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OBJECTIVES
To reveal markers that help in the study of secondary evolution of Triticeae tribe within
Tunisian Barley Landraces.
INTRODUCTION
Barley (Hordeum vulgare L.) is one of the oldest crops in the world and played a key
role in agriculture and science development. In the world, barley is used mainly for feed (5560%), malt (30-40%), food (2-3%) and seed (5%). In the world, average barley production is
estimated to 140 million tons (2003-2007). For Tunisia, annual total need was 0.9 million ton,
with 0.4 millions quintals produced in the country. Average Maghreb barley production in the
late decade (2000-2009) was 3.172 million tons, adjusted by average importation of 1.384
million tons, with annual total need of 45.556 million quintals (El Felah et al, 2015).
The barley varieties (Martin, Ceres) are carefully cultivated only for the production of malt.
The marginalization of barley cultivation continued until the 70s, despite the country's
independence in 1956. After the bitter experience of collectivism in the 60s and the economic
recovery of the 70s, Tunisia wanted self-sufficient in agricultural products, mainly milk and
derivatives, red and white meats and other products. For this it was necessary to increase the
size of sheep and cattle and therefore significantly increase feed. So we started to give
importance to barley which, despite annual average plantings half a million hectares, yield
levels and production remained very low. Local barley, introduced improved and included in
the catalog do not have a real impact on the quantitative and qualitative improvement of the
national barley production (El Felah, 2011; Gharbi et El Felah; 2013).
INRAT barley improvement program review for the late 98 years was done to show
achievements and how to improve our research activities to face new challenges (Scharen and
al, 1986). Local barley landraces analysis revealed regional distribution across the country
depending on uses, farming systems and eco-geographic adaptation within littoral and
continental areas. Barley improvement started early in the late century. 108.787 barley lines
from INRAT (32%), ICARDA (43%), CIMMYT (22%) and ACSAD (3%) were evaluated
during the period (1914–2008). During this period, 17 barley varieties were registered and
widely cultivated in the country. Rihane registered in 1987, has been widely cultivated in the
country and in the region and participate actively in barley production records.
MATERIALS AND METHODS
This study involved evaluation of 148 barley germplasm samples collected in 75 island and
mainland sites in central and southern Tunisia (El Felah, 1998). It aims the evaluation of
polymorphism of storage proteins in barley. This is to the revelation of genetic markers that
help in the study of the evolution of this species. This work was performed in electrophoresis
cereal lab in Bari Germplasm Institute of Italy. The method used was that of Shewry et al,

1978 and Cooke et al (1983), which we have made some changes related to extracts samples
in the stacking gels (Kralova et al, 1991).
RESULTS AND DISCUSSION
The tested 148 samples gave 56 profiles with a polymorphism rate of 38%. Hordeins
B and C being the most polymorphic, have generated 44 B and 40 C diagrams. Similarly, we
noted the presence of 2 to 9 band B and 2 to 7 band C. The relatively high polymorphism
found in the central coastal and central island (83% and 73%), shows the importance of the
gene flow of germplasm coming from different regions and skills of farmers acceptance of
new introductions barley crops for possible crop adaptation. This was confirmed by the allele
frequencies of storage proteins in grains. Indeed, the allele frequencies hordeins B showed
two polymorphic classes of hordeins central class (insular, coastal and inland) characterized
by alleles frequencies from 41 to 49% and a second own ranks of continental coastline of
southern Tunisia with frequencies from 36 to 38%. For the other polymorphe hordeins class
C, different polls island, coastal and inland were more or less similar and ranged from 32 to
37% (Table 1). Typically, Gabès oasis farmers usually cultivate Sfira forms as barley dual
uses and produce forage for direct pasture or after cutting. Observed similarity in alleles
frequencies of the polymorphe hordeins classes B and C in southern coastal areas (HB = 38%;
HC = 38%) and in southern continental areas (HB = 34%; HC = 36%) showed the flow of
migration of indigenous genes continental urn to littoral urn and vice versa. In another hand, a
second collecting mission of sixty accessions, collected from the central Island of Kerkena
(sites of El Attaya, Mellita, and El Khmara), were evaluated for hordein patterns using SDSPAGE. Results showed a high polymorphism for B and C hordein bands, with the
identification of eighteen distinct barley chemotypes (figure 1). Notable changes in B and C
banding patterns, including band shortening, discoloration or total disappearance of a specific
storage protein (El Felah and al, 2004). Since B-hordein is indicative of good grain quality,
the modification or disappearance of B-hordein would therefore indicate a reduced grain
quality in the barley populations at Kerkena during the elapsed period (El Felah and al, 2006).
This lead us to conclude that dual purpose barley varieties are not actually concerned by total
yield proteins of hordeins B and C and that the indigenous peoples of other regions (central
island, central coast, central and southern continental island) practiced unconsciously mass
selection to choose barley ecotypes rich in protein content and prefered for food. Moreover,
these areas are popular and known for barley uses for human consumption (Bsisa, Zammit,
Hail, Dardoura, Dchich, Bazine, Barkoukech, Glia, Kisra ...). Hordeins B may play a key role
as markers for quality and identification of food barley. We did observe that endosperm color
frequencies evolution depend a lot on barley landrace site and on the gender issue, (BettaiebBen Kaab and al, 2005; El Felah and Medimagh, 2006). In Tunisia, the local grown barley is
the product of all this panoply of gene routes between the native gene flow in the Middle East
and through urn of Eastern Mediterranean. Local forms of barley are grown generally in small
traditional farming systems where farmers practiced subsistence traditional farming with local
empirical knowledge. The local barley map in Tunisia indicates that anthropological and
sociological factors within cultural practices have significantly influenced the empirical
establishment of barley local genetic resources over time. Moreover, the selected barleys
‘’Djebali’’ in northern Tunisia encountered mainly in Mogods and Kroumirie mountains were
in fact, barley ecotypes from the central and continental barley landrace ‘’Frigui’’ brought by
ships owners transhumating for summer grazing. These forms of long spikes, bearded, semicompact likely helped diversify the local Tunisian barley forms with ‘’Tarichti’’ and formed a
landrace of open area between the North and South of the country where other forms were

received from cyrenaic mediterraneen areas and early, within Punic and Roman introductions
throughout the islands and the central mediterraneen littoral areas. The island forms ‘’Jerbi’’
in Djerba, ‘’Beldi’’ in Kerkennah and ‘’Sfira’’ in the oasis of Gabes significantly helped to
generate other forms much more tolerant to drought, heat and salt and used mainly for human
consumption as local Souihli, Ardhaoui and Arbi barleys, (El Felah and Medimagh,
2005).The elucidation of specific key candidate gene essential for amino acid regulation and
prolamine metabolism help for future breeding strategies to quality and phenotype response to
climate change.
Table 1. Areas, Regions (landraces) Collection Sites of barley accessions Tunisian south of
the Tunisian Dorsal
Zone

Landrace /

Collecting Sites

Ecotype

EPP/Ec

Region

EPP/Eco
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HD
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(%)
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RDI HC/

RDI HD/
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(HA/
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TH)

(%)
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8
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5
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7
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8
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5
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16
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(14,9)

-
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(13)
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(33)
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-
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-

Jorf 1 km 2
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151
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SMP=25

SMP=6

(50,5)

(13)

(41)

(37)

(9)

107

337

287
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800

ZMP=7

ZMP=24

ZMP =20,5

ZMP=5

ZMP=57

Ïle de

El Fedja

-

Kerkennah -

Insulaire Sud

-

Mellita

Ardhaoui

(8,5)

Beldi

Jerbi

5/11

11/15

33/54

45

73

61

Houmet Essouk
1

-

El Khmara

-

Houmet Béni
Dighet

Total

5

Djerba 1
14

8

68/120

56

Abbreviations: EPP: Electrophoretic Polymorphism Pattern; Eco: Ecotype; HA: Hordeins A; HB: Hordeins B; HC: Hordeins C;
HD: Hordeins D; RDI: Regional Diversity Index; TH: Total Hordeins; ZDI: Zonal Diversity Index; ZMP: Zonal Mean pattern; SMP:
Site Mean Pattern.

Figure1: Polymorphism Analysis of storage proteins of Tunisian local barleys by SDS-PAGE
and characterization of profiles under extinction or gradual drift. The example of accessions
of Kerkena Island (sites of El Attaya, Mellita, and El Khmara) (Accessions 112, 114, 115,
116, 117, 118, 119, 120 and 121) that segregate by 5 patterns (Pr.1 to Pr.5).
PROTEIN Markers (PM): phosphorylase (94 kd), bovine serum albumin (67 kD), Ovalbumin
(43 kd), Anydrase Carbonic (30 kd), Trypsin soybean I (20 kd) and α-lactoglobulin (14 kd).
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OBJECTIVES
We studied genetic diversity and population structure in the spring barley using microsatellite
(SSR) markers, which provided the basis for targeted research activities.
INTRODUCTION
Barley (Hordeum vulgare L.) is one of the oldest cultivated crops in the world. Today, it
constitutes the fourth most cultivated cereal in the world after maize, rice, and wheat (FAO
2015, http://www.fao.org/home/en/). In this crop, as in others, genetic diversity has declined
following domestication and intense selection in modern plant breeding programs: it is
highest in wild barley, H. vulgare subsp. spontaneum, intermediate in landraces or parents of
mapping populations, and lowest in elite cultivars, over the last 100 years, modern plant
breeding has led to the development of elite cultivars that have often been based on a single
genotype (pure lines, hybrids or clones) with improved yield potential, quality, and pest
resistance traits (Fischbeck, 2003). Today, most barley landraces have disappeared from
practical farming. Many of them are still maintained in ex-situ repositories. Globally,
landraces represent the largest part of barley germplasm conserved in gene banks
(Anonymous, 2008).
In order to breed and improve barley cultivars for future needs, it is very important to search
for new sources of useful variation and to understand the relationship among cultivated and
wild populations, focusing on the centers of barley domestication and diversification.
Breeding barley strategies in Egypt, included screening of local and exotic materials, crossing
blocks, and yield test trials (exotic annually providing from ICARDA, CIMMYT and
ACSAD) and INRA; Europe, to support breeding objectives (Noaman, 2008).
Currently, Genome-wide association analysis (GWAS) and association mapping project is in
progress on 472 germpalsm, with the aim of identifying molecular markers for traits
important for low input under the Egyptian conditions. As a first step in this project, we report
a preliminary characterization of the population structures in part of our panel.
MATERIALS AND METHODS
Plant materials- From 472 Egyptian spring barley germplasm adapted to a wide range of
climates in Egypt, a set of 153 cultivars and promising lines were used in this study to
represent the Egyptian barley diversity.
Pedigree- The pedigree of the lines was obtained from several sources (ICARDA, CIMMYT,
ACSAD and INRA) and archived at Agricultural Research Center (ARC) in Sakha; N31.3°,
E30.9°, Egypt. The populations were collected since 1998 and growing annually as parental
sources in the same geographical areas; a.elakhdar@kyudai.jp for more details.
DNA extraction- Five seeds of each line were germinated on growth chamber in Institute of
plant genetic resources at Kyushu University, Japan; young leaves (3 cm2) of each genotype
were collected to extract DNA according the CTAB methods protocol suggested by (Doyle
and Dolye, 1990).

Genotyping using SSR markers- Sixty-nine SSRs markers were selected based on their
mapping position in the barley genome, covering all seven chromosomes (Table 1).
Genetic diversity and population differentiation- The number of alleles, gene diversity,
heterozygosity and polymorphism information content (PIC) values, were determined for all
loci across the total population using PowerMarker 3.25 (Liu and Muse 2005). Genetic
variation within and among populations was estimated by AMOVA using GeneAlEx6.5
(Peakall and Smouse 2012). The population structure of the 153 genotypes considered was
inferred using STRUCTURE 2.3.4 (Pritchard et al., 2000) based on 69 SSRs markers. This
approach uses a Bayesian clustering analysis to assign individuals to clusters (K).
STRUCTURE simulations were performed with the number of presumed clusters from K=1
to K=10 and five runs per K value. For each run, the initial burn-in period was set to 100,000
Markov Chain Monte Carlo (MCMC) iterations. The most probable number of clusters was
determined by plotting the estimated likelihood values [LnP (D)] as a function of K.
Furthermore, delta (K) values were also calculated as proposed by (Evanno et al., 2005).
Neighbor-Joining tree were performed using MEGA6 (Tamura et al., 2013).
RESULTS AND DISCUSSION
To the best of our knowledge, the present study is the first that directly compares the
population diversity of Egyptian barley landraces, even at a field (data not shown) level, with
a representative pool of Egyptian barley germpalsm. In particular, using SSRs, the landrace
collections spanned 18 years from several test trials experiments (IBON, IBCB, SCB, ONFARM, PNBYT, F5-SAL, F5-DR and local varieties). This collection comprised of 153
genotypes (36 and 117 naked and hulled barley, respectively) included 11 commercial
varieties were analysed (Bellucci et al., 2013).
Out of the 69 SSRs analysed, 64 turned out to be polymorphic and 5 monomorphic. The 64
polymorphic SSRs resulted in 261 alleles averaging 4.08 alleles per locus (Table 1). The
highest number of alleles (10) in polymorphic SSRs was scored for Bmac0030/ 4H. The
highest PIC value was estimated for GMS021/ 1H and scssr00103/ 6H (0.82), with a mean of
0.49 over the 64 polymorphic loci. The markers Bmac0154, GMS021, GBM1214,
Bmag0125, Bmac0030, Bmac0096, scssr09398 and scssr07970,demonstrated a high level of
allelic diversity and were found most informative (GD > 0.75) on the set of genotypes
analyzed, the results agree with (Elakhdar et al., 2016b).
The highest value of ∆k was observed with three clusters (Fig.1) suggesting that the
accessions most likely separate into three subpopulations, which is in contrast to the three
populations found in the set 416 genotypes (Bellucci et al., 2013) and ten populations in the
set of 1485 spring barley landrace (Pasam et al., 2014). Neighbor-joining dendrogram results
shown three main clusters (Fig. 2), and agree with Structure analysis revealed several major
clusters with low bootstrap support and generally good separation of accessions in terminal
nodes often consistent with the known origin. This may be explained by more diverse set of
genotypes with respect according to origin and growth habit (Pasam et al., 2014; Elakhdar et
al., 2016a; Elakhdar et al., 2016b). Table 2 gives the results of the AMOVA analysis.
Considering the genetic diversity between and within the populations, highly significant (P ≤
0.001) genetic variance was observed between and within subpopulations recorded a total 49
% and 51 % of total variance, respectively, with main genetic variation occurred within
subpopulations (Elakhdar et al., 2016b). In Conclusions; the 153 genotypes great genetic
diversity and good sample to represent the total core collection size of 472 genotypes. Increased
marker coverage and precise phenotypic data for our collection will help to identify candidate
genes also for agronomic and adaptation-related traits using GWAS (Comadran, 2012) .

Table 1. Diversity statistics for 143barley accessions inferred with 69 SSR markers.
Marker*
Ch NA GD He PIC
Marker
Ch NA
GD
EBmac0501 1
2
0.33 0.00 0.28
Bmac0030
4
10
0.81
Bmag770
1
8
0.70 0.23 0.65
HVMLOH1A 4
3
0.66
Bmac0154
1
7
0.75 0.02 0.71
EBmac0701
4
5
0.72
Bmac0213
1
5
0.59 0.03 0.50
scssr18005
4
4
0.65
Bmag382
1
3
0.26 0.00 0.24
Bmac0181
4
3
0.59
GMS021
1
7
0.82 0.08 0.80
GBM1221
4
2
0.47
GBM1278
1
3
0.51 0.58 0.43
GBM1323
4
2
0.50
GBM1434
1
3
0.48 0.09 0.42
GBM1482
4
2
0.50
GBM1451
1
3
0.63 0.00 0.56
GBM1501
4
1
0.00
GBM1461
1
3
0.66 0.00 0.59
GBM5210
4
2
0.38
GBM1480
1
5
0.67 0.00 0.62
Bmac0096
5
5
0.76
EBmac0695 1
4
0.74 0.00 0.69
Bmac0113
5
2
0.03
scssr10477 1
4
0.47 0.02 0.44
GMS001
5
4
0.71
Bmag0125
2
6
0.78 0.00 0.75
scssr02306
5
3
0.55
EBmac0415 2
4
0.67 0.00 0.60
scssr10148
5
4
0.73
Bmag749
2
5
0.58 0.03 0.50
GBM1164
5
3
0.62
scssr08447 2
3
0.58 0.00 0.51
GBM1176
5
2
0.50
Bmac0093
2
4
0.55 0.00 0.45
GBM1227
5
2
0.49
GBM1208
2
5
0.58 0.00 0.53
GBM1483
5
2
0.36
GBM1214
2
5
0.76 0.34 0.72
EBmac0602
6
6
0.69
GBM1218
2
2
0.49 0.21 0.37
Bmag0009
6
2
0.33
GBM1459
2
4
0.69 0.00 0.64
Bmac0316
6
7
0.69
scssr03381 2
3
0.66 0.00 0.59
GMS006
6
2
0.36
scssr07759 2
3
0.52 0.01 0.41
scssr09398
6
9
0.82
HvLTPPB
3
4
0.70 0.00 0.64
scssr00103
6
4
0.73
Bmac0209
3
6
0.78 0.00 0.74
Bmag0011
7
3
0.63
EBmac0871 3
5
0.77 0.00 0.73
EBmac0603
7
5
0.52
GMS116
3
6
0.74 0.06 0.70
Bmag0120
7
5
0.75
scssr10559 3
3
0.66 0.00 0.59
HVCMA
7
4
0.67
GBM1078
3
2
0.02 0.02 0.02
HvID
7
5
0.70
GBM1280
3
2
0.50 0.00 0.37
scssr07970
7
6
0.78
GBM1405
3
1
0.00 0.00 0.00
HVTUB
2/4 3
0.23
GBM1413
3
1
0.00 0.00 0.00
HvLOX
5/6 4
0.71
scssr20569 3
2
0.48 0.03 0.36
HvWaxy4
6/7 1
0.00
scssr25538 3
1
0.00 0.00 0.00
Mean
4
0.55

He
0.91
0.00
0.00
0.00
0.89
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.57
0.35
0.00
0.01
0.01
0.00
0.01
0.80
0.00
0.00
0.00
0.08

- *source: Grain Genes data base; http://wheat.pw.usda.gov/GG2/index.shtml
- Ch; chromosome, NA; No. allele, GD; gene diversity, He; heterozygosity, PIC; Polymorphism Information
Content.

Table 2. Analysis of the molecular variance using SSR markers, performed at different levels.
Source
df
SS
MS
Est. Var. %
Among subpopulations
2
2584. 1292.1 12.5
49%
2
Among Individuals
150
3626. 24.1
11.2
44%
2
Within Individuals
153
263.0 1.7
1.7
7%
Total
305
6473.
25.481
100%
5

PIC
0.78
0.59
0.67
0.59
0.50
0.36
0.37
0.37
0.00
0.31
0.73
0.03
0.66
0.48
0.68
0.55
0.37
0.37
0.29
0.65
0.28
0.64
0.29
0.79
0.68
0.56
0.44
0.70
0.60
0.65
0.75
0.21
0.66
0.00
0.49
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Fig. 2. Dendogram obtained through cluster
analysis of the barley landraces on the basis
of allele frequencies across mapped SSR
markers.
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Fig.1. Population structure of 153 landraces using 69 SSR
inferred by STRUCTURE for K=10. Genotypes were
ordered according to their membership coefficient (Q)
values to one group, Group I (red) = 53, Group II (green) =
41 and Group III (blue) = 36 barley accessions.
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Barley Breeding in the Public Interest: Perspectives on Integrating Research,
Variety Development, Learning Experiences, and Extension in a U.S. Land Grant
University
P.M. Hayes1, all current and past members of the OSU Barley Project, and our
worldwide network of collaborators
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OBJECTIVES:
Share with the 12th International Barley Genetics Symposium participants the impact
that student training has had on plant breeding with the Oregon State University
Barley Project.
INTRODUCTION:
Barley is one of last major crops in the U.S. where the public sector is still actively
engaged in cultivar development. A number of factors have contributed, historically,
to this unique status. An additional set of factors could lead, in the near term, to a shift
towards greater private sector delivery of varieties and public sector delivery of
knowledge and training. A retrospective analysis of the Oregon State University
(OSU) Barley Project is useful as an example of the outcomes that can be achieved
when a public program receives sufficient support to engage in the Land Grant mission
of (i) contributing to the fundamental body of knowledge, (ii) stimulating economic
development through variety release, and (iii) assisting in forming an educated
citizenry. Keys to the success of the program have been a balance of public (e.g.
USDA Collaborative Agricultural Project grants) and industry funds (e.g. American
Malting Barley Association); an opportunity to explore challenges and opportunities
with no obvious immediate practical application (e.g. facultative growth habit and
barley contributions to beer flavor); the integration of research and learning (e.g.
graduate and undergraduate student research; the Oregon Wolfe Barleys); and an
extensive international network based on unrestricted collaboration and exchange.
Considerations for future public sector barley breeding include: shrinking public
investment in plant breeding research with applied outcomes; expansions (e.g. the craft
sector) and consolidations (e.g. the multinational sector) in the malting and brewing
industries; an increased emphasis on innovative undergraduate and graduate teaching
and experiential learning (with concomitant increases in time commitments); and the
mantra that public sector variety development can generate sufficient revenue to be
self-sustaining.

MATERIALS AND METHODS:
Students were recruited, funded, supported, and engaged in all aspects of the OSU
Barley Project. They assumed primary responsibility for the preparation of their theses
and the resulting manuscripts.
RESULTS AND DISCUSSION
Since 1986, 27 students have completed graduate degrees (21 MS, 6 PhD) at OSU
with barley breeding and genetics as the focus. There are currently two graduate
students in the program, both pursuing PhD’s. Cumulatively, these students have
contributed - directly and indirectly - to the release of 10 varieties, 3 registered
germplasms, and 10 mapping populations; 144 journal articles, 13 germplasm
registrations, and 13 book chapters. Student research projects focused on traits and
breeding methods integrated with overall breeding objectives. Traits include malting
quality, food quality, agronomic performance, low temperature tolerance, growth
habit, durable disease resistance, and input use efficiency. Breeding methods included
phenotypic, marker-assisted, and genomic selection. Breeding objectives include
facultative/winter 6-row and 2-row malting, food, forage, and feed varieties. Engaging
students in plant breeding is, on paper, more expensive than accomplishing the same
tasks with full-time staff. However, the integration of student research and breeding
objectives has led to serendipitous and synergistic outcomes that would not have been
predicted and that would not have been possible to justify a priori on a cost-recovery
basis. Student contributions, ideas and outcomes are deeply appreciated. Many thanks
to Nusret Zencirci M.S. 1989 ; Somvong Tragoonrung M.S. 1989; Chris Schön M.S.
1990 ; Sue Kolar M.S. 1990 ; Chen Fuqiang Ph.D. 1991; Judy Holmer M.S. 1992;
Adeline Oziel M.S. 1993; Odianosen Iyamabo Ph.D. 1994; Aihong Pan M.S. 1994;
Abdoulaye Traore M.S. 1994; Doris Prehn M.S. 1994; Ergun Ozdemir M.S. 1994;
Theerayut Toojinda Ph.D. 1998; Luis Marques-Cedillo Ph.D. 2000; Ariel Castro
Ph.D.2002; Ivan Matus Ph.D. 2002; Jarislav vonZitzewitz M.S., Ph.D. 2004, 2010;
Carlos Rossi M.S. 2005; Kelley Richardson Ph.D. 2006; Juan Rey ; M.S. 2008; Kale
Haggard M.S. 2008; Yada Chutimanitsakun Ph.D. 2012; Scott Fisk M.S. 2011; Natalie
Graham M.S. 2011; Brigid Meints M.S. 2014; Ryan Graebner M.S. 2014 ; Araby
Belcher Ph.D. 2015; Dustin Herb Ph.D. continuing; Javier Hernandez Ph.D.
continuing.
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OBJECTIVES
To transfer three drought tolerance QTL from cv. Tadmor into four barley cultivars via
marker assisted backcross breeding.
INTRODUCTION
Drought is a major yield limiting factor for crops worldwide. Drought tolerance is associated
with many traits such as chlorophyll content, carbon isotope discrimination, osmotic potential,
osmotic adjustment, relative water content, flowering time, root structure (Mir et al., 2012)
and stoma conductivity (Cattivelli et al., 2007). Therefore, it involves many genes with
relatively minor effects compounded by differences in plant phenology. Transfer of multiple
loci responsible for drought resistance through classical plant breeding strategies is difficult,
and a marker assisted approach can facilitate easier monitoring of genes during breeding
generations.
Certain genomic regions in barley have been reported to carry drought tolerance loci in
Tadmor x Er/Apm cross. A QTL was found on chromosome 6 around WG286 and Dhn4
markers (Teulat et al., 1998). This QTL was also associated with relative water content,
osmotic potential, osmotic adjustment and 1000-seed weight. Another QTL detected on barley
chromosome 2 around EBmac684 marker was associated with carbon isotope discrimination,
a trait related to water use efficiency and yield stability of crops (Teulat et al., 2002). A third
QTL for drought tolerance was mapped on barley chromosome 1(7H) around Acl3 marker.
This QTL was reported to explain 5.8 and 12.3% of the variation for relative water content
and osmotic potential, respectively (Teulat et al., 1998). This genomic region was also
associated with plant height, harvest index, carbon isotope discrimination (Teulat et al., 2002).
Favorable alleles for all three QTL regions were conferred by cv. Tadmor. Because of their
associations with yield related traits, these three QTL regions are good candidates for marker
assisted breeding of drought tolerance.
Barley has good genetic maps that consist of many RFLP, SSR and InDel markers (Ramsay et
al., 2000; Wenzl et al., 2006; Varshney et al., 2007; Zhou et al., 2015). These are codominant
markers that can be transferred between different maps. SSR markers have the advantage of
carrying higher number of alleles and, hence, polymorphism rate in addition to ease of use as
PCR marker. However, close size of different alleles and stutter bands make their analysis
complicated (Arif et al., 2010). InDels are relatively newer type of markers that also have ease
of use as PCR markers. Though their low number of alleles may seem to be a disadvantage,
clear differences of allele sizes eliminate problems related to their genotyping.
Despite many QTL mapping studies about drought tolerance in barley (Baum et al., 2003;
Teulat et al., 1998; Teulat et al., 2003; Mir et al., 2012; Guo et al., 2008; Chloupek et al.,
2006), breeding efforts that employ the knowledge gained through these studies are rare. The

gap between the number of QTL studies and breeding programs that use those QTL (Xu and
Crouch, 2008) are also evident in drought tolerance of barley. Determined by many sub-traits,
drought tolerance is especially suitable for marker assisted breeding.
MATERIALS AND METHODS
Three QTL regions for drought tolerance are being transferred from cv. Tadmor into two malt
(cvs. Aydanhanım and Sladoran) and two feed (cvs. Bolayır and Baronesse) barley cultivars
through marker assisted backcross breeding. Tadmor is a cultivar developed from a Syrian
landrace and has been extensively used in QTL studies for drought tolerance.
Crosses and backrosses are being made in greenhouses under controlled conditions. Embryo
culture has been employed to hasten the time to complete a generation. In addition to
foreground selection using markers linked to QTL regions, we employ background selections
with about 50 markers scattered throughout the genome. Our target is to complete the
breeding in BC4F2 generation with a satisfactory level of recurrent parent background
recovery.
SSR and InDel markers are being used for background and foreground selections. These are
mostly single copy markers. Markers have been selected based on their locations in barley
maps. First, polymorphism screenings have been made between donor parent Tadmor and
four recurrent parents. Some of the markers have been mapped in an F2 population of 90
plants from Tadmor x Baronesse F2 population which has the highest number of polymorphic
loci for all three QTL regions. Markers were mapped using MapDisto Software (Lorieux,
2012). Because of uncertainties about the exact location of QTL regions (Zeng, 1994),
transfers are being made as about 30 cM sized genomic pieces. These regions will be
fragmented later to allow higher resolution mapping of respective QTL regions.
PCR products were run on 3% MetaPhor™ agarose gels with 1% TBE buffer. DNA was
visualized via ethidium bromide added to the gels, using a gel image system (Vilber Lourmat
CN-08). Bands were analyzed using BioCapt v.11.02 software. Marker polymorphism rates
were determined using PIC values, which were calculated according to the following formula:
PIC = 1−∑ P2i, where Pi is the frequency of ith allele (Anderson et al. 1993).
RESULTS AND DISCUSSION
Polymorphic markers between cv. Tadmor, donor parent, and cvs. Aydanhanım, Bolayır,
Baronesse and Sladoran, recurrent parents, were shown in Figure 1. Chromosome 1 and 2
QTL regions are monitored by about ten markers and chromosome 6 QTL region is monitored
by about five markers. In addition, about 50 markers are used to select against donor parent to
allow fast recovery of recurrent parent genomic background.
Both SSR and InDel markers were used for polymorphism screening. We compared
polymorphism results of 40 InDel and 66 SSR markers on a panel of nine barley cultivars
including cvs. Durusu, Tokak 157/37, Arta and Yıldız in addition to donor parent (Tadmor)
and four recurrent cultivars (Aydanhanım, Bolayır, Baronesse and Sladoran) in our backcross
program. An average of 2.409 alleles were determined for each SSR marker. Average number
of alleles for InDel markers were 1.875, which was clearly less than that of SSRs. However,
average polymorphic information content of SSR and InDel markers were similar (0.354 and
0.313, respectively). This finding may imply that some of the alleles found in SSR markers

are rare alleles and they may not be very useful to distinguish most cultivars. Alleles of InDel
markers seem to have a more equal distribution among barley cultivars. Considering clear
differences in allele sizes, relatively new InDel markers offer a good potential for marker
assisted selection as well as genetic diversity studies. Clear size differences could also
facilitate use of more convenient and cheap gel systems rather than difficult and expensive
ones like polyacrylamide and special agarose gels.
Markers had been selected based on their map positions in barley consensus 2007 SSR map
(Varshney et al., 2007). Since some of the markers were not mapped on the same mapping
population and distances were calculated only in consensus maps, we wanted to map them in
the same mapping population. Ninety F2 plants from Tadmor x Baronesse cross, which was
the cross with the highest number of polymorphic markers, were used. Results were given in
Figure 2. Map distances between markers are close to or slightly higher than what was
reported by Consensus 2007 SSR map (Varshney et al., 2007).
BC3F1 lines have been obtained so far by transferring about 30 cM wide genomic pieces from
Tadmor into recurrent parents using a marker assisted backcross program. A gel picture of
backcross lines using an InDel marker (InDel6063) was given in Figure 3. Through use of
markers for background selection against genomic background of donor parent, BC4F2 lines
with a minimum amount of genomic regions from donor parent could be developed. BC4F3
seeds will be evaluated under field conditions for drought tolerance in two locations.
Changes in drought tolerance characteristics of recurrent parents will be determined based on
seed yield and drought related traits such as carbon isotope discrimination, relative water
content, amount of chlorophyll, chlorophyll fluorescent parameters, and leaf and canopy
temperatures. Effects of transferred QTL regions on feed and malting quality features of
recurrent barley cultivars will also be investigated. Developed lines could be used for fine
mapping as well as for sequence based cloning of drought tolerance QTL.

Figure 1. Polymorphic markers for three drought tolerance QTL regions in four backcrossing
program between Tadmor and four recurrent parents. Shaded boxes show approximate
location of linked markers in original QTL mapping. Distances between markers are based on
barley Consensus 2007, SSR map (Varshney et al., 2007).

Figure 2. Mapping of polymorphic markers on QTL regions in an F2 population of 90 plants
from Tadmor x Baronesse cross. NK markers have been developed by us.
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Figure 3. Genotyping of BC1F1 lines from Tadmor x Sladoran cross using InDel6063 markers
in a 3% MetaPhor agarose gel. S, cv. Sladoran; T, cv. Tadmor. Large arrows show alleles of
InDel6063. Bands marked by smaller arrows belong to a second loading on the same gel.
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From marker-assisted selection (MAS) to genomic selection (GS) - strong support for
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Conventional barley breeding is time-consuming and strongly depends on environmental
conditions. Therefore, breeders are extremely interested in new technologies that optimize
breeding processes. Molecular marker technology offers such a possibility by adopting a wide
range of novel approaches to improve selection strategies in barley breeding. There has been a
large and rapid accumulation of genomic tools in barley during the last decade. These
developments have been coupled with the emergence of high throughput technologies, which
have allowed advances in molecular marker technology and implementation. The impact of
new molecular tools and technologies available has proven to be essential to optimize and
accelerate barley breeding programs.
Yield, disease resistance and malting quality are prime targets in practical barley breeding
programs. In all cases the breeding process can be accelerated by applying marker-assisted
selection (MAS), marker-assisted backcrossing (MABC) and/ or genomic selection (GS) for
developing new material and for improvement of the selection intensity and accuracy.
Example 1: MAS for resistance genes barley BaYMV/BaMMV
The soilborne barley yellow mosaic virus (BaYMV)/barley mild mosaic virus (BaMMV)
complex was first detected in Germany in 1978 and since then, the viruses have spread over
large parts of Europe and became one of the most important diseases of winter barley (Ordon
et al. 2009). Resistant sources are quite frequent in the primary gene pool of barley and
several monogenic, predominantly recessive resistance genes (rym 1-18) have been detected
and mapped. In Central Europe, rym5 is most widespread and was introgressed in elite
populations by molecular markers. MAS became the method of choice for introgression
because (i) the resistance to BaYMV cannot be screened on a single plant level in the
greenhouse, (ii) the resistance is recessive, (iii) pyramiding of several genes is necessary
(Werner et al. 2007) due to newly arisen strains. The rym4/rym5 locus has been cloned by
map-based cloning and turned out to be the translation initiation factor 4E (Hv-eIF4E (Stein et
al. 2005). By resequencing 1,000 entries of the Gatersleben Genebank, several new alleles of
this resistance gene have been detected (Ordon et al. 2009), illustrating the power of allele
mining once the gene sequence is available. Identification of the respective gene has opened a
fully new prospective now through the recently discovered CRISPR/Cas9 technology.
Genome-wide association scans (GWAS) have become a common approach to dissect the
factors controlling complex traits in barley (Pasam et al. 2012; Rode et al. 2012; Ziems et al.
2014). However, this method frequently leads to the detection of false-positive marker-trait
associations (MTAs) and strongly depends on additional validation steps before large scale
introgressions of detected marker-traits into elite germplasm are justified. One efficient
method to validate marker-trait associations is to test for respective MTA in independent biparental populations segregating for the relevant alleles at the associated locus, as recently

well demonstrated in winter barley by Lüders et al. (2016). Marker-trait associations that have
been verified can be directly implemented in barley breeding for the selection of parental lines
and marker-assisted selection.
Malting quality traits in barley breeding traditionally have been targeted by using markerassisted selection. Nevertheless, the recent advance in high density genotyping has opened
new possibilities to apply genome-wide markers in Genomic Selection (GS) rather than
individual markers as in classical MAS.
Example 2: Genomic Selection of malting quality traits
Genomic selection has been applied to various plant species, mostly for yield or yield related
traits including grain yield, thousand kernel weight and resistances against diseases. Despite
the breeding material being highly related and a long history of breeding for quality traits,
there is still considerable variation in those traits. This opens the opportunity to further
improve those traits through the application of GS.
In the frame of the InnoGRAIN-MALT project, the potential to apply GS to twelve malting
quality traits in breeding programs of spring and winter barley (Hordeum vulgare L.) was
assessed. Phenotypic means were calculated over three and four years with three to five
locations per year. Heritabilities for malting traits ranged from 0.50 to 0.98. Predictive
abilities (PA), as derived from cross-validation, ranged from 0.14 to 0.58 for spring barley
and 0.40 to 0.80 for winter barley (Tab. 1). Furthermore, it could be shown that (i) due to the
genetic structure spring- and winter-barley need to be analysed separately; (ii) a training set of
around 100 individuals can give sufficient PA and correlations to unobserved data (e.g. when
phenotypes of one year were removed before analysis) in a breeding program with highly
related material and (iii) an increased training set size leads to higher PA with a reduced
standard deviation, showing the potential to improve the accuracy by increasing the training
set size (Schmidt at al. 2016).
The results from this study clearly indicate the power of GS to improve selection efficiency in
malting barley breeding programs. Deployment of this approach in barley greatly helps to
reduce cost intensive phenotyping for quality traits, increases selection intensity and can
shorten breeding cycle length. A comparable result is expected for application of GS in barley
for grain yield.
Fast development of genomics resources and tools in barley during the last decade has
strongly sped up the process of gene identification and validation, enormously increased the
use of molecular tools in practical breeding and thus supports a greater selection gain in
barley.

Tab. 1: Predictive abilities (PA) derived from a 5 by 5 cross validation with their
standard deviation (sd) and sizes of the training sets (#TS) for the twelve analysed
malting quality traits in spring- and winter barley. The traits are alpha- and betaamylase (AMA, AMB), extract (EXT), free amino nitrogen (FAN_L), final attenuation
(Fin_At), friability (FRI), beta-glucan content (GLU), Kolbach index (KOL), malting
loss (LOSS), soluble nitrogen (NIT), protein content (PRT) and viscosity (VIS).
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OBJECTIVES
To identify barley genes encoding SQUAMOSA PROMOTER-BINDING PROTEINLIKE (SPL) transcription factors, and establish their phylogenetic relationship to SPL
genes in other plant species. To investigate the developmental roles of HvSPLs by
expression profiling, miRNA-targeting analyses and transgenic manipulation.
INTRODUCTION
SPL genes, first discovered in snapdragon (Klein et al., 1996) and then described in
Arabidopsis (Cardon et al., 1999), maize (Hultquist and Dorweiler, 2008) and rice
(Yang et al., 2008), encode plant-specific transcription factors (TFs) involved in
essential developmental programs such as reproductive timing, patterning and growth
(reviewed in Schmid and Huijser, 2011). In particular, multiple studies in crop plants
found clear links between SPL activity and branching, both vegetative (tillering) and
reproductive (inflorescence architecture), as well as flowering time, seed size and plant
stature (Wang L, et al., 2015; Chuck GS, et al., 2014; Chuck G, et al., 2010; Silva et
al., 2014; Liang WH, et al. 2014; Luo L, et al., 2012; Jiao Y, et al., 2010), suggesting
that SPLs are major regulators of agronomic traits. However, little is known about SPL
function in the temperate cereals such as barley and wheat.
SPLs are part of a complex and conserved miRNA-TF network
Analyses of SPL gene families also revealed that multiple members encode transcripts
containing complementary binding sequences to microRNA156 (miR156). Evidence in
Arabidopsis, maize and rice suggests that miR156-binding leads to SPL transcript
cleavage and/or translational inhibition, a layer of post-transcriptional control which
plays a key role in modulating many SPL-specific functions, including SPL control of
developmental timing (Wu and Poethig, 2006; Schwab et al., 2005).

Figure 1: Antagonism between AP2-SPL network components.

In fact, we now know that miR156 regulation of SPL activity works within a deeply
conserved network defined by antagonistic interactions between miR156 and another
micro RNA, miR172, which targets APETALA2 (AP2)-like TFs. Abundant early in
the lifecycle, miR156 promotes juvenile characteristics such as leaf and tiller
production by inhibiting SPL function. Over time, levels of miR156 decline and the
associated increase in SPL activity leads to promotion of adult features and flowering.
In parallel, miR172 abundance increases to advance differentiation of adult features
and flowering through the suppression of AP2-like activity (Fig.1).

Figure 2: The phenotype of Zeo1.b represents an example of the readout of the
AP2-SPL network in barley, unbalanced by increased AP2 expression. Scale bar
(bottom, left) indicates 1 cm.

The dense spike and late-heading phenotype of the barley Zeo1.b mutant, which
expresses an AP2 transcript resistant to miR172-mediated cleavage, represents one
example of phenotypic change caused by unbalancing the AP2-SPL network (Houston
K, McKim SM, et al., 2013). Inspired by this mutant, we decided to further unbalance
the network by increasing SPL activity (Fig.2). Here, we analyse barley SPL genes to
explore their function during barley development and their potential influence on
important agronomic traits limiting yield, especially inflorescence architecture, plant
height, grain number and quality. Therefore we are generating transgenic barley lines

expressing miRNA-resistant SPL transcripts. To further resolve this network,
downstream targets of the involved TFs will be identified by TF-ChIP-seq analysis.
MATERIALS AND METHODS
Identification and sequence analysis of barley SPL genes
Arabidopsis and rice SPL gene family sequences are well described and easily
accessible at the corresponding web resources, ‘Rice Genome Annotation Project’
(http://rice.plantbiology.msu.edu/annotation_community_families.shtml) and ‘TAIR’
(http://www.arabidopsis.org/browse/genefamily/sbp_box_genefamily.jsp); (Cardon G,
et al., 1999; Yang Z, et al., 2008). By searching the publicly available barley genome
resources, ‘EnsemblPlants’ (http://plants.ensembl.org/index.html) and ‘IPK barley
BLAST server’ (http://webblast.ipk-gatersleben.de/barley) by BLAST, we identified
several barley genes encoding proteins with the conserved SBP box signature
matching
the
consensus
sequence:
‘CQVEGCKADLASAKEYHRRHKVCEAHSKAPRVVVAGQEQRFCQQCSRFHA
LSEFDQAKRSCRRRLAGHNRRRRKPQP’.
Sequence and phylogenetic analyses
Sequence analyses were done with the NCBI ‘standalone BAST_V2.2.31’ tool and
custom-made Python-scripts using Python_V3.1.1. The genomic map positions of
OsSPLgenes were received from the genome browser of the ‘Rice Genome Annotation
Project’. Map positions were determined through the given map positions of the
corresponding morex_contig-fragments derived from the ‘IPK barley BLAST server’
(http://webblast.ipk-gatersleben.de/barley). The relative genomic position of the
OsSPL and HvSPL-genes were plotted on the genomic rice and barley maps by using
the R-package ‘ggbio_V1.18.5’ (Yin T, et al., 2012), R-Studio_V0.99.893 and
R_V3.2.4. Phylogenetic analyses were performed with the software program
MEGA6.06. Phylogenetic trees were generated by using the ‘Maximum Likelihood
Phylogeny Test’ with ‘2000 Bootstrap Replications’.
HvSPL gene expression analyses
In-house RNA-seq resources developed by R. Waugh, P. Hedley and colleagues from
the James Hutton Institute, were mined for information about HvSPL gene expression.
These resources contained gene expression information from eight different barley
tissues collected from cv. Morex. (Consortium, The International Barley Genome
Sequencing, 2012).

RESULTS AND DISCUSSION
Identification of barley SPLs
SPLs are defined by the SBP box, a unique DNA-binding domain containing two zincbinding pockets, where the second zinc finger overlaps with a nuclear localisation
signal (Yamasaki et al., 2004; Birkenbihl R. et al., 2005). Arabidopsis and rice (Oryza
sativa) are known to have 17 and 19 SPL genes, respectively. We identified 18 genes

in the barley genome encoding proteins harbouring a typical SBP box with two zinc
fingers of the type 3xCys1xHis and 2xCys1xHis1xCys. These genes, hereafter referred
to as HvSPLs, were named based on their homology to rice OsSPL genes, determined
by the best BLAST hit. Six of the 18 HvSPL genes encode transcripts containing a
miR156-binding site, ‘gtgctctctctcttctgtca’.
Genomic location and phylogeny
Since SPL functions are best understood in model species such as rice and
Arabidopsis, we focused on these species to identify orthologous SPL genes in barley.
To examine homology amongst HvSPL and OsSPL genes, we compared chromosomal
location, genomic synteny as well as determined their phylogenetic relationship
(Fig.3). Comparison of the chromosomal position of rice and barley SPLs reveals
conserved clusters within chromosomes as well as genomic rearrangements; however,
these rearrangements are in agreement with the overall syntenic relationship among
rice and barley chromosomes (Mayer et al., 2011), as depicted in Fig.3 for HvChr2,
OsChr4 and OsChr7. Further detailed analyses of the genomic context as well as
functional analyses to support orthologous relationships are ongoing.

Figure 3: Map position and phylogenetic analysis of HvSPL genes. The genomic
map positions in cM of OsSPL and HvSPL genes were plotted to the chromosomes
with the R-package ‘ggbio’. Maximum likelihood phylogeny trees were generated by
MEGA6 with 2000 Bootstraps. The high bootstrap values (bottom, right) indicate a
high homology of the putative orthologous gene pairs SPL08; SPL07 and SPL13
among rice and barley. The comparison of the chromosomal positions (bottom, left)
shows that SPL07 and SPL08 cluster together in both species, SPL13 is located in a
syntenic region (sr; Mayer et al., 2011).
Functional analysis in barley
Detailed comparison of developmental expression patterns will also help to identify
potentially shared function across species. To characterise individual HvSPL genes, we
are determining their developmental expression pattern and their regulation by
miR156. As a first step, we accessed expression data resources from the James Hutton
Institute (courtesy of R. Waugh; Fig.4). This data set reveals expression data for all 18
HvSPL genes. Most HvSPLs are mainly lowly expressed and rather inflorescence than
leaf-specific expressed. We also detected expression in other tissues but rarely as
highly expressed as in the inflorescence (data not shown). This pattern of HvSPL gene
expression later in development and specifically in the developing inflorescence is
similar to the previously described developmental expression patterns of OsSPL genes
(Xie K. et al., 2006). We anticipate that HvSPLs will have developmental roles within
the inflorescence based on phenotypes of OsSPL mutants which show major
differences in inflorescence architecture. Since the available expression data is limited,
we decided to analyse the expression of HvSPL genes in more detail. Hence, we
collected selected tissues at specific developmental stages to determine the spatiotemporal expression of HvSPLs during barley development.

Figure 4: HvSPL gene expression analyses. The analysis is based on a barley RNAseq data set provided by the James Hutton Institute, described by The International
Barley Genome Sequencing Consortium (2012).

Conclusions
Since our barley sequence analyses confirmed that certain barley SPL transcripts
harbour miR156 target sites, we are investigating whether these binding sites are
associated with transcript cleavage and defining where and when this takes place
during barley development. Long-term approaches based on transgenic barley lines
expressing miR156-resistant HvSPL transcripts will enable detailed functional analyses
of the HvSPL genes and may reveal new barley-specific SPL functions. Identification
of direct TF-target genes by TF-ChIP-seq will add a complete new layer of complexity
to the AP2-SPL gene network by revealing through which pathways AP2 and SPL
function is realized. Meanwhile, the combination of detailed gene expression studies
and analyses of the syntenic relationship of putative orthologous gene pairs among
species like rice, maize and barley will contribute to our understanding of candidate
genes influencing agronomic traits in barley.
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INTRODUCTION
Barley (Hordeum vulgare L.) is one of the major cereal crops grown in Ethiopia and
its production is an old heritage with a large number of landraces and traditional
practices. The landraces have an international recognition for their useful traits to
modern agriculture through provision of genes for resistance to diseases, high
nutritional quality and abiotic stresses. Barley is the fifth important cereal crop in
Ethiopia after teff, maize, sorghum and wheat. ( CSA, 2014). It is produced on about 1
million hectares of land from which 1.90 million tons of grain is produced annually
(Table 1). The average national yield of barley is about 1.96 tons per hectare ha, which
is low compared to the world average of 3.1 t/ha . Both food and malt barley are
grown side by side sharing similar agro-ecologies. The share of malting barley in the
national production is low (about 10- 15 %) as compared to food barley. The estimated
annual production of malt barley ranges from 225 thousand tons to 267 thousand tons.
Table 2 National Estimates of Area, Production and Yield of Major Cereal Crops
in 2014 crop season

Crops

No. of small
holder farmers

Area
(‘000ha)

Production
(‘000t)

Yield
(t/ha)

Cereals

13,419,762

9,848.75

21,583.52

Teff
Maize

6,613,090
8,809,221

3,016.52
1,994.81

4.418.64
6,491.54

1.46
3.25

Sorghum
Wheat

4,788,499
4,746,231

1,677.49
1,605.65

3,828.87
3,925.1

2.28
2.44

Barley

4,461,616

1,019.48

1,908.26

1.96

Source: CSA, 2014
In the barley-based farming systems of the highlands of Ethiopia, smallholder farmers
have very few alternative crops. One source of income could be growing malting
barley, which has dependable local buyers in the country (Bayeh and Berhane, 2011)
and possibly export market.
RESEARCH ACHIEVEMENTS

The Ethiopian Institute of Agricultural Research (EIAR) with the support and collaboration of
international organizations carry out barley research and development activities for the last
fifty years. The research objective was to ensure food and nutritional security through
availability of sustainable improved food barley technologies and contribute to import
substitution of barley malt and grain through continuous generation and supply of improved
technologies. Over the years, more than 50 food and malt barley varieties have been released
with appropriate packages by the national and regional research programs through local
germplasm selections, hybridization and selections and introductions.

Food barley
A considerable genetic progress was attained for grain yield and important agronomic
traits on food barley varieties generated from 1975 to 2006 (Wondimu et al., 2014).
The yield gain has risen at an average rate of 42.96 kg ha-1 (1.19%) year-1of release
(Fig. 1). Similarly, harvest index was also improved with 0.004 yr -1and the progress
occurred at annual rate of 1.58% increase for the last three decades. However, plant
height was reduced with an average annual genetic gain of - 0.39 cm (-0.33%) year-1 .
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Figure 1. Plot of grain yield gain of food barley varieties against years of release of
varieties
Malt barley
The malt barley research program have so far released and registered 16 malt barley
varieties. Of which, 11 varieties are under production at different scales in the
potential malt barley growing environments. The varieties and associated production
packages are contributing to increased income source of small holder farmers in the
highlands and enhance the local malt production supply to the malt factory. Grain
yield potential of malting barley has risen at an average annual rate of 28.95 kg ha-1
(0.88%) year-1 since 1979 ( Fig. 2). Moreover, kernel plumpness was significantly
improved as kernel size ≥ 2.5 mm showed significant improvement (0.27%) year-1 and
non standard seed size, i.e. ≤ 2.2 mm was substantially to -0.21% year-1. (Wondimu et
al., 2013).
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Figure 2. Plot of grain yield gain of malt barley varieties against years of release of
varieties
Partnership to Strengthen Research and Development in Barley and Wheat
Recently, a research collaboration between Ethiopia, and Germany through GIZCapacity Development (CD) seed project, KWS and the German Breeders Association
has been started. The collaborative project focuses to enhance the efficiency of barley
and wheat breeding through a combination of conventional and modern tools such as
double haploids and marker assisted and genomic selection tools; increase quality
production of early generation seeds of released varieties and capacity development.
In line with this, community based seed multiplication (CBSM) and participatory
variety selection trials are being conducted with full participation of farmers since
2013.
Community based seed multiplication(CBSM)
Improved seed is the basic component to improve crop productivity and increase
production. However, the availability of this component is not sufficient to meet local
farmers’ requirement. This is mainly due to the limited capacity of the existing
national and regional seed enterprises of the country and absence of private seed
producers mainly for self pollinated crops. To this effect, a multi-disciplinary
integrated community based seed production was established by the Holetta
agricultural research center at Robe gebeya and Telech kebele in wolmera woreda to
address the need of the framers within their farming system on major crops including
barley, wheat, highland maize, highland pulses, potato and linseed. The aim is to
strengthen the informal seed system and enhance seed production, seed quality and
marketing at local community level.
At welmera wereda, Rob-gebeya kebele, 253 volunteer farmers (246 female and 6
male) selected and trained on seed production and management aspects. At planting,
2.32 t of pre basic food barley variety (HB 1307) provided. Based on the training
given, almost all farmers used row planting. The CBSM activity enhanced quality seed
production and more than 15.0 tons seed produced and utilized to improve

productivity in the community. Production and productivity is not possible without a
sufficient seed in the system. Therefore, promoting community based seed
multiplication program can be one of the best options to alleviate the existing seed
shortage in the country. The activity continued with the engagement of more farmers
and support from the CD-seed project.
Participatory variety evaluation of elite food and malt barley varieties
A participatory variety evaluation on 10 elite food and malt barley varieties including a local
variety was conducted at wolmera woreda - Robe Gebeya and Telecho kebele on three
farmers’ fields to obtain farmers view and preferences on the varieties for further promotion
and adoption. The varieties were evaluated by farmers at flowering and maturity stages. Some
agronomic data and farmers overall assessment score is shown in Table 2.
Table 2. Summary of participatory variety selection at Telecho kebele, 2013 cropping season
GY
FSS (1-3)
SN
Genotype
DMA
TKW
HLW
Type
(kg/ha)
Scale *
1
Cross 41/98
Food 138.33 48.67
68.3
5453.2
2
2

EH 1493

Food

138.33

54.93

68.97

4491.0

2

3

HB 1307

Food

141

49.73

65.33

4942.0

3

4

Food

139.67

56.27

65.57

4054.2

3

5

Baleme (farmers
variety)
IBON 174/03

Malt

128.33

52.13

64.57

4092.8

3

6

Bekoji-1

Malt

141

49.2

71

3818.7

3

7

EH 1847

Malt

141

47.47

68.6

4263.2

2

8

Shege

Food

141

49.33

63.67

4893.7

3

9

BLLUP/Petunia

Food

128.33

43.6

57.77

2599.7

1

10

Kedo Guraghe
(farmers variety)

Food

138.67

55.07

63.93

4701.8

2

Mean
137.57 50.64 65.77
4331.0
2
CV (%)
0.04
6.75
3.05
17.7
11.99
LSD(5%)
2.46
5.87
3.44
1315.1
0.5
* Farmers Selection Score (FSS) depending on the traits of interest 1= poor and 3= very
good
Famer’s selection criteria for genotypes of interest
 Spike size/length (farmers associate the size of spike and row orientation with yield
potential)
 High Tillering capacity
 Early vigor
 Lodging resistance (stiff straw )
 Quality for local food ( injera )and beverage ( tela) preparation
 High biomass- Straw yield for animal feed

 Market value ( white color and grain size)
Based on the farmers preferences, two malt barley varieties (IBON174/03 and Bekoji1) and one food barley ( HB 1307 ) variety are being promoted and popularized in the
project area through CBSM and scaling up activities. As a result high demand for
improved seeds is created and market linkage established.
Double Haploid Production (DH)
Application of double haploid techniques on barley was initiated in 2014 through the
CD-seed project with technical back stopping from KWS- Einbech, Germany. The aim
is to enhance the efficiency of the barley breeding program and accelerate the variety
development process. The activity is progressing on protocol optimization and green
DH plant production at the Holetta national biotechnology laboratory. The focus is on
malt barley to develop disease resistant and high yielding malt barley varieties with
acceptable malt quality standards.

Future plan
The Ethiopian Institute of Agricultural Research will continue and strengthen its
collaboration with the GIZ-CD Seed project and KWS in the following areas:
 Enhance exchange of trait-specific germplasms of barley and wheat to widen
the genetic base of Ethiopian breeding materials



Accelerate barley and wheat breeding via application of doubled haploid (DH)
technique
Strengthen integration of biotechnological tools (e.g. marker-assisted selection (MAS)
, Genomic selections (GS) for diagnostic disease resistance and quality traits) in
wheat and barley breeding programs

 Implement screening of barley landraces for acid soil tolerance through
molecular markers approach and farmer-participatory barley breeding program



Strengthen community based seed multiplication for quality seed production and
enhance access of improved seeds of barley and wheat to farmers
Capacity development
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Abstract
Dense genome-wide marker datasets constitute the basis for research into demographic
processes and patterns of natural selection among barley cultivars, landraces and wild
relatives and make it possible to correlate genotypes with phenotypes in genome-wide
association studies. In barley, sequence-based methods such as whole-genome
resequencing, exome capture and genotyping-by-sequencing have been implemented
to detect and genotype single-nucleotide polymorphisms across the genome. Integrated
analyses of these variation datasets will greatly benefit from the positional information
provided by the linearly ordered, highly contiguous genome sequence assembly of cv.
‘Morex’ generated by the International Barley Genome Sequencing Consortium. In
this talk, I will give an overview about the genotypic datasets collected in recent years
using different resequencing strategies and discuss the genomic distribution of genetic
diversity in context of the map-based reference sequence of barley.
Genome sequencing for assessing intra-specific diversity
The construction of high-quality reference genome sequence is often followed by the
construction of haplotype maps (HapMaps) for assessing genome-scale intra-specific
diversity. 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) are underway and have already demonstrated the impact on population
genomics and attempts of resolving the genetic basis of key quantitative agronomic
traits. Whereas HapMap projects for small genome species can be performed by whole
genome sequencing (WGS), genotyping density and population size need to be well
balanced in large genome species, where complexity reduction is necessary prior to
sequencing to obtain sufficient sequencing depth for reliable variant calling. Once the
data have been collected, HapMaps can provide insights into nucleotide diversity,
recombination rate, decay of linkage disequilibrium and repeat content, underpin
genome-wide association studies for important traits (Huang and Han, 2013) and
identify targets of domestication and crop improvement (Hufford et al., 2012)
Exome sequencing
Exome sequencing uses oligonucleotide probes to selectively enrich sequencing
libraries for fragments from specific regions of the genome. An exome capture liquid
array targeting ~ 60 Mb of mRNA-coding exons is available for high-coverage

resequencing of the barley genespace (Mascher et al., 2013). A consortium led by
researchers of IPK Gatersleben, the James Hutton Institute and the University of
Minnesota has recently sequenced the exomes of a representative collection of georeferences of landraces and wild accessions of barley and explored the patterns of
diversity in this panel (Figure 1). Their data also indicate that geo-climatic variables
associated with temperature and dryness were at least partly responsible for driving the
adaptive response as the barley crop dispersed across temperate regions of the world
(Russell et al., 2016).
Genotyping-by-sequencing for characterizing germplasm collections
Genotyping-by-sequencing (GBS) employs digestion with restriction enzyme for
complexity reduction (Elshire et al., 2011). Its highly streamlined wet-lab protocol
make GBS the method of choice for the cost-efficient sequenced-based
characterization of very large germplasm collections encompassing thousands of
individuals (Romay et al., 2013). Researchers at IPK Gatersleben are currently using
GBS to collect at ~ 50,000 SNPs variants for all ~22,000 accessions in the barley
collection of the German Federal ex situ genebank. First results on ~7,000 winter
barley accessions indicate that this data can provide a deeper understanding of barley’s
breeding history and inform genebank management decisions.
The map-based reference sequence of barley
The limited resolution has long hampered the assessment of sequence diversity in the
non-recombining peri-centromeric regions of the barley genome (Kunzel et al., 2000).
The International Barley Genome Sequencing Consortium has recently constructed a
high-quality reference assembly of the barley genome by sequencing a minimum tiling
path of overlapping bacterial artificial chromosomes (BACs). Chromatin interaction
frequencies obtained by chromosome conformation capture sequencing (LiebermanAiden et al., 2009) were used to derive a linear order of nearly all BAC-based
sequence scaffolds. For the first time, an accurate and comprehensive sequence map of
large peri-centromeric regions is now available. Re-analyzing the available
resequencing datasets in the context of this sequence resource indicate that the highquality barley genome will empower map-based cloning of genes residing in these
regions and population genetic analyses to understand that the origin of large stretches
of reduced sequence diversity in domesticated barley in particular on chromosomes 1H
and 4H.
Conclusions and outlook
Genome-wide re-sequencing datasets of diversity diversity are key to study the
demographic history of barley, identify regions of the genome selected during
domestication and subsequent dispersal and crop improvement, and to link genotype
and phenotype by genome-wide association mapping. Powerful resequencing
strategies together with a high-quality reference sequence will lead to many exciting
results in barley genomics.

Figure 1: Exome diversity in genome. (A) Nucleotide diversity in 91 wild (black)
and 137 domesticated barley accessions (red) as revealed by more than 1.6 million
single nucleotide polymorphisms. Diversity is reduced towards the genetic
centromeres (marked in gray). (B) Reduction in diversity in domesticated barley
relative to the wild accessions. Several region of reduced diversity coincide with
known domestication genes (e.g. btr1/2 on chromosome 3H or nud on chromosome
7H. (C) Population-scaled recombination rate is correlated with nucleotide diversity.
(D) Distribution of exome capture target regions along the genome.
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OBJECTIVES
To characterize the proteome of barley leaf senescence, especially as controlled by a
chromosome six grain protein locus encompassing the HvNAM-1 gene.
INTRODUCTION
We have previously characterized barley germplasm varying in senescence timing, namely
the late-senescing variety ‘Karl’ and a near-isogenic early-senescing line (‘10_11’), using
biochemical, molecular and gene chip-based methods to compare flag leaf senescence and
grain protein accumulation (Heidlebaugh et al., 2008; Jukanti and Fischer, 2008; Jukanti et
al., 2008). This germplasm varies in the allelic state of a chromosome six locus encompassing
the HvNAM-1 transcription factor gene (Distelfeld et al., 2008; Distelfeld et al., 2014). The
role of NAC transcription factors in senescence regulation is well-established (Uauy et al.,
2006; Distelfeld et al., 2014), but NAC genes are also involved in plant adaptation to biotic
and abiotic stresses (Al-Daoud and Cameron, 2011; Chen et al., 2014; McGrann et al., 2015),
suggesting possible roles in crosstalk between plant development and stress responses.
HvNAM-1 expression is strongly induced in flag leaves after anthesis (Distelfeld et al., 2014).
Differences between ‘Karl’ and ‘10_11’ flag leaves identified in previous as well as the
present studies from our laboratory therefore depend on the accelerated-senescence
phenotype, as controlled by HvNAM-1. Our previous transcriptomic analysis (Jukanti et al.,
2008) found that numerous ‘Senescence-Associated Genes’ (SAGs), but also a series of genes
coding for pathogenesis-related proteins are upregulated in line ‘10_11’ as compared to ‘Karl’
flag leaves.
To establish how differences between ‘Karl’ and ‘10_11’ found at the mRNA levels impact
protein abundance, proteomic data are necessary. Plant productivity parameters for both
model and crop species can be defined by integrating plant genome and transcriptome
annotations with proteomic and metabolomic studies (Fukushima and Kusano, 2014). For the
present study, separation and quantification of ‘Karl’ and ‘10_11’ flag leaf proteins was
achieved by two-dimensional difference in-gel electrophoresis (2D-DIGE) and label-free
quantitative mass spectrometry based proteomics (‘shotgun proteomics’), leading to an
extensive protein-level comparison of early- vs. late-senescing barley germplasm.

MATERIALS AND METHODS

Plant material - Barley seeds were planted in a small randomized block design containing
four blocks each of variety ‘Karl’ and line ‘10_11’ in a glasshouse of the Montana State
University Plant Growth Center. A 22 °C / 18 °C day : night temperature regime was
maintained in the glasshouse, and days were extended to a 16 h photoperiod when required,
using Son-Agro 430-W high-pressure sodium lamps (Philips, Somerset, NJ, USA). Plants in
potting soil were fertilized with 250 mL Peter’s Professional General Purpose fertilizer (4 g L1
, Scotts-Sierra Horticultural Products Company, Marysville, OH) per 4-liter pot with three
plants every alternate week until anthesis, starting at two weeks past germination. When
plants reached anthesis, each shoot used for further experimentation was labeled with its exact
anthesis date. Flag leaves (leaf blades only) harvested at 14 and 21 dpa were flash-frozen in
liquid nitrogen and stored at -80 °C until protein extraction. For each harvest time point, four
to six ‘Karl’ and four to six ‘10_11’ samples were collected from the four blocks of the
experiment, with each sample consisting of flag leaves from 8 to 10 plant shoots. Three
samples of ‘Karl’ flag leaves (at 14 and 21 dpa) and three samples of ‘10_11’ flag leaves (at
14 and 21 dpa) were randomly picked from the material stored at -80 °C for proteomic
analyses.
Proteomic analysis - Frozen flag leaves were ground for 1 min in liquid nitrogen with a
mortar and pestle. Samples were prepared for 2D-DIGE and for shotgun proteomic analysis,
and were analyzed by 2D-DIGE and mass spectrometry essentially as previously described
(Maaty et al., 2012). For shotgun analysis, LC-MS/MS was performed using a Bruker maXis
Ultra High Resolution micrOTOF-Q (Bruker Corporation, Fremont, CA 94538, USA) mass
spectrometer fitted to an UltiMate® 3000 Nano LC (Thermo Scientific Inc., Rockford, IL
61101). Samples were trapped and desalted on a ProntoSIL Eurobond capillary column (125
mm x 4 mm ID; packed with ProntoSIL 120-5-EuroBOND-C18; 5 μm particles, Bischoff).
The peptides were then eluted and loaded onto the analytical Synergi™ 4 µm Fusion-RP 80 Å
column (100 mm x 2 mm ID, packed with C18 particles, 4 μm particles, Phenomenex Inc.) in
5% acetonitrile / 0.1% formic acid delivered by an auxiliary pump at 4 μL min-1 in-line to the
mass spectrometer with a flow of 600 nL min-1. Peptides were eluted with a 5 to 90%
acetonitrile gradient over 120 min. Data-dependent acquisition of collision induced
dissociation tandem mass spectrometry was performed in Auto (MS/MS) mode over a mass
range of 200 to 2,200 at 24,300 m/z-s. The acquired mass spectra were processed by Compass
DataAnalysis 4.0 software (Bruker Daltonics) and exported as raw data files for analysis.
Data analysis and statistics - Not all details can be reported here for reasons of space.
Briefly, for shotgun analysis, a theoretical peptide library was generated by performing an in
silico tryptic digest on the barley protein sequence entries available in the UniProt database
(http://www.uniprot.org; 52,289 sequences) and used for comparison with our MS data. A
protein was ‘identified’ when two or more peptides were assigned. Members of this group
possessing three or more peptides were designated ‘quantifiable’. Protein abundances were
determined for each sample type (‘Karl’ or ‘10_11’) and time point (14 or 21 dpa) by
averaging intact tryptic peptide ion intensities from three biological replicates of each sample.
The resulting average intensity values were combined (sum of three ‘Karl’ and sum of three
‘10_11’ precursor ion intensities) providing an abundance value for proteins in each sample.
Fold-change ratios were determined by dividing the abundance values against one another
(‘10_11’ vs. ‘Karl’). A Student’s t test was performed and p values are reported for each
quantified ratio.
RESULTS AND DISCUSSION

Numbers of identified and differentially regulated proteins - Image analysis of 2D gels
showed that 332 (14 dpa) and 323 (21 dpa) protein spots were present in both ‘Karl’ and
‘10_11’.
Among these, seven spots were significantly (≥1.5-fold, p value ≤0.05) more abundant in the
early-senescing line ‘10_11’ at 14 dpa, while ten were more abundant in line ‘10_11’ than in
variety ‘Karl’ at 21 dpa.
Considerably larger numbers of differentially regulated proteins were found using a shotgun
proteomics approach (Table 1). In agreement with our previous transcriptomic analysis
(Jukanti et al., 2008), more differences between ‘Karl’ and ‘10_11’ were identified at 21 than
at 14 dpa. Considering that protein degradation and remobilization are hallmarks of leaf
senescence (Distelfeld et al., 2014), it is unsurprising that, among proteins with significant
differences between ‘Karl’ and ‘10_11’, a majority was higher-abundance in the latesenescing variety ‘Karl’ (Table 1). However, it may be argued that proteins bucking this
trend, i.e. those which are more abundant in the earlier-senescing flag leaves of line ‘10_11’,
are enriched in functions necessary for senescence regulation and nutrient remobilization, and
are therefore of particular interest.
Upregulation of defense functions in early-senescing line ‘10_11’ as compared to latesenescing variety ‘Karl’ - The largest group of proteins upregulated in flag leaves of line
‘10_11’ consisted of those with likely or putative functions in plant pathogen defense. These
included membrane and intracellular receptors or co-receptors (LRR-RLKs, NBS-LRRs),
enzymes involved in attacking pathogen cell walls (e.g. glucanases), enzymes with possible
roles in cuticle modification, classical pathogenesis-related proteins, membrane transporters,
and enzymes involved in DNA repair. Several or numerous transcripts belonging to all these
functional groups, with the exception of DNA repair, were also identified as upregulated in
our previous transcriptomic comparison of ‘Karl’ and ‘10_11’ flag leaves at 14 and 21 dpa
(Jukanti et al., 2008), indicating regulation of defense-related functions at both the transcript
and protein levels. Induction of defense-related genes during developmental senescence has
been observed in several studies (Guo and Gan, 2012; Quirino et al. 1999, Quirino et al.,
2000). At the same time, Senescence-Associated Genes have been shown to be induced during
plant defense against various pathogens (Lers, 2007), and a series of genes and proteins have
been demonstrated to be involved in both senescence regulation and plant pathogen defense.
The hypothesis has been forwarded that senescing plant organs are susceptible to
opportunistic infections (e.g., Lers, 2007); upregulation of defense-related genes and proteins
may therefore have evolved as part of the developmental senescence program to protect plant
nutrients during their remobilization to surviving organs or seeds. An alternative explanation
is based on the fact that both senescence and plant defense mechanisms (specifically the
hypersensitive response) lead to cell death. However, the hypersensitive response occurs
much faster than organ or whole-plant senescence and is limited to cells surrounding the
infection site (Lers, 2007). Partial overlap between regulatory mechanisms and gene
regulatory networks guiding both types of plant cell death is therefore conceivable.
Variety ‘Karl’ and line ‘10_11’, which is near-isogenic to ‘Karl’, differ in the allelic state of
a chromosome six locus containing the HvNAM-1 gene. The role of several NAC
transcription factors in senescence regulation is now well-established, but NAC genes are also
important for plant adaptation to biotic stress (see introduction). Upregulation of the genes
and proteins described in Jukanti et al. (2008) and in the present study therefore likely depend
on allelic variation in the coding or control sequences of HvNAM-1 (Distelfeld et al., 2008),
but it cannot be excluded that linked genes also have some influence on the presented data.
Other functions that are upregulated in line ‘10_11’ - Besides defense-related proteins, a
second functional group identified as upregulated in line ‘10_11’ consists of proteins involved
in protein synthesis and protein degradation. This group contains a putative mitochondrial

import receptor, three ribosomal proteins, two chaperonins and a putative prolyl-tRNA
synthetase. While overall/net proteolysis is predominant during senescence, it has long been
acknowledged that senescence is associated with changes in gene expression, and with the
synthesis of new proteins (Thompson et al., 2004). Enzymes and proteins involved in protein
degradation include a family S8 serine protease (see Rawlings et al., 2016 for protease
classification), a tripeptidyl peptidase, and several elements of the ubiquitin-proteasome
system. The low number of significantly regulated proteases may be surprising compared to
transcriptomic analyses of the senescence process including our own (e.g., Jukanti et al.,
2008). Additional proteases were quantified and identified as upregulated in this study, but
with p values >0.05. These included a calpain (family C2A cysteine peptidase), an additional
(family S53) tripeptidyl peptidase, two family A1 aspartic peptidases or related proteins, and
two metallopeptidases from families M41 and M48, indicating that functionally interesting
information was eliminated by the statistical tests applied. Considering that peptidases,
particularly cysteine and serine peptidases, are typically activated from precursor proteins
through limited proteolysis, it will become important to apply additional proteomic methods
such as activity-based protein profiling (Sanman and Bogyo, 2014) to fully characterize
senescence-associated proteolysis and nitrogen remobilization.
Table 1. Shotgun proteomics data summary.
Protein category
Identified (≥2 peptides)
Quantifiable (≥3 peptides)
Significantly regulated total
(p value ≤0.05; ≥1.5-fold)
Significantly upregulated in ‘10_11’ vs. ‘Karl’
( p value ≤0.05; ≥1.5-fold)
Significantly downregulated in ‘10_11’ vs. ‘Karl’
( p value ≤0.05; ≥1.5-fold)
dpa, days past anthesis

Sampling time point (dpa)
14
21
Number of protein groups
5055
5338
1176
1839
65

347

9

49

56

298
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OBJECTIVES
To improve the agronomic performance of winter and facultative hull-less food barley and
provide growers and consumers with a range of grain colors, flavors, textures, and processing
attributes. The end-goal of this trial is to release varieties that are best adapted to the regions
where the trial is being grown.
INTRODUCTION
In the last several millennia, barley consumption as a food product has fallen out of favor in
much of the western world as white bread, oatmeal, and rice have replaced it in modern diets.
In 2009, 147,412,740 metric tons of barley were produced worldwide (FAO-STAT, 2009). Of
the total amount of barley produced, 4,911,061 metric tons were consumed as food in Africa
and Asia (where barley remains a staple crop in many areas) and 1,326,479 metric tons were
consumed as food in the Americas, Europe, and Oceania. Since health claims for barley have
been approved in the US, Europe, and Canada (Ames and Rhymer, 2008; National Barley
Foods Council, 2003; EFSA NDA Panel, 2011; http://www.hc-sc.gc.ca/fn-an/labeletiquet/claims-reclam/assess-evalu/barley-orge-eng.php) there has been a resurgence in food
barley consumption and interest. However, most breeding programs have focused on breeding
for low β-glucan, which is desirable for malt and feed barley. There is a need to breed highyielding varieties with desirable food barley quality traits and to distinguish these lines from
those developed for other end-uses.
The health claims are based on the capacity of barley foods to reduce coronary heart disease,
due to the β-glucan, a soluble dietary fiber located in the subaleurone layers, endosperm
adjacent to the subaleurone layers, and throughout the endosperm (Izydorczyk et al., 2008).
There are qualitative and quantitative genetic components to grain β-glucan, with several
known QTL contributing to high β-glucan (Islamovic et al., 2013). There is a pleiotropic
effect of the waxy starch trait, which is controlled by a recessive mutation in the granulebound starch synthase 1 (GBSS1) gene (wx allele) on β-glucan levels (Patron et al., 2002;
Islamovic et al., 2013). Breeders can successfully select for higher grain β-glucan by targeting
the recessive allele. Many breeding programs focus on breeding extremely high β-glucan (1220%) for extraction purposes. Our breeding targets moderate β-glucan levels (4-8%) for
whole-grain use.
The INUDFOOD (international naked food barley) trial represents the start of an international
collaboration directed at the rapid development of diverse winter food barley germplasm
resources. Working with a network of international collaborators, varieties with excellent

agronomic performance and high levels of winter hardiness were collected from Europe to
broaden the germplasm base. In order to efficiently introgress this exotic germplasm into
adapted backgrounds, we produced doubled haploids (using anther culture) from crosses of
Oregon State University (OSU) food germplasm with selected German winter barleys. These
doubled haploids were initially grown in Corvallis, Oregon and at multiple locations in Spain.
MATERIALS AND METHODS
After several years of phenotypic selection for agronomic and quality traits, selected lines
were advanced to the INUDFOOD trial. There are 30 lines in this trial, 13 selected in Oregon,
14 selected in Spain, and three hulled check varieties selected for their adaptation to the
Pacific Northwest of the USA, the UK, and Spain. The experimental germplasm is all doubled
haploid and hull-less and includes waxy and non-waxy starch types with moderately high
grain β-glucan content.
The INUDFOOD trial was planted in fall 2013 at four locations: Corvallis, OR, USA;
Pullman, WA, USA; Lleida, Spain; and Dundee, Scotland, and in winter 2014 at Corvallis,
OR, USA. The trial was planted again in fall 2014 at five locations: Corvallis, OR, USA;
Pullman, WA, USA; Mount Vernon, WA, USA; Lleida, Spain; and Dundee, Scotland.
Management of the trial was conducted based on local practice.
Agronomic traits and resistance to biotic and abiotic stresses were measured at each location
based on regional relevance. β-glucan was measured at all locations. Malt quality traits were
measured on the 2013-14 Corvallis, OR trial. Data will be statistically analyzed using
ANOVA.
RESULTS AND DISCUSSION
We are currently in the process of analyzing the results of this trial across years and locations.
Two years of data at multiple locations will allow us to begin selecting entries for variety
release. A number of the hull-less entries compare with or out-yield the checks and have
excellent agronomic and food quality ratings.
Additionally, this population will be used to look at genotype-by-environment interactions for
β-glucan content across continents. Results to date have shown that across the population, the
β-glucan levels vary by environment, with the highest levels being in Spain (hot and dry) and
the lowest levels being in Scotland (cool and wet). This is not unexpected; Meints et al.
(2015) reported differences in β-glucan levels across high-rainfall, irrigated, and dryland
environments in the Pacific Northwest using a population of waxy and non-waxy food barley
lines. Anker-Nilssen et al. (2008) reported that barley grown in hotter and drier climates tends
to have higher β-glucan than barley grown in wetter climates. Chutimanitsakun et al. (2013)
also found that β-glucan content was significantly higher with increased daytime
temperatures, even under irrigated conditions.

Table 1. Winter-planted Corvallis, OR data (2014).

Table 2. Dundee, Scotland data
(2013-14).

Table 3. Lleida, Spain data
(2013-14).
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OBJECTIVES
The key objective of this study is to catalogue the NB-LRR (NLR) gene family complement in barley.
NLR genes play an important role in the plant immune system, where they function as sensors of
pathogen attack; and as such represent an important focus of research into developing sustainable
methods for protecting crops against plant pathogens.

INTRODUCTION
Plant pathogens are a major impediment to sustainable food production, particularly in light of an
increasing human population. One of the major forms of protection against plant pathogens are
derived from the plant itself. Resistance genes (R genes) defend the plant in a pathogen-specific
manner and is commonly associated with a hypersensitive response (HR) (Dangl, et al., 2013). The
majority of R genes in plants encode NLRs, which are cytosolic proteins with a nucleotide-binding
(NB) domain and several leucine-rich repeat (LRR) domains (Dangl, et al., 2013). NLR encoding
genes exist in complex loci (Michelmore and Meyers, 1998), meaning that the correct assembly and
annotation from short read next-generation sequencing data is an extremely difficult task. Several
researchers have identified NLRs in approximately 40 different monocot and eudicot plant genomes
(including barley) (Jupe, et al., 2012, Kroj, et al., 2016, Li, et al., 2010, Meyers, et al., 2003, Sarris, et
al., 2016, Tan and Wu, 2012). These studies scanned publically available genomes and gene
annotation sets to identify signatures of NLRs (identified from experimentally validated NLRs) using
local alignment (BLAST suite), motif searches (MEME suite), domain prediction software
(InterProScan) and gene clustering algorithms (TRIBEMCL).
Due to the complex nature of the barley genome (5.1 Gbp and ~80% repetitive), and the fragmented
state of the current draft genome sequence (I.B.S. Consortium, 2012), we surmise that the annotation
and physical anchoring of the complex NLR gene family is incomplete. To address these issues, we
began by scanning the barley genome for signatures of NLRs and confirming or repairing existing
annotations with de novo assembled transcripts from eight different tissues from the reference
accession Morex (described in (I.B.S. Consortium, 2012)). Future work will include combining this
technique with more extensive transcriptomic analysis and barley-specific NLR exome capture
(RenSeq) to improve this initial assessment even further.

MATERIALS AND METHODS
Using a random selection of NLRs identified in rice and Brachypodium distachyon by (Li, et al., 2010)
and (Tan and Wu, 2012) as a training set, we developed 20 key motifs that generally detect coiled-coil
(CC), nucleotide binding site (NBS) and leucine-rich repeat (LRR) domains (identified with MEME
version 4.9.0 (Bailey, et al., 2009)). These motifs were used to scan the entire set of high and low
confidence gene models (I.B.S. Consortium, 2012) of barley for signatures of NLRs using the Motif
Alignment & Search Tool (MAST (also from the MEME suite version 4.9.0)). The motifs
corresponded closely with those previously identified from NLRs of Arabidopsis thaliana by (Meyers,
et al., 2003). Using the Geneious genome browser (version 9.1.1), predicted NLR candidates were

manually curated and subjected to domain structure prediction with Coils version 1.1.1 and
InterProScan version 1.0.6 (http://www.geneious.com/; (Kearse, et al., 2012)).
We performed de novo assemblies of eight transcriptomes using RNAseq reads from eight different
tissues from the reference accession Morex (described in (I.B.S. Consortium, 2012)), using Trinity
version 2.0.6 (Grabherr, et al., 2011). After prediction of the best transcript ORFs with TransDecoder
version 2.0.1 (Haas, et al., 2013), and removal of 100% redundancy with CD-HIT version 4.6.4 (Li
and Godzik, 2006), the transcripts were aligned to the 419 candidate NLR genes using BLAST
(Altschul, et al., 1990), and best hit alignments visualised and assessed in Geneious version 9.1.1
(http://www.geneious.com/ (Kearse, et al., 2012)).

RESULTS AND DISCUSSION
Using the Morex whole genome shotgun reference assembly (I.B.S. Consortium, 2012) as a starting
point, we found that 419 putative NLRs are present in the annotated Morex genome. The NLRs are
unequally distributed across the genome, with particular enrichment on chromosome arms: 1HS, 2HS,
6HL, and 7HS (Figure 1). Of the 419 genomic candidates, 172 had classical CC-NB-LRR domain
structure, of which 12 contained predicted integrated decoy (ID) domains, confirming the recent
results of (Kroj, et al., 2016) and (Sarris, et al., 2016). Example ID domains with predicted function
include WRKY and B3 transcription factors, zinc-fingers, protein kinases, thioredoxin, and lectin
binding domains (Figure 2). A total of 109 NB-LRR-type candidates were also retrieved from the
barley genome, with 13 of these containing ID domains with similar functions to those found for CCNB-LRRs. The remaining 138 gene models that harboured NLR-type signatures were made up of
individual CC (4), NB (27) and LRR domains (11); CC-NBs (95); and one CC-LRR.
We were unable to conclude from the available genome assembly whether or not these 138 candidates
were an accurate representation of correct gene model, or if they were fragmented due to assembly
errors. Therefore, we turned to de novo transcriptome assemblies based on publically available
RNAseq data as a means of both independently validating the genomic NLR annotation and in some
cases improving and enhancing them. When non-redundant best ORFs from the 8 independent
transcriptome assemblies were aligned to the set of 419 NLR candidates, 299 of the previously
described gene models (MLOC and AK designations) were validated, meaning the gene model derived
from the genome assembly agreed perfectly with the de novo assembled transcript. The remaining 120
NLR gene models require further investigation based on evidence for incomplete gene models based
on fragmented genomic contigs, presence/absence variation between Morex and Haruna Nijo (the
cultivar used for generating full length cDNAs), and incorrectly assembled genomic contigs (Figure
3).
To understand the natural variation in NLR repertoire, we have sequenced the leaf transcriptome from
38 diverse barley including elite, landrace, and wild accessions. Future work will involve the
characterization of allelic and presence/absence variation, the identification of novel NLR-ID, and
physical anchoring of all unmapped NLRs. In parallel, we have developed an exome capture (RenSeq)
specifically targeting NLRs from barley and are currently assessing the results. The annotated
NLRome will be a critical resource in the rapid identification of resistance genes and for the
development of closely linked markers for molecular breeding.

FIGURES

Figure 1. Anchoring of NLRs on the physical map of barley. Concentric rings correspond to
chromosomes 1H (inner ring) to 7H (outer ring). Yellow circles indicate the number of NLRs at a
locus ranging from 1 (smallest circle) to 6 (largest circle) and grey circles indicate the number of
contigs present within a POPSEQ genetic bin (Mascher, et al., 2013). In total, 293 NLRs were
physically anchored. Scale bars indicate 10 cM based on POPSEQ anchoring.

Figure 2. Gene model of a CC-NB-LRR fused with a WRKY domain. The bottom track indicates the
prediction of a coiled-coil domain at the N-Terminus of the protein. Purple bars are domains predicted
by the PFAM protein domain database, while green bars are predictions by the Superfamily database.

Figure 3. Example of repaired/extended NLR gene model. The black bar at the top denotes the
consensus sequence, while the green bar indicates the alignment identity score. Sequence 1 is the
merged sequence of sequences 2 and 3 (joined by Ns). The bottom sequence is a predicted NLR. At
approximately 2000bp identity drops to zero where sequence 1 and sequence 2 have been merged
together, but then returns to 100% identity.
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OBJECTIVES
Determine if the agronomic response of barley to changes in crop management is altered on
acidic soils if the barley cultivar was carrying the aluminium tolerance gene Alt.
INTRODUCTION
Soil acidity is a major production constraint in the south-west of Western Australia affecting
more than 14.25 million ha of wheatbelt soils (Gazey et al., 2014). More than 70% of surface
soils (0-10cm) and almost 50% of subsurface (10-30cm) soils in the Western Australian
wheatbelt are below the target pHCa of ≥5.5 and ≥4.8, respectively (Gazey et al., 2014),
required to maximise the productivity of barley. As soil pH drops aluminium (particularly
Al3+) is released into the soil solution. In most WA wheatbelt soils Al reaches toxic levels
when subsurface pHCa falls below 4.8. High levels of Al in the soil can reduce plant water use
in two ways. As barley roots are unable to effectively grow through acidic subsurface soil the
plants are restricted in their access to stored subsoil water for grain filling, lowering its yield
potential. Aluminium toxicity can also damage roots so that they are unable to absorb water
efficiently, even under moist conditions.
The solution to improving barley’s productivity on acidic soils is to apply lime. Improving the
genetic tolerance of barley to low soil pH and Al toxicity does not replace the need for lime, it
is a complimentary activity. Amelioration of soil acidity is a slow process, especially if the
subsurface pHCa is below 4.8. Improving the genetic tolerance of barley offer growers the
opportunity to sow a cereal other than wheat in the rotation and/or improve the yield stability
of barley where there is spatial variability in the subsurface pHCa whilst they lime.
In Western Australia genetic improvement in the tolerance of barley to Al toxicity has to date
focused on the Alt gene found in Al tolerant breeding lines like WB229 (O'Connor/Kaniere).
The Alt gene improves the Al tolerance of barley through the release of citrate (up to 10-fold
increase) from the root apices via the HvAACT1 (HvMATE) transporter (Furukawa et al. 2007
and Wang et al., 2007). The exudated citrate reduces the toxicity of Al in the immediate area
surrounding the root apex and allows the barley roots to increase their proliferation in the soil.
Plants carrying the Alt gene can lift the yield of barley on Western Australian acidic soils by
10-40% compared to plants not carrying the gene (Paynter and Fettell 2010).
As low soil pH and Al toxicity are influencing rooting depth and access to key nutrients, it is
possible that cultivars carrying the Alt gene could influence the agronomic response of barley
on both acidic and marginally acidic soils with elevated levels of Al. This paper looked at the
response of cultivars with and without the Alt gene to changes in nitrogen (N) application and
seeding rate (plant density) on two soils with a subsurface pHCa below 4.8 over three years.

MATERIALS AND METHODS
A long term research site was prepared at two lower rainfall environments in Western
Australia, Merredin and Wongan Hills, contrasting in their subsoil aluminium toxicity (Table
1). Both sites had aluminium concentrations above 4 μg/g, levels toxic to barley roots. At
each location lime sand was top-dressed in 2008 at 3 t/ha in 20 m wide strips by 300 m long,
replicated three times, alternating with an un-limed 20 m wide strip. For the three subsequent
years (2009, 2010 and 2011) a different 100 m section of each research site was used.
Table 1. Long term growing season rainfall (GSR, April-October), soil type, soil pHCa, soil
aluminium concentration and soil conductivity of un-limed soil to 30 cm depth at Merredin
and Wongan Hills.

Location
GSR
Soil type
Depth

Merredin
227 mm
acid sandy earth
pH
Al

Wongan Hills
284 mm
brown deep sand
Conductivity
pH
Al

Conductivity

(cm)

(0.01 M CaCl2)

(μg/g)

(μS/cm)

(0.01 M CaCl2)

(μg/g)

(μS/cm)

0-10
10-20
20-30

4.8
4.1
4.0

3.2
15.0
18.7

151
69
65

4.9
4.3
4.1

1.4
5.6
7.2

79
51
47

Three two-row spring barley cultivars were sown in a cyclic randomised split-split-split plot
design with seeding rate randomised with nitrogen (N) blocks within randomised cultivars
across lime strips with three replicates of each treatment. Hamelin, a malting cultivar, was
compared to two BC4 lines (WABAR2481 and WABAR2492) derived from Hamelin
(WB229/4*Hamelin) but carrying the Alt gene from WB229. The barley was sown at three
target densities, 75, 150 and 300 plants/m2, and top-dressed at 3 – 4 weeks after seeding with
0, 20, 40 or 80 kg N/ha. The seed rate (kg/ha) to establish the target densities varied for each
cultivar and year and was adjusted based on their kernel weight and germination per cent.
Plots were assessed for establishment (plants/m2), leaf area index at stem elongation (Z31)
and ear half emerged (Z55) (m2/m3), plant height at maturity (cm, base of ear), lodging score
(9-0) close to harvest, grain yield (t/ha), kernel weight (mg, db), hectolitre weight (kg/hL),
screenings (% < 2.5 mm), grain protein concentration (%, db) and grain brightness (Minolta
‘L*’).
At mid grain fill, soil cores in 10 cm increments to 1 m were removed (two per plot) from
selected plots (20 N and 80 N treatments of 150 plants/m2) of each cultivar. Gravimetric
moisture (%) was determined on each 10 cm increment and used to estimate plant available
water (mm). Soil cores were also taken from a sprayed out section in each strip (bare soil) at
six sites from each trial site. At maturity the same selected plots were assessed for yield
components (dry matter (kg/ha), tillers/m2, grain number per ear and harvest index) from hand
cuts combined from two sites per plot of the rows either side of a rod 1 m in length.
Data was analysed with Genstat (VSN International 2013) with a block structure of
(colrep+rep/lime)/cultivar/Napplied/seedrate and a treatment structure of lime x cultivar x
Napplied x seedrate.

RESULTS AND DISCUSSION
Table 2. Per cent of trials (out of six) with significance (p<0.05) in the ANOVA table for leaf
area index (LAI), plant height at maturity, lodging at maturity and grain yield.

ANOVA
Lime (L)
Cultivar (C)
LxC
N applied (N)
LxN
CxN
LxCxN
Seedrate
(SR)
L x SR
C x SR
N x SR
L x C x SR
L x N x SR
C x N x SR
LxCxNx
SR

LAI - Z31

LAI - Z55

33%
100%
0%
100%
33%
0%
17%

67%
67%
0%
100%
0%
0%
0%

Plant
height
17%
67%
0%
33%
0%
17%
0%

83%

67%

0%
33%
33%
0%
0%
17%
0%

Lodging

Grain yield

0%
67%
0%
50%
0%
0%
0%

50%
100%
0%
33%
0%
0%
17%

100%

50%

83%

0%
0%
0%
17%
17%
0%

0%
17%
17%
17%
17%
0%

0%
17%
17%
0%
0%
0%

0%
0%
17%
0%
0%
0%

0%

0%

0%

0%

Table 3. Per cent of trials (out of six) with significance (p<0.05) in the ANOVA table for
kernel weight, hectolitre weight, screenings, grain protein and grain brightness.

ANOVA
Lime (L)
Cultivar (C)
LxC
N applied (N)
LxN
CxN
LxCxN
Seedrate
(SR)
L x SR
C x SR
N x SR
L x C x SR
L x N x SR
C x N x SR
LxCxNx
SR

Kernel
weight

Hectolitre
weight

17%
67%
0%
67%
0%
0%
0%

0%
17%
0%
33%
0%
17%
0%

Screenings
(% < 2.5
mm)
0%
100%
17%
83%
0%
0%
0%

100%

67%

17%
0%
33%
0%
0%
0%
0%

Grain
protein

Grain
brightness

33%
83%
0%
100%
17%
0%
0%

17%
100%
0%
67%
17%
50%
0%

83%

67%

67%

0%
17%
17%
0%
0%
0%

0%
33%
33%
17%
0%
0%

0%
17%
33%
17%
0%
0%

0%
17%
0%
0%
0%
0%

0%

0%

0%

17%

Main effect – lime, cultivar, nitrogen and seed rate – As the lime sand had only been applied
one to three years previous to the trial series being conducted, the impact of lime on soil pHCa
was relatively small (< 1 unit) at the surface (0-10 cm) and negligible (<0.2 units) in the
subsurface (10-30 cm) (data not shown). It was not until the second and third year after lime
application that there was a positive grain yield response to lime application. At those sites the
yield response was 23% at Merredin in 2010, 11% at Wongan Hills in 2011 and 3% at
Merredin, in 2011.
Cultivar regularly (in at least two out of every three trials) had a significant impact on crop
performance except for grain number per ear, harvest index and hectolitre weight (Tables 2 to
4). The two BC4 Hamelin based lines carrying the Alt gene out-yielded Hamelin at all six
sites. The average yield improvement was 22%. The Al tolerant Hamelin’s did this because
they were able to extract more water from the profile, grew more tillers resulting in more
grains per m2 that were heavier than the grains produced by Hamelin (Table 5 and Figure 1).
At the three trials with a site mean yield below 1 t/ha (Wongan Hills 2010, Merredin 2009 and
2010), the yield advantage of the Al tolerant Hamelin’s was 47% (or 0.29 t/ha). At the three
trials with a site mean yield above 2 t/ha (Wongan Hills 2009 and 2011, Merredin 2011), the
yield advantage was 16% (or 0.44 t/ha) (data not shown).
Both agronomic treatments, N and seed rate, regularly influenced crop performance, except
plant height, lodging, grain yield and hectolitre weight for N and lodging for seed rate (Tables
2 and 3). Despite all sites showing biomass increases (based on LAI at Z31 and Z55) to
increasing N (data not shown), only one in three sites were grain yield responsive to N. The
yield response to N was only observed in 2009 and not in 2010 or 2011 (data not shown).
Five of the six sites had a significant increase in grain yield with increasing seed rate (data not
shown). The average increase in grain yield due to increasing seed rate was 5% across all six
trials.
Table 4. Per cent of trials (out of six) with significance (p<0.05) in the ANOVA table for dry
matter at maturity, tiller number, grain number per ear and per m2 and harvest index.

ANOVA
Lime (L)
Cultivar (C)
LxC
N applied (N)
LxN
CxN
LxCxN

Dry matter
17%
83%
0%
17%
0%
0%
0%

Tiller
Grain
Grain
2
number/m number/ear number/m2
33%
50%
17%
83%
17%
67%
0%
0%
0%
33%
17%
17%
0%
0%
0%
0%
17%
0%
0%
0%
0%

Harvest
index
17%
50%
17%
67%
17%
0%
0%

estimated PAWC (mm) (04-Oct-2010)

a)

0

1

2

3

4

5

6

7

8

Depth (cm)

0
20
40
60

80
100
Hamelin

WABAR2481

WABAR2482

Bare soil

estimated PAWC (mm) (15-Sept-2011)

b)
0

1

2

3

4

5

6

7

8

Depth (cm)

0
20
40
60

80
100
Hamelin

WABAR2481

WABAR2482

Bare soil

Figure 1. Estimated plant available water (based on gravimetric %) to 1 m depth under
Hamelin, WABAR2481, WABAR2482 and bare soil during early grain fill for a) Wongan
Hills in 2010 and b) Merredin in 2011 averaged over lime strips and two N rates at one seed
rate.
Interaction with cultivar – Cultivar did not regularly influence the response of barley to lime
application, increasing N rate or increasing seed rate in either 2-, 3- or 4-way interactions
(Tables 2 and 3). The six trials demonstrated no evidence that barley cultivars carrying the Alt
gene would respond differently to management inputs on acidic soils. In part this may have
been due to the lack of overall yield response to N and low yield response to increasing seed
rate.
Conclusions – In summary this study suggests that cultivars with the Alt gene will just be
higher yielding in Western Australia, especially in years with a low yield potential, but will
not require different management guidelines for the inputs – N and target plant density.
Table 5. Agronomic performance of Hamelin versus two BC4 Hamelin lines carrying the Alt
gene when averaged over all six trials and treatments.

Trait
Plant establishment
(plants/m2)
LAI – Z31 (m2/m3)
LAI – Z55 (m2/m3)
Dry matter (t/ha)
Tiller number (tillers/m2)
Grain number per ear
(grains/ear)
Grain number per m2
(grains/m2)

Hamelin

WABAR2481

WABAR2482

159

160

162

1.7
2.2
5.45
359

2.0
2.7
6.73
427

2.0
2.7
6.69
413

20.7

20.7

21.3

7,756

9,151

9,151

Harvest index (0-1)
Plant height (cm)
Lodging (9-0)
Grain yield (t/ha)
Average grain weight (mg,
db)
Hectolitre weight (kg/hL)
Screenings (% < 2.5 mm)
Grain protein (%, db)
Grain brightness (Minolta
'L*')

0.50
47
8.0
1.68

0.51
52
7.7
2.08

0.51
52
7.5
2.01

33.5

34.8

34.7

69.9
37.4
13.9

70.3
34.0
13.5

70.1
34.7
13.4

61.2

61.7

62.0
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OBJECTIVE
Elucidation of molecular mechanisms underlying rpg4/Rpg5 mediated wheat stem rust
resistance in barley.
INTRODUCTION
Plants are continuously challenged by an onslaught of potential pathogenic microbes. The
majority of these pathogens are recognized by conserved pathogen associated molecular
patterns (PAMPs). The conserved PAMP molecules are recognized by plant cell surface
receptors known as pattern-recognition receptors (PRR’s), which are capable of recognizing
extracellular ligands (Zipfel, 2008). These receptors generally elicit a low amplitude defense
response that results in callose deposition, reactive oxygen burst, PR gene activation and in
some instances a tightly regulated programmed cell death (PCD) response. However,
pathogens evolve effectors that suppress these early defense responses allowing them to
become host specific pathogens. The second level of defense genes typically encodes
cytoplasmically localized immunity receptors having nucleotide binding-leucine rich repeat
(NLR) protein domain architecture. Functionally characterized NLRs perceive the pathogen
effectors eliciting a strong PCD response known as the hypersensitive response (HR) resulting
in localized cell death that arrests colonization by the biotrophic pathogens.
Recently, NLR’s of different families located immediately adjacent to each other in a
head to head architecture have been shown to function together to elicit defense responses.
Limited functional analysis data suggests that one of the NLR partners acts as a sensor via
direct binding with the pathogen effector and also suppresses the activation of the second
NLR. The second NLR initiates the defense signaling responses upon pathogen perception
once inhibition by its partner NLR is released (Cesari et al., 2013; Williams et al., 2014).
Typically, in these dual NLR mechanisms the pathogen sensing NLRs were shown to contain
a nontypical “integrated sensory domain (ISD)” that is targeted and manipulated by the
pathogen effector/avirulence proteins directly. Recent genome analyses have suggested that
these ISDs represent virulence effector targets that were integrated into the immunity
receptors via translocation events providing the host with a more efficient surveillance
mechanism (Kroj et al., 2016; Sarris et al., 2016). Mounting evidence suggests that these dual
NLR/NLR-ISD pairs function in a guardee/decoy relationship representing a host immunity
receptor complex with the ability to directly recognize pathogens through their intended
virulence function (Cesari et al., 2014; Wu et al., 2015). There is strong evidence that has
recently emerged via genome surveys of NLRs with these ISDs from many diverse genomes
showing that a high proportion of these domains are effector triggered susceptibility targets,
with the largest class of ISDs being the protein kinases. These data strongly suggest that the
ISDs act as baits to trap the pathogen and this recognition elicits a strong ETI response.
The rpg4/Rpg5 stem rust resistance locus in barley contains two NLR genes, HvRga1
and Rpg5, and an actin depolymerization factor gene HvAdf3 that are all required for

resistance against many races of Puccinia graminis f sp. tritici (Pgt) including the virulent
race TTKSK (Wang et al., 2013; Arora et al., 2013; Steffenson et al., 2016). Rpg5 is a typical
NLR, but contains a C-terminal protein kinase domain. We hypothesize barley recognizes
stem rust early in the infection process which elicits early PTI responses including the
transcriptional regulation of HvAdf3 which acts as a signaling intermediate between the PTI
signaling and later rpg4/Rpg5-mediated ETI defense responses. The later responses rely on
the Rpg5 kinase domain functioning as an “integrated sensory domain” that is manipulated by
the haustorial expressed stem rust effector Avr45. Thus, the protein kinase domain acts as
“bait” to trap the pathogen, which invokes an ETI resistance response post-haustoria
formation. The research reported here begins to lay the ground-work for the spatial and
temporal timing of the host pathogen recognition events, the molecular mechanisms, and
components involved in this important stem rust resistance complex in barley.
MATERIALS AND METHODS
qRT PCR - Leaf tissue (~30 mg) were collected from the barley lines Q21861 (rpg4/Rpg5 +)
and Steptoe (rpg4/Rpg5-) from soltrol rust non-inoculated controls, and Pgt race QCCJ
inoculated 10 day old seedlings at 6, 12, 24, 48, and 72 hour post inoculation (hpi). Total
RNA was isolated from the samples using Qiagen RNA extraction kit following the
manufacturers standard protocol. The RNA (~250 ng) was used to synthesize cDNA using the
GoScript Reverse transcription system (Promega). The resulting cDNA was diluted 1:5 with
ultrapure water (Ambion). The qPCR reactions for HvAdf3 were performed using the BIORAD SsoFast Evagreen supermix using the manufacturer protocol on a CFX-96 Real Time
PCR detection system (BIO-RAD). The barley GAPDH gene was used as a housekeeping
gene to normalize the expression. Non-inoculated samples were used as control for expression
analysis. Three biological replicates were analyzed using three experimental replicates per
sample and the resulting data was analyzed using the BIORAD CFX Manager software.
Y2H library screening - A full-length Rpg5 cDNA clone was used as template to amplify the
protein kinase (PK) domain, which was cloned into the pENTER/D/TOPO vector. The Rpg5
PK cDNA was transferred into the gateway pDEST32 binary vector using LR recombination
for use as the bait plasmid in yeast-two-hybrid (Y2H) experiments. A Y2H prey library was
developed from ~30 g of mRNA isolated from barley line Q21861 primary seedling leaves,
48 hpi with Pgt race QCCJ. A nano-quantity library was created using CloneMiner II cDNA
library construction kit (ThermoFisher Scientific) according to manufacturer instructions.
Approximately 2.4106 primary entry clones were obtained which were further transferred
into gateway pDEST22 prey plasmid using LR recombination. Chemically competent
Saccharomyces cerevisiae MaV203 cells were used to co-transform with bait plasmid and
prey library and plated on SC-Leu-Trp-His+30 mM 3AT auxotrophic selection plates to
identify putative Rpg5 PK domain interacting proteins.
RESULTS AND DISCUSSION
Early recognition events connected with later ETI responses - The qPCR transcript
analysis of HvAdf3 (Fig.1) in resistance barley line Q21861 shows a five fold down regulation
at time points 6 and 12 hpi with Pgt race QCCJ. The down regulation occurs through 72 hpi.
Interestingly, the transcript analysis of susceptible barley cultivar Steptoe showed a 2.8-fold
upregulation of the HvAdf3 transcript at 6 hpi. In Steptoe we did not detect any significant
differential HvAdf3 transcript levels compared to the non-inoculated controls at the later time
points. Preliminary DAB staining coupled with confocal microscopy experiments (data not

shown) detected a strong HR response in Q21861 that did not occur until 24-48 hpi at the
regions of pathogen ingress, adjacent to or under stomata. No HR was detected in the
susceptible cv Steptoe. Thus, collectively the results suggest that the transcriptional
reprogramming of HvAdf3 may be a consequence of an early recognition response possibly
mediated through a PRR type of cell surface receptor. We hypothesize that this early
recognition may prime the later Rpg5-mediated defense responses and that HvAdf3 may act in
the intermediate signaling between the early PTI responses and the later Rpg5-mediated ETI
responses.
The rpg4/Rpg5-mediated resistance has strong parallels with the P. syringaeArabidopsis system that requires the NLR R-gene RPS5, the serine threonine protein kinase
(PK) “decoy” protein PBS1, and the actin depolymerization factor AtADF4 that functions as a
signaling intermediate between PTI and ETI (Porter et al., 2012). This model resistance
mechanism is elicited by pathovars of P. syringae carrying the effector, AvrPphB, a cysteine
protease, which acts to block flg22 mediated PTI responses, but also manipulates the sensory
“decoy”, PBS1, which is guarded by the RPS5 NLR R-gene. We have shown that the barley
rpg4/Rpg5-mediated resistance requires Rpg5, with a NLR homologous to Rps5 and a PK
domain with homology to PBS1, a second unrelated NLR gene, HvRga1, and HvAdf3, with
homology to AtAdf4 (Wang et al., 2013). Based on the recent studies suggesting that ISDs are
decoys of the intended virulence effector host target proteins (Kroj et al., 2016; Sarris et al.,
2016) we hypothesize that the effector/avirulence protein, Avr45, is expressed and secreted
into barley cells via the haustoria where it manipulates the Rpg5 PK domain. The Rpg5 PK
integrated domain manipulation by Avr45 reveals the pathogens presence invoking a strong
HR response mediated by the dual NLR proteins.
Y2H identification of a transcription factor that interacts with Rpg5 and HvRga1 - We
performed protein-protein interaction experiment between the three proteins required for
resistance, Rpg5, HvRga1 and HvAdf3, and their separate modular domains using the Y2H
approach and no interactions were detected between any homo or heterodimer combinations.
These data suggested that the proteins may not interact in a resistance signaling complex.
However, subsequent screening of a full scale cDNA library constructed from barley line
Q21861 inoculated with Pgt race QCCJ with an Rpg5-PK bait construct identified four
interacting clones. Sequence analysis of these putative interacting prey clones revealed two
independent clones of the Hordeum vulgare orthalog of the Arabidopsis AtVoz1 transcription
factor (Mitsuda et al., 2004), which we designated HvVoz1. Mutants of AtVoz1 were
previously shown to be compromised for resistance to the fungal pathogen Colletotrichum
higginsianum and the bacterial pathogen Pseudomonas syringae (Nakai et al., 2013). The
HvVoz1 prey clone was utilized to screen for Rpg5-LRR domain, HvRga1 LRR domain, and
HvAdf3 and Rpg5 full-length protein interactions. Surprisingly, HvVOZ1 was found to
interact with all of them except HvAdf3 (Fig.2). These preliminary results suggest that
HvVOZ1 may act as a scaffold to hold the HvRga1/Rpg5 NLR-complex together in an
inactive state until effector binding or manipulation of the Rpg5- PK integrated sensory
domain. To validate our results, we are still in process of additional screening and are
currently using virus induced gene silencing (VIGS) for the functional characterization of
HvVOZ1 in resistance against wheat stem rust, Pgt race QCCJ.
TABLES AND FIGURES
Fig1. Time course qPCR transcript analysis of HvAdf3 in
Steptoe inoculated with Pgt race QCCJ (left panel) and

Q21861 inoculated with QCCJ (right panel). Error bar depict SEM1(n=3). Time point 0HPI
(non-inoculated) was used as control sample for relative expression.

Fig.2 Y2H to test interaction of HvVOZ1 prey
construct with different bait constructs consisting of
Rpg5, Rpg5-LRR, Rpg5-PK, Rga1-LRR and HvAdf3.
His auxotroph+30 mM 3AT growth plates were used for
screening. Growth pattern depict the magnitude of
interaction. Strong, moderate, weak, interaction controls
are shown in the left panel.
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OBJECTIVES
Because barley is widely recognized as healthy food, our researches focus on morphology and
quality of seed characteristics. Japanese barley landraces are characterized by a high
frequency of naked barley, which has separable hulls by threshing. Naked grains are edible as
whole grains or polished grains after pearling outer hard pericarp layers. Genes controlling
naked caryopsis, grain color and soluble dietary fiber contents are described. Barley is also
utilized as forages for animals. Long and stiff awns are harmful for use of whole barley crop
as feed. Short awns appear to be suitable for utilization as forage. Molecular identification of
a short awn gene in barley is described.
INTRODUCTION
Archeological records show that, about 2,000 years ago, barley was first introduced into Japan
by way of China and Korean Peninsula. Since then, Japan has a long history of consuming
barley as food. When the rice production was low, barley was an essential substitute to fill the
food shortage. Currently Japan faces the overproduction of rice. Thus, production of food
barley shrank in Japan, but barley has found a niche and is receiving attentions as healthy
food. Here, we summarize genes controlling morphology and quality characteristics useful for
food barley that were identified by our research groups. Four genes, (1) naked caryopsis
(nud), (2) polyphenol oxidase (PPO), (3) proanthocyanidin-less 28 (ant28) and (4) (1:3;1:4)beta-glucan less (betaglucanless, bgl) genes are summarized. Moreover, molecular
identification of the short awn 2 (lks2) gene is also described. This short awn gene could be
promising for better preference of barley as feed because it shorten and soften the awns.
MATERIALS AND METHODS
Of the five barley genes that have been molecularly characterized, positional cloning
approaches were used for nud and lks2. The other three genes were identified by candidate
gene approaches on the basis of rough mapping of respective gene in barley plus available
genetic information in other plant species.
RESULTS AND DISCUSSION
Gene cloning- The following five genes were cloned and characterized.
Naked caryopsis gene, Naked caryopsis gene was fine mapped to a 0.18-cM interval on 7HL
using 2,828 F2 plants derived from two cross combinations between naked and hulled
caryopsis lines. This interval was physically filled by five contiguous BAC clones. Their shot
gun sequences revealed that only one transposon-unrelated gene is present in this region.
Thus, we concluded that an ethylene response factor (ERF) family transcription factor gene

controls the covered/naked caryopsis phenotype. One hundred naked barley accessions from
wide areas all shared a 17-kb deletion, suggesting the monophyletic origin of naked barley.
The Nud gene has homology to the Arabidopsis WIN1/SHN1 transcription factor gene, whose
deduced function is control of a lipid biosynthesis pathway. Staining with a lipophilic dye
(Sudan black B) detected a lipid layer on the pericarp epidermis only in covered barley. We
infer that, in covered barley, lipids secreted in the inner side of the hull, generates adhesion to
the caryopsis surface (Taketa et al., 2008, 2013).
We also studied molecular variation of the marker sKT7 tightly linked to nud. Of 259
accessions studied, all 100 naked domesticated accessions and one wild barley (Hordeum
vulgare subsp. spontaneum) accession were classified into type IV. DNA sequence variation
analysis of selected type IV accessions showed that sub-type IVb was predominant and that
there were two migratory routes of naked domesticated barley to Eastern Asia (Figure, Taketa
et al., 2004).
PPO genes, PPOs are copper-containing metalloenzymes encoded in the nucleus and then
transported into the plastids. Reportedly, PPOs cause time-dependent discoloration of end
products of wheat and barley. PCR using a wheat PPO primer pair amplified two bands with
different mobility in barley. Linkage analysis showed that the polymorphisms in the PPO1
and PPO2 genes cosegregated with the phenol reaction phenotype of awns that was evaluated
by staining with the 1% phenol solution. RT-PCR experiments showed that PPO1 was
expressed in hulls and awns, and that PPO2 was expressed in caryopses. Allelic variation of
PPO1 and PPO2 was analyzed in 51 phenol reaction-negative barley accessions that were
screened from about 8,000 lines. In PPO1, five types of amino acid substitutions affecting
functionally important motif(s) or C-terminal region(s) were identified in 40 of the 51
accessions tested. In PPO2, only one mutant allele with a precocious stop codon as a result of
8-bp insertion in the first exon was found in three of the 51 phenol reaction-negative
accessions (Taketa et al., 2010). From these observations, we concluded that PPO1 is the
Phenol reaction gene (Phr) reported by Takeda and Chang (1996). Use of ppo1 ppo2 double
recessive mutant does not appear to solve the browning problem of cooked barley.
ant28 gene, In barley, anthocyanin- and proanthocyanidin-free mutants (ant mutants) are
classified into Ant1 to Ant30 through allelism tests. We isolated an R2R3 MYB gene of barley
by PCR and named Hvmyb10 because of its similarity to Tamyb10 of wheat. Mapping showed
that a polymorphism in Hvmyb10 perfectly cosegregated with the ant 28 phenotype on the
distal region of the long arm of chromosome 3H. Barley lines with ant28 mutation showed
reduced browning after cooking, but were susceptible to preharvest sprouting (Himi et al.,
2012).
bgl gene, (1,3;1,4)-ß-D-glucans are almost specifically found in grasses, and are particularly
high in barley grains. Through chemical mutagen treatments, we isolated three independent
bgl mutants of barley which completely lack (1,3;1,4)-ß-D-glucan in all tissues tested. The bgl
phenotype cosegregates with the cellulose synthase like HvCslF6 gene on chromosome arm
7HL. Each of the bgl mutants has a single nucleotide substitution in the coding region of the
HvCslF6 gene resulting in a change of a highly conserved amino acid residue of the HvCslF6
protein. Transient expression of the HvCslF6 cDNAs in Nicotiana benthamiana leaves shows
that the bgl mutants lack detectable (1,3;1,4)-ß-D-glucan synthase activity. These results
demonstrate that, among the 10 CslF genes and one CslH gene present in the barley genome,
HvCslF6 has a unique role and is the key determinant controlling biosynthesis of (1,3;1,4)-ßD-glucans. Natural allelic variation in the HvCslF6 gene was found predominantly within
introns among 29 barley accessions studied. Genetic manipulation of the HvCslF6 gene may

be effective to control the levels of (1,3;1,4)-ß-D-glucans in accordance of the usages (Taketa
et al., 2012).
lks2 gene, The awn, an apical extension from the lemma of the spikelet, is unique to grasses
and assists seed dispersal and burial in the wild. In barley, the awn is an important organ for
photosynthesis. Barley typically has long awns, but short-awn variants exist. The short awn 2
(lks2) gene, which produces awns about 50% shorter than normal, is a natural variant that is
restricted to Eastern Asia. Positional cloning demonstrated that Lks2 encodes a SHI-family
transcription factor. Allelism tests revealed that lks2 is allelic to unbranched style 4 (ubs4)
and breviaristatum-d (ari-d), for which the phenotypes are severe with a quarter of awn
length and sparse stigma hairs. The gene identity was validated by 25 mutant alleles with
lesions in the Lks2 gene. Lks2 is highly expressed in awns and pistils. Histological
observations of longitudinal awn sections showed that the lks2 short-awn phenotype resulted
from reduced cell number. Natural variants of lks2 were classified into three types, but all
shared a single-nucleotide polymorphism (SNP) that causes a proline-to-leucine change at
position 245 in the IGGH domain. All three lks2 natural variants were regarded as weak
alleles, and therefore found a niche in high-precipitation areas of Eastern Asia. Natural
variants of lks2 found in the east of China and the Himalayas had considerably different
sequences in the regions flanking the critical SNP, suggesting independent origins (Yuo et al.,
2012).
TABLES AND FIGURES
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. Haplotype IVa was found only in a single wild barley accession, and the rest were found in
naked domesticated barley. Arrows indicate the two migratory routes of naked domesticated
barley to Eastern Asia.
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