1 gene, the reduced dormancy allele Qsd1
originated in the South Levant by mutation from
the long dormancy allele qsd1 which is present in
wild barley. At the Qsd-2 locus, the dormant Az
allele originated by a single non-synonymous
mutation from a precursor allele that originated
in the centre of the wild barley distribution range,
but which is more frequent in East Asia. The
dormant Az allele is prevalent in East Asia pos-
sibly in response to selection for preharvest
sprouting because the rainy season and the har-
vest season for barley overlap in this region.

Taken together, only a few barley domesti-
cation genes have been identified and their
polymorphism characterized in greater detail
(Dawson et al. 2015). No genome-wide popula-
tion genomic analyses to identify novel domes-
tication genes by a systematic and statistically
rigorous comparison of diversity have been car-
ried out so far. Nevertheless, the available anal-
yses indicate that natural variation used during
and after domestication was segregating in wild
barley populations and does not represent new
postdomestication mutations. This observation is
not unique to barley, a similar pattern has been
found in maize, e.g. with the teosinte branched 1
gene (Studer et al. 2011). For this reason, one
may conclude that soft selective sweeps of
standing variation (Hermisson and Pennings
2005) were more important for barley domesti-
cation than hard selective sweeps of new
mutations. Another common pattern of both
genome-wide and gene-specific comparisons of
genetic diversity between wild and domesticated
barley is the presence of a domestication bottle-
neck, which is not very strong and comparable to
other crops like maize (Wright et al. 2005).
A putative multiregional domestication and sec-
ondary gene flow may mask weak domestication-
related selection or the footprints of soft selective
sweeps (Gross and Olsen 2010). For this reason,
a more rigid population genetic modelling
required to uncover subtle signals of selection in
both wild and domesticated barley populations
by combining multiple tests of selection that also
account for demographic history (Vitti et al.
2013).

17.8 Genetic Variation in Barley
Landraces and Modern
Cultivars

In addition to characterizing the genetic diversity
of available resources, there are multiple appli-
cations for modern genotyping and sequencing
technologies in barley pre-breeding as well as
commercial breeding programmes, mainly in
speed, efficiency and cost savings. This allows
the definition of core collections for
pre-breeding, genome-wide association studies
and/or genomic selection. Current technologies
available are SNP genotyping arrays, reduced
representation sequencing methods such as
genotyping by sequencing (GBS), and low cov-
erage sequencing for rapid and efficient
characterization.

Genebanks harbour tens of thousands of bar-
ley accessions that represent the diversity of
domesticated barley (Knüpffer 2009; https://
www.genesys-pgr.org). Several subsets of these
collections were established and further charac-
terized. Pasam et al. (2014) genotyped a large
collection of 1485 spring barley landraces from
the IPK genebank with 42 SSR markers, to
determine the population structure and genetic
diversity of this material. Subsequent studies
using SNP arrays included smaller landrace
collections and conducted environmental associ-
ation studies to identify SNPs which are associ-
ated with climatic variables. Scandinavian
landraces genotyped with 384 SNP markers
(Moragues et al. 2010) were genetically distinct
from Central European and Mediterranean lan-
draces (Forsberg et al. 2014; Aslan et al. 2015).
In addition, five SNP markers were identified that
were significantly associated with day length and
precipitation potentially involved in local adap-
tation (Aslan et al. 2015). Using the BOPA1 SNP
array with 1536 markers, a sample of 65 world-
wide domesticated barley accessions of the
Israeli Plant Gene Bank (IPG) were genotyped
and compared to wild barley accessions from
Israel Hübner et al. (2012b) identified a number
of admixed genotypes, which most likely origi-
nated from recent gene flow. Until recently, the
iSelect genotyping array reflected most advanced
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SNP array, the current generation with >7842
SNPs (Comadran et al. 2012) and has been used
in a number of studies. Tondelli et al. (2013)
genotyped 216 European spring two-rowed bar-
ley cultivars of genebank accessions representing
old cultivars and modern elite varieties. The
complete set was phenotyped for various quan-
titative traits across different European field sites,
and with the increased marker density a GWAS,
identified SNPs associated with plant height,
lodging and necking. Several of these SNPs were
located in genomic regions with previously
characterized genes shown to influence these
traits. Similarly, the increased density was suffi-
cient to conduct tests of selection and to deter-
mine whether QTLs identified in GWAS overlap
with selective sweep regions. In particular, the
authors identified an overlap for two of three
most significant QTL for plant height, exhibiting
a footprint of local selection. The markers also
provided the means to determine genomic
regions with no genetic diversity detected at the
markers surveyed in modern germplasm, likely a
result of crossing elite varieties that were fixed by
breeding, for the same key traits. The 9K iSelect
SNP array was used to genotype 2417 barley
accessions from the USDA National Small
Grains Collection which holds over 30,000 bar-
ley accessions (Muñoz-Amatriaín et al. 2014).
The genotyped collection consisted of 815 lan-
draces and 781 cultivars or breeding lines rep-
resentative of most of the diversity present in
domesticated barley. Using the genotyping data,
five populations were inferred that reflect the
geographic origin and the row type (two- or
six-rowed). Further analyses identified genomic
regions strongly differentiated between the clus-
ters, associated with high LD, which may reflect
strong selection for major genes (row-type and
flowering associated genes). Furthermore,
genome-wide studies using multilocation phe-
notypic field trial data also found SNP markers
located within or in close linkage to flowering
time (e.g. Ppd-H1, EPS2) or row-type genes
(VRS1, VRS3, INT-C). Finally, using allelic
diversity, the authors identified small sets of
highly diverse genotypes, providing mini core
collections which are useful for more detailed

and cost-effective phenotyping. The same array
was also used to successfully identify candidate
QTLs for quality traits like zinc and iron content
in local landraces from Ethiopia and Eritrea
(Mamo et al. 2014).

GBS provides another approach for an effi-
cient survey of genetic diversity. In barley
research, it has been applied to identify novel
SNPs (Guo et al. 2014), establish genetic maps
(Poland et al. 2012; Mascher et al. 2013), analyse
segregation (Bélanger et al. 2016a, b), and map
QTLs (Liu et al. 2014; Lin et al. 2015). GBS was
also used to infer population structure in collec-
tions of barley genetic material (Pourkheirandish
et al. 2015). Exome capture sequencing was also
used for the characterization of genetic diversity
in wild and landrace barleys (Russell et al. 2016).
The analysis of 137 Eurasian and African lan-
draces showed a high level of population struc-
ture. For the landraces, there was strong support
for 14 populations, differentiated mainly by
geography. Spatial autocorrelation indicated
higher geographic-based structuring for the lan-
draces compared to wild barley, most likely
reflecting recent expansion of domesticated bar-
ley. The landraces had fewer private alleles than
wild barleys, which is a consequence of the
domestication process. The most strongly differ-
entiated genomic regions between the two- and
six-rowed barley were at the known row-type
determining genes, Vrs1 and INT-C, although
there were other peaks differentiating row type
on chromosomes 1H and 3H, which require
further characterization. An analysis of selective
sweeps identified two significant regions on
chromosomes 1H and 3H, the SNP on 3H targets
a member of the large pentatricopeptide repeat
(PPR) family, whose diversity is also strongly
reduced in comparison to wild barley. The most
recent study by Pankin et al. (2017) found a
larger number of selective sweep regions using a
different test of selection. By comparing
nucleotide diversity of wild and domesticated
accession, 13 genomic regions harbouring 41
target genes were identified. Two candidate
regions overlapped with the brittleness genes
Brt1 and Brt2, and the naked barley controlling
gene NUD. However, in both cases, no
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significant SNP was directly located in the genes.
Other significant regions targeted homologs of
genes involved in light signalling, photoperiod,
circadian clock, abscisic acid (ABA) and carbo-
hydrate metabolism pathways. None of the genes
have been functionally characterized in barley

and thus they are candidates for further func-
tional investigations.

Although large-scale patterns of genetic
diversity in cultivated barley landraces are con-
gruent, a comparison of different collections
covering a similar geographic range that were

Fig. 17.1 Population genetic structure of cultivated
barley landraces. a Population structure of barley lan-
draces based on 6152 SNPs with K = 4 as optimal
number of populations. Colours of pie diagrams indicate
the proportion of assignment to each of the inferred
clusters. Source Poets et al. (2015a). b Population struc-
ture of barley landraces based on exome capture

sequencing with K = 14 as best-fitting number of popu-
lations. Source Russell et al. (2016). It should be noted
that Poets et al. (2015a) limited the number of clusters to
obtain better allele frequency estimates, whereas Russell
et al. (2016) did not apply such a restriction, which
explains the very different number of genetic clusters
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genotyped with different methods (SNP geno-
typing versus exome capture sequencing) show
some important differences like the number of
populations that are most consistent with the data
and the geographic distribution (Fig. 17.1).
These results clearly indicate that large samples,
a high density of sequence coverage, and explicit
population genetic modelling are required for a
robust inference of the genetic structure and
demographic history of cultivated barley.

17.9 Monitoring Genetic Diversity
Over Time

Current sequencing technologies allow
genome-wide analyses of allele frequency chan-
ges in the genome, which can be used to study
local adaptation over time in a changing envi-
ronment or to track changes in diversity in
breeding programmes. Allele frequency changes
can be detected by Fst-based statistics, which are
normally used for analysing spatial population
differentiation. Thormann et al. (2017) monitored
allele frequency changes in Jordanian wild barley
accessions over 31 years, between 1981 and
2012 using 38 EST-derived SSR markers. The
accessions collected in 2012 were unchanged
with respect to genetic diversity but showed a
greater spatial homogeneity. In contrast, a com-
parison of 10 wild barley populations collected in
1980 and 2008 in Israel exhibited significant
changes in flowering time and SSR diversity,
interpreted by the authors as a selection-driven
response to climate change because recently
collected accessions flowered significantly earlier
and accessions grouped by collection year and
less by geographic origin (Nevo et al. 2012).

Changes in allele frequency over time were
also monitored in breeding populations. Poets
et al. (2015b) analysed genotyping data of 3971
accessions from the North American Barley
Coordinated Agricultural Project (CAP) that
were genotyped with the BOPA 1 and 2 SNP
arrays (2882 SNPs; Close et al. 2009). The
material consisted of genotypes from diverse,
mostly public, breeding programmes including
two- and six-rowed as well as winter and spring

types. Correspondingly, the average pairwise
diversity in the material ranged from 0.15 to
0.19. The most prominent genetic differentiation
between pools (measured as Fst) was not
between row-type (0.23) or growth habit (winter
versus spring) (0.17), but between breeding
programmes (0.37). Marker density was suffi-
cient to identify genomic regions with footprints
of selection using outlier tests. These comprised
major genes, such as flowering time response
(Ppd-H1) and cold acclimatization (Cbf4) genes,
as well as genes for spike type (INT-C). How-
ever, allele frequency differences at these loci
were not particularly strong, which may reflect a
high level of haplotype sharing that overlap with
high/FST/values in some genomic regions
indicative of strong selection. Finally, the anal-
ysis also revealed different levels of genetic drift
within and gene flow between breeding popula-
tions, mirroring the breeding history of North
American programmes.

17.10 Utilization of Diversity
Studies for Allele Mining
and Introgression

The analysis of population structure, demo-
graphic history and local adaptation of wild and
landrace barleys is important for elucidating the
evolutionary history of the crop. This knowledge
can also be used to develop barley varieties that
are resistant against pathogens and tolerate future
climatic conditions by introgressing this variation
into modern elite varieties. Because both wild
and cultivated barley are fully interfertile, the
former can be used in breeding programmes to
introduce novel variation. The use of wild bar-
leys has been limited because it brings undesir-
able traits such as grain shattering, uneven
germination, stiff rachis and variation in vernal-
ization requirements. Linkage drag of deleterious
variation in regions with low recombination is
also an issue. For this reason, wild barley is used
in pre-breeding and crossed with suitable culti-
vated lines genotypes followed by rounds of
backcrossing and selfing, which is subsequently
used for conventional breeding (Ellis et al. 2000;
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Fischbeck 2003; Dawson et al. 2015). Of par-
ticular interest is the introgression of
disease-resistance genes (Nice et al. 2016), also
from the secondary gene pool such as Hordeum
bulbosum (Wendler et al. 2015).

In recent years, a number of populations were
generated to map useful genes and facilitate their
introgression into modern varieties (Zamir 2001;
Dekkers et al. 2002). This includes chromosome
substitution lines (RCSL) (Matus et al. 2003;
Inostroza et al. 2008), nested association map-
ping (NAM) panels (Schnaithmann et al. 2014),
advanced backcross lines (Pillen et al. 2003; Nice
et al. 2016) and multiparent segregating popula-
tions (MAGIC) (Sannemann et al. 2015). The
future development of introgression populations
will further benefit from ongoing large-scale
efforts to characterize collections of wild and
barley both phenotypically (precision phenotyp-
ing methods) and genotypically (whole genome
sequencing method identifying millions of
SNPs). New mapping populations can therefore
be designed to investigate complex traits. For
traits that are mainly controlled by single genes,
it may not be necessary to create segregating
populations for introgression because novel,
potentially beneficial alleles may be found by
screening large collections of genetic resources
(allele mining). The usefulness of this approach
was demonstrated by the eIF4E resistance gene.
Alleles at this gene provide resistance against the
Barley Yellow Mosaic Virus (BYMC), and the
two recessive alleles, rym4 and rym5, were
introgressed in most modern European varieties.
To identify novel resistance alleles, the eIF4E
gene was sequenced in a panel of 1090 barley
landraces, which grouped into 47 haplotypes,
showing significantly different frequencies in
geographic regions and a footprint of selection
potentially reflecting host–pathogen coevolution
(Hofinger et al. 2011). A subsequent sequence
survey and resistance tests of the same and the
additional BYMV resistance gene HvPDIL5 in
cultivated and wild barley (Yang et al. 2016)
revealed that the two genes showed different
patterns of function and evolution. Alleles of
eIF4E conferring resistance differed by

non-synonymous and in-frame insertion/deletion
polymorphisms in the protein coding sequence,
whereas in the HvPDIL5 gene resistance was
provided by loss-of-function mutations. The
analysis of selection revealed a strong footprint
of adaptive evolution in domesticated barley,
particularly in South East Asia, but no evidence
for selection in wild barley. The new resistance
alleles can now be introgressed into elite breed-
ing lines by backcrossing or genome editing.

Another example of allele mining in barley is
the search for new genes for the nonhost-specific
resistance against powdery mildew (Spies et al.
2012). Since many new genes controlling agro-
nomically interesting traits are identified and
functionally characterized, an allele mining
approach may hold great promise for the targeted
improvement of elite varieties.

17.11 The Future of Genetic
Diversity Studies in Barley

The study of genetic diversity is still limited by the
large genome size of this species, which does not
yet allow the complete sequencingof largenumbers
of individuals as in model plants (Alonso-Blanco
et al. 2016) or crops with smaller genomes like rice
(Li et al. 2014). For this reason, the analysis of
demographic history and the identification of
adaptive trait genes remains incomplete. This is
evident by the fact that most studies utilizing
genetic diversity identified the same
well-characterized major domestication or adapta-
tion genes, but the high proportion of missing
genomic regions or the relatively small sample sizes
that can be analysed using costly methods like
exome capture sequencing reduce the power to
identify novel genes or regulatory mutations.
Genome technologies like single-molecule
sequencing, chromosomal conformation capture
and optical mapping will contribute to a better
resolution of highly repetitive and large genomes as
demonstrated with the most recent version of the
barley reference genome (Mascher et al. 2017). In
addition, the population genomic approaches of
whole genome resequencing data will greatly
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facilitate the identification of novel genes useful for
plant breeding (Shi and Lai 2015).

Plant breeding is currently undergoing another
major transformation because of the increasing
use of genomic selection and genome editing
(Morrell et al. 2012; Hu and Lübberstedt 2015;
Bevan et al. 2017). Genomic selection (GS) pre-
dicts the phenotype of individuals in a breeding
population, based on constructing a quantitative
genetic model of the breeding value using a
training population that has been both pheno-
typed and genotyped (Schmid and Thorwarth
2014). GS will increase the selection gain per
time unit and therefore accelerate the develop-
ment of improved barley varieties. New methods
for GS allow the inclusion of prior information
like alleles with a positive effect on the trait that
was identified by selective sweep mapping or
GWAS, but it also enables selection against
alleles that are deleterious (Morrell et al. 2012;
Kono et al. 2016). GS also allows the breeder
maintaining a high level of genetic diversity in
breeding populations despite strong selection for
desired traits. It may also be used for the targeted
introduction of genetic diversity from CWR and
landraces into genetically narrow elite breeding
pools such as the German winter barleys (Thor-
warth et al. 2017) by combining a comprehensive
genomic characterization of genetic resources
with GS.

The other major development is genome
editing, which is the targeted induction of novel
genetic diversity using systems like
CRISPR/Cas9 and hold great promise for plant
breeding (Schaart et al. 2016). Novel alleles that
were identified by selection scans, allele mining
or high-resolution GWAS can be introgressed
into modern elite varieties directly by genome
editing rather than backcrossing, thereby allevi-
ating problems like linkage drag, lack of
recombination or incompatible epistatic interac-
tions (Østerberg et al. 2017). A bottleneck
remains the requirement of genetic transforma-
tion and plant regeneration (Gurushidze et al.
2017; Kapusi et al. 2017). Nevertheless, the
efficient utilization of genetic variation identified
in wild relatives or landraces appears to be a
realistic perspective for barley breeding.
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18The Genomes of the Secondary
and Tertiary Gene Pools of Barley

Neele Wendler

Abstract
In plant breeding, crop wild relatives are
usually a valuable genetic resource for crop
improvement. Thereby, wild relatives of a
plant are divided into three different gene
pools, depending on how difficult it is to
produce hybrids between a species and the
crop itself. In barley (Hordeum vulgare spp.
L), the primary gene pool consists of barley
itself, landraces and H. spontaneum. These
germplasms are easy to utilize and were
frequently used for barley improvement. By
contrast, species of the secondary and tertiary
gene pool are much more difficult to access
and have thus not yet been reported to be
utilized for barley breeding. H. bulbosum is
the only member within the secondary gene
pool. A relatively large set of hybrids, substi-
tution and introgression lines between barley
and H. bulbosum have been produced and
characterized on a physiological and molecu-
lar level. Recently, the latest molecular tools
such as genotyping-by-sequencing and Exome
Capture have been utilized to unlock these
genetic resources. While about 31 highly
diverse species belong to the tertiary gene

pool, not much success has been reported so
far to access them.

18.1 Introduction

Wild relatives of crop plants are often in the
spotlight of plant breeders attention, due to the
rich pool of desirable traits for crop improvement
they contain. These traits may have been lost
during domestication and breeding. Due to the
gene pool concept, barley and its wild relatives
are divided into three different gene pools
(Harlan and de Wet 1971). The primary gene
pool consists of cultivated barley (Hordeum
vulgare L.), landraces and its direct ancestor
H. vulgare L. spp. spontaneum. Crossing
between species of the primary gene pool can be
performed without barriers and the resulting
hybrids are usually fertile and have good chro-
mosome pairing (Harlan and de Wet 1971). The
gene segregation of the hybrids is approximately
normal, so genes can be transferred without
obstacles (Harlan and de Wet 1971).

Members of the secondary gene pool belong
to a different species than the primary pool.
Crossing with primary gene pool crops invokes
barriers. Therefore, offspring can be obtained at
lower frequencies and may be weak, only par-
tially fertile or infertile. If hybrids are formed
between primary and secondary gene pools,
chromosome pairing may be poor or even
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completely lacking (Harlan and de Wet 1971).
For barley, Hordeum bulbosum L. is the only
member within the secondary gene pool (von
Bothmer et al. 1995).

H. bulbosum belongs to the genus Hordeum
and is perennial (von Bothmer et al. 1995). Its
geographical distribution is broad and involves
the Mediterranean basin and the Fertile Crescent
(von Bothmer et al. 1995). H. bulbosum has two
propagation systems. It can propagate sexually
from seeds and also vegetatively by producing
bulbs. The latter form by swelling of the basal
internodes and they were the basis to the species
being named H. bulbosum. H. bulbosum occurs
as diploid as well as auto-tetraploid cytotypes.
The out-breeding species has a strong,
two gene-based self-incompatibility system
(Lundqvist 1962).

The tertiary gene pool is more distantly rela-
ted to the primary gene pool and inter-pool
crossing invokes strong barriers. The transfer of
traits to the primary gene pool requires special
techniques like embryo rescue, the fusion of
protoplasts, chromosome doubling or the use of
other species as a bridge for crossing (bridge
crossing) (Harlan and de Wet 1971). There are
about 31 species belonging to the tertiary gene
pool of barley (von Bothmer et al. 1995). These
include diploid, tetraploid, hexaploid, annual,
perennial, self-pollinating, and out-breeding
species (von Bothmer et al. 1995). Geographi-
cal the distribution of the tertiary gene pool
species is large and the members are native to the
northern as well as the southern hemisphere such
as Central Asia, South Africa, Europe, the Mid-
dle East, North and South America (von Bothmer
et al. 1995). Thus, species of the genus Hordeum
are adapted to climates from subtropical to arctic
and can be found on sea level at more than
4500 m above sea level (von Bothmer et al.
1995).

Due to strong crossability barriers and low
chromosome pairing in hybrids with H. vulgare,
all efforts to transfer traits of tertiary gene pool
Hordeum species to H. vulgare have been
unsuccessful (von Bothmer et al. 1983; von
Bothmer and Jacobsen 1986). Protoplast fusion
between barley and species of other genera e.g.

Elymus, Thinopyrum and Pseudoroegneria (Kim
et al. 2008), rice (Kisaka et al. 1998), rye (Fedak
and Armstrong 1981) and of different families
like carrot (Daucus carota) (Kisaka and Kameya
1998), soybean (Glycine max) (Kao et al. 1974)
and tobacco (Nicotiana tabacum) (Somers et al.
1986) have been attempted and partially suc-
cessful. However, the generated hybrids were
mostly been sterile or died before maturity. Thus,
to date, no introgression lines (IL) between spe-
cies of the tertiary gene pool and barley have
been obtained and so those species have not
played a role for barley improvement.

18.2 Hordeum bulbosum
as a Genetic Resource

While the primary gene pool of barley has been
frequently used to integrate traits into the elite
breeding material, the secondary and tertiary
gene pools are much more difficult to access.
Nonetheless, several decades of research have
sought to unlock the potential of the secondary
and partly also the tertiary gene pools of barley.

Several decades ago H. bulbosum was rec-
ognized as a valuable genetic resource for barley
improvement, especially in respect to biotic
stress resistances (Walther et al. 2000; Pickering
et al. 1987; Ruge et al. 2003; Szigat and Szigat
1991). H. bulbosum is likely to comprise
non-host resistances against several barley
pathogens and is therefore thought to be a source
for durable resistance (Johnston 2007). Also,
perenniality and self-incompatibility are traits
that may be of interest for breeders (Pickering
and Johnston 2005). The formation of fertile
hybrids—which is the first step for trait intro-
gression, is hindered by strong crossability bar-
riers between barley and H. bulbosum. If
H. vulgare and H. bulbosum are cross-fertilized,
chromosomes of H. bulbosum usually get elimi-
nated during the first mitotic divisions, leaving
behind a haploid barley embryo (Kasha et al.
1970). If the latter is treated with colchicine, the
chromosomes of the haploid plant can be dou-
bled and may recover fertile and completely
homozygous plants (doubled haploid). After the
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discovery of this process, H. bulbosum has been
frequently used for the production of doubled
haploids in barley breeding programs (Kasha
et al. 1970). Recently, this technique was
replaced by the more efficient anther and
microspore culture (Pickering and Devaux 1992).

The production of hybrids between barley and
H. bulbosum became more efficient when it was
found that the frequency of retained H. bulbosum
chromosomes can be increased, if the genome
ploidy ratio favored the H. bulbosum parent
(Kasha and Sadasiva 1971).

Later on, it was discovered that the degrada-
tion of the H. bulbosum genome varies between
genotypes (Pickering 1984). Furthermore, it was
found that the frequency of retained H. bulbosum
chromosomes can be increased when crossing
and plant regeneration was performed at tem-
peratures below 18 °C (Pickering 1984). In wide
crosses, it is a common process that endosperms
get degenerated after fertilization. The same is
true in hybrids between barley and H. bulbosum
(Pickering and Johnston 2005). Thus, it is nec-
essary to apply embryo culture to regenerate
H. vulgare/H. bulbosum hybrids.

Diploid hybrids that contain one haploid copy
of the barley and H. bulbosum genome, are
completely sterile, but fertility can be restored if
the young plants are treated with colchicine
(Pickering 2000). Tetraploid hybrids can be
directly generated if the barley chromosomes are
duplicated with colchicine before crossing with
tetraploid H. bulbosum genotypes (Szigat and
Pohler 1982). Furthermore, triploid hybrids are
generated if diploid barley is crossed with tetra-
ploid H. bulbosum (Pickering 1991b). These
plants are partially fertile without colchicine
treatment (Pickering 1991b). Since homeologous
pairing occurs in hybrids between H. vulgare and
H. bulbosum (Pickering 1991a), it is possible to
obtain recombination between the two genomes.
The latter is necessary to introgress and transfer
chromosomal regions, and therefore traits from
H. bulbosum to barley. The frequency of home-
ologous pairing was found to vary between the
different chromosomes (Pickering 1991a) as well
as the parental genotypes that are used (Thomas
and Pickering 1985).

The first evidence that H. bulbosum chromatin
was successfully introgressed into barley, was
observed in 1982 (Szigat and Pohler 1982).
However, it took about 10 more years and the
emergence of techniques such as in situ
hybridization and Southern hybridization to
confirm the transfer of H. bulbosum chromatin at
the molecular level (Pickering et al. 1995; Xu
and Kasha 1992). Even though, crossing over
between H. vulgare and H. bulbosum chromo-
somes is possible, the frequency of these events
are very low (Pickering 1991a). If hybrids are
either selfed or backcrossed, ILs and substitution
lines may be obtained (Pickering et al. 1994;
Pickering 2000). In some cases, the generated
offspring will recover a diploid H. vulgare gen-
ome with either introgressed fragments of
H. bulbosum chromosomes (ILs) or even sub-
stituted chromosomes (substitution lines).

Today, a relatively large number of ILs and
substitution lines between barley and H. bulbo-
sum have been generated. (Walther et al. 2000;
Szigat and Szigat 1991; Ruge et al. 2003; Pick-
ering et al. 1987; Johnston et al. 2009; Pickering
et al. 1994). These introgressions and substitu-
tions covered all barley chromosomes except for
a chromosome 1H substitution. The identified
introgressed segments of H. bulbosum were
located toward the distal ends of the barley
chromosomes (Johnston et al. 2009) (Fig. 18.1).

Phenotyping of the ILs revealed that a rela-
tively large and diverse set of H. bulbosum traits
have been carried over to barley, such as disease
resistance against leaf rust (Puccinia hordei),
barley mild mosaic virus (BaMMV), barley yel-
low mosaic virus (BaYMV-1,-2), barley yellow
dwarf virus (BYDV), stem rust (Puccinia gra-
minis), scald (Rhynchosporium secalis), powdery
mildew and septoria speckled leaf blotch
(Septoria passerinii) (Fetch et al. 2009; Pickering
et al. 2004; Ruge et al. 2003; Scholz et al. 2009;
Shtaya et al. 2007; Singh et al. 2004;
Toubia-Rahme et al. 2003) (Fig. 18.1).

Initially, ILs were mainly identified by
H. bulbosum-specific morphological characteris-
tics, such as pubescent leaf sheath, overall growth
habit, agronomic performance, or by screening
for different disease resistance. However, this
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method may have incorporated a selection slope
towards particular positions of introgressed seg-
ments, which confer these morphological and
disease resistance traits. Later on, the discovery of
the pSc119.1 retrotransposon-based Polymerase
Chain Reaction (PCR) assay allowed a fast and

unbiased screen forH. bulbosum chromatin, since
this method does not depend on the position of
the introgressed segment (Johnston et al. 2009;
Johnston and Pickering 2002).

Even though a large number of ILs are cur-
rently available, so far there is not a single report

Fig. 18.1 Overview of the Distribution and Frequency
of Detected Hb Segments and Hv/Hb SNPs along the
Barley Genome. The figure includes a set of three
concentric circles. The outer circle represents the seven
barley chromosomes in a clockwise manner from the short
to the long arms, scaled in 5 Mbp bins along the physical
barley reference map (International Barley Sequencing
Consortium 2012). Moving inwards, the second circle is a
heat map of genotyping-by-sequencing Hv/Hb SNPs
frequencies found between Hv cultivar “Emir” and Hb
clone “A17/1” at a minimum fivefold sequence read
coverage. The frequency is plotted in 5 Mbp bins along
the physical barley reference (International Barley
Sequencing Consortium 2012). The color code of these
bins is set as: white, 0 SNPs/bin; dark green,
1–20 SNPs/bin; and black, >20 SNPs/bin. The innermost
circle is a histogram of the frequency of Hb segments that

were detected with genotyping-by-sequencing of the 146
ILs. The frequency is given in 5 Mbp bins along the
barley genome and the gridlines of the y-axis are on a
scale of 5. The three concentric circles were generated
using Circos (Krzywinski et al. 2009). Outside the circles,
Hb traits are listed that were uniquely attributed to Hb
segments on individual chromosome arms of barley
within the panel of 146 characterized ILs.
Disease-associated traits are colored in blue, morpholog-
ical traits are colored in dark green, and other traits are
colored in light green. BaMMV, barley mild mosaic virus;
BYDV, barley yellow dwarf virus; LR, leaf rust; mil,
powdery mildew; (S), susceptible; scald, Rhynchospo-
rium commune; SR, stem rust; SSLB, Septoria speckled
leaf blotch. Figure and legend were published before in
Wendler et al. 2015
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of a H. bulbosum trait that was released in a
barley variety. The reason may be that the gen-
erations of an IL represent only the initial step
towards trait utilization. Subsequently, an inten-
sive breeding process as well as further research
is necessary to unlock the H. bulbosum trait for
barley breeding.

The main problem is constituted by negative
linkage drag, which is usually associated with the
H. bulbosum fragment (Stam and Zeven 1981;
Brinkman and Frey 1977). Negative linkage drag
is negative H. bulbosum characteristics that will
cause yield losses. These yield limiting factors
need to be eliminated by reducing the size of the
initially transferred H. bulbosum segment (Pick-
ering and Johnston 2005). The latter will need
several rounds of selfing or back-crossing. Since
the frequency of recombination events between
barley and H. bulbosum chromatin is usually
strongly reduced (Johnston et al. 2013; Ruge-
Wehling et al. 2006), it is necessary to generate
considerably larger populations to increase the
possibility to find appropriate recombinants.

The success of this breeding process will also
depend on the depths of the genetic characteri-
zation of the IL. To identify recombinants with
reduced negative linkage drag, molecular mark-
ers are necessary to trace the H. bulbosum traits
within the breeding population as well as the H.
bulbosum chromatin surrounding the trait of
interest. Therefore, all H. bulbosum segments
must be localized within the barley genome and
the precise dimension of each introgressed frag-
ment must be determined. If the introgressed
segment is genetically characterized, informative
markers may be developed. Eventually, these
markers will also allow mapping and cloning of a
gene underlying the desired trait of H. bulbosum.

18.2.1 Genomics of Hordeum
bulbosum

Barley and H. bulbosum have diverged approx-
imately 6 million years ago and are therefore
closely related (Jakob and Blattner 2006). On the
basis of 136 molecular markers, it was found that
the two species genomes are highly conserved

and collinear (Salvo-Garrido et al. 2001).
Recently, Fluorescence-in situ-hybridization of
barley probes of chromosome 3H on H. bulbo-
sum further approved collinearity between the
species (Aliyeva-Schnorr et al. 2016). Therefore,
the molecular tools and resources that have been
successful in barley may be applied to charac-
terize H. bulbosum and its ILs as well (Wendler
et al. 2014, 2015).

Initially, the localization of H. bulbosum seg-
ments within the barley genome was performed
by in situ hybridization (Johnston et al. 2009).
This relatively low-resolution technique (Lukas-
zewski et al. 2005) allowed to define the chro-
mosome arm that contains the H. bulbosum
segment. With the emergence of an advanced
barley reference sequence (International Barley
Sequencing Consortium 2012; Mascher et al.
2017) and highly efficient NGS-based genotyping
technologies such as genotyping-by-sequencing
(GBS) and exome capture (Poland et al. 2012;
Mascher et al. 2013b) the precision of the char-
acterization of H. bulbosum ILs could be signif-
icantly improved. In two recent studies, GBS and
exome capture were utilized for a detailed char-
acterization of ILs between barley and H. bul-
bosum (Wendler et al. 2014, 2015). Thereby,
re-sequencing of the ILs and the corresponding
barley and H. bulbosum donor genotypes,
allowed detection of H. bulbosum-specific poly-
morphisms within the ILs (Wendler et al. 2014,
2015). To order the detected polymorphisms,
mapping and ordering of the sequencing reads
were performed on the basis of the latest barley
reference sequence and reference maps (Mascher
et al. 2013a; International Barley Sequencing
Consortium 2012; Wendler et al. 2014, 2015).
Thus, the two techniques provide a fast and effi-
cient way to detect and localize H. bulbosum
segments within the barley genome.

In principle marker assays that were originally
designed for barley polymorphisms can be
applied to H. bulbosum as well (Wendler 2016).
However, it is likely that due to an ascertainment
bias (Lachance and Tishkoff 2013) the diversity
of H. bulbosum will be significantly underesti-
mated, even though H. bulbosum as a species
itself is highly polymorphic (Jaffe et al. 2000).
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In fact, it was found that pre-designed barley
markers often fail to detect polymorphisms on
H. bulbosum chromatin (Johnston 2007; Picker-
ing and Johnston 2005).

As a globally applicable pool for H. bulbosum
IL marker development, an integrated
H. vulgare/H. bulbosum sequence resource was
developed, which contains information on
112,847 conserved, interspecific SNPs between
H. vulgare and H. bulbosum and about 35 Mbp
of flanking sequence information (Wendler et al.
2015). The basis for this was exome capture
re-sequencing data from 13 H. vulgare cultivars
and 5 H. bulbosum accessions (Wendler et al.
2015).

It is likely that the genetic and physical
positions provided by the barley reference in
some cases may not reflect the true genomic
positions H. bulbosum. Rearrangements between
the genomes are expected, since the two species
diverged several millions of years ago (Jakob and
Blattner 2006). A high density genetic map of
H. bulbosum as well as a detailed collinearity
analysis to barley would be highly advantageous
for the future.
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Abstract
The present chapter summarizes the current
status of proteome research on barley. The
importance of barley as a model for cereals and
as a major crop is reflected by a large number
of publications using proteomics as an
approach to address fundamental or applied
research questions. Progress through techno-
logical developments in mass spectrometry,
the central analytical technique in proteomics,

forms the background methodology applied
for protein or peptide separation and protein
identification as outlined in the first section.
The grain is of central relevance for the use of
barley as a crop and seed biology is a central
topic in plant science. Hence, a large number
of studies focus on the grain proteome as well
as the changes in proteome composition during
grain maturation and germination. Separate
sections cover research on abiotic and biotic
stress defence responses. The next section is
dedicated to subcellular proteomics, isolation
of organelles or subcellular fractions being a
powerful strategy to cope with the complexity
of the plant proteome. Typical current analyt-
ical tools can cover only a small fraction of the
complete proteome. With regard to the number
of genes, any proteome is increased in com-
plexity by a high number of post-translational
modifications and many potential splicing
variants. In addition, the dynamic range of
the individual protein abundance covers many
orders of magnitude exceeding the limits of
current detection methods. Although this com-
plexity of the proteome is demanding for
in-depth protein analysis, information on, e.g.
post-translational modifications cannot be
derived from other approaches such as tran-
scriptomics. These aspects and potential devel-
opments are addressed in the final section of
our contribution.

H.-P. Mock (&)
Department of Physiology and Cell Biology,
Applied Biochemistry, Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK),
Corrensstraße 3, 06466 Stadt Seeland, Germany
e-mail: mock@ipk-gatersleben.de

C. Finnie
Carlsberg Research Laboratory, JC Jacobsens Gade
4, 1799 Copenhagen V, Denmark

K. Witzel
Leibniz Institute of Vegetable and Ornamental Crops
(IGZ), Theodor-Echtermeyer-Weg 1,
14979 Großbeeren, Germany

B. Svensson
Department of Biotechnology and Biomedicine,
Enzyme and Protein Chemistry, Technical
University Denmark, Søltofts Plads bldg. 224,
2800 Lyngby, Denmark

© Springer International Publishing AG, part of Springer Nature 2018
N. Stein and G. J. Muehlbauer (eds.), The Barley Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-92528-8_19

345

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_19&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_19&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92528-8_19&amp;domain=pdf


19.1 The Basics: Technical Aspects
of Current Proteome
Techniques

Exploring the Barley proteome has been exten-
sively carried out based on the two currently
available proteomics strategies, (i) protein sepa-
ration by two-dimensional gel electrophoresis in
combination with protein identification by mass
spectrometry, and (ii) proteolytic fragmentation
of complex protein fractions, peptide separation
and identification by combined liquid chro-
matography and mass spectrometry (Fig. 19.1):

(1) The classical technique for protein separation
is two-dimensional gel electrophoresis
(2-DE), which typically combines separation
of proteins according to their isoelectric
point (IEF; isoelectric focusing) in the first
dimension followed in the second dimension
by separation according to molecular mass

by SDS-PAGE. After staining of proteins
with Coomassie Blue, silver or fluorescent
dyes, digital images of the protein pattern are
analysed using the appropriate software.
Protein visualization may also be performed
prior to separation by labelling strategies,
e.g. using Cy dyes in the DIGE (differential
in gel electrophoresis) strategy, allowing
separation of up to three different samples on
the same gel. For further details of fluores-
cence labelling, the reader is referred to a
review (Patton 2000). Image analysis and
statistical evaluation of expression patterns
enable selection of the most relevant spots
for subsequent identification. Great progress
in mass spectrometry for protein and peptide
analysis was enabled by the introduction of
instruments capable of ionizing macro-
molecules by laser ablation (MALDI;
matrix-assisted laser desorption ionization)
or electrospray ionization (ESI). This work,

Protein-based
separation

Peptide-based
separation

Benefits: 
- Analysis of protein isoforms, e.g. in 2D 
immunoblotting
- Monitoring protein degradation
- High sequence coverage in protein
identification
- Analysis of protein-protein interactions
- Detection of posttranslational
modifications

Benefits: 
- Low amount of sample input
- Absolute quantification
- Amenable to hydrophobic and low
abundant proteins
- Detection and identification of
posttranslational modifications
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Fig. 19.1 Overview of the different strategies for proteomic analysis and highlighting their respective advantages
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pioneered by Fenn and Tanaka, was awarded
the Nobel prize in 2002 (see their Nobel
lectures: (Fenn 2003; Tanaka 2003). Typi-
cally, the proteins to be identified are first
digested using suitable proteases. The most
frequently used protease for this purpose is
trypsin, which cleaves peptide bonds after
lysine and arginine residues. By this proce-
dure, peptides are generated which are typi-
cal for each protein; the resulting ‘peptide
mass fingerprints’ of proteins can be used to
query genome databases for matching gene
products. Peptide mass fingerprinting can be
sufficient for identification of single proteins,
or proteins in simple mixtures; however, for
more complex samples, further information
is needed. To this end, modern mass spec-
trometers capable of performing fragmenta-
tion of the peptides and MS analysis of the
resulting fragments are used to provide
additional sequence information. The
increased availability of nucleotide sequence
databases was a further prerequisite to allow
identification of proteins based on mass
spectrometric data sets.

(2) With the progress in mass spectrometry
instrumentation, the standard approach for
proteome analyses has shifted from 2-DE
towards liquid chromatography (LC) for
separation; with this approach, the proteome
is analysed on the level of peptides resulting
from digestion of complex protein extracts,
again most commonly using trypsin (Matros
et al. 2011). A major advantage of
LC-MS-based proteomics is that much less
protein is required per analysis. Thus, several
hundred µg of protein are typically loaded
onto one 2D gel, whereas proteolytic digests
corresponding to a few µg or even less are
sufficient to obtain a comparable coverage of
the proteome using LC-MS. LC-MS is also
preferable for the analysis of hydrophobic
proteins, which are difficult to separate by
2-DE. On the other hand, 2-DE can be the
method of choice to resolve closely related
proteins: members of the same gene family,
post-translationally modified forms of the
same gene product; or protein degradation

products. Targeted proteome analysis based
on selected reaction monitoring (SRM) al-
lows specific quantification of proteins of
interest, even those not found in a
non-targeted LC-MS approach (Picotti and
Aebersold 2012). Triple quadrupole mass
spectrometers are most often used for SRM
assays, whereas other MS detectors such as
TOF (time-of-flight) are used for
non-targeted analysis. For a detailed back-
ground to mass spectrometry, the reader is
referred to an excellent textbook (Gross
2011).

19.2 Early Proteomic Studies
in Barley

Early work describing the barley proteome was
performed in the group of Angelika Görg, one of
the pioneers in establishing and improving pro-
tein analysis using 2-DE. Barley leaf extracts
were separated by 2-DE followed by silver
staining. The leaf proteome of 14 cultivars was
compared and varieties could be distinguished
based on characteristic spot patterns (Görg et al.
1988). Barley seed extracts were analysed and
the application of immobilized pH gradients in
the first dimension IEF resulted in a great
improvement in resolution of cultivar-specific
protein patterns of 55 winter and spring barley
cultivars (Weiss et al. 1991). Around the same
time, in one of the first studies to approach a
subcellular proteome in barley, 2-DE was also
applied to separate plasma membrane-enriched
samples from barley roots (Hurkman and Tanaka
1986).

19.3 Grain Protein Composition,
Germination and Malting

Seeds constitute the major propagation strategy
for plants. In addition, mature seeds provide a
high proportion of human and animal nutrition.
Seed formation and seedling establishment are
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therefore prime topics in plant biology. Cereal
grains are of particular importance for human
nutrition. In the case of barley, the major eco-
nomic value of grains is based on malting for
production of beer, distilled spirits or vinegar.
This is reflected by numerous proteomic studies
on cereal grains. Barley is of interest as a crop,
but also as a model for other cereals. The reader
is referred to a review on grain proteomics
(Finnie et al. 2011), a review on the analysis of
malt proteins (Lastovickova and Bobalova 2012)
and a review on the application of ‘omics’-stu-
dies related to barley germination (Daneri-Castro
et al. 2016).

The water-soluble seed proteome of the barley
cultivars Golden Promise and Barke was studied
using a 2-DE approach (Finnie et al. 2004;
Ostergaard et al. 2004). Among several hundreds
of spots detected, 16 spots differed when the gel
images of the two cultivars were compared, of
which 11 could be identified by mass spectrom-
etry. The seed proteome patterns were further
influenced by the cultivation conditions of the
mother plants, i.e. when plants were either grown
in the greenhouse or in the field, probably related
to nitrogen availability during grain filling.
Expression of transgenes (phosphinothricine
N-acetyltransferase or green fluorescent protein,
GFP) demonstrated that heterologously produced
proteins could occur in several spots, indicating
post-translational modifications. Apart from the
foreign target protein, minor changes, if any, of
the seed proteome were observed (Finnie et al.
2004). In addition to that, a protocol for the 2D
separation of the basic protein fraction (pI 6-11)
was established and applied to study grain and
malt proteins in cv. Barke (Bak-Jensen et al.
2004).

To gain insight into the physiological
processes during malting and brewing, and to
identify proteins involved in foam formation in
beer, Perrocheau et al (2005) compared the
water-soluble proteome of grains with the
heat-stable water-soluble proteins from barley,
malt and beer. Cysteine-rich and highly stable
proteins, such as serpin-like chymotrypsin inhi-
bitors, amylase and bifunctional amylase/
protease inhibitors and lipid transfer proteins,

were recovered in the protein fraction of beer
(Perrocheau et al. 2005).

The starch granule associated proteome was
obtained by extraction from isolated granules
followed by 2-DE (Borén et al. 2004). Enzymes
involved in starch biosynthesis such as granule
bound starch synthase I (GBSS I) were identified,
together with hordeins B and D and other pro-
teins. In total, 150 protein spots were observed
and 74 were identified. Remarkably, 49 of these
were annotated as GBSS I, indicating in vivo
proteolysis (Borén et al. 2004).

Starch accumulation during grain develop-
ment is tightly regulated. The group of 14-3-3
proteins possesses regulatory functions by bind-
ing to phosphorylated protein partners, while
their distinct function is still unclear. The barley
14-3-3A protein was used as a bait to identify
interacting proteins in developing grains by
affinity chromatography. The resulting fraction
was separated by 1-DE and 2-DE, and 54 pro-
teins were identified (Alexander and Morris
2006). The largest group with a distinct function
was involved in carbohydrate metabolism,
including sucrose-synthetic enzymes and
GBSS I.

The largest proportion of barley grain proteins
are hordeins. These are storage proteins present
in the alcohol-extractable protein fraction, with
considerably low sequence diversity and biased
amino acid compositions with low lysine con-
tent, making them of low nutritional quality.
Their main relevance is in the malting process
where they are broken down. Flodrová et al.
(2012) used SDS-PAGE in combination with
MALDI-TOF MS to monitor hordein profiles
during malting and applied an isobaric peptide
labelling strategy (iTRAQ) for quantification of
C-hordein.

Seed germination involves a series of devel-
opmental processes exerted by different seed
tissues. In cereals, a well-known example is the
synthesis of gibberellic acid by the embryo
which then acts a signal to trigger the synthesis
of hydrolytic enzymes in the aleurone layer
necessary to degrade the starchy endosperm.
Using gibberellic acid-induced aleurone layers,
insight into protein secretion processes leading to
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nutrient mobilization was obtained and novel
glycosylation sites in aleurone layer proteins
were identified (Barba-Espin et al. 2014). Chan-
ges in the proteome of the embryo, the aleurone
and the endosperm during germination were
followed in a kinetic manner at 8 time points
until 72 h post imbibition (PI) using 2-DE
(Bonsager et al. 2007). Early changes in the
embryo proteome at 4 h PI were observed for
desiccation stress-associated late embryogenesis
abundant (LEA) proteins and ABA-induced
proteins, an HSP70 fragment and a b-type pro-
teasome subunit. These rapid changes in protein
composition are consistent with the predisposi-
tion in the mature seeds of components relevant
for the onset of germination. Several
redox-related proteins differed in the pattern at
the end of germination and onset of radicle
elongation. Ascorbate peroxidase was observed
only in the embryo, increasing in its abundance
at 36 h PI (Bonsager et al. 2007).

Thioredoxins (Trx) are proteins involved in
redox regulation of many cellular processes in
most organisms including plants (Lozano et al.
1996). Trx reduce disulphide bonds in target
proteins after which the reduced forms of Trx are
regenerated by thioredoxin reductases in the
cytosol, mitochondria (NADPH-dependent
thioredoxin reductase NTR) or chloroplast
(FAD-dependent thioredoxin reductase FTR). In
plants, the cytosolic h-type thioredoxins exert a
range of functions during seed germination, such
as the inactivation of small proteinaceous inhi-
bitors of proteolytic and amylolytic enzymes, the
activation of hydrolytic enzymes and increasing
the solubility of storage proteins (see Hägglund
et al. 2013, 2016 for reviews). In barley grains,
two thioredoxin h isoforms, Trxh1 and Trxh2,
were identified using proteomics (Maeda et al.
2003). While Trxh2 was found mainly in the
embryo, Trxh1 additionally accumulated in the
endosperm and the aleurone layer. During ger-
mination, Trxh1 decreased in the aleurone and
the endosperm. Decrease of Thrxh2 was also
observed, but Trxh1 remained present in the
embryo (Maeda et al. 2003). Potential target
proteins of thioredoxins h were elucidated
by applying different proteomic strategies.

Incubation of protein extracts with thioredoxin
leads to reduction of disulphide bonds in poten-
tial target proteins. The reduced cysteines then
are amenable to labelling with thiol-reactive
compounds like monobromobimane (Marx
et al. 2003) or the fluorescent dye Cy5 (Maeda
et al. 2004). After separation of proteins by
2-DE, additional spots are detectable relative
to controls without thioredoxin treatment.
A gel-free approach was later introduced making
use of isotope-coded affinity tags (ICAT) for
protein labelling. As the ICAT reagents contain a
biotin tag, labelled proteins can be selectively
enriched prior to mass spectrometrical analysis;
for further technical details see (Hägglund et al.
2013). Using this approach, more than 100
putative targets of thioredoxin h could be iden-
tified in dissected embryos or proteins released
from the aleurone layer in response to gibberellic
acid (Hägglund et al. 2008, 2010).

Laser capture micro-dissection was used to
obtain the nucellar projection and endosperm
transfer cells of the developing barley grain
(Kaspar et al. 2010b). Both tissues are the major
transfer tissues for allocation of resources into
the developing grain (Sreenivasulu et al. 2010).
The minute amount of sample obtained was
analysed by LC-MS. The nucellar projection
tissue was enriched in stress defence compo-
nents, whereas the tissues contained proteins in
common related to assimilation, transport and
mobilization of nutrients. Most of the identified
proteins in the endosperm transfer cells were
involved in the degradation of carbohydrates and
in translation processes (Kaspar et al. 2010b).

Proteome patterns of grains at five develop-
mental stages were compared using an LC-MS
based approach (Kaspar-Schoenefeld et al.
2016). Three distinct developmentally related
profiles were observed. Proteins of group I
showed the highest accumulation in the middle
phase of development, called the transition
phase. Proteins identified were related to cell
cycle regulation, protein synthesis, oxidative
stress defence and energy production via photo-
synthesis. Accumulation of proteins in group II
increased towards the end of the developmental
stages investigated and was related to the storage
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phase. They comprised storage proteins and
proteins involved in defence of storage reserves
against pathogens. Group III proteins contained a
mixture of peptides with both group I and II
profiles and thus could not be allocated with
certainty to either group. The mixed peptide
pattern probably indicated the presence of protein
isoforms. Most enzymes were detected in this
group (Kaspar-Schoenefeld et al. 2016).

A shotgun proteomics approach was recently
applied to compare the seed proteome of the
two-rowed cultivar Conrad with the six-rowed
cultivar Lacey. In total, 1168 unique proteins
were identified, of which 20 differed in their
abundance between the cultivars. Among this
small set of differentially accumulated proteins
were hordoindolines, which may contribute to
the contrasting seed hardiness of the two culti-
vars (Mahalingam 2017).

To investigate the dependence of protein
expression on the genotype, barley grain pro-
teome maps have been subjected to genetical
genomics approaches for quantitative trait loci
(QTL) mapping (see Jansen and Nap 2001).
Combining proteomic and genetic analyses
allowed for the detection of the genetic local-
ization of protein abundances represented by 48
spot variations (Finnie et al. 2009). First, grain
protein maps as well as simple sequence repeat
(SSR) markers of 18 barley cultivars were
inspected and correlated. Grouping of cultivars
with superior malting quality was closer when
based on the grain proteome pattern as compared
to genetic markers, indicating that the grain
proteome is tightly connected to the malting
phenotype. A doubled-haploid population of a
malting barley and a feeding barley was then
used to map protein expression pattern to geno-
mic locations (Finnie et al. 2009).

Grains of 45 lines of a doubled-haploid pop-
ulation representing the complete wild barley
genome within a modern breeding line back-
ground were assessed by 2-DE (Witzel et al.
2011). Expression profiles of 2718 protein spots
were employed for QTL analysis using
microsatellite and single nucleotide polymor-
phism markers. A total of 34 QTL for protein

expression were detected, with some of them
associated to markers previously assigned to
agronomic QTL.

Wild barley introgression lines were used to
identify proteins associated with two QTL for
malting quality. Wild barley (Hordeum vulgare
ssp. spontaneum) alleles at chromosome 1H
reduced malting quality, whereas at chromosome
4H, malting quality was improved. 2-DE
revealed 14 candidate proteins that could be
involved in this trait (March et al. 2012).

19.4 Abiotic Stress Responses

Although this review focuses on barley, the
reader is also referred to recent more general
reviews on abiotic stress proteomics by Kosova
and colleagues (Kosova et al. 2014, 2015) as
well as by Johnova and colleagues (2016).

19.4.1 Drought Tolerance

A review on drought stress proteomics in leaves
has recently been published (Wang et al. 2016).

Two contrasting barley varieties bred in the
UK (Golden Promise) and Iraq (Basrah) were
compared using DIGE (see above)
(Wendelboe-Nelson and Morris 2012). Under the
given experimental set-up for drought stress, the
variety Basrah showed a higher relative water
content in roots and shoots after 1 week of
drought conditions. Both roots and leaves were
analysed from controls and drought-exposed
plants. Proteomic analysis revealed that the
variety Basrah showed a constitutive high accu-
mulation of proteins associated with the defence
of reactive oxygen species (ROS) production and
protein folding. Some of these proteins are fur-
ther induced by drought. Photosynthetic enzymes
showed a decreased abundance in this variety,
consistent with reduced photosynthetic activity
and ROS production. Assays for enzyme activi-
ties showed overall a good correlation with pro-
teomic abundance data (Wendelboe-Nelson and
Morris 2012). It is important to note that enzyme
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assays usually integrate the activities of several
isoforms, if present, whereas proteomic analysis
might only cover selected isoforms.

A set of barley genotypes from the Pakistani
National Agriculture Research Centre in Islam-
abad was analysed for drought tolerance to select
contrasting (three sensitive and three tolerant)
accessions for subsequent detailed proteomic
characterization (Kausar et al. 2013). Treatments
with 20% polyethylene glycol or by withholding
water were used separately to induce drought
stress. The shoot proteome was analysed by
2-DE. Analysis of changes in proteome profiles
pointed to the importance of plastidal metabolism
as well as energy-related proteins in the adapta-
tion of seedlings to drought (Kausar et al. 2013).

Egyptian barley landraces were used to assess
drought stress responses in leaves (Ashoub et al.
2013). Chlorophyll fluorescence (Fv/Fm) was
used as a parameter to select two contrasting
genotypes which were analysed in more detail
using again a DIGE proteomic approach. Con-
spicuous differences in the proteome composition
were found for energy balance and chaperone
proteins, which were more abundant in the
drought-tolerant genotype #15141. However,
higher abundance of proteins related to the for-
mation of osmotically active compounds were
found in the drought-sensitive genotype #15163
(Ashoub et al. 2013). In a follow-up study,
responses to a combined drought and heat stress
treatment revealed changes in barley proteins
which were annotated with unknown functions
(Ashoub et al. 2015).

Two genetically diverse barley genotypes, but
both adopted to drought-prone environments,
were studied with respect to responses to
drought, high temperature or a combination of
both (Rollins et al. 2013). Under the given
experimental set-up, drought treatment resulted
in a strong reduction of biomass and yield
without causing profound changes in the pro-
teome. In contrast, heat or combined heat and
drought stress resulted in reduced photosynthesis
and changes in the leaf proteome. In total, 99
protein spots showed changed volumes, 14 of
them in a genotype-specific manner. Identified
proteins covered roles in photosynthesis,

detoxification, energy metabolism and protein
biosynthesis. Variation in the stress responses of
both adopted genotypes encourages further
studies to pinpoint particular aspects of molecu-
lar responses with respect to breeding and fun-
damental research (Rollins et al. 2013).

Two barley genotypes contrasting in drought
tolerance were compared using 2-DE as a pro-
teomic technique (Chmielewska et al. 2016).
Root and leaf proteomes of the two spring cul-
tivars Maresi and Cam/B1/CI were analysed.
Cam/B1/CI is a Syrian genotype whereas Maresi
is of German origin. Although yield reduction
(grain weight per plant) of the Syrian genotype
under drought stress was less pronounced, Mar-
esi had a higher yield under both control and
stress conditions. Proteome analysis was com-
plemented by additional analysis of a metabo-
lome fraction using GC-MS. Distinct genotypic
responses were observed in both roots and leaves
for proteins as well as for metabolites. Despite
distinct changes in metabolite and proteome
pattern, the study also revealed changes common
to both genotypes, and could not exclude a sig-
nificant contribution to drought tolerance at this
point (Chmielewska et al. 2016).

19.4.2 Salinity

The reader is also referred to our recent review
on salinity stress proteomics (Witzel and Mock
2016).

Changes in the root proteome of the barley
genotypes Steptoe and Morex contrasting in
salinity tolerance were analysed using a 2-DE
approach by comparing the protein pattern of
controls or plants treated with either 100 or
150 mM NaCl (Witzel et al. 2009). Higher
concentrations were not used in order to avoid
induction of excessive cellular damage. Among
others, two proteins related to the
glutathione-based detoxification of ROS were
prominent in the more tolerant genotype under
the given experimental settings. Western blot
analysis was used to validate the 2-DE result for
catalase, which was shown to decrease under
salinity in the more sensitive genotype Steptoe
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(Witzel et al. 2009). In a follow-up study, using
the same pair of contrasting genotypes, root
samples were harvested at different time points
after stress application (1, 4, 7 and 10 days). This
experimental scheme allowed early and late
responses to be distinguished (Witzel et al.
2014). In total, 74 proteins were identified that
were either cultivar-specific or stress-responsive.
Hierarchical cluster analysis grouped the protein
expression profiles of the candidates into five
clusters. A number of new protein candidates
associated with salinity tolerance in barley were
discovered, including numerous as yet unchar-
acterized proteins. Proteins related to detoxifica-
tion pathways and terpenoid biosynthesis were
detected in the early phase of the defence
response, probably related to growth-regulating
mechanisms and membrane stability via
fine-tuning of phytohomormes and secondary
metabolism. Proteomic data were confirmed by
Western blotting for selected candidates and
complemented by phytohormone analysis (Wit-
zel et al. 2014). This refined study resulted in the
identification of a range of additional candidates
for further functional analysis.

The grain proteome of the parental lines of the
Oregon Wolfe Barley mapping population was
studied to identify proteins related to contrasting
salinity tolerance during subsequent germination
(Witzel et al. 2010). Two sensitive as well as two
tolerant offspring lines were included in the study
and helped to considerably narrow down the
number of putative candidates associated with
the seed proteome of this mapping population.
Glucose/ribitol dehydrogenase which showed
higher abundance in the tolerant genotypes was
heterologously overexpressed and provided
higher tolerance in a salt-sensitive yeast strain
(Witzel et al. 2010).

Rasoulnia and colleagues performed a leaf
proteome analysis of two genotypes contrasting
in salinity tolerance (Rasoulnia et al. 2011). The
salt-sensitive genotype L-527 showed a higher
number of responsive proteins than the more
tolerant Afzal.

The same genotypes were analysed in a
follow-up study monitoring responses towards

salinity after longer exposure (three weeks)
(Fatehi et al. 2012).

The proteome of H. spontaneum is considered
as a valuable resource to improve tolerance of
barley breeding lines. The proteome response of
H. spontaneum towards salinity has been
explored after exposing seedlings at the four-leaf
stage to 300 mM NaCl for 3 weeks (Fatehi et al.
2013). The proteome of leaf 4 was analysed by
2-DE and 29 protein spots showed differences in
their volumes with respect to controls. Proteins
with higher abundance under stress treatment
included antioxidant proteins and the
oxygen-evolving enhancer protein OEE2; other
proteins identified covered a range of cellular
processes (Fatehi et al. 2013).

The salt-tolerant barley cv.72 was compared
with the Tibetan wild barley genotype XZ16
which has even superior salt tolerance (Wu et al.
2014). Major differences between the genotypes
pointed to ion transporters as well as redox
homeostasis as relevant cellular functions in the
more tolerant XZ16 (Wu et al. 2014).

A multi-omics approach combining ion,
metabolite and protein analysis has been applied
to study changes in the shoot of two Tibetan
barley genotypes (Shen et al. 2016). The more
tolerant genotype XZ26 showed a lower shoot
accumulation of Na, fewer changes in the pro-
teome and in sugar metabolism (Shen et al.
2016). Time-course experiments involving ion
analysis and proteomics were recently performed
on another Tibetan wild barley genotype with
higher salt stress tolerance (Shen et al. 2017).

Responses of the Syrian barley cultivar
‘Tadmor’ were compared with those of a halo-
phytic wild barley species, Hordeum marinum
(Marsalova et al. 2016). The salinity treatments
led to an accumulation of dehydrin proteins
isolated within a heat-soluble fraction. In H.
marinum, dehydrin accumulation was lower than
in Tadmor. Proteomic analysis was then per-
formed with the non-heat-soluble fractions for
control and a treatment with 300 mM NaCl.
Proteins extracted in 8 M urea were separated by
1-D SDS-PAGE and lanes were cut into four
separate fractions for each sample. Gel fractions
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were then digested and peptide profiles obtained
by LC-MS analyses. Numerous changes in pro-
tein profiles associated with distinct molecular
pathways were observed in both genotypes in
response to salt stress treatments. A model
summarizing major changes could be derived.
The proteome analysis of the cultivar Tadmor
revealed severe damage under salinity, suggested
by the presence of apoptotic processes, protein
degradation and a decrease in proteins related to
energy metabolism. The proteome of H. mar-
inum indicated a successful acclimation to high
salinity as revealed by the identification of pro-
teins associated with ROS scavenging, dehydra-
tion stress-responsive transcription factors and
enhanced levels of proteins to support energy
metabolism (Marsalova et al. 2016).

19.4.3 UV-B

The impact of UV-B on the proteome and fla-
vonoid content was investigated in the leaf epi-
dermal layer and mesophyll tissue of barley
seedlings (Kaspar et al. 2010a). UV-B is a par-
ticular stress factor resulting in DNA and protein
damage. The epidermal layer of leaves is thought
to shield the mesophyll from UV-B thereby
protecting the plant’s photosynthetic capacity.
2-DE analysis revealed 11 UV-B responsive
proteins in the epidermal layer, but only two in
the mesophyll. LC-MS based proteomics showed
further 15 responsive proteins in the epidermal
tissue. Most of the responsive proteins were
associated with oxidative and pathogen stress
defence. The study highlights the significance of
a spatially resolved analysis to decipher specific
responses (Kaspar et al. 2010a).

19.4.4 Heavy Metal and Nutrient
Stress

Heavy metal contamination imposes severe
environmental threats. Cadmium is of particular
significance for human nutrition, due to its high
persistence. Breeding for varieties with lower Cd
accumulation is necessary to reduce human

intake of this heavy metal. Better understanding
of Cd uptake and distribution mechanisms within
the plant is a prerequisite for designing novel
approaches to improve current crop genotypes
including wheat, which is a major source of
human Cd uptake. Analysis of the apoplastic
proteins of barley plants exposed to Cd stress
revealed the accumulation of pathogenesis-
related (PR) proteins in barley leaves (Pos et al.
2011). Their precise role in Cd stress defence has
not been fully elucidated. However, it is also
known that Cd interacts with several signalling
pathways in plants (Chmielowska-Bak et al.
2014). Vacuoles are a major component for the
detoxification of heavy metals in plants (Sharma
et al. 2016). Cadmium exposure performed at
two different concentrations led to changes in the
tonoplast proteome of barley leaf mesophyll
(Schneider et al. 2009). A total of 56 tonoplast
transporter proteins were identified, of which
only a minor fraction showed differential accu-
mulation under Cd stress relative to controls.
Among the candidates was a natural
resistance-associated macrophage protein, prob-
ably associated with a higher cytosolic iron
concentration preventing an exchange with the
toxic cadmium. In addition, a cation/proton
exchanger protein, CAX1a was identified,
which is likely to be involved in vacuolar
transport of cadmium (Schneider et al. 2009).

For further reading on plant responses to
heavy metal stress, the reader is referred to a
recent review (Mustafa and Komatsu 2016).

Nitrogen is a major limiting factor for crop
plants, requiring the addition of N fertilizers.
Improvement of nitrogen use efficiency is needed
to reduce soil and water pollution by unused N.
N is taken up by most plants in the form of
nitrate or ammonium. In a 2-DE-based study to
analyse responses to N supply in barley shoots
and roots (Moller et al. 2011), plants were grown
in a hydroponic system allowing careful control
of the nutrient supply. Control plants were grown
in 5 mM nitrate for 33 days and compared to
plants grown under N-deficiency (0.5 mM nitrate
for 33 days) or exposed to short-term N starva-
tion (28 days with 5 mM nitrate followed by 5
days with no N source). The effect on the shoot
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proteome of growth with ammonium was
investigated in another group of plants grown for
28 days with 5 mM nitrate, followed by 5 days
with 5 mM ammonium. The root and shoot
proteomes responded differently to the treat-
ments, and distinct but overlapping responses
were observed to the three N regimes. Amino
acid metabolism was strongly affected in the
roots exposed to short-term N starvation but
roots exposed to long-term nitrogen deficiency
showed reduction in proteins involved in defence
against pathogens. In both cases, proteins
potentially involved in root growth were affected.
Both short-term N starvation and growth on
ammonium caused the appearance of proteolytic
fragments of Rubisco in shoot proteomes, sug-
gesting that this abundant protein is used as an
immediate N source prior to metabolic repro-
gramming (Moller et al. 2011).

19.5 Biotic Interactions

The grain surface constitutes an interface for the
interaction with the environment, including
microbial communities. The grain surface pro-
teome of two barley genotypes has been analysed
by 2-DE and LC-MS approaches (Sultan et al.
2016). The grain surface was washed with a
slightly acidic buffer system and efficiency veri-
fied by analysing the removal of surface-
associated xylanase activity. A large number of
plant proteins as well as bacterial and fungal
proteins were identified by the proteomic analysis.
The successful implementation of a method for
analysis of the grain surface proteome will allow
the highly dynamic nature of the plant-microbial
interface to be explored (Sultan et al. 2016).

Infection of barley with Fusarium gramin-
earum causes fusarium head blight and can lead
to severe contamination of grains with myco-
toxins, toxic secondary metabolites secreted by
the fungus (Eggert and Pawelzik 2011). Early
plant defence reactions were monitored in inoc-
ulated spikelets after 1, 2 and 3 days (Yang et al.
2010b). Several PR proteins accumulated in the
plant tissue, along with increased abundance of
glycolytic enzymes that might aid the fungal

growth. The extent of F. graminearum infection
and concomitant prominent proteolytic degrada-
tion of kernel proteins was found to be increased
in plants grown with a lower fertilizer level
(Yang et al. 2010a).

Interaction of the pathogen with naked barley
was studied by analysing the proteome of grains
at five developmental stages (Trumper et al.
2016). Proteome analysis revealed that in the
early stages of grain development fungal infec-
tion affected primary metabolism and inhibition
of proteases. Higher accumulation of thaumatin-
like proteins was observed at all stages investi-
gated, indicating their particular significance in
the plant defence responses towards the pathogen
(Trumper et al. 2016).

Powdery mildew infection was studied at
different stages upon inoculation of barley with
the obligate biotroph Blumeria graminis f.
sp. hordei (Bindschedler et al. 2009). A shotgun
approach based on SDS-PAGE separation of
proteins coupled with LC-MS was used. In total,
827 proteins of the pathogen were identified and
related to conidia, hyphae and haustoria. In
addition to a deeper understanding of the infec-
tion process, the proteomic data supported the
prediction of gene models (Bindschedler et al.
2009).

The interaction of powdery mildew pathogen
Blumeria graminis f. sp. hordei includes the
secretion of more than 500 candidate effectors.
One of these Blumeria effector candidate
(BEC) proteins, BEC1054, was studied by using
pull-down assays to identify putative interacting
proteins. BEC1054 encodes an RNAse-like
effector protein. After incubation of the effector
protein with barley protein extracts, putative
interactors were identified by LC-MS. Negative
controls were included to reduce false-positives
from unspecific binding, and a yeast two-hybrid
system was applied to confirm interactions
revealed by the pull-down assay. Host target
proteins of BEC1054 were a glutathione-
S-transferase, a malate dehydrogenase and a
PR5 protein isoform. These potential target pro-
teins indicate a role for BEC1054 in compro-
mising the defence response of the host
(Pennington et al. 2016).
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The root mutualistic fungus Piriformospora
indica was shown to enhance plant stress toler-
ance under particular environmental conditions.
Its potential impact on salt stress tolerance was
studied using the barley cultivar ‘Pallas’ at two
different concentrations of NaCl (Alikhani et al.
2013). Colonized plants showed increased
potassium to sodium ratios, consistent with an
improved salt stress tolerance. Leaf proteome
analysis revealed a large number of proteins with
modified abundance in response to the mutual-
istic interaction, covering a wide range of cellular
functions (Alikhani et al. 2013).

Responses towards spot blotch disease caused
by Cochliobolus sativus were compared between
two barley genotypes with contrasting tolerance.
Leaf tissue adjacent to infected areas was sam-
pled and analysed by 2-DE and relevant spots
identified by MALDI-MS. Proteome pattern
changed in response to pathogen infection and
between genotypes (Al-Daoude et al. 2015)

19.6 Subproteome Analysis

A comprehensive online compendiumwith data on
the subcellular distribution of crop proteins, which
is collated from previously published fluorescent
tagging or mass spectrometry studies, as well as
pre-computed subcellular predictions for barley,
wheat, rice and maize proteomes, represents a
valuable resource for investigating the proteome of
cellular compartments (Hooper et al. 2016).

19.6.1 Plastids

A review on barley proteomics with an outline of
the technical background as well as an emphasis
on plastidal analysis has been provided (Petersen
et al. 2013).

The proteome of plastids is characterized by
numerous protein and pigment-protein com-
plexes, which might vary in response to envi-
ronmental conditions, developmental programs,
and plant species (Zolla et al. 2002). For exam-
ple, photosystem II monomers are formed by
about 20 subunit proteins (Shen 2015). The

absence of photosystem I in the barley viridis
zb63 mutant results in a reduced abundance of
light-harvesting complex (LHC) proteins and this
is governed at the post-transcriptional level by
the plastoquinone redox state (Frigerio et al.
2007). A particular form of 2-DE has been
applied to separate first the complexes and then
resolve their proteins in the second dimension.
This is achieved using blue-native PAGE in the
first dimension, followed by denaturing
SDS-PAGE in the second dimension. With this
approach, the proteome of barley thylakoid
membranes was mapped (Granvogl et al. 2006).
Labelling of the thylakoid proteins with the
fluorescent dye Cy3 proved a highly sensitive
detection method for the separated proteins
(Granvogl et al. 2006).

Etioplasts are plastids formed in dark-grown
angiosperm seedlings, and lack thylakoid mem-
branes and the photosynthetic complexes con-
stituting photosystem I and II as well as the
LHC I and II. Light triggers the transition of
etioplasts into mature chloroplasts. The
Eichacker lab showed that all low-molecular
weight proteins of photosystem II accumulated in
barley etioplasts (Ploscher et al. 2009). A com-
parison of the membrane protein complexes
using the DIGE approach (see above) demon-
strated that etioplasts and chloroplasts share a
number of proteins associated with electron
transport, chlorophyll and protein synthesis or
fatty acid biosynthesis (Ploscher et al. 2011). The
assembly of the photosystem complexes during
de-etiolation has been studied in a kinetic manner
by isolating plastids from dark-grown barley
seedlings after exposure to light for different
times (Shevela et al. 2016), combining plastidal
proteomics with a range of functional approa-
ches. During the de-etiolation process, the capa-
bility of photosystem II to split water preceded
the assembly of the PS II-LHC II supercom-
plexes (Shevela et al. 2016).

19.6.2 Nucleus

A specific probe homologous to the barley
satellite DNA was used to isolate chromatin
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associated with barley centromeres (Zeng and
Jiang 2016). Proteins were isolated from the
centromeric chromatin and both a- and b-cenH3
variants of the centromeric histone H3 were
detected. In addition, several different variants of
the histones H2A and H2B were also found in
the MS analysis (Zeng and Jiang 2016).

19.6.3 Mitochondria

Respiratory supercomplexes were studied in
mitochondria of Arabidopsis, potato, bean
and barley (Eubel et al. 2003). Different
electrophoretic techniques were applied for sepa-
ration, namely blue-native PAGE and two-
dimensional separation combining blue-native
PAGE separation in the first dimension followed
either by blue-native- or SDS-PAGE in the second
dimension. The authors concluded that super-
complex formation between complexes I and III
limits access of the alternative oxidase towards its
substrate ubiquinol as a regulatory control of
alternative respiration (Eubel et al. 2003).

The same technique has been applied to char-
acterize mitochondrial and etioplastic protein
complexes, leading to the identification of a mito-
chondrial acetyl-CoA carboxylase essential in
plastidial fatty acid biosynthesis (Focke et al. 2003).

19.6.4 Vacuoles

A paper on tonoplast analysis in the context of
cadmium detoxification has already been men-
tioned (Schneider et al. 2009). In the search for
tonoplast sucrose transporters in barley, vacuoles
from barley mesophyll were isolated and the
tonoplast proteins were separated by SDS-PAGE
(Endler et al. 2006). Around 100 proteins were
identified, among them the sucrose transporter
HvSUT2. Its localization was confirmed by
transient expression of a HvSUT2-GFP fusion
protein in Arabidopsis leaves and onion cells
(Endler et al. 2006). A later study extended the
analysis by focusing on phosphorylated tonoplast
proteins (Endler et al. 2009). By enrichment of
phosphorylated peptides by IMAC or titanium

dioxide affinity chromatography, the authors
were able to identify 65 phosphopeptides from
27 vacuolar membrane proteins.

19.6.5 Plasma Membrane

The plasma membrane from the aleurone layer of
grains was prepared using two-phase partitioning
followed by reversed-phase chromatography
(Hynek et al. 2006). The plasma membrane frac-
tion is prone to contamination due to its low
abundance. The additional chromatographic step
helped enrich for integral membrane proteins and
two novel isoforms of H+-ATPase and two pro-
teins potentially involved in ion-channel regula-
tion were found. In a follow-up study, the plasma
membrane of germinating barley embryos was
analysed (Hynek et al. 2009). Proteins eluting
from the chromatographic column in a fraction
containing H+-ATPase as analysed by Western
blotting were further separated by SDS-PAGE.
Fourteen prominent bands in the gel were
observed and in total, 61 protein sequences were
retrieved by LC-MS/MS. With respect to the ear-
lier publication (Hynek et al. 2006), it was con-
cluded that despite common proteins, the plasma
membrane fractions of aleurone and the embryo
contain specific proteins corresponding to their
functions during germination (Hynek et al. 2009).

19.7 Conclusions and Perspectives

Our review demonstrates that proteomics has
already found many applications in barley
research. Most of the cited studies were gel-based,
but a shift towards LC-MS-based proteomics is
apparent. Protein identification benefits from the
advancement of nucleotide sequence information
for barley and improved gene models. Compared
with transcriptomics, the comprehensiveness of
most proteome approaches is restricted for several
technical reasons. Proteomic analysis has to cope
with the higher chemical diversity of proteins
based on an alphabet of 20 amino acids in com-
parison with nucleic acids which only rely on a
four-letter alphabet, the four nucleotides.
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The complexity of the proteome is further
increased through a dynamic protein turnover, as
shown for leaves of 15N-labelled barley plants
(Nelson et al. 2014), as well as a plethora of pos-
sible post-translational modifications; to date,
more than 200 such modifications have been
described, including phosphorylation, acetylation
and glycosylation, to name a few. Potentially, a
protein could be altered by one or several of these
modifications simultaneously, resulting in a
number of protein variants. Detection of these
variants, which may each constitute only a small
fraction of the particular protein, is challenging.
Enrichment methods have been developed to
capture peptides or proteins with particular modi-
fications, for example, phosphorylation (Baginsky

2016). Many examples are known where
phosphorylation/dephosphorylation modulates
enzymatic activities or protein function, which
allows dynamical adaptation of metabolism to the
needs of cells under given environmental condi-
tions. In addition to enrichment, particular protein
variantsmight be quantified in targeted approaches
(Osinalde et al. 2017). Although such analytical
procedures often require optimization for particu-
lar applications, the study of post-translational
modifications is a major area in which to apply
proteomics, as such information cannot be derived
from nucleotide-centred approaches. The infor-
mation obtained is central to unravel the cellular
regulatory mechanisms operating in a particular
biological context. Another challenging issue in
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Fig. 19.2 Reduction of sample complexity achieved by
in-solution isoelectric focusing for identification of low
abundant proteins. Crude protein extract of barley leaf
was separated into five fractions of different pH using a
ZOOM IEF Fractionator (Invitrogen). The resulting

fractions are suitable for downstream applications, such
as 2-DE and LC-MS/MS. Subsequently, ten µg of protein
was loaded onto SDS-PAGE and the gel was stained with
colloidal Coomassie Blue
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current proteomics is the highly dynamic range of
protein abundance, estimated to cover up to ten
orders of magnitude. With many of the current
approaches, the full proteome of a complex tissue
cannot be reached. Consistently, many of the
gel-based studies summarized in our review reflect
the most abundant proteins of cells, related to
central metabolic functions. However, proteome
coverage can be increased by cellular fractionation
or by applying chemical pre-fractionation such as
exemplified in Fig. 19.2. Using the so-called
SWATH approach, an extension of selected reac-
tion monitoring, it was possible to quantify yeast
proteins down to 50 copies per cell (Picotti et al.
2009).

Collectively, the complexity of the proteome
as reflected by the numerous post-translational
modifications and its high dynamic range
requests tailor-made approaches in a given
experimental context. Proteomics applied alone
or in combination with other approaches is
however able to provide unique information on
the cellular status not reflected by other tech-
niques. Given the rapid progress in sequencing of
genotypes and their functional characterization,
barley proteomics will most likely also expand in
the near future.
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20Organellar Genomes in Barley

Hirokazu Handa

Abstract
Similar to other higher plants, barley (Hor-
deum vulgare) contains the following three cell
organelles that possess their own genomes:
nucleus, mitochondrion, and chloroplast. In
this chapter, the genome structures, genetic
content, and functions of two cytoplasmic
organelles, i.e., mitochondrion and chloro-
plast, in barley are discussed. The barley
mitochondrial genome (mt genome) is
525,599 bp in size, which is 73 kb larger than
that of wheat, and the gene content is well
conserved among grass species; notably, the
contents of intact protein-coding genes in
barley are the same as those in wheat. How-
ever, the mt genome structure is markedly
different among grass species, and rearrange-
ments and fragmentations of homologous
regions prevent the reconfiguration of evolu-
tionary processes, even in the same Triticeae
lineage, which includes barley and wheat.
However, the genome structure and gene
content of chloroplast genome (cp genome)
are highly conserved among grass species.

The cp genome in barley is 136,462 bp in size,
and the quadripartite structures that are com-
mon in the cp genome of higher plants are
conserved. Most sequences are collinear
between wheat and barley, and the gene
content and gene order in barley are identical
to those in wheat. Chloroplasts and mitochon-
dria are essential organelles, and the genes
encoded in both organellar genomes are indis-
pensable for plant cell survival. Several genetic
interactions among the cell organelles,
nucleus, mitochondrion, and chloroplast occur
within a cell. In this chapter, these genetic
interactions and outcomes, including cytoplas-
mic male sterility (CMS) and chloroplast
dysfunction, are reviewed. These phenomena
are interesting and important for the under-
standing of the physiological function of both
cytoplasmic organelles and their potential use
in plant breeding. We have only recently
begun to understand these genetic interactions
due to the publication of the complete
genomes of the nucleus, mitochondrion, and
chloroplast in barley.

20.1 Introduction

In plant cells, the following organelles possess
their own genomes: nucleus, mitochondrion, and
chloroplast.

H. Handa (&)
Plant Genome Research Unit, Institute of Crop
Science, National Agriculture and Food Research
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Most cp genomes have highly conserved
structures with a quadripartite organization
comprising a large single-copy (LSC) region, a
small single-copy (SSC) region, and two copies
of inverted repeats (IRs). The cp genomes range
from 107 to 218 kb and commonly include
approximately 120–130 genes (Daniell et al.
2016). However, the mt genomes in higher plants
are much larger and widely differ in size com-
pared to those in other organisms such as animals
that possess circular DNA molecules of 15–
17 kb in size. Plant mt genomes typically vary in
size from 200 to 750 kb; however, in certain
lineages, longer extensions have been observed
that reach the megabase range. In contrast to the
cp genome, plant mt genomes do not have a
common structure. Despite their larger sizes,
plant mt genomes contain fewer genes than mt
genomes in other organisms, such as animals and
fungi. The number of known genes typically
ranges from 50 to 60, which is less than the
number of genes in the cp genome (Gualberto
et al. 2014).

Compared with the nuclear genome, the cp
and mt genomes are smaller in size, and the
numbers of encoded genes are lower. However,
these two genomes are not less important than
the nuclear genome. The chloroplast and mito-
chondrion are essential organelles in plant cells.
The chloroplast conducts photosynthesis in the
presence of sunlight, and the mitochondrion
indirectly supplies energy to plant cells; the
functions of both organelles are essential for the
survival of plant cells. Moreover, the genes
encoded in both organellar genomes are indis-
pensable for photosynthesis and oxidative phos-
phorylation, which are required for producing
ATP.

The cp genomes in major cereal crops, such as
rice, wheat, and maize, were fully sequenced
between the late 1980s and early 2000s (rice,
Hiratsuka et al. 1989; maize, Maier et al. 1995;
wheat, Ogihara et al. 2002), but the mt genome
sequences were not revealed until the mid-2000s
(rice, Notsu et al. 2002; maize, Clifton et al.
2004; wheat, Ogihara et al. 2005). Compared to
these cereal crops, the sequencing of barley
organellar genomes occurred relatively recently

as follows: the cp genome was sequenced in
2007 (Saski et al. 2007), and the mt genome was
sequenced in 2016 (Hisano et al. 2016). More
recently, the nuclear genome sequence in barley
has been described (Mascher et al. 2017). Cur-
rently, we can access the complete genome
information of the nucleus, mitochondrion, and
chloroplast in barley, enabling a complete
understanding of the gene functions and gene
interactions in this important crop.

In this chapter, the current understanding of
the organellar genomes in barley, its relationship
with other cereal crops and inter-organellar gene
interactions are reviewed.

20.2 Mitochondrial Genome

The mitochondrion is a semiautonomous orga-
nelle that produces cellular ATP through oxida-
tive phosphorylation, and this function is
conserved in all eukaryotic cells, i.e., animal,
fungus, and plant cells. In addition to its role as a
supplier of cellular ATP, the plant mitochondrion
is a key player in a variety of cellular processes,
including development, fitness, and reproduction,
because the autotrophic life style forces plant
cells to synthesize all components. Furthermore,
the plant mitochondrion plays roles in the
responses to several stresses, particularly oxida-
tive stress, under highly variable external con-
ditions (Jacoby et al. 2012). Although the
mitochondrial contribution to various cellular
processes in plant cells depends on the cells’ own
genetic system, the mt genomes in higher plants
exhibit several unique features that distinguish
them from those in animals or fungi. Plant mt
genomes are larger and show extensive structural
rearrangements resulting from homologous
recombination events, and there are specific
modes of gene expression (e.g., cis- and
trans-splicing and RNA editing) (Kubo and
Newton 2008; Bonen 2008; Takenaka et al.
2008).

Almost no information was available regard-
ing the organization and content of the mt gen-
ome in barley prior to 2016. However, the first
mt genome sequence in barley was released by
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Hisano et al. (2016), which enhanced our
detailed understanding of its activity.

20.2.1 Genome Structures

The mitochondrial gene (mt gene) sequence in
barley for the gene encoding the ATP synthase
subunit 9 (atp9) was first reported in 1993 (Rish
and Breiman 1993), while the first mt gene
sequences in rice and wheat were reported in the
early 80 s (cox2 genes in both plants; rice, Kao
et al. 1984 and wheat, Bonen et al. 1984). Sub-
sequently, only a few mt genes were sequenced,
as follows: rps2 (Kubo et al. 2005), Wrps14
(Ong and Palmer 2006) and rps7 (Byers et al.
2010). To date, information regarding the barley
mt genes and genomes is insufficient to elucidate
the mitochondrial function in barley.

Recently (2016), Hisano and colleagues
assembled a 525,599 bp circular molecule for the
mt genome in barley (AP017301, Hisano et al.
2016) using purified mtDNA samples and a
next-generation sequencing (NGS) approach.
The barley mt genome is 73 and 35 kb larger
than that in wheat and rice (452,528 bp in wheat,
AP008982 and 490,520 bp in Japonica rice,
BA000029), respectively, and comparable in size
to maize (569, 630 bp in the NB cytoplasm,
AY506529) (Table 20.1). The size difference in
the mt genomes among cereal crops or even
among Triticeae species is not surprising because
the mt genomes in higher plants differ widely in
size, even among closely related species, and this
size variation is independent of the size variation
in their nuclear genomes. For example, the
rapeseed mt genome is 221,853 bp in size, which
is only two-thirds the size of that in Arabidopsis
(366,924 bp), although both species are closely
related and belong to the same family, i.e.,
Brassicaceae (Handa 2003).

The size variation in higher plant mt genomes
reflects the presence of repeat sequences that are
dispersed throughout the genome. Hisano et al.
(2016) detected 6 large and 17 small repeat
sequences in the barley mt genome, reaching
155 kb, while in the wheat mt genome, the repe-
ated regions reached 86 kb (Ogihara et al. 2005).

The size difference (approximately 70 kb) in the
repeat regions between barley and wheat corre-
sponds to the difference in the total mt genome
sizes in both plants. These repeat sequences in
the mt genome can function as intra- and/or
intermolecular recombination sites, leading to
further complex genome structures through
rearrangements (Kubo and Newton 2008;
Gualberto et al. 2014). Figure 20.1 shows the
results of 2 BLAST analyses using MegaBLAST
comparing the mt genome in barley with that in
wheat or rice; these results indicate extensive
rearrangements in the mt genome structures
among these three cereal crops (AP017301,
AP008982 and BA000029 for barley, wheat and
rice, respectively). The rearrangements and
fragmentations in the homologous regions are
highly extensive and complicated, and reconfig-
uring the evolutionary process is impossible,
even in the same Triticeae lineage, such as barley
and wheat.

During successive genome rearrangements,
certain sequences are captured by plant mt gen-
omes, further contributing to the variations in the
sizes of the plant mt genomes. The acquisition of
cp genome sequences by mt genomes is one
example. In the barley mt genome, 18 sequence
regions of plastid origins were identified, totaling
19.8 kb in size, which is comparable to that in
wheat (13.5 kb) (Hisano et al. 2016; Ogihara
et al. 2005).

Another interesting feature of plant mt gen-
omes is the presence of DNA sequences of
unknown origin (Kubo and Newton 2008). Most
sequences outside the well-conserved gene
region, after accounting for chloroplast and
nuclear DNA insertions, have unrecognizable
origins, suggesting that these sequences have no
apparent homology to any DNA sequences in the
public databases. In total, 173,598 bp of DNA
sequences in the barley mt genome are not
homologous to the wheat mt genome (“not
homologous” refers to the remaining sequences
after subtracting the homologous sequences with
an e-value = 0 by MegaBLAST), corresponding
to 33% of the entire mt genome. Using these
nonhomologous sequences as queries against
the nonredundant nucleotide sequence database,
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only three small sequence stretches were identi-
fied, which were homologous to the cp genome
in barley cv. Morex (4637 bp, EF11541), the
nuclear genome in wheat chromosome 3B
(4455 bp, HG670306), and the mt genome in the
wheat K-type cytoplasm (4170 bp, GU985444).
The origins of the remaining 160 kb regions are
completely unknown, and these sequences are
specific to the barley mt genome. Identifying the
functions of these sequences would be interest-
ing; thus, further studies are needed to identify
the functions of the open reading frames (ORFs)
in these regions.

20.2.2 Gene Contents

Although the mt genomes in higher plants vary
in size, the gene content in various plant species
is similar. Typically, plant mt genomes contain
50–60 known genes (not considering copy

number), and most genes are commonly con-
served in most plant species (Gualberto et al.
2014). Hisano et al. (2016) identified
33 protein-coding genes, three ribosomal RNA
genes and 16 transfer RNA genes in the barley
mt genome. Table 20.1 summarizes the contents
of the known protein-coding genes and riboso-
mal RNA genes in eight grass species, including
barley. Overall, the gene content is well con-
served among these grass species, particularly
the genes encoding complex I (NADH dehy-
drogenase), complex III (cytochrome bc1 com-
plex), complex IV (cytochrome c oxidase),
complex V (ATP synthase), and cytochrome
c biogenesis (Table 20.1). Most differences in the
gene content are observed among genes encoding
ribosomal proteins. For example, the rpl2 gene is
intact in rice mitochondria but is a pseudogene in
Triticeae lineages, including barley, and is lost in
Panicoideae species and L. perenne (Table 20.1;
Fig. 20.2). The rps19 gene shows a similar

Wheat

Barley

Rice
(Japonica)

525,599 bp

452,528 bp

490,520 bp

cox1 atp6 cox3 atp4 atp1/atp9rrn26 rrn26cox2atp8

cox1atp6cox3atp4 atp9

rrn26

rrn26cox2atp8 atp1

cox1atp6cox3 atp4atp1/atp9 rrn26 rrn26cox2
atp8

atp8
atp6

Fig. 20.1 Relative arrangement of homologous
sequences in three mt genomes in cereal plants, i.e.,
barley (AP017301), wheat (AP008982), and rice
(BA000029). Homologous regions were identified by
performing 2 BLAST analyses using MegaBLAST for
each pair of species. Red and blue colors represent the

forward and reverse orientations, respectively, of the
homologous sequences. The relative genomic positions of
certain genes are indicated by a box; complex IV genes
(red; cox1, cox2, cox3), complex V genes (green; atp1,
atp4, atp6, atp8, and atp9) and rrn26 (blue)
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pattern; however, the barley mt genome lacks
this gene even though rps19 is pseudogenized in
other Triticeae species. Most genes lost from, or
pseudogenized in, mt genomes are likely trans-
ferred to the nuclear genome (Adams and Palmer
2003). Using the intact rps19 gene sequence in
the rice mt genome, two homologous sequences
were identified. One sequence (HORVU4
Hr1G044800) is located on chromosome 4H, and
the other sequence (HORVU1Hr1G076060) is
located on chromosome 1H. Although the
nuclear copy on 4H is more similar to the rice mt
rps19 gene than that on 1H, the 4H copy lacks
the N-termini signal sequence required for tar-
geting to mitochondria. On the other hand, the
1H copy is similar to the EST sequence
(BI959815) that encodes nuclear-transferred
gene for mitochondrial RPS19 (Fallahi et al.
2005), although mismatches exist between the
genomic and EST sequences, and further evalu-
ation is needed. Currently, we can access the full
sequence information of the barley nuclear gen-
ome; thus, it would be interesting to examine the

gene transfer from the mitochondrion to the
nucleus.

The gene content of the barley mt genome is
similar to that of the wheat mt genome. The only
difference observed between the protein-coding
and ribosomal RNA genes is the rps19 gene,
which is missing from barley but is a pseudogene
in wheat (Table 20.1). The barley and wheat mt
genomes encode 18 and 17 genes for transfer
RNAs, respectively, and 16 of these genes are
common to both plants (Hisano et al. 2016;
Ogihara et al. 2005). Two transfer RNA genes,
i.e., trnR and trnV, are specific to barley, while
trnA is missing from barley. Both tRNA genes,
i.e., trnR and trnV, are located in chloroplast-
derived sequences inserted in the barley mt gen-
ome, and these insertions are not detected in other
Pooideae species (Triticum-Aegilops complex and
Lollium). Although no data are available regarding
the expression of these genes, determining whe-
ther these genes are expressed in barley mito-
chondria would be interesting. The similarity in
the gene content between the barley and wheat mt

Fig. 20.2 Phylogenetic relationships and evolutionary
events (gene loss, pseudogenization and copy multiplica-
tion) underlying the mt genomes in eight grass species
(i.e., barley, wheat, T. timopheevi, Ae. speltoides, L.

perenne, sorghum, maize, rice (Japonica) and rice
(Indica)). Phylogenetic relationships are based on Fig. 4
in Hisano et al. (2016) with permission from Dr. Hisano
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genomes is unsurprising because of the closely
related taxonomically position and sequence
similarity in the common genes as shown in the
phylogenetic analysis (Fig. 20.2 in this chapter
and Fig. 4 in Hisano et al. (2016)). However, after
including gene loss, acquisition, and pseudoge-
nization in this analysis (Fig. 20.2), a different
conclusion is obtained. For example, rps19 is
maintained in Oryzoideae, but is lost from Pani-
coideae and pseudogenized in Pooideae. Addi-
tionally, the pseudogenized copy of rps19 is lost
from two sub-lineages of Pooideae, Loliinae and
the genus Hordeum of Triticeae, independently.
However, in the Triticum-Aegilops complex of
Triticeae, the mt genome maintains the Wrps19
gene. In total, four independent events occurred in
one gene during the evolutionary process of cereal
plants. The rpl2 andWrps11 genes show the same
pattern as rps19 as follows: two independent gene
losses were identified in each gene in the grass
species lineage. Higher plant mt genomes are
extremely conserved with respect to coding
sequences and somewhat conserved with respect
to RNA editing, but the noncoding regions in
plant mitochondrial DNA are extraordinarily
dynamic with respect to structural changes,
sequence acquisition and/or sequence loss (Handa
2003). Currently, no information is available
regarding RNA editing in barley mitochondrial
transcripts; however, extreme conservation of
coding sequences has been observed in barley mt
genes. By comparing the sequences of 24
protein-coding genes (all genes coding electron
transport chain and cytochrome c biogenesis,
matR and mttB, which were used to draw
Fig. 20.2) in barley and wheat, 8 and 13 genes
showed a perfect match and 99% identity,
respectively, except for the atp6 gene, whose
N-terminal region diverged and showed no simi-
larity between barley and wheat. However, this
variation in the N-terminus of the atp6 gene is
often observed in plant mt genomes.

Notably, plant mitochondrial DNA evolves
rapidly in structure, but slowly in sequence (Palmer
and Herbon 1988), which also occurs in barley.

20.2.3 Cytoplasmic Male Sterility
(CMS)

CMS is a maternally inherited trait that causes a
defect in male reproductive organs but does not
affect female fertility; this trait is important for
the commercial production of hybrid seeds. CMS
is caused by lesions or rearrangements in the mt
genome, and nuclear-encoded “restorer of fertil-
ity (Rf)” genes can restore fertility (Hanson and
Bentolila 2004). In barley, hybrid seed produc-
tion using the CMS-Rf system has previously
been commercialized (HYVIDO® from Syn-
genta, https://www.syngenta.co.uk/varieties), but
the molecular mechanisms underlying the barley
CMS-Rf system remain unknown.

Two male-sterile cytoplasms, i.e., msm1 and
msm2, were identified by Ahokas (1979, 1982)
in two accessions of wild barley (H. vul-
gare ssp. spontaneum) and a single dominant
gene, i.e., Rfm1a in the spontaneum accession
with the msm1 cytoplasm, can restore fertility
induced by both male-sterile cytoplasms. To
clone the Rfm1 gene, high-resolution genetic
linkage mapping and BAC physical mapping
have narrowed the Rfm1 locus on chromosome
6H to a sub-centimorgan genetic interval and a
208-kb physical interval (Ui et al. 2015). How-
ever, no studies have investigated the
CMS-causal gene or the mt genome in barley.
Notably, information from the mitochondrial side
is necessary to fully understand the CMS-Rf
system in barley.

Recently, Hisano and colleagues sequenced the
mt genome in wild barley (H. vulgare ssp. Spon-
taneum, acc. H602) and Japanese cultivated barley
(ssp. vulgare, cv. Haruna Nijo) (Hisano et al.
2016). Surprisingly, the mt genomes in these two
accessions are identical in size and gene content,
and the only differences observed between these
genomes are three nucleotide changes. According
to Hisano et al. (2016), accession H602 is not a
suitable representative of wild barley, and we are
unlikely to obtain any information regarding a
CMS-inducing gene in barley from this accession.
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Typically, marked differences are observed in
the structures of the mt genomes between normal
(non-CMS-inducing) and CMS-inducing cyto-
plasms. In maize, in addition to the two normal
cytoplasms, i.e., NA and NB, the mt genomes in
three CMS cytoplasms have been sequenced, i.e.,
CMS-C, CMS-S, and CMS-T (Allen et al. 2007).
Their genome sizes ranged from 536 kb in
CMS-T to 740 kb in CMS-C, and the structural
organization dramatically varied, although the
gene contents (except for the copy number vari-
ation) and sequences of known genes were
highly conserved. Several unknown ORFs are
specific to each cytoplasm, and certain ORFs are
postulated to be causal genes for CMS, such as
T-urf13 in CMS-T (Dewey et al. 1987) and
orf355/orf77 in CMS-S (Zabala et al. 1997). In
rice, Kazama and Toriyama (2016) sequenced
the mt genome in the Boro-Taichung (BT)-type
CMS cytoplasm but failed to assemble a circular
DNA molecule similar to that in the normal
cytoplasm (Notsu et al. 2002), indicating that
structural differences exist between normal and
CMS mt genomes. Cytoplasm-specific ORFs
were also observed, including orf79 in the BT mt
genome, which is associated with CMS (Iwa-
buchi et al. 1993; Akagi et al. 1994).

To identify the CMS-causing gene in barley
and elucidate the evolutionary relationship
between wild and cultivated barley, more
extensive sequencing studies investigating the mt
genomes in wild-type accessions, including the
CMS-inducing cytoplasm, are necessary.

20.3 Chloroplast Genome

The chloroplast is the metabolic center for pho-
tosynthesis and other cellular reactions, including
the synthesis of cellular compounds (e.g., amino
acids, nucleotides and fatty acids) and the acti-
vation of signaling pathways in response to
environmental factors (e.g., heat, drought, and
light) (Jensen and Leister 2014). The cp genome
contains many key protein-coding genes that are
involved in photosynthesis and other metabolic
pathways.

Compared to studies investigating nuclear
genomes, studies on the organization and con-
tents of the cp genome in barley are limited.
However, the first cp genome sequence was
delineated in 2007 (Saski et al. 2007) using cv.
Morex, which was also used as a material for the
sequencing of nuclear genome. Subsequently,
Middleton et al. (2014) sequenced the cp genome
in cv. Barke.

20.3.1 Genome Organization
and Gene Content
in the Barley Chloroplast
Genome

The barley cp genome is 136,462 bp (Saski et al.
2007) and comprises a single circular molecule
with a quadripartite structure that is highly con-
served among the cp genomes in higher plants.
The barley cp genome includes two copies of an
IR region of 21,579 bp that separates LSC and
SSC regions of 80,600 and 12,704 bp, respec-
tively. The barley cp genome contains 113 pro-
tein and ribosomal RNA genes, 18 of which are
duplicated in the IR region, yielding a total of
131 genes. Furthermore, 30 distinct tRNA genes
have been identified, 7 of which are duplicated in
the IR region (Saski et al. 2007). Despite its
smaller size, the cp genome contains more genes
than the mt genome in barley as described above,
which is also a common feature in higher plant
organellar genomes.

20.3.2 Comparison of the Chloroplast
Genomes in Barley
and Other Grass Species
and Within the Hordeum
Species

In contrast to the mt genome, the cp genomes in
higher plants have highly conserved structures
and content organization (Daniell et al. 2016).
These common features in the cp genomes are
also observed in barley and related grass species.
Initially, the size of the barley cp genome
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(136,462 bp) was thought to be comparable to
that of other grass cp genomes (wheat,
134,545 bp; japonica rice, 134,525 bp; sorghum,
140,754 bp; maize, 140,384 bp), and the sizes of
the grass cp genomes are typically smaller than
those in dicot plants (approximately 150,000 bp
and more). Figure 20.3 shows a comparison of
the genome structure in barley, wheat, and rice
based on the results of 2 BLAST analyses using
MegaBLAST. In contrast to the mt genome (see
Fig. 20.1), the cp genomes in these three plants
are highly homologous in their organizations.
Most sequences, including genes and intergenic
regions, are collinear between barley and wheat
or rice, and no extensive rearrangements are
observed, except for certain gaps in homology.
The gene contents are highly conserved in barley
and other grass species, and the lack of the accD,
ycf1, and ycf2 genes is a characteristic of the
grass cp genomes, distinguishing these plants
from dicot plants. In particular, barley and wheat
have an identical gene content and gene order
(Saski et al. 2007; Middleton et al. 2014).

Cp genomes are often used in the investiga-
tions of phylogenetic relationships among clo-
sely related plant species, such as those
belonging to the same genus or family, because
of the maternal inheritance and moderate speed
of nucleotide substitution rate. In contrast, the mt
genome is less informative due to the slower rate
of nucleotide substitution, the presence of RNA
editing, and highly divergent noncoding regions.
Nishikawa et al. (2002) analyzed the molecular
phylogeny of the genus Hordeum (46 individuals
of 32 taxa) using the sequences of three cp
genomic regions. Genetic relationships were
observed among taxa, and the origin of polyploid
species was demonstrated to be within the genus
Hordeum. Jakob and Blattner (2006) extended
this work and more precisely and accurately
identified the phylogenetic relationships and
speciation mechanisms in Hordeum by compar-
ing 875 individuals covering 31 species of this
genus. Jakob and Blattner (2006) revealed the
phylogenetic and genealogical relationships of
88 chloroplast haplotypes and, by performing
genealogical (network) analyses, identified the

biogeographical patterns and indicated processes
involved in speciation in Hordeum.

20.3.3 Barley Mutants for Chloroplast
Biogenesis

Barley is a model plant in the molecular physi-
ological study of chloroplast biogenesis. Several
mutant lines of barley with chloroplast dysfunc-
tion are available, such as chloroplast mutator
(cpm), albostrians, Okina-mugi, Saskatoon, stri-
ata, etc. (Greiner 2012).

The barley chloroplast mutator (cpm) induces
several types of maternally inherited chlorophyll
deficiencies and is controlled by a nuclear gene
allele (Prina 1992; Prina et al. 2009). The char-
acterization of cp genomes in several mutant
lines induced by cpm revealed that cpm induced
sequence polymorphisms in the cp genome, most
of which are point mutations, such as single base
pair transitions and insertions (Landau et al.
2016). Mutants induced by cpm are useful for
examining the functions of genes encoded in the
cp genome. For example, the cpm mutant lines
for infA, which encodes translation initiation
factor 1, and ycf3, that encodes a chaperone
involved in PSI assembly, have been physio-
logically and molecular genetically characterized
(Landau et al. 2007, 2009, 2011). These mutant
lines possessed point mutations resulting in
changes in the conserved amino acid residue or
defects in the intron splicing of their target genes,
which are the primary causes of the chlorophyll
deficiencies observed in these mutants. Thus,
molecular changes observed in the cp genome
are valuable sources of chloroplast variability,
and the cpm mutants are good experimental
materials to investigate the mechanism of
chloroplast biogenesis.

The albostrians mutation in barley is caused
by a recessive nuclear allele (Hagemann and
Scholz 1962) and is characterized by green,
white, and striped leaves with identical geno-
types. Plastids in white leaves and the white parts
of striped leaves are due to ribosome deficiency
and the lack of all plastid-encoded proteins;
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thus, these plastids are photosynthetically inac-
tive and have only rudimentary membrane sys-
tems (Hess et al. 1994a, b). However, in contrast
to the cpm mutants, the DNA in the affected
plastids exhibits a wild-type restriction pattern
and is replicated to normal amounts, suggesting
that the cp genome in the mutant is intact (Hess
et al. 1993). However, the transcription of several
photosynthesis-associated chloroplast and
nuclear genes are extremely inhibited in the white
parts, indicating the presence of signal pathways
from chloroplast to nucleus that control nuclear
gene expression and vice versa (Hess et al.
1994a). The inhibition of gene expression in the
albostrians mutant reflects a lack of plastid-
encoded plastid RNA polymerase (PEP), and
the cp genome contains functional genes coding

for the core subunits of PEP. A second poly-
merase, i.e., nuclear-encoded plastid RNA poly-
merase (NEP), has also been implicated in plastid
transcription. Therefore, plastid transcription in
the white parts of albostrians is exclusively
achieved by NEP, while both PEP and NEP are
involved in the transcription in the green
part. Based on these observations, Zhelyazkova
et al. (2012) obtained a genome-wide map of
transcription start sites (TSSs) in the plastids of
barley mature leaves. Numerous TSSs were
obtained, suggesting that more promoters than
genes are present in the cp genome, and most
genes have both PEP and NEP promoters. Fur-
thermore, many TSSs mapped to the intergenic
regions and opposite strands of the annotated
genes, which might indicate the potential

Wheat

Barley

Rice
(Japonica)

136,462 bp

134,545 bp

134,525 bp
IR IRpsaCpsaI psaJpsaA/psaBmatK rbcL

IR IRpsaCpsaI psaJpsaA/psaBmatK rbcL

IR IRpsaCpsaI psaJpsaA/psaBmatK rbcL

Fig. 20.3 Relative arrangement of homologous
sequences in the three cp genomes in cereal plants, i.e.,
barley (EF115541), wheat (AB042240), and rice
(X15901). Homologous regions were identified by per-
forming 2 BLAST analyses using MegaBLAST for each
pair of species. Red and blue colors represent the forward

and reverse orientations, respectively, of homologous
sequences. The relative genomic positions of certain
genes and regions are indicated by a box; IRs (yellow),
photosystem I genes (red; psaA, psaB, psaC, psaI, and
psaJ), rbcL (green) and matK (blue)
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existence of many noncoding RNA candidates in
chloroplasts.

In addition to basic studies exploring chloro-
plast biogenesis, chloroplast mutants, such as
cpm-derived ones or alleles similar to albostrians,
may be interesting materials for plant breeding.
Jain et al. (2004) reported that the albostrians
mutant has an enhanced resistance against pow-
dery mildew induced by the fungus Blumeria
graminis f. sp. hordei, and an cpm mutant exhi-
bits herbicide tolerance, implicating a single
nucleotide substitution in the coding sequence of
psbA (Rios et al. 2003). Thus, chloroplast mutants
or the mutant system can be used as a valuable
tool to modify chloroplast functions for the
development of new resources for plant breeding.

Furthermore, in the albostrians mutant, steady-
state RNA levels of several mt genes were also
elevated in the white leaves, and the mt gene copy
number in the white parts was three times higher
than that in the green parts (Hedtke et al. 1999).
Thus, the developmental and/or physiological
statusof chloroplasts can affect the statusof not only
nuclear but also mt genomes in gene copy number
and/or gene expression, and inter-organellar cross-
talk among these three organelles occurs frequently
not only in the case of dysfunction but also in nor-
mal plant development.

20.4 Future Prospects

The coordinated gene expression among the three
genomes present in the nucleus, mitochondrion,
and chloroplast is highly important for normal
development in plants. CMS caused by mt gen-
ome and chloroplast dysfunctions induced by
nuclear-encoded genes are good examples of the
close interactions among the genes encoded in the
three genomes in barley. The identification of the
signals involved in the coordination of the three
organelles will increase our understanding of how
inter-organellar crosstalk is achieved. Currently,
the complete genomes of these three organelles in
barley are available, enabling the clarification of
their functions in barley cells and furthering the
current understanding of the precise characteristics
of this important crop.
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21Databases and Tools for the Analysis
of the Barley Genome
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Abstract
Ever-increasing advances seen in barley
genome sequencing over the last years have
enabled scientists to generate databases and
tools specially designed in helping researchers
and breeders. Both genomic as well as
expressed sequences were obtained through
various experimental setups ranging from
BAC sequencing over Illumina iSelect 9k
SNP chip to RNA-Seq to form heterogeneous
datasets. Where possible datasets were cross-
linked and enriched in information to build a
basis for further research. Ensembl Plants, a

web portal designed for exploring genomic
data for various plant species, have been
utilized to explore differences and similarities
between barley and its related species.
Furthermore, the barley genome explorer
BARLEX was constructed to be the central
repository and hub of genomic sequences of
barley sequencing efforts. Powerful visualiza-
tions of interconnected BACs and other
sequencing information enable to backtrack
every position that makes up the barley
reference sequence and help in understanding
the connection to other datasets. Further tools
utilizing other barley data are discussed and
described for more specialized use cases. Last
but not least a list of URLs is given for a
comprehensive overview of barley-centric
resources.
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21.1 Introduction

The molecular characterization of the barley gen-
ome has advanced rapidly in recent years, with the
publication of successively more complete assem-
blies of the barley genome reference sequence
(International Barley Genome Sequencing Inter-
national Barley Genome Sequencing Consortium
et al. 2012; Mascher et al. 2017). These assemblies
are written as strings composed from a four char-
acters alphabet, representing the succession of
nucleotide bases that comprise a strand of DNA.
But additional information is required to use these
data for the understanding (and potential manipu-
lation) of biological processes, and allow for the

identification of functional elements, particularly
the sequences of other individuals, populations and
species—with patterns of conservation (and
change) indicating likely functional roles (and their
scope across the taxonomy). But other types of
information are also critical—including expression
data (directly indicating which elements of the
genome are used, and when), and phenotypic
observations (which typically result from the
interaction of the genome and the environment).
The resulting data sets are often very large, so to
accelerate their search and interpretation, a number
of resources havebeen developed, providing access
to data and implementations of common algorithms
for data analysis. Such tools allow researchers to
quickly summarize what is known (and what, even
if not previously explicitly stated, is easily infer-
able) and formulate new hypotheses (or, in the case
of barley breeders, plan a breeding program), in full
knowledge of the relevant facts.

The dominant paradigm for interactive
exploration of genome-scale data is a software
platform known as a ‘genome browser’, typically
accessible via the World Wide Web. Genome
browsers represent chromosomes (or chromo-
some fragments) as linear sequence (i.e. using the
primary structure of the DNA polymer as the
organizing principle), and allow users to zoom
and scroll through each region of contiguous
sequence (treating it as a one-dimensional map).
Functional elements in the genome (e.g. genes,
promoters) are marked, as are elements that code
for functional features in molecules transcribed
from the genome (e.g. splice sites, translational
start sites, etc.). In addition to this positional
information, additional views within the appli-
cation provide non-positional information (e.g.
names, functional descriptions, hyperlinks to
other web resources representing the same object
or related objects). As the reference barley
genome assembly has become steadily more
complete, it has become more suitable for dis-
semination through such a tool.

Any large map needs an index in order to be
useful. Two sorts of index are commonly used in
association with genome browsers (and other
bioinformatics tools). First, there are tools that
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index metadata, associated with the sequence and
annotation. These tools, often based on common
text-search algorithms (e.g. Apache Lucene), but
are more powerful if the data is structured, which
allows the development of more advanced search
tools and reduces the probability that interesting
data is missed by accident, because it happens to
have been described in an unexpected way. This
observation has driven efforts by data generators
and custodians to agree on common data formats,
grammars and structured vocabularies to express
this information. Second, the actual sequence can
be indexed, allowing users to find portions of the
genome that match (exactly or approximately) to
a query sequence already of interest. As molec-
ular sequences can be represented as character
strings, essentially these are text-matching algo-
rithms refined to better meet biological use cases
(by favouring alignments that are more likely to
indicate the evolution and function of the
sequences), e.g. (Needleman and Wunsch 1970;
Smith and Waterman 1981; Altschul et al. 1990).
Either type of search can be used to find a region
of interest within the genome, which users can
then explore using the browser and associated
functionality.

Other tools are also important for accessing
genome data. Specialized tools provide the evi-
dence supporting the construction of the genome
assembly, e.g. the sequencing of BACs along a
minimal tiling path or the creation procedure of
pseudomolecules. Where contiguous sequence is
unavailable, genetic information can provide a
scaffold (and indeed, the language of the ‘genetic
map’ precedes the development of software
visualizations). Where sequence is missing from
the genome, transcriptome data may be searched
to locate missing genes. In addition, certain
large-scale analyses may provide vital context for
interpretation. Numerous algorithms apply the
principles of sequence alignment to propose
functions and histories for families of related
genes, and to identify events that have had cau-
sative impact on phenotypes and traits such as
gene sequence mutation, duplication and extinc-
tion, defunctionalization and neofunctionaliza-
tion. Data sets linked to such algorithms are
available as part of many resources, as well as

tools that allow users to perform such analyses
with a combination of private data and public
reference resources.

Of particular relevance to the barley genome
is the fact that many related species have also had
their genomes sequenced, providing a wealth of
interpretable context. These include other species
from within the grass family (Poaceae) closer
relatives from the Triticeae tribe, including other
important crops. In addition, genomic data is also
available from an increasing number of culti-
vated and wild barleys, which can (in the most
part) be organized using the reference genome
sequence as an anchor.

21.2 Overview of Barley Resources

21.2.1 Ensembl Plants and Gramene

Ensembl Plants (http://plants.ensembl.org) (Ker-
sey et al. 2016) is a web portal offering access to
genomic data for 45 different plant species, at the
moment of this writing, including barley. Current
and previous barley genome assemblies are
available through the site and can be explored
using a genome browser interface. The portal
also contains several additional tools for explor-
ing the data, and in addition, provision is made
for accessing the data programmatically, in bulk,
and through fast, specialized interfaces support-
ing frequent use cases. Ensembl Plants manages
a joint data set and common interface tools with
the Gramene database (http://www.gramene.org)
(Tello-Ruiz et al. 2016), and the same data can be
accessed through either site.

Available data types include assembled genome
sequence, protein-coding and nonprotein-coding
gene structures, protein domain analysis and
functional classification, and comparative analysis
amongst related genomes. The platform also sup-
ports genetic variation data, which can be linked to
populations and phenotypes, or analysed on thefly.
New genome assemblies are often originally made
availablefirst via a prerelease site (http://pre.plants.
ensembl.org), before subsequent full integration
into the resource. Older assembly versions remain
available after release on an archive site (http://
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archive.plants.ensembl.org). As of August 2017,
the site currently includes two versions of the bar-
ley genome assembly, including an improved
version of the IBSC_1.0 assembly (International
Barley Genome Sequencing International Barley
GenomeSequencingConsortium et al. 2012) (with
additional information used to scaffold the contigs
derived frompopulation genomics (Ariyadasa et al.
2014; Mascher et al. 2013a) (located on the main
site) and the new assembly (Mascher et al. 2017)
(located on the pre-site). An assembly of the
chloroplast genome (Middleton et al. 2014) has
also been included in both assemblies. When the
new assembly migrates into the main site, the pre-
vious assembly will remain visible in the archive.

Specific data for barley within Ensembl Plants
includes mappings to the genome of the probe
sets from Barley1 GeneChip array, the Agilent
barley full-length cDNA array, and the barley
PGRC1 10k A and B arrays. Transcriptomic data
has also been aligned from 21 experiments in
barley. Variation has been identified from five
sources: the WGS survey sequencing of four
cultivars (Barke, Bowman, Igri, Haruna Nijo and
a wild barley (H. spontaneum)) (International
Barley Genome Sequencing International Barley
Genome Sequencing Consortium et al. 2012);
RNA-Seq performed on the embryo tissues of 9
spring barley varieties (Barke, Betzes, Bowman,
Derkado, Intro, Optic, Quench, Sergeant and
Tocada) and Morex using Illumina HiSeq 2000
(International Barley Genome Sequencing Inter-
national Barley Genome Sequencing Consortium
et al. 2012); *5 million variations from popu-
lation sequencing of 90 Morex � Barke indi-
viduals (Mascher et al. 2013a); *6 million
variations from population sequencing of
84 Oregon Wolfe barley individuals (Mascher
et al. 2013a); and SNPs from the Illumina iSelect
9k barley SNP chip. 2600 markers associated
with the iSelect SNPs are also displayed
(Comadran et al. 2012). The browser also pro-
vides access to alignments to the barley genome
of transcriptomic data from related organisms,
including RNA-Seq, EST and Unigene data sets
derived from Triticum aestivum, and RNA-Seq
assemblies of two subspecies of Triticum
monococcum.

Within Ensembl Plants, barley protein
sequences are analysed using the domain and
family classification tool InterProScan (Finn
et al. 2017), and from the domain assignments,
functional annotation is derived, expressed in the
language of the Gene Ontology (Gene Ontology
Gene Ontology Consortium 2015). In addition,
with each release, protein sequences from the
entirety of Ensembl Plants are clustered, a tree is
constructed from each cluster, and each tree is
compared with the species history to infer gene
duplication and deletion events and thus the
existence of true orthologues and paralogues
within each cluster (Vilella et al. 2009). In
addition, whole genome alignments have been
performed between barley and several closely
related species, including Aegilops tauschii,
Brachypodium distachyon, Oryza sativa (Japon-
ica group), and Triticum urartu.

21.2.2 BARLEX—A Network-Based
Genome Explorer
for Barley Assembly
Components

Genome projects usually combine a large amount
of heterogeneous data types that in a final step
are combined into a single resource. Although
intermediate products of genome sequencing
harbour untapped potential and evidence of bio-
logical interest, they are rarely reported in sci-
entific literature. Often just a simple linear
sequence of pseudomolecules is reported as the
final product of a genome sequencing endeavour.
For complex organisms like the barley genome,
constructing a linear sequence is a considerable
piece of work. To the author’s knowledge, this
has been the first genome to combine such a
large diversity of data sources for a complex
genome. Among the genome size, the high
amount of repetitive content makes sequencing
and assembling the barley genome a tremendous
challenge. Short read sequencing alone cannot
overcome this problem so the international barley
sequencing consortium had to facilitate many
different techniques and combine numerous data
sets to finally arrive at the destination of
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presenting the first linear ordered reference
sequence of barley. These resources cover
physical (Ariyadasa et al. 2014) and genetic
maps (Mascher et al. 2013a), several libraries of
bacterial artificial chromosomes (Mascher et al.
2013a; Schulte et al. 2009), Sanger-sequenced
BAC ends, chromosome conformation capture
sequences, the gene centric draft genome based
on whole genome shotgun sequencing (Schulte
et al. 2009; Mascher et al. 2013a; International
Barley Genome Sequencing International Barley
Genome Sequencing Consortium et al. 2012),
exome capture data (Mascher et al. 2013b) and
expression profile based on RNA-Seq and
Iso-Seq.

As a complement to the linear genome
browser Ensembl Plants, a network-based view
for the visualization of the genome increases the
usage possibilities of the barley resources. With
this network illustration, the high interconnec-
tivity between different approaches, like BAC
sequencing, genetic maps, exome capture data or
other resources could be illustrated. The
web-based application BARLEX (Colmsee et al.
2015) was developed to fulfil these requirements.

For this endeavour, a powerful Oracle data-
base and the Oracle Application Express (APEX)
software with the graphical plugin Cytoscape
Web (Lopes et al. 2010) was combined. The
plugin enabled us to visualize graph networks.
Each edge and each node can be dragged around,
giving the user the possibility to entangle com-
plex graph structures within the given boundaries
of the application and page. Tooltips and many
interlinked pages based on sequencing effort can
be accessed and navigated in an intuitive way.

The backbone of BARLEX is the minimal
tiling path of BACs that was utilized to sequence
the genome of barley. Each BAC clone has
information based on its assembly such as the
number of contigs, complete sequenced size of
individual BAC assemblies and other key figures
displayed in a tabular manner. In the process of
fingerprinting, the whole collection of BACs
so-called fingerprinted contigs were assembled
with the utilization of restriction enzyme diges-
tion (Soderlund et al. 1997). As a possibility to
compare the sequencing effort with these

physical contigs, sequenced BACs were screened
for homology with megaBLAST (Zhang et al.
2000). With this concept, sequence clusters were
formed and are visualized directly beside the
physical contig for comparison.

Currently, the information of 87 075 BAC
clones (consisting of minimal tiling path clones
from all seven chromosomes and gene-bearing
clones (Munoz-Amatriain et al. 2015) sequenced
independently) are available in the BARLEX
database. Two different gene sets were imported
into BARLEX as well. The first published gene
set based on several RNA-Seq experiments,
cDNA libraries and the WGS assembly pub-
lished by the International Barley Sequencing
Consortium. The most recent gene set comprises
of 39 734 high confidence and 41 949 low con-
fidence genes. Additional links to Gene Ontology
(Ashburner et al. 2000), InterPro (Finn et al.
2017) and Pfam (Finn et al. 2016) were also
imported. Expression profiles for 16 develop-
mental stages as well as exome capture targets
have been integrated into BARLEX too.

Repeat annotation of mobile elements based
on the pseudomolecule sequence has been inte-
grated and gives a first overview over the com-
position of these elements of the complete barley
genome. Sequences were screened against the
REdat_9.7_Poaceae section of the PGSB trans-
poson library (Spannagl et al. 2016) with vmatch
(Kurtz 2003).

Inspecting of sequence complexity can also be
done by looking at K-mer frequencies over the
length of sequenced BAC contigs and is visual-
ized insight BARLEX with the Kmasker soft-
ware (Schmutzer et al. 2014). This particular
visualization shows how the sequence composi-
tion is represented by short K-mers common to
the barley genome. High abundance sequences
will show a high occurrence in common K-mers
while unique or low copy sequence will show a
low occurrence of common K-mers.

Several entry points for BARLEX were set
up. Fingerprinted contigs, sequence cluster, and
BACs can be looked up with their names or their
positions (genetic/physical). Likewise, a table of
annotated genes can be searched with gene
identifiers or the names of the sequence contig
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carrying them and is directly linked to the BAC
information. All BLAST results underlying the
links between BACs and contigs are also acces-
sible as searchable tables with hyperlinks to
information pages. Marker information from the
9k Illumina iSelect SNP chip were mapped to the
reference sequence and can be accessed in
BARLEX (Comadran et al. 2012).

Finally, direct links to the barley BLAST
server and a portlet connecting BARLEX to the
LAILAPS search engine (Lange et al. 2009) are
embedded on the front page of BARLEX.

21.2.3 IPK Barley BLAST Server

For homology-based searches, several BLAST
databases (Deng et al. 2007) have been set up at the
IPK. They include the published draft assemblies
of the barley cultivars Morex, Barke and Bowman
(International Barley Genome Sequencing Inter-
national Barley Genome Sequencing Consortium
et al. 2012), as well as multiple special purpose
databases (e.g. exome capture, BAC end sequen-
ces, full-length cDNA). Furthermore, the new
pseudomolecule sequence and all associated
resources are presented in this database as well.
This includes the pseudomolecule sequence of the
reference cultivar Morex, the annotated gene pre-
diction (high- and low confidence gene sets) and
the individual BAC assemblies used for the
construction of the pseudomolecule sequence.
These can be accessed via http://webblast.ipk-
gatersleben.de/barley (Tables 21.1 and 21.2).

21.2.4 PGSB/MIPS PlantsDB
Resources for Barley
Genome Data

PGSB (Plant Genome and Systems Biology;
formerly MIPS—Munich Institute for Protein
Sequences) PlantsDB (Spannagl et al. 2016) is a
database framework for the integration and
analysis of plant genome data, with a major focus
on comparative genomics and intuitive user
navigation. PlantsDB is maintained over a dec-
ade now and stores and integrates data for

individual (reference) genomes from both model
and crop plants. Comparative genomics and
analysis tools include CrowsNest, a viewer to
explore conserved gene order (synteny), as well
as RNASeqExpressionBrowser. The Repeat
Element Database (pgsb-REdat) and the Repeat
Element Catalog (pgsb-REcat) provide access to
repetitive elements from various plant genomes,
including a classification scheme. Data exchange
with partners as well as integrated search func-
tionality is facilitated using standards and tech-
nology developed within the transPLANT
project.

PGSB PlantsDB can be accessed at http://
pgsb.helmholtz-muenchen.de/plant/genomes.jsp.

21.2.5 PGSB PlantsDB Data Content
and Access

PlantsDB currently stores and integrates genome
data for the plant model organisms Arabidopsis
thaliana, Oryza sativa (Rice), Medicago trun-
catula, Zea mays (Maize), Solanum lycopersicum
(Tomato) and many more. To accommodate data
and analysis results from the complex genomes
of barley, wheat and rye, an instance specifically
attributed to Triticeae genomes was generated
within PlantsDB.

To access data interactively within PlantsDB,
users navigate the database in a genome-oriented
way. For every plant species, a dedicated data-
base instance has been set up and can be acces-
sed from the entries’ page phylogenomic tree.
Every genome database features the same basic
navigation structure, with views and interfaces
for many genetic elements such as genes, trans-
posable elements, noncoding RNA, sequence
contigs and many more. Genetic element reports,
representing detailed information on particular
genes, provide download options in HTML,
XML or FASTA format. Cross-references were
set up to access entries in external databases
associated with the entry (e.g. links to the cor-
responding gene report in Ensembl Plants (Bol-
ser et al. 2017) or BARLEX (Colmsee et al.
2015)). Other options to access data in PlantsDB
include a generalized search function, a sequence
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Table 21.1 Nucleotide databases relating to genome sequencing of barley

Dataset No. of
sequences

Complete size
[bp]

Largest
sequence
[bp]

Mean
sequence size
[bp]

N50
[bp]

Barley CDS HC Mai2016 39,734 38,486,703 15,048 969 1404

Barley CDS LC Mai2016 41,545 16,162,413 7137 389 453

Barley representative Transcripts HC
(including introns) Mai2016

39,734 59,562,803 19,746 1499 2068

Barley representative Transcripts LC
(including introns) Mai2016

41,949 39,770,363 26,603 948 1362

Barley Genomic (start at 1st exon end of
last exon) HC Genes Mai2016

39,734 238,841,754 820,598 6011 18,143

Barley Genomic (start at 1st exon end of
last exon) LC Genes Mai2016

40,819 92,975,688 1059,687 2278 7865

Barley Pseudomolecules Masked
Apr2016

8 4,833,791,107 – – –

Barley Pseudomolecules Aug2015 8 4,833,791,107 – – –

Barley Pseudomolecule Contigs Masked
Apr2016

464,895 4,787,302,407 297,092 10,298 79,239

Barley Pseudomolecule Contigs Aug2015 464,895 4,787,302,407 297,092 10,298 79,239

Barley BAC Assemblies Aug2015 850,266 11,303,595,359 467,463 13,294 60,140

Assembly_WGSMorex 2,670,738 1,869,516,600 36,084 700 1425

Assembly_WGSBarke 2,742,077 2,018,168,672 38,386 736 1419

Assembly_WGSBowman 2,077,901 1,778,683,256 37,442 856 1986

454BacContigs 86,251 512,675,944 181,550 5,944 34,519

BacEndSequences 571,814 373,394,542 1004 653 723

HC_genes_CDS_Seq 26,159 31,892,184 14,874 1219 1539

LC_genes_CDS_Seq 53,220 16,996,719 5442 319 372

IlluminaBacContigs 2183 277,159,242 280,571 126,962 129,725

SortedChromosomes 20,478,866 7,361,557,118 772 359 419

Full-length cDNA 28,622 47,571,668 7384 1662 1897

ipk 206,633 barley ESTs 206,633 106,723,244 770 516 567

Exome Capture Regions 10x 168,097 48,359,102 7426 287 568

Exome Capture Regions 5x 207,448 67,701,329 9125 326 673

Barley Agilent Array 46,848 40,057,878 7364 855 1033

Table 21.2 Protein databases relating to genome sequencing of barley

Dataset No. of proteins Largest protein [aa] Mean protein size [aa]

Barley HC Proteins Mai2016 39,734 5016 323

Barley LC Proteins Mai2016 41,545 2379 130

HC_genes_AA_Seq 26,159 4958 406

LC_genes_AA_Seq 53,220 1814 106
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similarity search via BLAST and various down-
load options. Besides gene IDs, the generalized
search option operates on a set of pre-calculated
functional gene descriptions, also referred to as
‘human readable descriptions’. These descrip-
tions either were derived from curated resources
(such as from TAIR for Arabidopsis thaliana
(Lamesch et al. 2012)) or computed using the
AHRD (‘Automatic assignment of human-
readable descriptions’) tool (Tomato Genome
Tomato Genome Consortium 2012).

Beside information on individual genetic ele-
ments, more and more combinatorial and com-
parative queries become important to addressmore
complex scientific questions. To address these
more specific tasks, specialized tools and inter-
faces were developed or integrated in PlantsDB,
including the synteny browser CrowsNest and the
RNASeqExpressionBrowser, both outlined in
more detail later.

21.2.6 Barley Genome Resources
in PlantsDB

Genome resources in PlantsDB for barley mainly
originated from the whole genome shotgun
(WGS) analysis study and draft genome
sequence published in 2012 (International Barley
Genome Sequencing International Barley Gen-
ome Sequencing Consortium et al. 2012). PGSB
has set up a database instance to integrate,
manage and accommodate the resulting, often
heterogeneous, data sets and provide users an
entry point to search, browse, analyse and
download that data in various ways and formats.
With the emergence and availability of the barley
reference genome sequence (expected in 2017),
the PlantsDB barley database instance will be
updated with the latest genome assembly, pre-
dicted gene calls and transposable elements as
well as with associated data. PlantsDB views and
tools that feature barley genome data include:

A. Access to Chromosome-arm sorted whole
genome draft sequences (cultivars Morex,
Barke and Bowman), generated by (Inter-
national Barley Genome Sequencing

International Barley Genome Sequencing
Consortium et al. 2012). Gene predictions
as well as functional annotation were per-
formed by PGSB and data can be down-
loaded from PlantsDB (via structured FTP
server at ftp://ftpmips.helmholtz-muenchen.
de/plants/barley/public_data/). This down-
load also provides access to expression
data, physical and genetic maps plus their
integration/anchoring, POPSEQ data
(Mascher et al. 2013a), GenomeZipper data
(see B.) and repeat annotation.

B. GenomeZipper data for barley: To over-
come limitations introduced by often frag-
mented genome sequence assemblies and
short contigs, virtually ordered gene maps
were constructed for barley (Mayer et al.
2011), rye (Martis et al. 2013) and wheat
(International Wheat Genome Sequencing
International Wheat Genome Sequencing
Consortium 2014). The GenomeZipper
concepts (Mayer et al. 2011) hereby utilize
the observation of long stretches of con-
served gene order between many grass
genomes (‘synteny’) (Moore et al. 1995),
and integrate next generation sequencing
data, chromosome sorting, array hybridiza-
tion and fl-cDNAs, ESTs and genetic
markers. That way, information-rich scaf-
folds of complex cereal crop genomes can
be constructed from less complex, fully
sequenced grass model species such as rice,
sorghum and Brachypodium distachyon.
To visualize GenomeZipper data and make
all integrated data searchable to users,
PlantsDB provides dedicated GenomeZip-
per interfaces. These provide access to all
raw data/sequences anchored and Zipper
results can be queried either via a visual
map interface or via reference gene models
from rice, Sorghum or Brachypodium dis-
tachyon. Download options include Excel-
and/or CSV-formatted files (http://pgsb.
helmholtz-muenchen.de/plant/barley/gz/
download/index.jsp).

C. Barley gene predictions based on 2012
WGS draft genome sequence: all gene
models predicted on the IBSC 2012 WGS
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draft genome sequence (International Bar-
ley Genome Sequencing International Bar-
ley Genome Sequencing Consortium et al.
2012) have been integrated into PlantsDB
and are available for search by ID, keyword,
functional description or sequence similar-
ity via BLAST. Gene reports were set up for
all barley genes, summarizing gene struc-
ture, sequence features, domains, GO terms,
external links, confidence assignment and
sequence downloads.

21.2.7 CrowsNest—A Tool to Explore
and Visualize Syntenic
Relationships in Grasses

To analyse structural genome characteristics of
plants such as conserved gene order between
plant genomes, customized visualization tools
are required. As a part of PlantsDB, CrowsNest
was developed as a synteny viewer to facilitate
comparisons on the basis of genetically and
physically anchored genomes. Four different
hierarchically ordered view levels visualize syn-
tenic segments, orthologous and homologous
gene pairs for selected plant genome compar-
isons (Table 21.3). CrowsNest allows the com-
parison of up to three genomic datasets (one
target and one or two reference datasets). The
CrowsNest tool can be accessed at http://pgsb.
helmholtz-muenchen.de/plant/crowsNest/.

For barley, CrowsNest makes use of the
integrated genome map and gene calls generated
and published by IBSC in 2012 (International
Barley Genome Sequencing International Barley
Genome Sequencing Consortium et al. 2012).
Figure 21.1 provides an example view compar-
ing the gene order in barley (on the basis of the
2012 IBSC genome orientation) with the gene
order in Brachypodium distachyon. This view
corresponds to level 2 with visualization of
individual chromosomes.

21.2.8 PGSB RNASeqExpression
Browser to Explore
and Analyse Barley
Transcriptome Data

With the emergence and availability of multiple
expression data sets for individual species, it has
become increasingly important to both structure
and visualize these data in the context of the
genome data. To facilitate the analysis, commu-
nication and sharing of RNA-Seq transcriptome
data, RNASeqExpressionBrowser (Nussbaumer
et al. 2014) was developed as a web-based tool
and integrated into PlantsDB (accessible at http://
pgsb.helmholtz-muenchen.de/plant/
RNASeqExpressionBrowser).

At date, the RNASeqExpressionBrowser
stores the RNA-Seq expression data for two
different barley experiments: (i) publically avail-
able RNA-Seq data from the IBSC 2012 publi-
cation (International Barley Genome Sequencing
International Barley Genome Sequencing
Consortium et al. 2012) (ii) expression data from
a study related to Bacteria-triggered systemic
immunity in barley (Dey et al. 2014). The
RNASeqExpressionBrowser provides three dif-
ferent ways to access the processed RNA-Seq
datasets: Wildcard-search based on keywords
(such as gene identifier or domain annotation), a
BLAST search against the corresponding

Table 21.3 Species with pairwise syntenic comparisons
in CrowsNest

CrowsNest organism 1 CrowsNest organism 2

Brachypodium
distachyon

Oryza sativa

Brachypodium
distachyon

Sorghum bicolor

Oryza sativa Sorghum bicolor

Hordeum vulgare Brachypodium
distachyon

Hordeum vulgare Aegilops tauschii

Hordeum vulgare Oryza sativa
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sequences, or a search based on a gene list. The
RNASeqExpressionBrowser is also available as a
portable stand-alone software platform enabling
import and visualization of own RNA-Seq
derived expression data.

21.2.9 PGSB Repeat Element
Database (mips-REdat)
and Catalog
(mips-REcat)

The Repeat Element Database (pgsb-REdat) and
the Repeat Element Catalog (pgsb-REcat) provide
various interfaces for browsing and downloading

repetitive elements. pgsb-REdat stores repetitive
sequences from many different plant genomes/
species which can be downloaded and used for,
e.g.masking repetitive elements in gene prediction
efforts. The mips-REcat repeat catalog provides a
hierarchical classification scheme for repetitive
elements with different levels, starting from main
groups down tomore specific repeat families. Both
pgsb-REdat and pgsb-REcat assist users in the in
silico detection of repeats and in the analysis of
more complex and nested repeat insertions, e.g.
present in the barley genome. pgsb-REdat and
pgsb-REcat can be accessed via the PlantsDB tools
section or directly at http://pgsb.helmholtz-
muenchen.de/plant/recat/index.jsp.

Fig. 21.1 CrowsNest view illustrating conserved gene order between segments of barley chromosome 1 and
Brachypodium distachyon chromosomes 2 and 3. Additional (hierarchical) views can be accessed using the navigation
bar in the top left corner
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21.2.10 Specialized Resources

GrainGenes (Carollo et al. 2005), a database for
Triticeae and Avena, is a comprehensive
resource for molecular and phenotypic informa-
tion for wheat, barley, rye and other related
species, including oat. The main data types
provided for barley (https://wheat.pw.usda.gov/
GG3/barley_blvd) are genetic maps, markers and
germplasm information.

RNA-Seq data from the Morex cultivar can be
searched at morexGenes (https://ics.hutton.ac.uk/
morexGenes/), and epigenomic data can be
accessed in the barley epigenome browser (https://
ics.hutton.ac.uk/barley-epigenome/) (Baker et al.
2015). The Triticeae Toolbox (http://
triticeaetoolbox.org) is a database schema
enabling plant breeders and researchers to com-
bine, visualize and interrogate the wealth of phe-
notype and genotype data generated by the
Triticeae Coordinated Agricultural Project
(TCAP) (Blake et al. 2016).

A database for barley genes and genetic
stocks, including nomenclature for many genes,
is available at NordGen (http://www.nordgen.
org/bgs/index.php?pg=bgs_tables&m=loc).

21.3 Specific Use Cases
for the Barley Genome

Use Case 1:
(International Barley Genome Sequencing

International Barley Genome Sequencing Con-
sortium et al. 2012; Yang et al. 2014) was able to
identify two fingerprinted contigs (FPCs) con-
taining flanking genetic markers for a gene that
induces susceptibility to barley yellow mosaic
virus (BaYMV). In order to detect the gene, 17
BACs were sequenced between these markers.
The hypothesis was that both FPCs were over-
lapping and manual inspection showed that to be
true. With this information (Yang et al. 2014)
was able to locate a candidate gene.

By using only the tools available in BAR-
LEX, we were able to reproduce these results
(Fig. 21.2).

Use Case 2:
A general approach in finding your region of

interest in the barley genome: You usually start
with a protein of interest. On the BARLEX
website, you paste the sequence into the
BLAST field and hit the button ‘go to BLAST
search’. This will automatically open the
BLAST tool. The output of this homology
search is directly linked to the BARLEX system
and will show you the sequence with the
highest homology in the barley data set, usually
a BAC sequence contig (or a gene). Using the
hyperlinks will bring you to that specific BAC
contig and its complexity plot (from Kmasker
analysis (Schmutzer et al. 2014)). From here,
there are two possible ways to obtain more
information.

Either you follow the link to the parent BAC
and then proceed in looking at its FPC and other
neighbouring BACs from its cluster or you can
try the AGP List and paste the BAC contig
identifier into the ‘Sequence Position -> AGP
Position’-tool. If the BAC contig is part of the
nonredundant sequence you will be able to find a
corresponding position in the pseudomolecules
and can use this for downstream analysis.

Use Case 3
Use a sequence to find a gene in barley and

then its homologues in other Triticeae species;
obtain functional information about the gene
family, and identify differences in sequence
likely to account for any divergence in function.

1. Go to http://plants.ensembl.org/index.html
and click on ‘HMMER’ in the header.
HMMER is an alternative sequence search
tool to BLAST and is a quick and accurate
way of matching protein sequences, that
uses Hidden Markov Models to identify
likely conserved domains (Finn et al. 2015).

2. Paste your sequence into the search box,
and press ‘return’. Figure 21.3 contains a
query sequence used in this example.

3. After a short delay, a results page appears,
showing the protein domains identified
within your query sequence and below, a
ranked list of protein sequence matches
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Fig. 21.2 Automatic determination of sequence over-
laps between BACs (Yang et al. 2014). The automatic
determination based on homology in the BARLEX
system was able to reproduce and visualize the previously

shown overlap between two FPCs (a). The Dotplot of the
two connecting BACs showed a clear sequence shared by
both clones represented by their identifiers: HVVMR
X83kHA0173N06 and HVVMRX83kHA0172K23 (b)
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from plant genomes (see Fig. 21.4). Select
the best match from barley.

4. Clicking on the gene name
(‘MLOC_72624’ if you used the example
sequence, above) takes you to a page pro-
viding an overview about this gene. In the
left-hand margin, there are various options
to view additional information. Click on the
link entitled ‘Gene tree’.

5. The view shows an inferred evolutionary
history of the gene family containing the
selected gene. When (as in the example
case) the family is large, the tree is shown in
a contracted fashion. However, it can be
expanded, in whole or in part. The selected
gene is shown in red where portions of the
tree are compressed shown by a solid tri-
angle, the taxonomic range of the

compressed portion of the tree is indicate to
the right of the triangle. Meanwhile, each
implied speciation or gene duplication event
in the history of the family is shown by a
small square box within the tree. Find the
box corresponding to the node whose
descendants contain the selected gene and
other members of the Poeceae family.
Hovering over the node reveals information
about the event and options for analysis or
visualization. Click on ‘expand all-sub
trees’ to fully see the descendants of this
node. The expanded tree is shown in
Fig. 21.5.

6. Find the homologue of the gene in the
well-annotated genome of Oryza sativa
japonica. Click on it, and learn what you
can about the gene’s function.

Fig. 21.4 Results panel from using the HMMER search in Ensembl Plants

Fig. 21.3 Example sequence for use in use case
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7. Now click on the node in the tree cov-
ering just the selected genes and its
orthologues in the Triticeae. There are
various options for viewing an alignment
of these genes, including the interactive
Wasabi alignment browser or export in
various formats.

8. Notice that the tree indicates the selected
gene has at least one paralogue, shown in
blue. Click on the ‘Paralogues’ link in the
left-hand menu to find out more.

9. Some of these paralogues are only distant
family members. Identify the closest par-
alogue in the list and click on ‘Alignment

(protein)’ in the ‘Compare’ column to see
how the two paralogues have diverged.

10. Now click on ‘Variant image’ in the
left-hand margin. This produces a graphic
of known sequence polymorphisms in the
barley population. Colours are used to
indicate which variants are likely to disrupt
the function of coding genes.

11. Click on ‘Variant table’, and use the button
marked ‘Consequences’ to filter the con-
tents of the table to see only missense
variants.

12. Click on the variant ID to see more infor-
mation about this variant.

Fig. 21.5 Ensembl gene tree for barley gene MLOC_72624, expanded for the Poeceae (true grass) family
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21.4 Discussion: Future
Perspectives

One limitation of the current barley genome and
annotation is the relatively low availability of
detailed functional information about barley
genes. In the case of many genes, their function
is unknown; their biochemical activity may be
inferable from the presence of common domains
in the proteins they encode, but their precise
biological role is unknown. The availability of a
high-quality reference genome sequence opens
the way to large-scale genotypic-phenotypic
analysis, and to the characterization of genes
based on the molecular and morphological traits
associated with variant forms. A major challenge
is to incorporate this information in gene anno-
tations, and find other appropriate ways to make
the results of such analyses available to users.

Another source of information is from com-
parisons to genomes from other species. As
genomes become more complete, orthology can
be more reliably determined and information

projected from well-studied sequences to others.
A further benefit for barley could be provided
from a standardization of naming across the
Triticeae, providing an easy way to identify
equivalent genes. This is made difficult by the
complex evolutionary history of the tribe, and the
existence of established, but inconsistent, naming
conventions between barley and wheat.

We future developments in sequencing tech-
nology to drive further improvements in the
reference assembly, but also in future sequencing
of other strains of cultivated barley, wild barley
and less studied relatives. High-quality assem-
blies will allow the construction of a definitive
catalogue of genome diversity at all scales,
including large-scale structural variation; and
identify a wealth of usable genes that might be
incorporated into elite lines. In an ideal model,
this catalogue would be searchable, linked to
gene banks and to repositories of phenotypic
information, and available for on-demand search
and genome-wide association analysis. But
challenges remain in sequencing this material

Table 21.4 List of URLs for barley centric databases, tools, websites, and resources

Provider URL Short description

EBI http://plants.ensembl.org Ensembl Plants homepage

EBI/CSH http://www.gramene.org Gramene homepage

IPK http://barlex.barleysequence.org BARLEX homepage

IPK http://webblast.ipk-gatersleben.de/barley IPK barley web BLAST

PGSB http://pgsb.helmholtz-muenchen.de/plant/
genomes.jsp

PlantsDB

PGSB http://pgsb.helmholtz-muenchen.de/plant/barley/
gz/download/index.jsp

Barley GenomeZipper

PGSB http://pgsb.helmholtz-muenchen.de/plant/
crowsNest/

CrowsNest homepage

PGSB http://pgsb.helmholtz-muenchen.de/plant/
RNASeqExpressionBrowser

RNASeqExpressionBrowser homepage

PGSB http://pgsb.helmholtz-muenchen.de/plant/recat/
index.jsp

PGSB Repeat Element Database (REdat) and
Catalog (REcat)

https://wheat.pw.usda.gov/GG3/barley_blvd GrainGenes Triticeae database

JHI https://ics.hutton.ac.uk/morexGenes/ RNA-Seq data of barley cultivar Morex

JHI https://ics.hutton.ac.uk/barley-epigenome/ Epigenome browser for barley

TCAP http://triticeaetoolbox.org TCAP homepage

NordGen http://www.nordgen.org/bgs/index.php?pg=bgs_
tables&m=loc

International Database for Barley Genes and
Barley Genetic Stocks
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and disseminating the information a number of
broadly based international groups have formed
an organization, DivSeek (http://divseek.org), to
coordinate in this task for many crops. Pheno-
typing data, which can include molecular, labo-
ratory, greenhouse or field data, presents further
challenges owing to its diverse nature, the
absence of generic repositories and the relative
lack of standard ways of representing this infor-
mation. A barley trait dictionary has been
developed as part of the Crop Ontology (http://
www.cropontology.org/ontology/CO_323/
Barley%20Trait%20Dictionary) and is a first step
towards being able to support the representation
of barley phenotypes in a consistent fashion
across multiple experiments. An overview of
barley resources are summarized in Table 21.4.
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