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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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EST Expressed sequence tag
FPC Fingerprinted contig
FTP File transfer protocol
GO Gene ontology
HC High confidence
HTML Hypertext markup language
IBSC International Barley Genome

Sequencing Consortium
IPK Leibniz Institute of Plant Genetics

and Crop Plant Research
Iso-Seq Isoform sequencing
JHI James Hutton Institute
LC Low confidence
PGSB Plant Genome and Systems Biology

unit at the Helmholtz Center
Munich

QTL Quantitative trait loci
RNA Ribonucleic acid
RNA-Seq RNA sequencing
SNP Single nucleotide polymorphism
TAIR The Arabidopsis Information

Resource
TCAP Triticeae Coordinated Agricultural

Project
TGAC The Genome Analysis Centre
WGS Whole genome shotgun
XML Extensible markup language

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

384 S. Beier et al.

ftp://ftpmips.helmholtz-muenchen.de/plants/barley/public_data/
ftp://ftpmips.helmholtz-muenchen.de/plants/barley/public_data/
http://pgsb.helmholtz-muenchen.de/plant/barley/gz/download/index.jsp
http://pgsb.helmholtz-muenchen.de/plant/barley/gz/download/index.jsp
http://pgsb.helmholtz-muenchen.de/plant/barley/gz/download/index.jsp


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

21 Databases and Tools for the Analysis of the Barley Genome 385

http://pgsb.helmholtz-muenchen.de/plant/crowsNest/
http://pgsb.helmholtz-muenchen.de/plant/crowsNest/
http://pgsb.helmholtz-muenchen.de/plant/RNASeqExpressionBrowser
http://pgsb.helmholtz-muenchen.de/plant/RNASeqExpressionBrowser
http://pgsb.helmholtz-muenchen.de/plant/RNASeqExpressionBrowser


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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