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Foreword

The Barley Genetics Symposium, first held in 1963, continues to be the most important forum
for barley scientists and the industry worldwide, where research results and production trends
are discussed, and future strategies decided. The 10th International Barley Genetics Symposium
was held at the Bibliotheca Alexandrina, Egypt, from 5 to 10 April 2009. This was the first time
the Symposium was held in Africa or the Middle East region — the cradle of agriculture and of
barley domestication.

The Symposium was jointly organized by the International Center for Agricultural Research
in the Dry Areas (ICARDA) and the Bibliotheca Alexandrina, with support from the Food
and Agriculture Organization of the United Nations and the OPEC Fund for International
Development. It was attended by nearly 200 scientists from 47 countries and by 13 ICARDA
scientists including its Director General. The symposium was opened by Dr J. Spunar, Chairman
of the International Barley Genetics Symposium, followed by inaugural addresses by Dr
Mahmoud Solh, ICARDA Director General, and Dr Ismail Serageldin, Director, Bibliotheca
Alexandrina.

“Barley can help people survive climate change and global warming. It is the crop of the poor
people,” said Dr Stefania Grando, ICARDA’s Principal Barley Breeder and Chair of the local
organizing committee of the Symposium.

The proceedings contain the papers presented at the opening session and the twelve scientific
sessions, namely Germplasm and genetic resources, Molecular breeding, Barley genomics,
Abiotic stresses, Biotic stresses, Barley uses (three sessions: malt, food and feed), Biochemistry,
cytogenetics and transformation, Functional genomics, Barley development, and Success
stories. The proceedings also summarize the conclusions and recommendations of two technical
workshops held as part of the Symposium: the Generation Challenge Program workshop, and the
workshop on ‘Barley genetic linkage groups, barley genome, genes and genetic stocks’.

We would like to acknowledge Mr Thorgeir Lawrence for the language editing and Mr
Abdulrahman Hawa for graphic design and typesetting.
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Barley development in Egypt

M.M. Noaman

Field Crops Research Institute, Agricultural Research Centre, Giza 12619, Egypt.

Abstract

Barley (Hordeum vulgare L.) is the main
crop and widely grown in the rainfed areas
of the north coastal region and in the newly
reclaimed lands with saline soils in Egypt.
The total harvested area averaged 57 000
ha during the 1980s, increasing to 135 000
ha in 2005/06. Barley yield has gradually
increased over the past few decades, from
2.92 t/ha in the 1980s to about 3.63 t/ha in
2005/06. Under rainfed conditions, barley
productivity increased from 0.44 to 1.90 t/
ha in the same period, which is considered
high compared with other rainfed areas in the
world that exceed 200 mm/yr; Egypt receives
about 130 mm/yr. The main objectives of
the barley program in Egypt are to develop
new cultivars with high yielding capacity
and tolerance to various stresses (drought,
salinity, poor soil fertility, diseases, insects,
etc.), along with suitable cultural packages,
and also to improve and maintain high-quality
seed as well as a technology transfer program
through extension agencies. To achieve these
objectives, the barley program developed
several breeding strategies to address
different constraints to barley production.
Breeding activities included screening of
local and exotic materials, crossing blocks,
and yield test trials. Exotic germplasm and
nurseries are annually provided by several
international and regional organizations,
such as ICARDA, CIMMYT and ACSAD,
to support breeding objectives. The present
paper also includes other barley activities
and topics, such as Farmer Field Schools,
Farmers’ Participatory Breeding, and malting
quality. The paper briefly includes the last
five years’ results under rainfed conditions.

Introduction

In Egypt, only about 2.5% of the total area
of the country is cultivated, with about 30%
of the cultivated lands affected by salinity. In
addition, about one million acres [400 000 ha]
suffer from waterlogging. Egypt has about
120 000 ha in the North West Coast (NWC)
region and about 40 000 ha in North Sinai.
The long-term average annual precipitation is
about 135 mm in NWC, and slightly higher
in North Sinai. Barley is the main crop grown
on a large scale in NWC, being well adapted
to the short growing season, relatively
tolerant to drought stress, and a key element
in the feeding regime of small ruminants. It
is mainly used as animal feed, and recently
as human food because of its nutritional and
health properties. Most of the rainfed areas
are planted with local barley varieties, which
are low yielding and are more vulnerable to
diseases and insect pests than the improved,
recommended cultivars. Therefore, using
drought-tolerant barley cultivars is of great
importance, especially if they are resistant
to diseases and insects and have the potential
to produce high yields under drought stress
conditions. In addition, improving water use
efficiency through cultural practices is also
imperative, since water supply is the main
limiting factor.

The coastal plain is the center of the main
agricultural activities in the coastal region. It
has been mostly cultivated with barley since
Roman times, and for this reason it is locally
known as the “barley plain’. Barley is an ideal
crop for integrated farming systems based on
crop+livestock production. It is used either
for grazing as green fodder or harvested
as grain and straw at maturity to be fed as



supplements, with the stubble left in the field
for grazing.

Table 1 shows barley area, productivity
and production in the rainfed lands and old
lands during the period 1980 to 2007. The
barley area in the Nile Valley has declined
gradually, especially where land and
irrigation are available and other strategic
crops such as wheat can be grown. At the
same time, the barley area increased in the
new, reclaimed lands under various irrigation
systems. The total harvested area was 57
000 ha in the 1980s, increasing to 135 000
ha by 2006/07. Barley yields have tended to
increase gradually over the past few decades,
from 2.92 t/ha in the 1980s to 3.63 t/ha in
2005/2006. Under rainfed conditions, barley
yield increased from 0.44 t/ha during the
period 1986-1991 to 1.97 t/ha in 2006/07. In
Egypt, where the average rainfall is about 130
mm with very erratic distribution during and

among growing seasons, barley productivity
is considered high compared with other
rainfed areas in the world receiving more
than 200 mm/yr.

The main objective of the Barley Research
Department in the Agricultural Research
Centre, is to focus on the sustainability
of barley production and productivity by
developing barley genotypes that are suitable
for the harsh environments of the marginal
areas of Egypt, along with cultural practices
that include the best management methods
for other biotic and abiotic stresses.

Description of barley-
targeted areas on the
northwest coast

The NWC region forms a coastal belt about

20 km wide that extends from west to east for
about 500 km. The area is classified as a dry

Table 1. Changes in barley area, yield, and total production in the rainfed areas, New Reclaimed
Lands and Old Lands in the period from 1980 to 2006/07.

Production Area (‘000 ha)

Productivity (t-ha)

Total
Year Rainfed New old Total Rainfed New old Mean PrOd(l:;: tion
Areas Lands  Lands Area Areas Lands  Lands

1981-86 NA* NA 57.02  57.02 NA NA 2.92 2.92 NA
1986-91 32.74 237 4322 7833 0.44 1.36 3.03 1.61 126 111
1991-96 53.06 13.10 24.06 90.22 0.97 242 3.56 2.40 216 528
1996-97 27.85 12.19 1766 57.71 1.04 2.66 3.64 2.18 125 807
1997-98 31.51 9.96 1853 59.98 1.52 2.74 3.50 2.47 148 150
1998-99 27.43 12.09 1722 56.74 1.43 2.88 3.74 2.01 114 047
1999-00 24.81 6.13 1794  48.88 1.70 2.69 3.77 2.98 145 662
2000-01 76.31 925 1381 99.36 1.65 3.07 3.92 3.88 385516
2001-02 71.26 11.61 2498 107.87 1.71 3.12 3.97 2.94 317 300
2002-03 53.01 3356 1599 84.56 1.57 4.01 4.23 3.27 276 511
2003-04 45.00 50.00 20.00 115.00 1.70 4.30 4.40 3.46 397 900
2004-05 60.30 55.10 20.40 135.80 1.80 4.50 4.60 3.63 492 954
2005-06 58.21 35.17  9.47 102.85 1.47 3.77 412 3.56 366 147
2006-07 61.43 2526  9.85 96.54 1.29 3.88 3.99 3.05 294 447

* NA = Data not available.



arid climate zone. It is characterized by warm
summers (20 to 35°C), mild winters (10 to
20°C), and P/E+P <0.03 (where P is annual
precipitation and E is annual evaporation).
Rainfall ranges between 100 and 200 mm/
yr. Most of the rainfall (70% or more) occurs
within the winter months (November to
February), with a maximum during December
and January. The prevailing rainfall gradient
falls is from north to south and from west
to east. The basic traditional production
system is a mixed, rainfed farming system,
which includes animal (mainly sheep and
goats) husbandry, cereal production (mainly
barley), olives and figs, and to a limited
extent almonds and grapes. More than 85%
of the population of the region is Bedouin.
They have lived in this area for centuries and
have developed values, a social system and
techniques in sheep breeding and agriculture
that have allowed them to survive in harsh
natural surroundings. The economic basis of
their existence has remained the husbandry
of sheep and goats.

Barley utilization

The major use of barley in Egypt is for
animal feed and malt production. The grain
is used in blends with other feed materials
for most farm animals. Barley malt is used
in making malted milk, barley foods and in
brewing beer. Attempts to improve nutritional
value of the barley grains include increasing
protein content and improving the amino acid
balance in the protein through higher lysine
content. Barley is nutritious and it has the
dietary fiber that is important for intestinal
function and lowering cholesterol content in
the blood. It has an exciting taste and texture.
It can be used in many forms, such as barley
flour, barley grits, barley flakes and pearled
barley.

Food uses of malt are numerous, but the
quantities used are small. A number of types
of malt syrup, malted-milk concentrate,
enzyme supplementation of wheat flour and
breakfast foods are typical examples. As malt

is used for flavor or enzymatic reactions in
most cases, relatively low concentrations are
employed.

Constraints and
threats facing barley
sustainability in the
rainfed areas

The NWC is a coastal desert ecosystem with
fragile natural resources. The management
of these resources and their productivity
face several constraints. Many of these
constraints have strong bearings on the
sustainable development of the region, and
are considered below.

e Amount, distribution and reliability of
rainfall in relation to the distribution of
cultivable soils and the technical and
economic feasibility of increasing the
efficiency of water use. However, it is clear
that considerable amounts of rainfall remain
unutilized each year and are lost through
a combination of evaporation, seepage
and run-off into uncultivable wadis. The
increased installation of water harvesting
and storage structures has undoubtedly
raised total production of cereal and
horticultural crops and led to a continuous
expansion of the cultivated area.

e Soils are characterized by low fertility.
Very low organic matter, low supplying
power for most macronutrients (N and
P) and micronutrients (Mn and Zn) are
common features for calcareous and
coarse-textured  non-calcareous  soils.
Fertilizer use is very limited under
rainfed conditions. Appropriate means
and techniques are needed to correct the
low soil fertility status. The soils in the
region face water and wind erosion. Land
degradation and resource depletion (e.g.
loss of biodiversity) through overgrazing
are  major environmental problems
confronting the region.



Technical factors limiting crop production
include the low yield potential of crop
\varieties currently cultivated, the hushandry
practices adopted for specific crops in the
context of the mixed farming systems, and
the methods of harvesting and post-harvest
handling with respect to optimization of both
crop quantity and quality. When improved
cultivars have been identified and introduced
to the region, there has been no or limited
formal follow-up by the extension service
to monitor subsequent spread and impact on
productivity or overall production.

Bedouin society is governed by long-
established traditions, which continue to
have a major impact on the adoption of
unfamiliar crop and animal production
practices. There is little organized marketing
of agricultural commodities produced in the
region and private traders are able to exploit
the situation to their advantage. Agricultural
development has been constrained due to
insufficient financial resources.

These include:

e A mobile nomadic community;

e Only 50% of farmers in the medium
and large farm groups are likely to be
prosperous enough to have adequate
surplus for investment;

e A very low rate of enrollment of boys and
girls in primary schools;

e Adaptive research, extension and training
facilities exist in the area, but with only
limited infrastructure and very low
staffing levels; and

e Interaction between the institutions and
the communities to be served has not been
systematic and has lacked an organized
framework in which to operate.

Management and
productivity of barley

The Barley Research Department of the
Agricultural  Research  Centre  (ARC)
focuses on developing drought-tolerant and
high-yielding barley cultivars to satisfy
both Bedouin and environmental needs.
Cultural practices (tillage, seeding rate,
fertilizer application, etc.) along with varietal
development are also emphasized to increase
barley productivity in the region. As a result
of these efforts, four highly drought-tolerant,
high-yielding barley cultivars have been
recently released, namely Giza 125, Giza
126, Giza 2000 and Giza 132 (Noaman et al.,
19954, b, ¢, 2003, 20074, b). They have been
registered and published in Crop Science
under PI nos. 583827, 583828, 642787 and
642786, respectively.

The breeding methodology planned for
the coming seasons is to develop promising
genotypes using the ‘Single Seed Descent’
(SSD) technique, which has proved highly
efficient and time saving in breeding
programs in many other research centers
both in the region and globally. We also
recommend the use of manure fertilizer
to improve soil characteristics, and the
application of small amounts of N and P in
order to maintain a high level of productivity
in these risky areas. This is not an easy task,
because Bedouin in those areas apply nothing
and just do the minimum. As noted above, it
is avery high-risk area and Bedouin apply the
lowest possible input just in case. We are also
considering using both the Doubled-Haploid
technique and a Participatory Breeding
approach, especially in the marginal areas
under rainfed conditions.

Major goals of the barleyj
program in Egypt

The major current goals can be summarized as:
e Developing new cultivars with high
yielding capacity and tolerance to different;




kinds of stresses (drought, salinity, poor
soil fertility, diseases, insects, etc.);

e Developing a complete recommended
agronomic package that interacts with
the newly developed cultivars to achieve
higher yield under different stress
conditions;

e Improving and maintaining high quality
seed; and

e Transferring new technology to farmers’
fields through strengthening the linkage
between the researchers, extensionists and
farmers.

Major activities

Breeding activities focus on screening of
barley landraces and genotypes for drought
and salinity tolerance, improving barley
cultivars, and breeding for disease and aphid
resistance as well as heat tolerance.

e Entomology and pathology research
includes field survey and assessment of
yield losses due to aphid infestation and
infection with major barley diseases,
especially powdery mildew, net blotch and
leaf rust.

« Research on agronomy and physiology
focuses on assessing development of
barley plants grown under drought and salt
stresses, suitable fertilization and seeding
rates, and rotations involving barley and
leguminous crops.

» \erification and on-farm field trials are
conducted on stations and on farmers’
fields as well at various localities and
under various conditions.

e Demonstration fields and extension
training are also provided annually.

Major achievements

Major achievements include:

* Release of four drought-tolerant barley
cultivars suitable for the rainfed areas in
the NWC, namely Giza 125, Giza 126,
Giza 132 and Giza 2000;

e Release of two two-row barley cultivars
for the malting and brewery industries,
namely Giza 127 and Giza 128, with high
malting and yield potential (El-Sayed et
al., 19953, b);

* Release of three hulless barleys for human
food consumption, namely Giza 129, Giza
130 and Giza 131 (El-Sayed et al., 2003).
These cultivars have good tolerance to
drought stress;

e Establishing recommended agronomic
packages for the new cultivars on rainfed
and new reclaimed lands as well as on the
old irrigated lands; and

e As a result of the technology transfer and
training programs for extensionists and
through conducting on-farm demonstration
and verification trials, yield gains have been
recorded of more than 20% from irrigated
fields and more than 40% on the rainfed and
newly reclaimed lands.

During the last five seasons, the Barley

Research Department has successfully

achieved numerous  objectives, as

summarized in the following sections.

Several  breeding  procedures,  such
as introductions, single seed descent,
backcrossing and modified pedigree methods,
were followed to solve different problems
and constraints facing barley production
areas, including drought, salinity, low soil
fertility, and disease, insect and heat stresses.
Breeding activities included screening of
local and exotic materials, crossing blocks
and yield testing trials. These activities are
summarized below.

More than 1200 accessions introduced
from various international sources (through
ICARDA and ACSAD) were in trials
during the past five years under different
environmental conditions, testing against
drought, salinity, poor soil fertility, heat
stress, insects and diseases.



More than 500 crosses are made every year
at Giza and Sakha Research Stations, from
which the resulting populations (F, — F,) are
tested an the target areas of barley production,
such as in the NWC and Sinai and new
reclaimed lands at Nubaria, Ismailia, and
the west bank of the River Nile in Beni Suef
and Menya Governorates (Middle Egypt) to
select the most suitable genotypes for local
areas and conditions.

National Yield Trials (classified as A, B,
D, and On-farm Verification Trials) for the
Irrigated Program are conducted at different
barley production areas that include saline
soils, new reclaimed areas and areas with
high temperature, aiming to identify the
highest yielding genotypes under such
conditions. In 2006/07, 56 yield trials were
conducted at 15 locations representing
different environmental stresses to evaluate
about 120 genotypes in the irrigated fresh
and saline areas, as well as on new lands.
At the same time, 33 yield trials to evaluate
96 genotypes were conducted at 8 locations
in the NWC and North Sinai, representing
different rainfed areas (Table 2).

Cereal pathologists work together with
barley breeders looking for sources of
resistance to the major barley diseases
(powdery mildew, net blotch and leaf
rust). Screening and evaluation of breeding
materials for their reaction to those major
diseases at seedling and adult stages under
natural field conditions are conducted every
year. Selections are tested in the greenhouse
under severe artificial infection and resistant
genotypes are promoted to yield evaluation
trials under natural infection to be evaluated
for yield performance and disease resistance.

Aphid infestation is one of the most important
problems affecting barley production areas
under both irrigated and rainfed conditions in
Egypt. Aphids cause yield losses of 30-50%
due to both their direct feeding on plants
and by transmitting some viral diseases,
such as BYDV. Screening nurseries for
aphid resistance are evaluated every year
at hot spots for aphid infestation, in which
the genotypes resistant at different degrees
are promoted to yield evaluation trials for
confirmation. Those proved resistant are
planted in the field under natural infestation,
especially at Giza and Mallawy (Middle
Egypt), where infestation is high.

The agronomy program concentrates mainly
on management practices, especially under
rainfed conditions (i.e. sowing methods and
fertilization), required for the new promising
barley genotypes. The recommended
cultural practices—seeding rate, fertilizer
application, row spacing, sowing dates,
seeding depth, etc.—that came out of the
agronomy experiments are transferred to the
farmers’ fields through a Technology Transfer
Program in collaboration with extension
agents in the governorates.

Individual plants are selected from each
new cultivar. Seeds from such plants
are multiplied to increase Breeder seed.
Breeder seed is sown to produce Basic seed
(Foundation seed) at Sakha and Gemmeiza
Research Stations. Basic seed is then sent to
the Central Authority for Seed Production
(CASP) to produce the Registered and then
Certified seed. Barley growers are provided
every year with new Certified seed of the
new released varieties for seed multiplication
(commercial use).



Table 2. Number of genotypes and yield trials under different environmental conditions during
the 2006/07 growing season.

On-farm

A-yield trial B-yield trial  D-yield trial verification trial Total
No. of genotypes 64 32 16 8 120
Plot size 1.6 m? 2.4 m? 10.5m? 20 m?
Number of trials
Fresh water irrigation 4 6 8 10 28
Saline soil 2 2 3 4 11
New land 3 4 5 5 17
Total 9 12 16 19 56
Screenin Local barley  Advanced
ield tria? yield trial barley yield \erification trial ~ Total
y (LBYT) trial (ABYT)
No. of genotypes 60 24 8 4 96
Plot size 0.8 m? 3.6 m? 10.5 m? 20 m?
Number of trials
North West Coast 5 5 4 6 20
North Sinai 3 3 3 4 13
Total 8 8 7 10 33

A-trials (64 genotypes; plot size: 4-row, 2.5 m long and 20 cm apart, with 3 replications) are grown annually at 4-6
locations at Sakha, Gemmeiza (North Delta), Ismailia, Nubaria (New Reclaimed areas), New Valley (South Egypt), and
Mallawy (Middle Egypt). Numbers of selected superior genotypes differ according to different areas. The promising lines
selected from A-trials that significantly exceed the national check varieties for irrigated areas (Giza 123 and Giza 132)
(Ahmed et al., 1998; Noaman et al., 2007b) are promoted to B-yield trials.

B-trials (32 genotypes; plot size: 6-row, 2.5 m long and 20 cm apart, with 3 replications) are grown annually at 6-8
different locations. The selected genotypes that are significantly higher in yield and other agronomic characteristics than
the national check(s) are promoted to D-yield trials next season.

D-trials (16 genotypes; plot size: 3 x 3.5 m, with 3 replications) are usually grown in most of the barley production areas
under irrigation (8-10 locations). The lines superior to the check cultivars are further tested in large-scale trials (the
verification yield trials or E-yield trials) in the following season across all the country).

On-Farm Verification trials (also termed E-trials) (8 genotypes; plot size 20 m? with three replications) are grown at
8-10 locations across all the country. Those lines that show superiority and stability across all the locations are selected
and given to farmers to be grown in their fields in final farmers' demonstration trials, after which they are registered and
certified, and are released to be disseminated to the farmers.

Regarding the rainfed areas, 33 evaluation yield trials were conducted at 8 locations in the rainfed areas in NWC and
North Sinai in four different types of yield trials (Screening trials with 60 genotypes; local barley yield trials with 24
genotypes; advanced barley yield trials with 8 genotypes; and verification trials with 4 genotypes).
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The main objectives of the technology
transfer program are:
e Use of new cultivars of barley in farmers’
fields; and
e Use of new recommended production
packages for barley in farmers’ fields.
About55demonstration fieldswere conducted
in 2006/07 in different governorates and in
old land, new reclaimed land and rainfed
areas. About 5 harvest days and traveling
workshops were conducted in some locations
to show farmers the effects of applying these
new technologies in barley fields, leading to
increased grain and straw yields of barley,
especially under rainfed and new land
conditions by using the new cultivars, such
as Giza 126 and Giza 132, that are suitable for
the rainfed areas, and Giza 123 and Giza 2000
that are suitable for the new reclaimed lands.

Regular visits by all barley disciplines,
including breeders, agronomists, pathologists
and entomologists, have been made to the
experimental and farmers demonstration
plots. During these visits, fruitful discussions
have been held with the extension staff and
farmers about the major problems facing
barley production and different solutions and
alternatives to solve such problems.

Hulless barley

The objectives of the hulless barley project

supported by French Food Aid are:

« To develop high yielding, disease resistant
and stable hulless barley genotypes
adapted to drought stress in rainfed areas
and in the new reclaimed lands of Egypt.

e To identify hulless barley genotypes
having better human nutritional value with
high lysine, high protein and high beta-
glucan content for human consumption.

» To determine the proper crop management
package to be used in rainfed areas and
new reclaimed lands.

e To disseminate the varietal and
management packages to the farmers
through establishing on-farm verification
and demonstration trials, and initiating
a strong extension program in order
to transfer hulless barley production
technology to the extension specialists and
farmers.

e To establish in- and out-country training
activities for the extension specialists and
scientists to acquire new experience in
breeding and production of hulless barley.

e To produce breeder and basic seed of
hulless barley.

The main achievements during six seasons

of the project (1998/99 - 2003/04) are

summarized below.

Three promising hulless barley genotypes
with the three newly developed hulless
barleys used as checks (Giza 129, Giza 130
and Giza 131) were grown at seven sites in
rainfed areas in NCW and North Sinai, and
in irrigated lands, including new reclaimed
and old lands. Two of these promising lines
exhibited high yielding potential and stability
under different barley disease-challenge
situations across the barley production areas.
They were then promoted to the on-farm
verification trials for further testing under
farmers’ field conditions.

More than 1000 exotic lines introduced from
different institutions, including ICARDA
(Syria), CIMMYT (Mexico) and INRA
(France), along with some local barley
genotypes were tested and evaluated by the
barley breeding program, and some of them
were used in the crossing block for different
purposes. Plant breeders, pathologists and
food technologists worked together to
develop drought tolerant, stable and disease
resistant hulless barley genotypes with high
food quality.
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As a result of these efforts, three new
hulless barley cultivars having high vyield
potential with a high degree of resistance to
barley disease as well as good quality (high
protein, lysine, beta-glucan and soluble
dietary fiber content) for human consumption
were developed. They have been registered
and listed as cvs. Giza 129, Giza 130 and
Giza 131. They are also adapted and grow
fairly well under different environmental
conditions. In addition, the proper percentage
of barley flour in bread making mixed with
wheat flour was tested. Healthy flat loaf
bread was prepared using 20% hulless barley
flour mixed with 80% wheat flour (82%
extraction). The flat loaf bread produced
had good quality, i.e. morphological and
technological traits.

Evaluation of crackers and cookies made
of hulless barley showed that using 20%
wheat flour (72% extraction) plus 80%
whole meal hulless barley gave the highest
total score and acceptance. It was strongly
recommended to use hulless barley as a
healthy ingredient in bakery products such
as crackers and cookies. This could help save
wheat flour for bread making to reduce the
wheat shortage in Egypt.

The application of biofertilizer (Azotein) in

the presence of mineral fertilizers (N and P)

could enhance plant growth and grain yield of

hulless barley in rainfed and new reclaimed
sandy soils in Egypt.

Increasing N levels from 70 to 140 kg/
ha and from 140 to 210 kg/ha caused
significant increase in days to heading, plant
height, spike length, number of spikes per
m?2, number of grains per spike, spike grain
weight and 1000-grain weight).

e Planting on 20 November and fertilizing
with 190 kg/ha N and 140 kg/ha P,O,
could be recommended for hulless barley
to be cultivated in poor sandy soils, such
as in Ismailia.

e The highest grain yield was obtained when

irrigating hulless barley with 2800 m%/ha.
LHB93/4 hulless barley genotype gave the
highest grain yield when an N rate of 190
kg/ha was applied.

Certified seed of the new released hulless
barley cultivars Giza 129, Giza 130 and Giza
131 were given to the farmers along with a
cultural package, to be grown side by side
with their own varieties using the traditional
cultural practices in each locality. These three
cultivars in the extension fields significantly
out-yielded farmers’ usual varieties at all sites.

Economic assessment
of recommended barley
cultivars in the rainfed
and saline soil areas

Although barley has less importance in
the old land of Egypt than other cereal
crops, it remains one of the most important
cereal crops in rainfed areas. The main
research objective was to compare the new
technologies with the traditional ones, and
to investigate the influence of the improved
cultivars along with their recommended
agronomic packages and technology on
yields, costs and gross benefits for selected
farmer groups. Analytical sampling was
designed and selected from the governorates
that were identified by barley scientists and
socio-economists. A sample of 24 farmers
was selected from two locations, Kafr El
Sheikh (saline soils) and North Sinai (rainfed
areas), as shown in Tables 3 and 4.

Partial budget analysis indicated that there
were significant differences in favor of the
participants’ yields, with an average increase
ranging from 22.1% to 74.4%. Results also
indicated that the variable costs of participants
were higher than those of the non-participants
by about 98.3% in North Sinai and 26.6% in
Kafr El-Sheikh. The increase in the Gross
Benefits of the participants ranged from
25.7% to 112%. Marginal Rate of Return
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Table 3. Partial budget of recommended package of barley cultivars under saline soil conditions

at Kafr El-Sheikh.

Total

ltem Yield ., Totalvariable  Gross benefit —Variable — B/C’ MRR?
(t/ha) (LE) cost (LE) (LE) costs (LE)  ratio %

Giza 123
Participants 428 3976 1402 2574 457 2.84
Non-participants 3.50 3390 1343 2047 361 2.52
Difference 0.78 586 59 527 96 549
% 223 173 4.4 25.7 26.6

Giza 125
Participants 489 4428 1402 3026 457 3.16
Non-participants 3.50 3390 1343 2047 361 2.52
Difference 1.39 1038 59 979 96 1020
% 39.7 30.6 4.4 47.8 26.6

Giza 126
Participants 507 4517 1402 3115 457 3.22
Non-participants 3.50 3390 1343 2047 361 2.52
Difference 157 1127 59 1068 96 11125
% 449 332 4.4 52.2 26.6

Giza 2000
Participants 490 4414 1402 3012 457 3.15
Non-participants 3.50 3390 1343 2047 361 2.52
Difference 1.40 1024 59 965 96 1005
% 40.0 30.2 4.4 47.1 26.6

1 B/C = Benefit to Cost Ratio; 2 MRR = Marginal Rate of Return. Source: Survey Data.

(MRR) was greater than 50%. It could be
concluded that barley growers are expected
to adopt the recommended package in the
governorates in this study.

The average yield in participant’s fields was
greater than the average of non-participant
fields, with 22.3, 39.7, 44.9 and 40% rates of
increase for Giza 123, Giza 125, Giza 126 and
Giza 2000, respectively (Table 3). The Gross
Benefit for participants ranged from Egyptian
Lira (LE) 2574/ha for Giza 123 to LE 3115/
ha for Giza 126, exceeding that for the non-
participants by 25.7 and 52.2%, respectively.
The variable costs of the participants
amounted to about LE 457/ha, exceeding
that of the non-participants by 26.6%, while
Benefit/Cost ratio of the participant’s plots

was higher than that of the non-participants.
MRRs were greater than 50%, satisfying the
requirements for the recommended package
to be adopted by the barley growers in these
areas.

The average yield in participant’s fields was
1.19 t/ha for Giza 123, 1.05 t/ha for Giza 125,
1.48 t/ha for Gizal26 and 1.50 t/ha for Giza
2000, compared with an average of 0.86 t/ha
in non-participant fields (Table 4). The Gross
Benefits for participants exceeded those for
the non-participants by 66.8, 48.4, 112 and
112% for Giza 123, Giza 125, Giza 126 and
Giza 2000, respectively. The variable costs of
the participants amounted to about LE 119/
ha, exceeding that for the non-participants by
98.3%. Benefit/Cost ratio of the participant’s
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Table 4. Partial budget of recommended package for barley cultivars under rainfed conditions

in North Sinai.
. Total . . .
Item Yield return Total variable  Gross benefit ~ Variable B/C_:1 MRR?
(t/ha) (LE) cost (LE) (LE) costs (LE) ratio %

Giza 123
Participants 1.19 1082 323 759 119 3.30
Non-participants  0.86 675 220 455 60 3.07
Difference 0.33 407 103 304 59
% 38.4 60.3 46.8 66.8 98.3

Giza 125
Participants 1.05 998 323 675 119 3.10
Non-participants  0.86 675 220 455 60 3.07
Difference 0.19 323 103 220 59 356
% 22.1 47.9 46.8 48.4 98.3

Giza 126
Participants 1.48 1290 323 967 119 4.00
Non-participants  0.86 675 220 455 60 3.07
Difference 0.62 615 103 512 59 868
% 72.1 91.1 46.8 112 98.3

Giza 2000
Participants 150 1287 323 964 119 3.98
Non-participants  0.86 675 220 455 60 3.07
Difference 0.64 612 103 509 59 863
% 74.4 90.7 46.8 112 98.3

1 B/C = Benefit to Cost Ratio; 2 MRR = Marginal Rate of Return. Source: Survey Data.

plots was higher than that of the non-
participant plots, while MRRs were greater
than 50%, satisfying the requirements for the
recommended package to be adopted by the
barley growers in this area.

The role of gender in
barley production

Results showed that the role of women in the
production of barley was clear in North Sinai
and Matrouh governorates, where women
participation in labor cost represented about
64 and 18%, respectively. The average wage
per day of a woman was LE 7-8 against LE
10-15 for a man and LE 5-7 for a child.
Men only were involved in the production of
barley in Kafr EI-Sheikh governorate.

Future perspectives

e Increase barley productivity through
maximizing production per unit area
and unit water to bridge the increasing
gap between actual or average national
production and the potential yield achieved
by the research program.

e Develop new cultivars with high yielding
capacity and tolerant to different stresses
(drought, salinity, poor soil fertility,
diseases, insects, etc.).

e Develop high-yielding barley cultivars
suitable for the newly reclaimed lands and
rainfed areas in the north coastal region of
Egypt, including North Sinai and NWC.
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Develop complete recommended
agronomic packages that interact with
the new cultivars to achieve higher yield
under various stress conditions.

Improve and maintain high quality seed.
Transfer new technology to farmers’ fields
through strengthening the linkage between
the researchers, extensionists and farmers.
Use of the recommended barley cultivars
and trying to increase percent coverage
of certified seed of the newly developed
cultivars in targeted barley areas
according to the varietal policies regularly
established.

Use of modern and new technologies
in crop improvement and use of
mechanization to increase vyield and
minimize yield losses due to old-fashioned
agriculture, especially during harvest and
threshing, and also post-harvest storage.
Enhance the use of biodiversity and
maintain barley genetic germplasm trough
cooperation with national and international
organizations and genebanks.

Horizontal expansion of barley cultivated
area

In the olds lands, expand barley production
in the marginal areas with poor drainage
systems and those located in the tails of
irrigation canals; and in those areas with
high salinity and waterlogging problems.
Expand in newly reclaimed lands with
sandy and calcareous soils, such as
Nubaria and Ismailia areas, and also along
the west bank of the Nile River in Middle
and Upper Egypt.

In rainfed areas, expand across the north
coast east and west in Sinai and Matrouh
governorates at Arish and Rafah.

Making barley bread, especially in
Matrouh, and North Sinai and New Valley.
Special bread for diabetics and patients
with high blood pressure.

Baby foods and diets for aging people
Use of two-row barley in malting and

brewery industries for local consumption
and export. This will require expanding
the area under malting barley.

< Develop dual-purpose barley for food and
feed, and for admixture to winter forage
crops to overcome livestock production
gap problems.

e |t can be intercropped with leguminous
crops.

< |t can be used as green forage for animal
feeding, e.qg. livestock and small ruminants
such as sheep and goats, where it can be
used as a multiple cut crop.

e It should be used as a constituent of the
animal diet for milk production.

e |t can be added to alfalfa silage or other
forage crops such as maize.
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Abstract

The paper discusses the contribution of plant
breeding to the adaptation of crops to future
climate.

Climate change is now unequivocal,
particularly in terms of increasing
temperature, increasing CO, concentration,
widespread melting of snow and ice, and
rising global average sea level, while the
increase in the frequency of drought is very
likely but not as certain.

Yet, climate changes are not new and some
of them have had a dramatic impact, such as
the appearance of leaves about 400 million
years ago as a response to a drastic decrease
of CO, concentration, the birth of agriculture
due to the end of the last ice age about 11 000
years ago, and the collapse of civilizations
due to the late Holocene droughts between
5000 and 1000 years ago.

The climate change occurring now will
have—and is already having—an adverse
effect on food production and food quality,
with the poorest farmers and the poorest
countries most at risk. The adverse effect
is a consequence of the expected or likely
increased frequency of some abiotic
stresses such as heat and drought, and of the
increased frequency of biotic stresses (pests
and diseases). In addition, climate change is
also expected to cause losses of biodiversity,
mainly in more marginal environments.

Plant breeding has always addressed both
abiotic and biotic stresses, and strategies of
adaptation to climate changes may include

a more accurate matching of phenology to
moisture availability using photoperiod-
temperature response; increased access to a
suite of varieties with different duration to
escape or avoid predictable occurrences of
stress at critical periods in crop life cycles;
improved water use efficiency; and re-
emphasis on population breeding to provide
a buffer against increased unpredictability.
These measures must go hand in hand with
breeding for resistance to biotic stresses, and
with an efficient system of variety delivery
to farmers.

As a crop that has been always considered
as the most resilient amongst the winter
cereals and that has a range of possible uses
still largely unexplored, barley is an ideal
crop that farmers in a number of countries
are already using as a response to climate
changes.

Climatic changes today

Today nobody questions whether climate
changes are occurring or not, and the
discussion has shifted from whether they are
happening to what to do about them.

The most recent evidence from the Fourth
Assessment Report on Climate Change of the
Intergovernmental Panel on Climate Change
(IPCC, 2007) indicates that the warming of
the climate system is unequivocal, as is now
evident from observations of increases in
global average air and ocean temperatures,
widespread melting of snow and ice, and
rising global average sea level.
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e “Eleven of the last twelve years (1995-
2006) rank among the twelve warmest
years in the instrumental record of global
surface temperature (since 1850)”

e “The temperature increase is widespread
over the globe, and is greater at higher
northern latitudes. Land regions have
warmed faster than the oceans”.

e Rising sea level is consistent with
warming. Global average sea level has
risen since 1961 at an average rate of 1.8
mm/yr and since 1993 at 3.1 mm/yr, with
contributions from thermal expansion,
melting glaciers and ice caps, and the
polar ice sheets.

e Observed decreases in snow and ice
extent are also consistent with warming.
Satellite data since 1978 show that annual
average Arctic sea ice extent has shrunk
by 2.7% per decade, with larger decreases
in summer of 7.4% per decade. Mountain
glaciers and snow cover on average have
declined in both hemispheres.

It is also very likely that over the past 50
years cold days, cold nights and frosts have
become less frequent over most land areas,
and hot days and hot nights have become
more frequent, and it is likely that heat waves
have become more frequent over most land
areas, the frequency of heavy precipitation
events has increased over most areas, and

since 1975 the incidence of extreme high
sea level has increased worldwide. There is
also observational evidence of an increase
in intense tropical cyclone activity in the
North Atlantic since about 1970, with limited
evidence of increases elsewhere. There is no
clear trend in the annual numbers of tropical
cyclones, but there is evidence of increased
intensity.

Changes in snow, ice and frozen ground
have with high confidence increased the
number and size of glacial lakes, increased
ground instability in mountain and other
permafrost regions, and led to changes
in some Arctic and Antarctic ecosystems
(Walker, 2007).

The projections to year 2100 for
concentration indicate that CO, emission
is expected to increase by 400% and CO,
atmospheric concentration is expected to
increase by 100% (Figure 1).

Some studies have predicted increasingly
severe future impacts, with potentially high
extinction rates in natural systems around the
world (Williams et al., 2003; Thomas et al.,
2004).

Climatic changes in history

Even though climate changes are one of
the major current global concerns, they are
not new. Several climate changes occurred
before, with dramatic consequences. Among
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these is the decrease in CO, content which
took place 350 million years ago and which
is considered to be responsible for the
appearance of leaves—the first plants were
leafless and it took about 40-50 million
years for the leaves to appear (Beerling et al.,
2001).

Asecond climatic change was that induced
by perhaps the most massive volcanic
eruption in Earth’s history, which occurred in
Siberia when up to 4 million cubic kilometres
of lava erupted onto the Earth’s surface. The
remnants of that eruption cover today an area
of 5 million square kilometers. This massive
eruption caused, directly or indirectly, though
the formation of organohalogens, aworldwide
depletion of the ozone layer. The consequent
burst of ultraviolet radiation explains why
the peak eruptions phase coincides with the
timing of the mass extinction that wiped out
95% of all species.

The third major climate change was the
end of the last Ice Age (between 13 000 and
11 500 BC), with the main consequence that
much of the earth became subject to long dry
seasons. This created favorable conditions

for annual plants, which can survive the
dry seasons either as dormant seeds or as
tubers, and eventually agriculture started, as
we know today, in that area of the Near East
known as the Fertile Crescent, around 9 000
BC, and soon spread to other areas.

The fourth climatic change was the so
called Holocene flooding, which took place
about 9 000 years ago and is now believed
to be associated with the final collapse of
the Ice Sheet, resulting in a global sea level
rise of up to 1.4 m (Turney and Brown,
2007). Land lost from rising sea levels drove
mass migration to the north west and this
could explain how domesticated plants and
animals, which by then had already reached
modern Greece, started moving towards the
Balkans and eventually into Europe.

During the last 5 000 years, drought, or
more generally limited water availability,
has historically been the main factor limiting

crop production. Water availability has
been associated with the rise of multiple
civilizations, while drought has caused the
collapse of empires and societies, such as the
Akkadian Empire (Mesopotamia, ca. 4200
calendar yr B.P.), the Classic Maya (Yucatan
Peninsula, ca. 1200 calendar yr B.P.), the
Moche 1V-V Transformation (coastal Peru,
ca. 1500 calendar yr B.P.) (de Menocal, 2001)
and the early bronze society in the southern
part of the Fertile Crescent (Rosen, 1990).

How do people respond to
climatic changes?

Although the debate about climate change
is relatively recent, people, for example in
Africa, have been adapting to climate changes
for thousands of years. In general, people
seem to have adapted best when working
as a community rather than as individuals.
The four main strategies of adaptation have
been (a) changes in agricultural practices; (b)
formation of social networks; (c) embarking
on commercial projects, such as investing
in livestock; and (d) seeking work in distant
areas. The first three of these strategies rely
on people working together to improve their
community (Giles, 2007).

In continuous coping with extreme weather
events and climatic variability, farmers
living in harsh environments in Africa,
Asia and Latin America have developed
or inherited complex farming systems that
have the potential to bring solutions to many
uncertainties facing humanity in an era of
climate change (Altieri and Koohafkan,
2003). These systems have been managed
in ingenious ways, allowing small farming
families to meet their subsistence needs in the
midst of environmental variability without
depending much on modern agricultural
technologies (Denevan, 1995). They can
still be found throughout the world, covering
some 5 million hectares, are of global
importance to food and agriculture, and are
based on the cultivation of a diversity of crops
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and varieties in time and space that have
allowed traditional farmers to avert risks and
maximize harvest security in uncertain and
marginal environments, under low levels of
technology and with limited environmental
impact (Altieri and Koohafkan, 2003). One of
the salient features of the traditional farming
systems is their high degree of biodiversity,
in particular the plant diversity in the form
of polycultures and/or agroforestry patterns.
This strategy of minimizing risk by planting
several species and varieties of crops is more
resilient to weather events, climate variability
and change, and resistant to adverse effects
of pests and diseases, and at the same time
stabilizes yields over the long term, promotes
dietary diversity and maximizes returns, even
with low levels of technology and limited
resources (Altieri and Koohafkan, 2003).

The term autonomous adaptation is used
to define responses that will be implemented
by individual farmers, rural communities or
farmers’ organizations, or a combination,
depending on perceived or real climate
change in the coming decades, and without
intervention or coordination by regionaland
national governments and international
agreements. To this end, pressure to cultivate
marginal land, or to adopt unsustainable
cultivation practices as yields drop, may
increase land degradation and endanger
the biodiversity of both wild and domestic
species, possibly jeopardizing future ability
to respond to increasing climate risk later in
the century.

One of the options for autonomous
adaptation includes the adoption of varieties

and species with increased resistance to heat
shock and drought (Bates et al., 2008).

Climatic changes, food
and agriculture

Using the results from formal economic
models, it is estimated (Stern, 2005) that in
the absence of effective counteraction, the
overall costs and risks of climate change will
be equivalent to losing at least 5% of global
gross domestic product (GDP) each year. If a
wider range of risks and impacts is taken into
account, the estimates of damage could rise to
20% of GDP or more, with a disproportionate
burden on and increased risk of famine for
the poorest countries (Altieri and Koohafkan,
2003).

The majority of the world’s rural poor,
about 370 million of the poorest, live in areas
that are resource poor, highly heterogeneous
and risk prone. The worst poverty is often
located in arid or semi-arid zones, and in
mountains and hills that are ecologically
vulnerable (Conway, 1997). In many
countries, more people, particularly those at
lower income levels, are now forced to live
in marginal areas (i.e. floodplains, exposed
hillsides, arid or semi-arid lands), putting
them at risk from the negative impacts of
climate variability and change.

Climatic changes are predicted to have
adverse impacts on food production, food
quality and food security. One of the most
recent predictions (Tubiello and Fischer,
2007; Table 1) is that by the year 2080
the number of undernourished people will

Table 1. Expected number of undernourished in millions, incorporating the effect of climate.

1990 2020 2050 2080 Ratio 2080/1990
Developing countries 885 772 579 554 0.6
Asia, Developing 659 390 123 73 0.1
Sub-Saharan Africa 138 273 359 410 3.0
Latin America 54 53 40 23 0.4
Near East and North Africa 33 55 56 48 15

Source: Tubiello and Fischer, 2007
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increase by 1.5 times in the Near East and
North Africa and by 3 times in sub-Saharan
Africa compared with 1990.

Agriculture is extremely vulnerable
to climate change. Higher temperatures

eventually reduce crop vyields while
encouraging weed, disease and pest
proliferation. Changes in precipitation

patterns increase the likelihood of short-
term crop failures and long-term production
declines. Although there will be gains in
some crops in some regions of the world,
the overall impacts of climate change on
agriculture are expected to be negative,
threatening global food security (Nelson et
al., 2009).

Food insecurity is likely to increase
under climate change, unless early warning
systems and development programs are used
more effectively (Brown and Funk, 2008).
Today, millions of hungry people subsist on
what they produce. If climate change reduces
production while populations increase, there
is likely to be more hunger. Lobell et al.
(2008) showed that increasing temperatures
and declining precipitation over semi-arid
regions are likely to reduce yields for maize,
wheat, rice, and other primary crops in the
next two decades. These changes could have
a substantial negative impact on global food
security.

Climate  change  increases  child
malnutrition and reduces food energy
consumption dramatically. Thus, aggressive
agricultural productivity investments are
needed to raise food energy consumption
enough to offset the negative impacts of
climate-change on the health and well-being
of children (Nelson et al., 2009).

How do crops respond to
climatic changes?

Adapting crops to climatic changes has
become an urgent challenge that requires
some knowledge of how crops respond
to those changes. In fact, plants have
responded to increasing CO, concentration

from pre-industrial to modern times by
decreasing stomatal  density—reversing
the change described earlier which led to
the appearance of leaves—as shown by
the analysis of specimens collected from
herbaria over the past 200 years (Woodward,
1987). In Arabidopsis thaliana the gene HIC
(High Carbon Dioxide) prevents changes
in the number of stomata in response to
increasing CO, concentration (Gray et al.,
2000); mutant hic plants exhibit up to 42%
increase in stomatal density in response to a
doubling of CO,. The implication is that the
response of the stomatal density to increasing
CO, concentration in many plant species is
now close to saturation (Serna and Fenoll,
2000). Stomatal density varies widely within
species: for example, in barley, stomatal
density varies from 39 to 98 stomata/mm?
(Miskin and Rasmusson, 1970), suggesting
that the crop has a fairly good possibility of
adaptation.

Today it is fairly well known how plants
respond to increased CO, concentration,
which has both direct and indirect effects on
crops. Direct effects (also known as CO,-
fertilization effects) are those affecting the
crops by the presence of CO, in ambient air,
which is currently sub-optimal for C, type
plants like wheat and barley. In fact, in C,
plants, mesophyll cells containing ribulose-
1,5-bisphosphate carboxylase-oxygenase
(RuBisCO) are in direct contact with the
intercellular air space that is connected to
the atmosphere via stomatal pores in the
epidermis. Hence, in C, crops, rising CO,
increases net photosynthetic CO, uptake
because RuBisCO is not CO,-saturated
in today’s atmosphere and because CO,
inhibits the competing oxygenation reaction,
leading to photorespiration. CO,-fertilization
effects include increased photosynthetic
rate, reduced transpiration rate through
decreased stomatal conductance, higher
water use efficiency (WUE), and lower
probability of water stress occurrence. As
a consequence, crop growth and biomass
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production should increase by up to 30%
for C, plants at doubled ambient CO,; other
experiments show 10-20% biomass increase
under double CO, conditions. In theory, at
25°C, an increase in CO, from the current
380 ppm to that of 550 ppm, projected for
the year 2050, would increase photosynthesis
by 38% in C, plants. In C, plants, such as
maize and sorghum, RuBisCO is localized
in the bundle sheath cells in which CO,
concentration is three to six times higher
than atmospheric CO,. This concentration is
sufficient to saturate RuBisCO and in theory
would prevent any increase in CO, uptake
with rising CO,. However, even in C, plants,
an increase in water use efficiency via a
reduction in stomatal conductance cause by
increased CO, may still increase yield (Long
et al., 2006).

However, the estimates of the CO,-
fertilization have been derived from
enclosure studies conducted in the 1980s
(Kimball, 1983; Cure and Acock, 1986;
Allen et al., 1987), and today they appear to
be overestimated (Long et al., 2006).

In fact, free-air concentration enrichment
(FACE) experiments, representing the
best simulation of the future elevated CO,

concentration, gives much lower (about 50%
lower) estimates of increased yields due to
CO,fertilization (Table 2).

Indirect effects (also known as weather
effects) are the result of solar radiation,
precipitationandairtemperature, and, keeping
management the same, above a certain
temperature threshold, cereals yields typically
decrease with increasing temperatures and
increase with increased solar radiation. If
water is limiting, yields eventually decrease
because of higher evapotranspiration.
Precipitation will obviously have a positive
effect when it reduces water stress, but can
also have a negative effect such as by causing
waterlogging.

Therefore, the most likely scenario for
plant breeding is the following:

» higher temperatures, which will reduce
crop productivity, are certain;

= increased CO, concentration is certain,
with both direct and indirect effects;

 increased frequency of drought is highly
probable;

< increases in the areas affected by salinity
is highly probable; and

« increased frequency of biotic stress is also
highly probable.

Table 2. Percentage increases in yield, biomass and photosynthesis of crops grown at elevated CO,
(550 ppm) in enclosure studies versus FACE (Free-Air Concentration Enrichment) experiments

(Long et al., 2006).

Source Rice Wheat Soybean C, crops
Yield
Kimball (1983) 19 28 21 -
Cure and Acock (1986) 11 19 22 27
Allen et al. (1987) - - 26 -
Enclosure studies - 31 32 18
FACE studies 12 13 14 0!
Biomass
Cure and Acock (1986) 21 24 30 8
Allen et al. (1987) - - 35 -
FACE studies 13 10 25 0!
Photosynthesis
Cure and Acock (1986) 35 21 32 4
FACE studies 9 13 19 6

! Data from only one year (Leakey et al., 2006)
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Given this scenario, biotechnology
and conventional breeding may help by
developing new cultivars with enhanced
traits better suited to adapt to climate change
conditions. These include drought and
temperature stress resistance; resistance to
pests and disease; and tolerance of salinity
and waterlogging. Breeding for drought
resistance has historically been one of the
most important and common objectives of
several breeding programs for all the major
food crops in most countries (Ceccarelli et
al., 2007; Ceccarelli, 2010). Opportunities
for new cultivars with increased drought
tolerance include changes in phenology
or enhanced responses to elevated CO.,.
With respect to water, a number of studies
have documented genetic modifications to
major crop species (e.g. maize and soybean)
that increased their water-deficit tolerance
(Drennan et al., 1993; Kishor et al., 1995;
Pilon-Smits et al., 1995; Cheikh et al., 2000),
although this may not extend to a wide range
of crops. In general, too little is currently
known about how the desired traits achieved
by genetic modification perform in real
farming and forestry applications (Sinclair
and Purcell, 2005).

Thermal tolerances of many organisms
have been shown to be proportional to the
magnitude of temperature variation they
experience: lower thermal limits differ more
among species than upper thermal limits
(Addo-Bediako et al., 2000). Therefore
a crop like barley, which has colonized a
huge diversity of thermal climates, may
harbor enough genetic diversity to breed
successfully for enhanced thermal tolerance.

Soil moisture reduction due to precipitation
changes could affect natural systems in several
ways. There are projections of significant
extinctions in both plant and animals species.
Over 5 000 plant species could be affected
by climate change, mainly due to the loss of
suitable habitats. By 2050, the Fynbos Biome
(Ericaceae-dominated ecosystem of South
Africa, which is an International Union for

the Conservation of Nature and Natural
Resources (IUCN) ‘hotspot’) is projected to
lose 51-61% of its extent due to decreased
winter precipitation. The succulent Karoo
Biome, which includes 2 800 plant species
at increased risk of extinction, is projected
to expand south-eastwards, and about 2%
of the family Proteaceae is projected to
become extinct. These plants are closely
associated with birds that have specialized
in feeding on them. Some mammal species,
such as the zebra and nyala, which have been
shown to be vulnerable to drought-induced
changes in food availability, are widely
projected to suffer losses. In some wildlife
management areas, such as the Kruger and
Hwange National Parks, wildlife populations
are already dependant on water supplies
supplemented by borehole water (Bates et
al., 2008).

With the gradual reduction in rainfall
during the growing season for grass, aridity in
central and west Asia has increased in recent
years, reducing the growth of grasslands and
increasing the bareness of the ground surface
(Bou-Zeid and El-Fadel, 2002). Increasing
bareness has led to increased reflection
of solar radiation, such that more soil
moisture evaporates and the ground becomes
increasingly drier in a feedback process,
thus adding to the acceleration of grassland
degradation (Zhang et al., 2003). Recently it
has been reported that the Yangtze river basin
has become hotter and it is expected that the
temperature will increase by up to 2°C by
2050 relative to 1950 (Ming et al., 2009).
This increase will reduce rice production
by up to 41% by the end of the century and
maize production by up to 50% by 2080.

The negative impact of climatic changes
on agriculture and therefore on food
production is aggravated by the greater
uniformity that exists now, particularly in
the crops of developed-country agriculture
compared to 150-200 years ago. The decline
in agricultural biodiversity can be quantified
as follows: while it is estimated that there
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are approximately 250 000 plant species, of
which about 50 000 are edible, we actually
use no more than 250—out of which 15 crops
give 90% of the calories in the human diet,
and 3 of them, namely wheat, rice and maize,
give 60%. In these three crops, modern plant
breeding has been particularly successful,
and the process towards genetic uniformity
has been rapid: the most widely grown
varieties of these three crops are closely
related and genetically uniform (pure lines
in wheat and rice and hybrids in maize). The
major consequence is that our main sources
of food are more genetically vulnerable than
ever before, i.e. food security is potentially in
danger. The danger has become real with the
rapid spreading of diseases such as UG99,
but applies equally well to climatic changes,
as the predominant uniformity does not allow
the crops to evolve and adapt to changing
environmental conditions. The expected
increase in biofuel monoculture production
may lead to increased rates of biodiversity
loss and genetic erosion. Another serious
consequence of the loss of biodiversity has
been the displacement of locally adapted
varieties, which might hold the secret of
adaptation to the future climate (Ceccarelli
and Grando, 2000; Rodriguez et al., 2008;
Abay and Bjgrnstad, 2009).

Combining participation
and evolution:
Participatory-Evolutionary
plant breeding

One of the fundamental breeding strategies
to cope with the challenge posed by the
climate changes is to improve adaptation
to a likely shorter crop season length by
matching phenology to moisture availability.
This should not pose major problems as
photoperiod-temperature response is highly
heritable. Other strategies include increasing
access to a suite of varieties with different
duration to escape or avoid predictable
occurrences of stress at critical periods

in crop life cycles, shifting temperature
optima for crop growth, and re-emphasizing
population breeding.

In all cases, the emphasis will be on
identifying and using sources of genetic
variation for tolerance or resistance to a
higher level of abiotic stresses, and the
two most obvious sources of novel genetic
variation are the genebanks (ICARDA has
one of the largest genebanks, with more
than 100 000 accessions of several species,
including important food and feed crops
such as barley, wheat, lentil, chickpea and
vetch) and farmers’ fields. Currently there
are several international projects aiming at
the identification of genes associated with
superior adaptation to higher temperatures
and drought; at ICARDA, but also elsewhere,
it has been found that landraces, and when
available wild relatives, harbor a large
amount of genetic variation, some of which
is of immediate use in breeding for drought
and high-temperature tolerance.

The major difference between the two
sources of genetic variation is that the first is
static, in the sense that it represents the genetic
variation available at the collection sites at
the time the collection was made, while the
second is dynamic, because landraces and
wild relatives are heterogeneous populations
and as such they evolve and can generate
continuously novel genetic variation.

Adaptive capacity in its broadest sense
includes both evolutionary changes and
plastic ecological responses; in the climate
change literature, it also refers to the
capacity of humans to manage, adapt and
minimize impacts (Williams et al., 2008).
All organisms are expected to have some
intrinsic capacity to adapt to changing
conditions; this may be via ecological (i.e.
physiological and/or behavioral plasticity) or
evolutionary adaptation (i.e. through natural
selection acting on quantitative traits). There
is now evidence in the scientific literature
that evolutionary adaptation has occurred in
a variety of species in response to climate
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change, both in the long term, as seen earlier
in the case of stomata (Woodward, 1987)
or over a relatively short time, e.g. five to
30 years (Bradshaw and Holzapfel, 2006).
However, this is unlikely to be the case for
the majority of species and, additionally,
the capacity for evolutionary adaptation is
probably the most difficult trait to quantify
across many species (Williams et al., 2008).

Recently Morran et al. (2009) have used
experimental evolution to test the hypothesis
that outcrossing populations are able to adapt
more rapidly to environmental changes than
self-fertilizing organisms, as suggested by
Stebbins (1957), Maynard Smith (1978)
and Crow (1992), explaining why the
majority of plants and animals reproduce
by outcrossing as opposed to selfing. The
advantage of outcrossing is to provide a
more effective means of recombination and
thereby generating the genetic variation
necessary to adapt to a novel environment
(Crow, 1992). The experiment of Morran et
al. (2009) suggest that even outcrossing rates
lower than 5%, therefore comparable with
those observed in self-pollinated crops such
as barley, wheat and rice, allowed adaptation
to a stress environments as indicated by a
greater fitness accompanied by an increase in
the outcrossing rates. This experiment, even
though conducted on a nematode, is relevant
for both self- and cross-pollinated crops and
provides the expectations for evolutionary
plant breeding, a breeding method introduced
by Suneson more than 50 years ago working
with barley (Suneson, 1956). Its ‘core
features are a broadly diversified germplasm,
and a prolonged subjection of the mass of
the progeny to competitive natural selection
in the area of contemplated use’. Its results
showed that traits relating to reproductive
capacity, such as higher seed yields, larger
numbers of seeds per plant, and greater spike
weight, increase in populations due to natural
selection over time.

At ICARDA we are combining
evolutionary plant breeding with participatory

plant breeding (PPB), which is seen by
several scientists as a way to overcome the
limitations of conventional breeding, by
offering farmers the possibility to choose, in
their own environment, which varieties better
suit their needs and conditions. PPB exploits
the potential gains of breeding for specific
adaptation through decentralized selection,
defined as selection in the target environment
(Ceccarelli and Grando, 2007).

The evolutionary breeding that ICARDA
is combining with the participatory programs
implemented in Syria, Jordan, Iran, Eritrea
and Algeria aims at increasing the probability
of recombination within a population that is
deliberately constituted to harbor a very large
amount of genetic variation. Suchapopulation
consists of a large mixture of nearly 1600 F,
lines of barley and is planted in 19 locations
in the 5 countries where it is left evolving
under the pressure of the changing climatic
conditions. The breeder and the farmers will
superimpose artificial selection with criteria
that may change from location to location and
with time. While the population is evolving,
lines can be derived and tested as pure lines
in the participatory breeding program, or a
sub-sample of the population can be used
for cultivation. The key aspect of the method
is that the population is left evolving for an
indefinite amount of time, thus becoming a
unique source of continuously better adapted
genetic material directly in the hands of
the farmers. The latter guarantees that the
improved material will be readily available
to farmers without the bureaucratic and often
inefficient systems of variety release and
formal seed production.

Conclusions

The major danger when discussing the
adaptation of crops to climate changes is
that these discussions usually take place in
comfortable offices isolated both from the
outside climate and from the people who will
be most affected by its changes.



25

By bringing back the analysis of the
problems and the search for solutions to
the thousands of small-scale and traditional
family farming communities and indigenous
peoples in the developing world that will be
affected by climatic changes, by combining
the indigenous agricultural knowledge
systems with scientific knowledge, and by
making use of the lessons from the past,
we may be able to provide better adapted
varieties that, together with appropriate
agronomic techniques, could help millions of
rural people to reduce their vulnerability to
the impact of climate change.
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Introduction

Extensive genetic resources and germplasm
are available for use in barley improvement.
Effective use of these resources in
barley breeding requires the availability
and application of tools for germplasm
characterization  (Table  1). Recent
developments in molecular approaches allow
more efficient discovery and analysis of
genetic polymorphism.

DNA Banking

Germplasm characterization and utilization
is facilitated by the availability of DNA
collections that can be screened for genetic
research and breeding (Rice et al., 2006). We
have established the Australian Plant DNA
Bank (www.biobank.com) for this purpose.
The collection currently contains wild barley,
barley landraces and commercial barley
cultivars.

Genotyping technologies

Plant genotyping has been widely conducted
by microsatellite (SSR) analysis (Henry,
2001), and this technique continues to be
very useful for characterization of barley
germplasm (Jilal et al., 2008). However
single nucleotide polymorphism (SNP)
analysis (Henry, 2008) has been replacing
SSR analysis as more DNA sequence data
becomes available.

SSR analysis has been widely applied to
barley germplasm characterization and in
barley breeding. Early work on SSR loci
derived from genomic libraries has been
supplemented by sourcing of SSR from
expressed sequences. These genic SSRs
have proven very useful in germplasm
characterization (Chabane et al., 2005).
Recently, very large numbers of SSRs have
been derived from analysis of expressed
sequence tag (EST) sequences, and these are
now available for use in barley.

The discovery of SNP in barley has
largely been achieved by analysis of EST
sequences or by re-sequencing using di-
deoxy sequencing. Recent developments in
DNA sequencing technology provide greatly
improved technology for cost-effective
discovery of SNPs.

The TILLING (Targeting Induced Local
Lesions in Genomes) method allows the
targeted identification of mutants (SNPSs)
in any gene of interest following chemical
mutation of the seed. When used to explore
variation in wild populations or germplasm,
the technique is called ecoTILLING.
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Table 1. Some recent developments in tools for the characterization of genetic resources for

barley improvement.

Technology Applications

References

DNA banking
TILLING/ecoTILLING
EMAIL

EST/SAGE
Micro-arrays

Mass array

Next-generation sequencing gene and SNP discovery

gene discovery

rare mutant discovery
transcript identification
transcript profiling

SNP genotyping/transcript profiling

Rice et al., 2006

targeted mutagenesis/diversity analysis Till et al., 2006

Cross et al., 2007
White et al., 2006

White et al., 2006

Pattemore and Henry
(unpublished)

Wicker et al., 2006

We have modified the TILLING protocol,
first by adapting the technique for analysis
using capillary electrophoresis (Cordeiro et
al., 2006) and then by employing internal
rather than end labeling (Cross et al., 2008).
The improved technique, endonucleolytic
mutation analysis by internal labeling
(EMAIL), has greater sensitivity for detection
of rare alleles in larger bulks.

SNP analysis in barley has been achieved
using both widely available technologies and
more high volume automated instruments.

Allele-specific PCR can be used to detect
barley SNPs in simple and robust assays
(Bundock et al., 2006). Quantitative SNP
analysis can be achieved routinely by
modified real-time PCR protocols (Kennedy
et al., 2006). This allows analysis of
heterozygotes or pooled samples.

We have adopted the Sequenom Mass Array
system that allows analysis of up to 40 SNP
alleles in 384 samples per hour for use in
barley variety identification.

Transcriptome analysis is an important tool
for gene discovery. We have applied serial
analysis of gene expression (SAGE) to
identify the genes expressed in germinating
barley (White et al., 2006) and to compare
the transcriptomes of barley genotypes.
The expressed genes identified by SAGE
have been used to construct micro-arrays to
allow the more cost-effective analysis of the
barley transcriptome for larger numbers of
genotypes.

Impact of next generation
sequencing

The development of new sequencing
technologies has generated capacity to
undertake barley gene sequencing on a very
much larger scale (Wicker et al., 2006).
These developments are likely to have a large
impact on barley germplasm analysis and
barley improvement.

Gene diversity in wild
barley populations
The diversity of individual genes in wild

barley populations has been studied using
conventional DNA sequencing (Bundock
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and Henry, 2004). Genomic approaches
to analysis of gene diversity in barley
germplasm are now likely using the newly
available technologies.

Applications to analysis of
global barley diversity

SSR analysis has been applied to the analysis
of a large set of barley landraces representing
global diversity (Jilal et al., 2008). This work
is now being extended to analysis of SNP in
candidate genes for food quality.

Diversity of wild barley in
relation to climate

The impact of climate change on biodiversity
isof specificconcerninrelationto the potential
loss of diversity in the wild relatives of major
crop species. Barley was probably the first
crop to be domesticated and was derived
from the wild barley, Hordeum spontaneum.
Barley seeds contain an abundant protein,
the bifunctional amylase/subtilisin inhibitor
(BASI) that provides apparent defense of
the seed against fungi. We recently found
that diversity of the Isa locus was related
to water availability in the environment
of wild barley populations (Cronin et al.,
2007). More recently, we have undertaken
analysis of diversity of other genes in these
populations. Proline accumulation has been
widely linked to abiotic stress tolerance in
plants. Two genes encoding betaine aldehyde
dehydrogenase (BAD) associated with
proline metabolism are found in plants. These
proteins act as aldehyde dehydrogenases and
may have separate or multiple functions in the
pathway of proline metabolism (Bradbury et
al., 2005). BAD expression has been shown
to provide salt tolerance in barley. Abiotic
stress tolerance has also been associated with
alcohol dehydrogenase (adhl). The diversity
of these genes and of other biotic stress genes,
rpgl and a homologue of this gene, revealed
considerable variation in diversity.

Analysis of diversity at
loci determining grain
quality

The genetics of traits important for both
feed and malting quality of barley are being
defined and the variation of these traits in
barley germplasm has traditionally been
assessed by phenotypic analysis (Fox et al.,
20064a, b). The variation in starch properties
(Waters and Henry, 2007; Shapter et al., 2007)
and the genes that control them in barley
are not well characterized in relation to end
uses, especially for human food. The rapid
developments in molecular technologies are
likely to greatly advance our understanding
of these traits in the near future. A genome
sequence would be a key tool for barley
breeding, as illustrated by the use of the rice
genome sequence to easily identify desirable
alleles of important genes for breeding.
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Abstract

Genetic diversity and relationships within
and among 185 accessions of wild and
cultivated barley from six countries in
West Asia and North Africa (WANA) was
studied with 36 Simple Sequence Repeats
(SSR) markers. All SSR markers used in
this study were highly polymorphic and in
all subspecies/origin (S/O-) groups. Analysis
of molecular variance revealed a general
high level of genetic variation in wild as
well as landraces of barley. Wild barley
S/O-groups showed higher genetic diversity
and allelic richness than the cultivated
barley. Population structure analysis for all
accessions identified eight main groups,
which was partly in agreement with
subspecies and geographical distributions.
Two groups were predominantly cultivated
barley, one composed mainly of Near Eastern
barley accessions and the second containing
mostly North African barley. The remaining
six groups comprised primarily wild barley
accessions. Three of these six clusters
consisted purely of wild barley accessions.
Hybridization and introgression between
wild and cultivated barley were identified in
both directions. Structure analysis, together
with Nei’s genetic distance and Multi
Dimensional Scaling, revealed that WANA
cultivated barley, especially that from the
Fertile Crescent, did not undergo a strong
bottleneck during domestication.

Introduction

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 barley populations, focusing on
the centers of barley domestication and
diversification. Centers of domestication have
an enormous value for providing new genetic
resources that can be very useful for existing
or upcoming biotic or abiotic threats due
to climate changes. The Fertile Crescent in
West Asia, with its arid and semi-arid climate
and high agro-ecological diversity, is a center
of domestication and diversification for
many important crop plants. Consequently,
in the Fertile Crescent, wild relatives of crop
plants such as the progenitor of cultivated
barley, Hordeum vulgare subsp. spontaneum
(hereafter referred to as H. spontaneum) are
widely distributed (Harlan and Zohary, 1966).
It is widely assumed that cultivated barley
was domesticated in the Fertile Crescent
about 8 000-12 000 years Before Present
(BP) from brittle two-row barley similar to
the present-day H. spontaneum (Badr et al.,
2000; Salamini et al., 2002; Turpeinen et al.,
2003; Zohary, 1999; Zohary and Hopf, 2000).
However, further centers of domestication for
barley, mainly the Himalaya region, Morocco
and the Horn of Africa, have been postulated
(Bekele, 1984; Molina-Cano et al., 1987;
Orabi et al., 2007).
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Table 1. Country of origin, subspecies, S/O-group, sample size and the sources of barley

accessions.
Country of . S/O- No. of
origin Species group lines Source

Palestine H. spontaneum HsPa 98 Copenhagen University
Syria H. spontaneum HsSy 10 ICARDA genebank
Jordan H. spontaneum HsJo 10 ICARDA genebank
Turkey H. spontaneum HsTk 9 ICARDA genebank
Morocco H. spontaneum HvMo 8 Dr Molina-Cano, IRTA, Lleida, Spain
Syria H. vulgare HvSy 10 ICARDA genebank
Jordan H. vulgare Hvlo 10 ICARDA genebank
Turkey H. vulgare HsTk 10 ICARDA genebank
Tunisia H. vulgare HvTn 10 ICARDA genebank
Morocco H. vulgare HsMo 10 ICARDA genebank

The aim of this investigation was to study
genetic variation between and among WANA
barley S/O-groups. A further aim was to
detect gene flow between wild and cultivated
barley.

Material and methods

In total, 50 landraces of barley belonging
to H.vulgare and 135 accessions of its
progenitor H. spontaneum from different
countries in WANA were included in this
investigation. We grouped the accessions
according to their respective species
(H. vulgare or H.spontaneum) and their
country of origin into subspecies/origin (S/O)
groups (Tablel).

DNA was extracted from barley seedlings
by CTBA according to Saghai-Maroof et
al. (1984), with minor modifications. PCR
reactions were carried out for all lines with
34 Simple Sequence Repeats (SSR) primers
labeled with different fluorescent dyes. The
PCR products were separated and visualized
using a semi-automated ABI PRISM 377
DNA Sequencer (Applied Biosystems).

The gene diversity (GD) of each SSR was
calculated using GENALEX 6 software
(Peakall and Smouse, 2006) according to
the formula developed by Nei (1973). The
molecular variation (AMOVA) among
individuals within and among groups of
accessions was also calculated by GENALEX
6. Differentiation among S/O-groups was
conducted according to Nei’s genetic identity
for each pair-wise combination of S/O-
groups. STRUCTURE 2.2 (Pritchard et
al., 2007) was used to identify the number
of groups (K=1 to 10) over 20 runs and
with a length of burn-in and Markov chain
Monte Carlo (MCMC) of 10 000 each. The
best appropriate number of groups (K) was
calculated based on Evanno et al. (2005)
using an ad hoc statistic AK. To confirm
whether WANA barley clustering was based
on special criteria such as geographical
distribution ~ or  classification,  Multi
Dimensional Scaling (MDS) was calculated
by NTSYS-pc 2.1 software (Rohlf, 2000).

Results and discussion

AMOVA among and within groups was
calculated based on seven setups starting
from a general setup including all S/O-
groups to a setup analyzing each S/O-group
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separately (Table 2). The division of all
accessions based on the species explained the
lowest percentage of the molecular variance.
Partitioning the wild barley according to
origin explained a higher percentage of
molecular variance (12%) than doing the
same for landraces. Dividing the Moroccan
barley into landraces and wild barley resulted
in the highest percentage of explained
variation (16%) of all AMOVA in this
investigation.

MDS of WANA barley showed a clear
separation between H. spontaneum and
H. vulgare (landrace) accessions (Figure 1).
The geographical origin did not seem to
influence the clustering. Almost all wild
barley lines clustered on the right half of the
MDS while the majority of the landraces
were distributed on the left half and closer to
the center of the MDS. Three landraces from
Jordan, Syria and Turkey spread at the right
half or the center of the MDS, together with
wild barley accessions (Figure 1).

Structure analysis of the WANA barley
resulted in eight groups. Two groups, 7 and
8, are composed exclusively of 25 and 23
HsPa lines, respectively. Group number 4
is predominantly composed of wild barley
(22 line accessions out 25). The three other
accessions are landraces from Turkey and
Syria that show multilocus structures similar

to the wild barley. Both groups 2 and 3
include one single landrace from Jordan,
apart from wild barley accessions. Cluster 5
and 6 contain the majority (45 out of 50) of
landraces. Interestingly, the majority of the
Fertile Crescent landraces were grouped in
group 6, while North African landraces were
grouped in group 5.

A clear separation between wild and
cultivated barley was found based on MDS
(Figure 1) as well as based on the structure
analysis. Structure analysis grouping showed
two pure H. spontaneum groups (7 and 8)
and two predominantly H. vulgare groups (5
and 6) (Figure 2). A similar strong separation
between H. vulgare and H. spontaneum has
been also seen by Badr et al. (2000). Such
clear separation between H. spontaneum
and H.vulgare led Wei et al. (2005) in a
study of a global population composed of
506 cultivated and wild barley accessions to
conclude that H. vulgare and H. spontaneum
are two different species. However, crosses
between H. spontaneum and H. vulgare are
easily made, and hybrids are not uncommon
in natural habitats (Giles and von Bothmer,
1985; Harlan and Zohary, 1966). Thus, the
high inter-fertility between H.vulgare and
H. spontaneum together with the relatively
high out-crossing rate (0-1.8%) (Abdel-
Ghani et al., 2004) and the coexistence

Table 2. Analysis of molecular variance (AMOVA).

. Grouping Among Groups Within Groups
Accessions critrion  DF SS % DF  SS %
All S/O-groups 9 342.3 10 175 25243 90
All subspecies 1 94.1 6 183 2885.0 94
All without HsPa subspecies 1 40.9 4 85 12876 96
Landraces S/O-groups 4 97.2 8 45 602.2 92
Wild barley without HsPa  S/O-groups 3 98.4 12 33 470.3 88
All countries 3 105.0 7 73 10748 93
Syrian S/O-groups 1 28.9 9 18 263.3 91
Jordanian S/O-groups 1 27.8 7 18 277.4 93
Turkish S/O-groups 1 28.1 9 17 249.3 91
Moroccan S/O-groups 1 28.7 16 16 168.2 84

DF = Degrees of freedom; SS = sum of squares.
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of both species give the WANA region
additional value as a source of valuable
genetic diversity. The WANA region presents
a vast in situ conservation region for barley,
allowing dynamic evolutionary processes
to continuously interact and produce useful
variation. This dynamic evolutionary process
can be seen at the species level or in the
interaction between H. spontaneum and
H. vulgare as gene-exchange between wild
and cultivated barley. The adaptation is the
most important trait for surviving in harsh
climates. Harlan and Zohary (1966) reported
an introgression between wild barley and
cultivated barley mainly when the Bedouins
cultivate a little barley in the wadi bottoms
in good years, where hybrid swarms between
wild and cultivated barley can be found.
Thus, introgression is possible and may
lead under relatively high outcrossing rates
to genotypes in the cultivated barley that
have a multilocus structure similar to the
wild barley, as has been found in lines from
Jordan in groups 2 and 3, or lines from Syria
and Turkey in group 4 (Figures 1 and 2), or
vice versa, with wild barley lines similar to
cultivated barley lines in group 6. Moreover,
three H. vulgare lines were grouped with the
H. spontaneum, sharing the same multilocus
structure with H. spontaneum. These three
lines might be a result of recent domestication
or a result of intercrosses between wild and
cultivated barley. Interaction enriches the
genetic diversity of the barley population,
allowing genes to exchange as required
between H. spontaneum and H. vulgare
and provides continuously new sources of
genetic diversity that can be used to improve
yield under traditional low-input agricultural
systems. Consequently, WANA barley was
and still is a very useful source of genes to
overcome actual or coming challenges for
biotic and abiotic threats.
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Abstract

The variation of agronomic traits in barley
from Nordic and Baltic countries was
studied, aiming at investigating differences in
agronomic traits and trait stability of modern
Nordic and Baltic barley cultivars compared
to those grown at the beginning and in the
middle of the 20th century. The material
studied represented barley from different
breeding periods, including landraces and
cultivars from the 1890s up to modern
varieties and breeding lines. The variation
in harvest index, plant height, thousand-
kernel weight, volumetric weight, heading
and maturity date was recorded for 128
two-row and 68 six-row accessions across
six environments (3 locations and 2 years).
The agronomic data distinguished very well
the two-row and six-row types, as well as
the cultivars representing different breeding
periods.

Introduction

Plant breeding in the Nordic and Baltic
countries has, to a large extent, been focused
on crosses between a few original lines,
supplemented by the use of exotic material

mainly as donors of disease resistance genes
(Fischbeck, 1992). This causes concern about
the increasing narrowing of the elite gene
pool (Melchinger et al., 1994), which could
have negative implications for maintaining
rates of gain by selection. The material
included in this study has been previously
analyzed with DNA markers (ISSR and
SSR) (Kolodinska-Brantestam et al., 2004;
2007). All marker systems indicated changes
in variability and also some changes in
allele distribution and composition. In some
groups of material these changes were more
pronounced compared with others, e.g.
depending on country of origin, row type and
geographical region.

Many agronomic traits are economically
important and the knowledge of their
variation is of great value to the breeder,
and this is why it is important to study
changes in these traits (Atanassov et al.,
2001). Earlier studies have shown that there
are changes in agronomic characters that
have occurred due to the breeding process
in barley, such as reduced plant height and
lodging susceptibility, and increase in harvest
index. Since quantitative traits are influenced
by environmental factors, evaluations need
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to be carried out over several years (Wych
and Rasmusson, 1983; Bulman et al., 1993;
Jedel and Helm, 1994; Ortiz et al., 2002;
Nurminiemi et al., 2002).

The aim of this study was to analyze
differences in agronomic traits and trait
stability of modern Nordic and Baltic barley
cultivars compared with barley material
grown at the beginning and in the middle of
the 20th century.

Materials and methods

In total, 128 two-row and 68 six-row
accessions representing different breeding
periods were included in the experiment
(Table 1). The plant material was provided by
the Nordic Gene Bank (effective 1 January
2008: the Nordic Genetic Resources Center),
genebanks in the Baltic countries and plant
breeding companies in Nordic and Baltic
countries (Boreal Plant Breeding Ltd. in
Finland; Planteforsk Kvithamar Research
Centre in Norway; Svalo6f Weibull AB in
Sweden; The Abed Foundation and Sejet
Plant Breeding in Denmark; Priekuli and
Stende Plant Breeding Stations in Latvia;
Jogeva Plant Breeding Institute in Estonia;
Lithuanian Institute of Agriculture in
Lithuania). The size of each plot was ~1.5 m?

with ~200 seeds per plot (6 rows). The trials
were performed over two years, 2002 and
2003, at three locations: Bjagrke (southern
Norway, 60°47° N, 11°13’ E), Landskrona
(southern Sweden, 55°52" N, 12°51” E)
and Priekuli (Latvia, 57°19° N, 24°20’ E)
(Table 2).

Agronomic traits

Six agronomic traits were scored: days to
heading, days to maturity, plant height,
harvest index, volumetric weight and
thousand-kernel weight. At all sites, days to
heading was measured as the number of days
from 1st of June until 50% of inflorescence
emergence in each plot. Similarly, days to
maturity at all sites was measured as the
number of days from 1st of July until 50%
of the spikes were mature in each plot. Plant
height was measured in centimeters from the
soil surface to the tip of the inflorescence of
the most typical sample per plot (excluding
awns). Harvest index was calculated as the
ratio between the total grain yield from the
plot (excluding border plants) and the above
ground biomass yield after plants had dried.
Volumetric weight was measured as the
weight of grain contained ina 0.25 L cylinder
and converted to kilograms per hectolitre.

Table 1. Number of two- and six-row spring barley cultivars from different breeding periods and

countries of origin.

Origin Period and type Total
Landraces and Cultivars Cultivars after 1971
cultivars before 1930 1931-1970 and breeding lines
six-row  two-row  Six-row two-row Six-row two-row
Denmark 5 6 0 8 0 10 29
Estonia 0 0 1 1 2 16 20
Finland 5 4 5 4 11 3 32
Latvia 1 1 1 1 1 19 24
Lithuania 1 1 0 2 16 20
Norway 8 0 6 3 13 0 30
Sweden 5 7 3 9 0 17 4
Nordic and Baltic 25 19 16 28 27 81 196
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Table 2. Meteorological characteristics of Baltic and Nordic environments included in the

experiment, and time of sowing.

. Sowing Rainfall (mm) Average temperature (°C)
Location Year K
wee May June July August May June July  August
S 2002 47  go9 674 1285 1365 117 152 160 184
arke
) 2003 o1 751 857 671 532 91 149 176 151
s 2002 43 535 753 764 689 131 160 178 200
anaskrona
2003 15 707 404 760 457 122 163 186 180
el 2002 47 382 1111 670 113 135 163 195 189
riekull
: 2003 19 g0 592 87.8 1758 119 140 197 157

The moisture content of grain was on average
8% (2002) and 9% (2003) in Bjagrke, 10%
in Priekuli, and 12% in Landskrona. The
moisture content of the straw was 5% in
Bjorke and 10% in Priekuli and Landskrona.
Statistical analysis

To reduce the experimental error (Yau,
1997; Sarker et al., 2001) within each trial,
a 14 x 14 square lattice design (Cochran
and Cox, 1957) with two replications was
chosen as experimental layout. The adjusted
means for the lattice design were calculated
(Kotz and Johnson, 1983) using MATLAB
(version 5.3, MATHWORKS Inc. 1999)
and the adjusted treatment means were used
in further calculations. The cultivars were
classified using principal component analysis
(MINITAB Releasel4 Statistical Software).
Two-row and six-row cultivars were analyzed
separately since the inflorescence type bears
a relationship to multiple agronomic traits
in barley (Kjer and Jensen, 1996; Marquez-
Cedillo et al., 2001). The environmental
stability of the accessions was calculated
using regression analysis (Eberhart and
Russel, 1966).

Results

When modern material was compared with
material from earlier breeding periods,
different trends were observed for the six
traits (Figure 1). Harvest index was higher

in modern material compared with material
released before 1930, and with landraces in
both six-row and two-row Nordic and Baltic
barley; plant height, as expected, significantly
decreased during the course of plant breeding.
Thousand-kernel weight, volumetric weight,
days to heading and days to maturity did
not change significantly during the breeding
period studied (Figure 1).

Harvest index of six-row and two-row
materials showed no significant differences
within the same breeding period. The same
was also true for plant height (Figure 1). Two-
row cultivars from all breeding periods had,
on average, higher thousand-kernel weight
and volumetric weight, and later heading and
maturity than six-row, and the differences
were significant.

Principal component analysis  was
conducted for each trial separately
(Figure 2). In each trial the first component
separated fairly well into six-row and
two-row, explaining 41% to 59% of the
variation, depending on the trial. The second
component explained 23% to 29% of the
variation and distinguished the old cultivars
from the modern ones in all trials.

Environmental stability

In modern material, the most common types
of cultivar are stable, whereas in the cultivars
before 1930 and in landraces, the most
common are responsive types for harvest
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Figure 1 Thousand-kernel weight, volumetric weight, days to heading and days to maturity in
cultivars from different breeding periods: landraces and cultivars before 1930 (1), cultivars 1931-
2) 1970), cultivars after 1971 and breeding lines (3); A - six-row barley, ® — two-row barley;
comparisons between all groups are made at p<0.05, values designated by the same letter did not
differ significantly.

Table 3. Percentage of cultivars in different breeding periods with different types of response to
environmental changes based on regression analysis: stable (bi<1) or responsive (bi>1) cultivars
to environmental changes (p<0.05).

Landraces and . Cultivars released
Trai T cultivars released CUIE’;(;S El;zgsed after 1971 and
rait ype before 1930 a breeding lines
Stable Responsive Stable Responsive Stable Responsive

Harvest index Tv_vo-row 10 63 36 43 72 13
Six-row 20 72 6 75 52 30
Plant height Tv_vo-row 63 10 14 14 41 38
Six-row 40 12 50 19 7 59
Volumetric weight Tv_vo-row 68 10 36 36 57 22
Six-row 20 64 12 75 26 37
. Two-row 16 42 4 57 18 46
Thousand-kernel weight Six-row 84 4 69 13 70 4
Days to heading Tvyo-row 26 5 21 0 17 3
Six-row 8 24 0 56 0 37
Two-row 26 5 21 0 17 3

Days to maturity Six-row 8 24 0 56 0 37
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index. This is true for both two-row and six-
row cultivars. For plant height, the proportion
of cultivars expressing stable environmental
response has decreased over time. In modern
six-row barley material, the proportion of
responsive cultivars reaches 59%.
Significant differences in the
environmental stability of harvest index
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were found between two-row and six-row
cultivars within breeding periods. Six-row
cultivars showed a higher proportion of
stable cultivars.

Anhigher proportion of cultivars with stable
response to the environment for volumetric
weight was found in two-row barley than in
six-row barley. For thousand-kernel weight,
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Figure 2. Biplots of first two principal components. Plots B02 — Bjgrke 2002; B03 — Bjarke
2003; L02 - Landskrona 2002; L03 - Landskrona 2003; P02 — Priekuli 2002; P03 — Priekuli
2003. Symbols for accessions are ® — two-row landraces and cultivars before 1930; e — two-row
cultivars 1931-1970; o — two-row cultivars after 1971 and breeding lines; A — six-row landraces
and cultivars before 1930; A — six-row cultivars 1931-1970; A — six-row cultivars after 1971

and breeding lines.
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the opposite was true, as the majority of six-
row cultivars expressed a stable response. For
days to heading and days to maturity, more
cultivars showing a responsive behavior
could be found in six-row barley compared
with the two-row barley material.

Discussion

The partitioning of material according to the
breeding periods could not be shown using
pooled molecular data, only when countries
were analyzed separately (Kolodinska-
Brantestam et al., 2004, 2007). Using pooled
agronomical data, this partitioning was
evident (Figure 2). Modern and old cultivars
are mainly distinguished by plant height and
harvest index (principal component analysis).
This is expected since the harvest index
and plant height have changed significantly
during the breeding process, as shown in
this study and elsewhere (Boukerrou and
Rasmusson, 1990; Ortiz et al., 2002). For
the modern Nordic barley, genetic gains
also have been detected (Ortiz et al., 2002;
Ofversten et al., 2004).

A change in stability of harvest index
and plant height has also taken place
between different breeding periods. Modern
cultivars express a more stable harvest index
parameter, but vary more in plant height
response to environment compared with
old cultivars and landraces. The modern
short-straw cultivars were easily detected,
with stable and high harvest index values
and stable plant height parameters. These
cultivars have a potential for future plant
growing and breeding in a changing climate
and also for ecological farming.

The differentiation between two-row
and six-row barley cultivars shown in this
study (Figure 1) is in agreement with our
previous studies of molecular markers on
the same material (Kolodinska-Brantestam
et al., 2004; 2007). Others have also
reported similar differentiation, not only in
phenotypic traits (Lasa et al., 2001) but also

in molecular parameters (Ordon et al., 2004).
The distinction between two-row and six-
row cultivars shown in this study (Figure 2)
is mainly explained by differences in days to
heading, days to maturity, volumetric weight
and thousand-kernel weight (principal
component analysis). This is not surprising, as
volumetric weight and thousand-kernel
weight are strongly influenced by row type.

According to Marquez-Cedillo et al.
(2001), the wvrsl locus on chromosome 2
(2H), which determines row type, coincides
with the largest-effect QTL determining
volumetric weight. Hori et al. (2003) found
QTLs for thousand-kernel weight in the
marker interval vrsl and microsatellite
Bmag125. Six-row cultivars are mainly
grown in the northern parts of the region.
Here, typically early maturing cultivars are
grown. Days to maturity and days to heading
are highly correlated characters (p < 0.001).
The differences between two-row and six-
row cultivars were also seen with respect to
environmental stability. Differences between
two-row and six-row barleys in their reaction
to the growing conditions were also been
reported by Nurminiemi et al. (1996).

Nowadays, six-row cultivars are mostly
grown in the northern part of the Nordic
countries, whereas in the southern part and
in the Baltic countries almost only two-
row barleys are found. This suggests that
photosensitivity could have played a role in
the responsive reaction of days to heading
and days to maturity of six-row barley
cultivars, making them a better choice for
barley growing in the north.
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Abstract

Morphological mutants expose variations
in the phytomeric system (basic structural
units) of barley (Hordeum vulgare L.)
to observation and analysis. To detect
phytomeric mutants, visual assessment of
mutant families in the ‘Optic’ barley mutation
grid population was conducted at various
growth stages using laboratory, glasshouse
and field screens. Barley mutants present in
other collections, those described in literature
reports, and descriptions of grass ontology
(development of plant structures) were
evaluated also. The origins of vegetative and
generative structures of the barley plant can
be explained by a single repeating phytomer.
Each phytomer can consist of a half-node
with bud and root initials on opposite sides,
an internodal region, and a second half-
node with side arms attached. The side arms
can be divided into two classes, single or
paired, with some paired side arms fused.
The combination of developmentally distinct
phytomers present in axillary buds leads to a
2 + 1 association of side arms or bracts. The
underlying structure is a phytomeric triad
composed of three phytomers and is basic
to barley ontology and to understanding the
architecture of the inflorescence, flower,
endosperm and embryo.

Introduction

Rutishauser and Sattler (1985), in their
review of previous studies, describe the plant
as formed from repetitive units with a stem
and leaf model being most widely accepted.
Development of the phytomer concept was
reviewed and extended by Bossinger et al.
(1992). The repeating unit in higher plants
is called a phytomer and has a specific
spatial arrangement of meristematic regions
that give rise to an ordered development of
organs. Different organs such as floral organs
arise as developmental variants from the same
phytomer. Therefore, the phytomer concept
is basic to understanding plant development
and systematics.

Barley (Hordeum vulgare L.) was chosen
by Bossinger et al. (1992) to expand the
phytomer concept in monocots because it has
a relatively simple, distichous arrangement
of leaves and spikelets produced on opposite
and alternating sides of vegetative stems
and floral axes, respectively. For a detailed
description of barley morphology and
anatomy see Reid (1985). Barley also has
an advantage in that it is a diploid (2n = 14)
and many developmental mutants are
available for study. Bossinger et al. (1992)
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presented an elaborate model explaining
development of the phytomeric system for
vegetative and generative structures. Two
phytomer types were proposed: type 1,
which are produced in series (one on top of
the other), and type 2, which develops as a
branch from an axillary bud and produces
a sheath-like structure with two prominent
veins. Bossinger et al. (1992) generated a
model in which the architectural units of the
stem, tiller (stem branch), rachis, rachilla and
floret are formed by various combinations of
these phytomers. The phytomeric structure of
barley published in the model of Bossinger
et al. (1992) has a number of weaknesses;
the embryonic structure was not considered,
suppression of phytomeric regions was not
explained clearly, and origins of floral units
and reproductive organs were not examined
in detail. Phenotyping of new induced
mutants has identified additional and novel
morphological mutants that can shed more
light on the structure of the barley phytomer
(Forster et al., 2007). The results of this study
were the basis for development of a single
phytomer model (Figure 1).

The nodal structure of barley (and other
grasses) is critical with respect to grass
architecture as all structures arise from
nodes. They link phytomers together to
form axes of vegetative and reproductive
structures (Bossinger et al., 1992). The node
is composed of two segments or half-nodes.
Phytomers of the stem (culm), rachis and
rachilla are connected together by a half-

— Upper half node
Single side arm ¢
— Internode

Root )

initials

ri ™,
Lower half node Bud
Wer initials

Figure 1. The basic phytomer of the barley
plant.

node at each end. Individual phytomers are
oriented at about 180° with respect to the one
below it. Elongation of internodes determines
the stature of the plant and the spatial
arrangement of buds and branches. Bud and
root initials can arise only from the half-node
at the base of the phytomer, the upper half
of a node. As described by Bossinger et al.
(1992), the half-node at the top of the type
1 phytomer, the lower half of a node, gives
rise to a single side arm. Contributions of two
phytomers are arranged so that the sheath of
the lower phytomer protects the developing
organs of the next one.

The other link between phytomers is bud
or branch formation from nodes. Buds can
potentially develop only from the nodal
segment at the base of each phytomer. The
first phytomer of the bud is highly modified
and was called atype 2 phytomer by Bossinger
et al. (1992). The first phytomer of the bud
is composed of only an internodal type of
segment and the upper half-node from which
two side arms can arise (Figure 2). It has no
potential for formation of root or axillary
bud initials. Another phytomer can form
only from the apical meristem of the half-
node. The second phytomer is structurally
complete, type 1 according to Bossinger et al.
(1992), and has the possibility of developing
bud and root initials from its lower half-node
and a single side arm from its upper half-
node. The bracts attached to this association

First leaf (singbe)
Prophyll

| | 'I!
Roat
Initial (palred shde arm)

Lower half node Oud Internode  UPPer half node

Figure 2. A diagram of branch of tiller
formation from a bud at the base of the
phytomer.
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of two phytomers gives rise to a 2 + 1 pattern
of side branches, which is described as being
responsible for the basic floral structural of
barley (Forster et al., 2007).

If this broadened model of the phytomer
concept is correct, the plant architecture and
many structural mutants of barley should
be explained by either normal processes
operating during the development of
individual phytomers or aberrant control of
phytomer development caused by genetic
changes. This paper aims at providing
additional insights about genetic and
structural control of barley ontology.

Materials and methods

Atwo-row, semi-dwarf, spring barley cultivar
Optic was chosen for study as it was a top
quality malting cultivar adapted to northwest
European conditions. Grain of Optic was
mutagenized with ethyl methanesulphonate
(EMS). The treated grain is referred to as the
M, generation and on germination produces
M, plants. No more than two M, grains
per M1 plant were grown on to produce a
structured population of over 21000 M,
families, as described by Caldwell et al.
(2004). The M, generation was grown under
glasshouse conditions. M, individual plants,
M, rows and plots of subsequent generations
were generally grown in fields near Dundee,
Scotland. The M, and subsequent generations
were inspected for phenotypic variation
during the 2003, 2004 and 2005 seasons.
Inspections were conducted at all stages of
plant development. Harvested seed and ears
were labeled and stored.

When parts of the Optic mutation grid
population were grown under laboratory,
glasshouse and field plots for visual
assessment at various growth stages,
notes were taken on mutant types and
frequencies. Mutants showing morphological
abnormalities were classified as possible
phytomeric mutants. Barley morphological
mutants present in other collections and those

described in literature reports were evaluated
based on field observations and literature
descriptions. The ‘Bowman’ backcross-
derived lines (Lundqvist and Franckowiak,
2003) were grown at Dundee, Scotland, in
2005 to determine phenotypic expression
of various mutants in this environment.
Descriptions of grass anatomy were consulted
to aid in the construction of an architecture
model of the barley plant.

Results and discussion

The phytomer model has been progressive
clarified based on novel morphological
mutants detected in Optic barley (see http://
germinate.scri.sari.ac.uk/barley/mutants/;
also see Caldwell et al., 2004), as well as
mutants described in the Barley Genetics
Stocks Database (BGSD, http://ace.untamo.
net). To guide refinement of our view of
the phytomer, we adopted the simplest
explanation for each new organ development
pattern observed in mutants. Models that did
not agree with the observed phenotypes and
literature descriptions of grass anatomy were
rejected.

Tillers and other branches of the barley
plant arise as buds that contain a highly
specialized first phytomer. This phytomer
has an internode segment, two side arms
(bracts), and a nodal segment containing a
meristematic region at its tip where another
phytomer can develop. Conservation of the
underlying genetic system suggests that most
if not all buds should have a similar highly
modified first phytomer. The paired nature
of some side arms (e.g. glumes) is obvious,
but others were detected only in mutants.
An Optic mutant having a split palea was
among the first identified, which brought into
question the ontology of the palea (Forster et
al., 2007). Von Bothmer and Jacobsen (1985)
describe the palea of Hordeum species as a
bifid structure that, along with the lemma,
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protects floral parts and, after pollination, the
developing caryopsis (a one seeded fruit). The
explanation for a split palea is that the normal
palea represents two (paired) structures that
are fused together at a common edge. The
normal fusion mechanism is dysfunctional in
this mutant. This assumption is supported by
the fact that the normal palea has two keels
and awned palea (adpl) mutants possess two
awns (see Table 1 for references to all quoted
phytomer mutants of barley). Also, split
and divided paleas are well known in other
members of the Triticeae and are botanical
descriptors of species such as Triticum
timopheevii (Zhuk.) Zhuk. and T. turgidum L.
(Peterson, 1965). Based on this information,
Forster et al. (2007) concluded that the palea
originates from paired side arms (bracts) of
the first phytomer of a bud or branch.

If a consistent pattern is followed during
vegetative  development, other paired
structures of the barley plant that originate
from buds (e.g. coleoptile, prophyll and
glumes) should occur as fused or unfused
pairs (Table2). The second split organ
mutant observed in seedlings of the Optic
grid population was a split coleoptile (Forster
et al., 2007). The coleoptile is a sheath that
protects the terminal bud of the embryo
(plumule or epicotyl) as it grows during
germination. The coleoptile has two mid-ribs
and two vascular bundles opposite each other
(Arber, 1934) and is thought to originate
from two fused structures (Bossinger et al.,
1992). This conclusion is supported by the
split coleoptile seedling. The semi-dwarf
mutant uzul also produces two notches at
the tip of the coleoptile and may represent a
partial split of the coleoptile into two parts.
The coleoptile is also regarded as having
a similar structure to that of the prophyll
(Gould and Shaw, 1983; Guignard, 1962;
Jacques-Felix, 1957). The prophyll is the
organ that protects the developing axillary
shoots (tillers), but no split prophyll mutants
have been reported. The auricles and glumes
are additional examples of paired bracts that

presumably develop as the side arms of a
branch phytomer.

Extension of the concept of paired side arms
into reproductive structure is more difficult
to conceive. The spikelet is subtended by
a pair of glumes (an unfused pair) and the
floret is subtended by a palea (a fused pair).
The next structural pair of side arms is the
lodicules. Barley does not have a second
pair of lodicules, but several grass species
are known to possess two pairs of lodicules,
dorsal and anterior pairs, with the dorsal pair
being absent in some species (Guedes and
Dupuy, 1976; Dahlgren et al., 1985). Thus,
the assumption is that formation of the second
pair of lodicules is suppressed in barley
(Forster et al., 2007). Likewise, development
of paired structures below the ovary is
probably suppressed. The next structural pair
is the styles and their attached stigmas. If the
developmental pattern observed in vegetative
parts of the plant is reproduced in the floral
organs, all of these paired bracts arise from
the first phytomer of a branch.

The origin of certain floral organs as
side arms of a branch phytomer should be
reflected in floral structure mutants. These
mutants can cause a conversion of one floral
part into another, but the spatial arrangement
of floral components is retained generally.
The glumes can range in size from normal
to lemma-like as determined by alleles of
the elongated outer glume 1 (eogl) locus.
The lodicules of the multi-ovary 1 (movl)
mutant become somewhat leafy or sepal-
like. Conversion of the lodicules into anthers
occurs in the laxatum-a (lax-a) mutants, but
the extra anthers have two rather than four
microsporangia (Bossinger et al., 1992). In
the multi-ovary (mov) mutants, stamens are
partially or completely converted into pistils.
Failure of a functional ovary to develop
occurs in ovaryless (ovl) mutants, while
anther development fails in some male sterile
genetic (msg) mutants.
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Table 1. List of barley mutants that alter phytomer development and reference information.

Gene symbol*

Gene or locus name/description

Type specimen (where available)

abrl
acrl
adpl
alsl
Ari
ari.256
ari-k
aspl
Bra
brcl
Brh
brh13
brh16
Btr
Cal
Com
cril
cstl
cul2
cul4
dubl
Eam
eli-a
eogl
Flo

lell
Lfbl

ligl
linl
Lks
Lks1
Intl
Mnd
mov1l
mov2
Msg
mull
opsl
ovl
Raw
rttl
sbkl
scal
sdw2
seg8
Sil1
snbl
srhl

tfm1
trdl
trpl
Tst
ubs4
uzul
vivl
vrsl
vrs3
vrs4
Vrsl.t

Aborted seedling

Accordion basal rachis internode 1
Accordion rachis 1

Awned palea 1

Absent lower laterals 1
Breviaristatum/short awn and short plants
Breviaristatum. 256/short awn, compact spike tip
Breviaristatum-k

Aborted spike 1

Bracteatum/leafy bracts on rachis

Branched 1/branched spike
Brachytic/dwarf

Brachytic 13/short, compact spike tip
Brachytic 16/short, compact spike tip
Non-brittle rachis

Calcaroides/hooded lemma
Compositum/branched spikelets

Curly lateral 1

Corn stalk 1/reduced tillering and height
Uniculm 2

Uniculm 4

Double seeds 1

Early maturity/photoperiod responses
Eligulum-a/liguleless and small auricle
Elongated outer glume 1

Extra floret

Granum-a/numerous tillers with thin leaves
Intermedium spike-c/six-row spike modifier
Intermedium spike-h

Intermedium spike-i

Intermedium spike-m

Hooded lemma 1/deformed floret on lemma
Laxatum-a

Laxatum-c

Long basal rachis internode

Leafy lemma 1

Leafy bract 1/leafy collar

Leafless/variable leaf blade development
Liguleless 1

Lesser internode number 1

Short awn

Awnless 1

Low number of tillers 1

Many-noded dwarf

Multiovary 1

Multiovary 2

Male sterile genetic

Multiflorus 1/supernumerary florets = vrs4
Opposite spikelets 1/shortened rachis internodes
Ovaryless

Smooth awn

Rattail spike 1

Subjacent hood 1/Calcaroides

Short crooked awn 1

Semidwarf 2/collar leaf

Shrunken endosperm 8

Subcrown internode length 1

Subnodal bract/additional bract on spikelet 1
Short rachilla hair 1

Split palea

Thick filament 1

Third outer glume 1/additional bract on spikelet
Triple awned lemma 1

Tip sterile/smaller spikelets toward spike tip
Unbranched style 4

Uzu 1/semibrachytic

Viviparoides 1/plantlets on the spike
Six-row spike 1

Six-row spike 3

Six-row spike 4 = Multiflorus 1

Deficiens 1/extremely reduced lateral spikelet

Optic mutant
BGS 472
BGS 097
BGS 593
BGS 101
BGS 132 and others

BGS 553

BGS 649

BGS 586, 619

BGS 613

BGS 001 and others
BGS 656

BGS 044

BGS 115 and 116
BGS 146 and others
BGS 071 and 473
BGS 325

BGS 253

BGS 617

BGS 661

BGS 065 and others
BGS 623

BGS 057

BGS 074, 182 and 327
BGS 131

BGS 178

BGS 544

BGS 545

BGS 547

BGS 152

BGS 474

BGS 475

BGS 308 and others
BGS 235

BGS 343

BGS 060

BGS 099

BGS 010 and 172
BGS 075

BGS 118

BGS 633 and others
BGS 043

BGS 147

BGS 357 and others
BGS 124

BGS 624

BGS 176 and 646
BGS 312 and others
BGS 051

BGS 062

BGS 128

BGS 133

BGS 455

BGS 228

BGS 026

BGS 321

Optic mutant

BGS 202

BGS 061

BGS 636, 647

BGS 011

BGS 102

BGS 627

BGS 006 and others
BGS 315

BGS 124

BGS 067

* These mutants are described in greater detail in the Barley Genetics Stocks AceDB Database, in Barley Genetics Newsletter Vol. 37, and
by personal communication. Gene nomenclature is based on rules given at the 9" International Barley Genetics Symposium (Franckowiak

and Lundqvist, 2005).
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Table 2. Barley organs classified as developing from single or paired side arms and listed by their

nodal origin.

Side arms associated with phytomeric triads of the main axes

Origin of the bud (triad)

Paired side arms

Single side arm

None Scutellum (cotyledon)
First leaf sheath
Tiller leaf sheath

Coleoptile (fused)
Prophyll (fused)
Glumes (2)

Palea (fused)
Lodicules (2)
None, commonly
None Ovary
Styles (2) Ovule stalk
Lateral endosperm lobes

Lemma

Filament of first stamen
Filament of second stamen
Filament of third stamen

Central endosperm lobe

Unknown (suspensor)
Cotyledonary node
Stem node

Rachis node

Lemma node, upper half
Anther node, upper half
Anther node, upper half
Anther node, upper half
Ovary node, upper half
Unknown

Side arms associated with phytomeric triads of side arms

Auricles (2) Leaf blade
None, except Kapl mutants Lemma awn
Anther lobes (2) None

None Stigma
Outer and inner integuments Nucellus

Tip of the leaf sheath
Tip of the lemma
Tip of the filament
Tip of the style

Tip of the ovule stalk

The concept of a pair of leaf-like organs
in vegetative buds was developed by
Bossinger et al. (1992) and extended by
Forster et al. (2007) to a 2 + 1 model of side
arms. Although paired bracts are observed
frequently in the barley plant, paired bracts of
vegetative organs are always associated with
a single structured bract, e.g. the coleoptile
(paired) and the first seedling leaf (single);
auricles (paired) and leaf blade (single); and
the prophyll (paired) and the first tiller leaf
(single). The paired bracts of reproductive
organs are often paired with a single bract,
e.g. glumes (paired) and lemma (single), the
palea (paired and the first anther (single),
lodicules (paired) and the second anther,
and vestigial lodicules (paired) and the
third anther (Forster et al., 2007). The ovary
(single) does not appear to be subtended by
a paired structure. Based on drawings of
the vascular structure of the wheat ovary by

Batygina (see Lersten, 1987), a pair of styles
arise below the ovule.

The bracts in the 2 + 1 association of the
prophyll and the first tiller leaf are orientated
at 180° to protect the bud initials and expose
the root initials (Bossinger et al., 1992). The
orientation observed in most other 2+1
bract associations in barley seems similar.
The single bract is generally larger than the
paired bracts in the 2 + 1 association, which
probably arises from at least two linked
phytomers (Forster et al., 2007).

The 2 + 1 association of the phytomeric
side arms in buds arises from a specific
combination of three developmentally
different phytomers (Figure 3). The first
phytomer in this phytomeric triad has only an
internode and two side arms attached to the
upper half-node. The second phytomer has
a lower half-node from which bud and root
initials can form, an internode, and an upper
half-node with a single side arm attached. The
third phytomer of the triad has only a lower
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Figure 3. The basic phytomeric triad of the barley plant.

half-node from which a bud can develop.
Theoretically, the bud at the lower half-node
of the second phytomer can expand, but
rarely does. Repeated bud formation from
the lower half-node of the third phytomer
of the phytomeric triad causes a stacking of
triads. Stacked phytomeric triads account for
the basic architecture of reproductive organs
in barley (Figure 4). This stacking pattern for
phytomeric triads is preserved in vegetative
parts of the barley plant, with one exception.
The culm and the rachis are formed when the
third phytomer of the triad does not abort and
phytomers are added on top of each other by
the activity of the apical meristem.

If the 2+ 1 arrangement of side arms is
basic to the architecture of vegetative and
reproductive structures, a similar pattern
could also occur in the endosperm and the
embryo. The simplest genetic control system
probably involves side arm modifications
associated with retention of the underlying
phytomeric triad configuration. Forster et al.

(2007) noted a2 + 1 association of endosperm
lobes ina previously identified mutant. Felker
et al. (1985) reported that the central lobe in
shrunken endosperm genetic 8 (seg8) mutant
fails to enlarge and kernels are very thin with
a distinct dorsal crease in the caryopsis. Since
only the lateral lobes enlarge, the seg8 mutant
probably only affects the endosperm lobe that
forms slightly later. If these assumptions are
correct, the endosperm is constructed from a
highly modified phytomeric triad.
Application of the phytomeric triad
concept to embryonic structure is more
difficult because most embryo mutants are
not viable. Low germination percentages
were noted in a number of lines in the Optic
grid population. The description of the grass
embryo by Esau (1977) was used as a guide
in relating embryonic development to the
phytomeric triad. A club-shaped embryo is
observed at five days after pollination with
the suspensor or internode of the branch
phytomer attached to the vascular system.
At day 10, the enlarged upper part starts
to form the scutellum or cotyledon that is
appressed to the endosperm. Hence, the
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scutellum is positionally similar to the single
side arm of the second phytomer of a triad.
Esau (1977) described the embryo axis as
laterally attached to the scutellum. Thus,
the epicotyl or plumule corresponds to the
bud developing from the third phytomer of
the initial phytomeric triad. In this view of
embryonic structures, the scutellum is also
a single side arm that protects a developing
bud. The seminal roots are adventitious and
arise below the scutellar or cotyledonary node
(Bossinger et al., 1992). The only node from
which the radical, and the coleorhiza that
protects it, can arise is the lower half-node of
the second phytomer of the first embryonic
triad (Figure 5). This hypothesis assumes that
the embryo develops as a phytomeric triad.

The epicotyl is formed from the
second phytomeric triad in the embryo.
Its first phytomer produces the mesocotyl
(Guignard, 1962; Jacques-Felix, 1957)
and the coleoptile, which protects the
first seedling leaf (single) and the apical
meristem (Figure 5). The internode above the
coleoptile forms the sub-crown internode,
which elongates in barley to place the crown
above the seed position (Bossinger et al.,
1992). If the seed is planted very deep, the
internode of the next phytomer may elongate
also. The other extreme is suppression of the
sub-crown internode elongation by the Sill
gene in some winter barley cultivars. The
phytomeric triad model of embryo structures
requires a number of regulatory events to

Second leaf | Mon-aborted
— third
Interncde phytomer
— Bud initial
First leaf = — Root initial
Second
phytomer| Syuberawn —_
internode
Aborted \\\ , First
phytamer Coeloptile shysamer
T Mesocotyl

—_—

Scutellum or cotyledon

/ Radical and seminal roots

— Suppressor

Figure 5. A diagram of embryonic structures developed as phytomeric triads in barley.
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occur in the epicotyl: (1) the third phytomer
of the second triad completes development
to establish a repeating phytomer pattern
of the primary tiller, and (2) buds formed
at the lower half-nodes in the primary tiller
are temporarily suppressed until after the
seedling is established. If the third phytomer
does not complete development, seedlings
should have only one normal leaf. Such
mutants were observed in Optic mutation
grid population.

If two phytomeric triads can account for
the architecture embryo structures observed
in barley seedlings, the model should
explain also phenomena observed in normal
seedlings, e.g. development of only one set
of seminal roots and tiller formation near
the seed node. Removal of the radicle before
or after germination causes seedling death.
The embryo apparently does not have the
capacity to develop a second root system.
When seedlings are growing vigorously, a
tiller can form near the cotyledonary node,
which presumably arises by re-activation of
the nodal bud below the sub-crown internode
on the second phytomer of the second
phytomeric triad.

Generally only one axillary bud forms from
the half-node at the base of the phytomer;
however, there are exceptions. Three buds
normally develop from each rachis node and
produce three spikelets (Bonnett, 1966a).
In wild barley and two-row cultivars, only
the central spikelet develops fully and sets
seed. Three fertile spikelets develop at each
rachis node in certain mutants at the six-
row spike 1 (vrsl) locus. Komatsuda et al.
(2007) demonstrated that the evolution of
cultivated six-row barley involved at least
three independent mutations at the wvrsl
locus. Restrictions on the number of spikelets
at each rachis node are lost in the vrs4
mutants, but their positional arrangement
is not. Additional spikelets arise in pairs

on opposite sides of previously formed
spikelets. Thus, one fertile lateral spikelet is
formed on each side of the central spikelet
of two-row barley and converts it to six-
row barley. The vrs4 mutants can form four
additional spikelets, one on each side of the
lateral spikelet. In vigorous vrs4 plants, a
few additional spikelets can form near the
four additional spikelets; thus, the potential
numbers of floral buds that could develop
at rachis nodes are 1, 3, 7, and probably 15
(Forster et al., 2007). A single adventitious
floral bud (spikelet) arises occasionally below
the central bud (spikelet) in the case of extra
floret (flo) mutants, probably from the bud of
the second phytomer of the phytomeric triad.
Lateral spikelets can have a short pedicel in
some six-row mutants at the int-c, vrs3, and
vrs4 loci. These mutants indicate that the
internode below the lemma has the capacity
to elongate.

Extending multiple bud formation to other
nodal meristems is more difficult. Seminal
rootnumberswere notstudied, butthey may be
produced from nodes in the same 2n-1 series
as are floral buds. Multiple bud formation in
vegetative parts of the plant seems possible
because the uniculm 4 (cul4) mutants show a
proliferation of tiller buds in leaf axes where
asingle tiller develops normally. Suppression
of root and bud formation and growth is
a normal part of the plant ontology. Roots
develop from lower phytomers only when
conditions are favorable for their anchorage
in the soil. The formation of branches on the
culm is normally suppressed, except in a few
mutants (Bossinger et al., 1992). Mutants
showing different degrees of reduced tillering
have been identified in barley (Forster et al.,
2007). Uniculm 2 (cul2) mutants have only
a primary tiller. Low tiller number (Intl or
int-I) mutants produce only 2 to 4 well formed
tillers. A few more tillers can develop in the
absent lower lateral 1 (alsl) and corn stock
1 (cstl) mutants. Other cul mutants produce
a primary tiller plus a few weak tillers in
which development is delayed. The opposite
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spikelets 1 (opsl) mutant reduces tillering
to a lesser degree. Spike malformations
are associated with the drastically reduced
tillering of the cul, als1 and Intl mutants.

The leaf blade is apparently involved in
suppression of axillary buds in developing
seedlings because mutants that greatly
reduce the size of the leaf blade, leafless 1
(Ifs1), granum-a (gra-a), and many-noded
dwarf (mnd) mutants, show large increases
in tillering. Some mutants with a reduced
number of fertile rachis nodes also show
increased tiller numbers; thus, an energy
balance is probably involved in the control
of tiller development and survival (Wych et
al., 1985).

If floral structures are formed by stacking of
phytomeric triads, most floral mutants should
retain their structural integrity. The Optic
population contained completely sterile
mutants where normal spikelets formed,
but the lemma enclosed numerous bracts
(Forster et al., 2007). Closer examination
of the spikelets revealed that a palea-lemma
association was repeated numerous times.
Other floral organs were not present. Since
this change was caused by single recessive
mutation, potential explanations of the
observed phenotype are highly restricted.
The 2 + 1 association of bracts was retained,
but further differentiation of floral organs was
inhibited. A similar phenotypic expression
was observed in the multi-ovary 2 (mov2)
mutant, where extra carpel-like structures
form, presumably from repeating triads.
More common are mutants in which
floral buds on the rachis fail to establish
a phytomeric triad by partial abortion of
its third phytomer. Unrestricted formation
of new phytomers, proliferation of spike
branches and floral buds in the inflorescence
produces the rattail-like spike (rtt) mutants
(Reid, 1985). Spikelets fail to form at the
lower rachis nodes in the branched spike
(brc) mutants and, instead, secondary

spikes of various sizes develop. Bonnett
(1966b) observed that some barley varieties
develop supernumerary spikes when they
grow under certain glasshouse conditions.
Supernumerary spikes often form from the
first rachis node in certain many-noded dwarf
(mnd) mutants and in the accordion basal
rachis internode (abrl) mutant. Formation
of plantlets instead of spikelets occurs at a
variable frequency in the viviparoides (viv)
mutants.

Before reproductive structures can form,
transition from phytomers of the culm to those
of the rachis must occur. Spike development
is preceded by a specialized culm phytomer
or peduncle in which the sheath is reduced
to a collar. Timing of this transition in
terminal buds is determined by a number of
photoperiod response genes (Forster et al.,
2007). Physical transition to the collar and
spike is delayed in the many noded dwarf
(mnd) mutants and nearly stopped in some
tillers of the viviparoides (viv) mutants. An
extreme example of transition failure is the
aborted spike 1 (aspl) mutant in which spike
formation is greatly delayed or never occurs.
The collar forms a small leaf-like protrusion
in the leafy bract (Lfbl) and semi-dwarf 2
(sdw2) mutants. A small leaf develops at
the collar and its size gradually diminishes
for several rachis nodes in the third outer
glume 1 (trd1) and bracteatum (bra) mutants.
The formation of a collar ridge at a few nodes
above the collar was reported in normal
barley by Bonnett (1966a). He also observed
that one or two rachis nodes at the base of the
spike fail to produce spikelets.

Elongation of the first rachis internode
is not adequately suppressed in the long
basal internode (lbi) mutants and in some
intermedium spike (int-h and int-i) mutants
(Forster et al., 2007). In the accordion basal
rachis internode (abrl) mutant, several basal
rachis internodes are elongated. The rachis
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internodes remain unusually long in the
accordion rachis (acr) mutants. The number
of barren rachis nodes at the base of the spike
is increased in some acr and lax mutants.
The lesser internode number 1 (linl), short
crooked awn 1 (scal), and tip sterile (tst)
mutants show a reduction in spike length and
in the number of fertile rachis nodes formed.

Auricles and a ligule are formed in the
transition region between the leaf sheath
and its blade or the leaf collar region. Since
the auricles and the leaf blade show a 2 + 1
association, they are probably formed from a
meristematic region near the tip of the sheath
(Forster et al., 2007). If this association
of side arms is similar to that found in a
phytomeric triad, these organs arise from a
modified bud that developed in the leaf collar

Culm

region located at the tip of the sheath. The
auricles would be the side arms of the first
phytomer of the triad and the leaf blade the
side arm of the second (Figure 6). The ligule
may represent an extension of the internode
of the third (aborted) phytomer. The aberrant
phenotype in some uniculm (cul) mutants
with several partly formed auricles along
the sides of the sheath is difficult to explain.
The transition region between the sheath and
blade is nearly lost and no auricles or ligules
are formed in the liguleless 1 (ligl) mutants.

Forster et al. (2007) considered the
lemma and its awn as parallel organs to the
leaf sheath and its blade and reported that
several mutant phenotypes can be explained
by activation of a meristematic zone between
the lemma and the awn. The leafy lemma 1
(lell) mutant converts the lemma and its
awn into a leaf-like structure that is divided

Ligule

Leaf blade

/

U

\ Auricles

Leaf collar (node)

Sheath
(single side arm)

Figure 6. A diagram of leaf blade phytomer of barley formed on a sheath meristem.
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into distinct sheath and blade segments.
The hooded lemma (Kapl) mutant produces
floral-like structures near the tip of the
lemma instead of an awn (Bonnett, 1966b).
These reproductive structures are produced
presumably by phytomeric triads activated
by altered biochemical signal levels (Mller
et al., 1995). Several other mutants are
expressed phenotypically as variants of the
meristem region near the tip of the lemma.
The positioning of hood in the subjacent
hood 1 (sbkl) or calcaroides (cal) mutants is
lower on the lemma. Development of the awn
fails in the awnless 1 (Lks1) mutant. Two awn
branches at the base of the awn can develop
in the triple-awned lemma 1 (trpl) mutants.
The base of the lemma awn is malformed in
the curly lateral 1 (crl1) mutant and is easily
broken in ari-k mutants. The base of the awn
is wider than normal in the laxatum-c (lax-c)
mutants. It is interesting that the leafless 1
(Ifs1) gene and other small leaf mutants
affect only development of the leaf blade
and not the sheath. The parallel mutants of
the awn are placed in the short awn (Iks)
and breviaristatum (ari) groups of mutants.
Mutants reducing both leaf blade and awn
length are placed in both the brachytic (brh)
and ari mutant groups.

Developmental parallels are observed
in mutants affecting both the awns and the
stigma. Plants with both eogl and Kapl
genes form glumes that are lemma-like and
have hoods. The lemma awns of smooth awn
(raw) mutants have fewer and smaller barbs
and their stigmas have fewer stigma hairs.
The unbranched style (ubs4) mutants reduce
the length of both the awn and stigma.

The development of ovules and stamens
follow this same pattern as leaf blades and
awns: a single side arm supports a modified
nodal region from which an axillary bud
can develop. Thus, the stamen is composed
of a filament, the single side arm, and an
anther formed from a fused pair of side arms,
which should arise from the first phytomer
of a bud. The anther has two lobes and four

lodicules, which form by folding halves of
each side arm. Esau (1977) described the
filament as having a single vascular bundle.
The thick filament 1 (tfm1) mutant is mostly
male sterile because the filament is converted
into a sheath-like bract and fails to elongate
at anthesis. The ovule may be structurally
similar to the stamen. A stalk or funiculus
supports a nucellus surrounded by the outer
and inner integuments (Lersten, 1987).
Organ conversion in the mov mutants suggest
that the stalk is similar to the filament, while
the paired integuments could be similar to the
anther lobes.

An indeterminate flowering mutant was
found in the Optic mutation grid population,
which produced two or more florets within a
spikelet (Forster et al., 2007). The alternating
florets face each other and the multifloreted
structure is contained within a pair of glumes.
The phytomeric structure of this mutant is
similar to that of the wheat (Triticum spp.)
spikelet and can be created simply by the
production of fertile (rather than infertile)
rachilla phytomers (Forster et al., 2007).
Florets enclosed within the spikelet appeared
to arise from the same attachment point
because internodes of the rachilla failed to
elongate. Since paired side arms (glumes) are
not associated with individual florets, each
floret is probably formed as a branch from a
phytomer instead of a phytomeric triad that
normally develops following formation of
the glumes.

This mutant aided in discerning ontology
of other multiple floret variants and mutants
in barley. Early heading barley mutants can
occasionally produce a double kernel in the
central spikelet; however, the lemmas of the
two florets are often fused. The male-sterile
genetic 3 (msg3) mutant is characterized by
development of two or three ovaries enclosed
in an enlarged lemma-like bract. The anthers
abort but up to three kernels can develop
following hand pollination. A series of
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mutants have closely placed or fused multiple
spikelets. The compositum (com) mutants
form small branches or multiple spikelets at
rachis nodes in the lower half of the spike.
Instead of the rudimentary spikelets at the
tip of the spike (Bonnett, 1966a), several
mutants placed in different gene symbol
groups (ari.256, brh13, brhl6, dubl, int-i
and int-m) produce shortened spikes with
densely packed or multiple spikelets at their
tips (Forster et al., 2007).

The phytomer model assumes that half-
nodes of two phytomers are fused together
and elements of the vascular system to pass
through them. In wild barley, the strong
association between half-nodes of the rachis
is not retained after physiological maturity.
Disarticulation at the rachis nodes is one of
the mechanisms that facilitate dissemination
and self-planting of spikelets in wild barley.
The brittle rachis (btr) mutants prevent
formation of the abscission layer in the rachis
nodes and shattering of the spike. Additional
support for a complex nodal structure comes
from the eligulum-a (eli-a) mutants, where
the ligules fail to form, auricle development
is poor, and culms break easily at the junction
between half-nodes.

Conclusions

The concept that plants are composed of
repeating structural units has gradually
evolved over time and expanded to a stem
and leaf model of the phytomer in which half-
node elements are separated by an internode
(reviewed by Bossinger et al., 1992). More
details were added to the barley phytomer
model and the 2 + 1 association of side arms
or bracts in axillary buds was described by
Forster et al. (2007). The term phytomeric
triad is introduced in this paper to describe the
combination of three phytomers underlying
the 2 + 1 association of side arms. The single
side arm from the middle phytomer is often
larger than the two side arms from the first

phytomer. In the vegetative parts of the barley
plant, the paired side arms take on largely a
role of protecting the single side arm and
the bud formed on the third phytomer of the
triad. If the third phytomer fails to abort, the
repeating phytomers that compose most of
the vegetative structures of the plant and core
structure of the spike develop. In reproductive
structures, developmental suppression of the
third phytomer is re-established following
formation of the lemma. Subsequent organs
develop in a 2 +1 pattern of side arms from
an underlying stack of phytomeric triads.
The role of the paired side arms gradually
diminishes until the ovary is formed.
However, the single side arm retains a
prominent role during floral development. A
phytomeric triad forms at the end of the single
side arm (sheath) in the vegetative parts of
the plant to form the auricles and leaf blade.
In the case of floral organs, the meristematic
region of a single side arm forms the awn
on the lemma, anthers on filaments, and
the integuments of the ovule. The embryo
develops apparently as a phytomeric triad
and a bud from its third phytomer develops
into the epicotyl or plumule.
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Abstract

The hulless barley (HB) breeding program
was started at Priekuli Plant Breeding
Institute, Latvia, in 2000 with the purpose
of introducing the hulless gene into Latvian
breeding material, and producing varieties
adapted to local conditions with valuable grain
quality features for feed and healthy food
uses. This study summarizes data obtained
from yield trials of 22 F, to F, advanced HB
breeding lines. One covered and two HB
check varieties were used. Important traits for
HB, including beta-glucan, starch and protein
content, germination ability, resistance to
sprouting, threshability and grain color, were
analyzed, along with agronomic traits. The
average yield of HB lines during three years
was 3.71 t/ha (ranging from 69 to 92% of the
yield of the covered check cv. Ansis). The
yield of three lines did not significantly differ
from the covered check (p <0.05). The highest
yield level was obtained in 2007 (average
4.04 t/ha), but the highest yield relative to
the covered check was in 2006 (max. 111%).
Average beta-glucan content in 2005-2006
ranged between 5.4 and 7.5%, which makes
it possible to select varieties suitable for feed
and food purposes. Average starch content
(63.8%) exceeded that of the covered check
by 2.4%, and the average volume weight
(801 g/L) was 16% higher than that of
covered check. A wide range in sprouting
resistance was observed. Registration of HB
varieties will be considered in the very near
future.

Introduction

Hulless barley (HB) is a traditionally
grown cereal in several Asian, African and
Latin American countries, and modern HB
breeding is well developed in Canada, USA
and Australia (Newman and Newman, 1998;
Bhatty, 1999; Rossnagel, 2000). There are
several breeding programs dealing with
HB in European countries (e.g. the Czech
Republic, Sweden, Germany and Italy). A
hulless barley breeding program was started
at Priekuli Plant Breeding Institute in 2000
with the purpose of introducing the hulless
gene into Latvian breeding material and to
produce varieties adapted to local conditions,
with valuable grain quality features for feed
and healthy food uses. Large-scale testing of
various HB genotypes in Latvian growing
conditions was performed and more suitable
breeding source material was selected
(Belicka and Legzdina, 2000; Legzdina,
2001, 2002).

Significant traits of particular interest in
HB breeding are threshability, resistance to
embryo damage during harvesting, resistance
to sprouting, and grain chemical composition
including beta-glucan, vitamins and essential
amino acids. Threshability is important,
because HB grain with undetached hulls
loses its superiority over covered barley.
Notable threshability improvement has been
achieved by Canadian breeders (Rossnagel,
2000). Ram and Singh (1996) reported
that HB threshability is controlled by two
non-allelic gene pairs with additive effect.
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Sprouting can be a problem for HB if there
is significant precipitation during grain
maturation. The majority of HB genotypes
have a short dormancy period and the grain
has high water absorbing ability. Breeding
for sprouting resistance has been tried
in Australia (Box and Barr, 1997). Poor
germination ability and emergence of HB
seed can be observed, mostly due to embryo
damage during harvesting. This problem can
be reduced by selection of genotypes with
higher germination ability (Rossnagel, 2000).
Higher germination ability has been observed
in round kernels in contrast with elongated
kernels (Box and Barr, 1997).

Compared to other cereals, barley
endosperm has relatively high beta-glucan
content. Beta-glucan in barley grain usually
varies between 2 and 7% (Grausgruber et
al., 2004). Beta-glucan has positive roles in
human nutrition and health, such as lowering
blood cholesterol levels, increasing mineral
and vitamin bio-availability, and controlling
colon cancer (Klopfenstein, 1988), whereas
it has negative effect in chick feeding (Bergh
et al., 1999). In several studies, 3.3-20.0%
cholesterol reduction due to consumption
of barley products has been demonstrated.
Lipid-associated barley components (vitamin
E and tocotrienols) may also be responsible
for reduction in blood cholesterol; they
also function as antioxidants. Barley food
products have a very low glycaemic index
and are recommended in diets for type Il
diabetics (Newman and Newman, 2004).
Viscosity is often used to predict the total and
soluble beta-glucan content in grain (Bhatty
et al., 1991), with higher viscosity associated
with health promoting ability of HB. At the
same time, barley with low extract viscosity
provides significantly better feed conversion
and weight gain than high viscosity barley
(Campbell et al., 1989).

The aim of this paper is to summarize the
preliminary results of the first yield testing
of HB breeding lines from the program.
Specific traits for HB differing from covered

barley and specific traits for food barley were
analyzed, along with common agronomic
features.

Material and methods

This study summarizes data obtained from
yield trials conducted during 2005-2007
with 22 F_ to F, advanced HB breeding lines.
Three of the lines are doubled haploids.
Pedigrees of the lines include both HB and
covered genotypes (except three lines);
genotypes with Latvian origin are included in
most of them. Covered check cv. Ansis and
two HB checks (the Czech line KM-2084 and
the German cv. Taiga) were used.

In 2005 and 2006, the lines were tested in
various nurseries with 1 to 4 replications, and
with a plot size varying from 2.3 t012.3 m?
depending on availability of seed. Since the
yield level in different nurseries differed, the
relative yield as a percentage of the covered
check Ansis was calculated and used in
evaluation. In 2007, all the 22 lines were
tested in 4 replications in 12.3 m? plots. Seed
rate was 400 germinating seeds per m2. Soil
characteristics were as follows: sod-podzolic
(2005-2006) and sod-podzolic gley (2007)
soil, loamy sand and sandy loam, organic
matter 1.2-2.7%, pHKCI 5.2-5.5 (2005,
2007) and 6.0 (2006), P205 133-189 mg/kg,
K20 132-184 mg/kg, MgO 104-132 mg/
kg. Fertilizer application included: N 81-86,
P 40.5-43, K 43-67.5 kg/ha. The herbicides
Granstar and Primus and insecticide Fastac
were applied.

The average air
precipitation  differed
(Figure 1).

Beta-glucan, starch and protein content
were determined by Infratec grain analyzer.
Results are shown as percentage of dry
matter. Waxy starch type was determined
by the iodine colorimetric test. Germination
ability was determined in 2006-2007
using 100 seeds in two replications in Petri
dishes between moist filter paper at 20°C
for 7 days. Infection with powdery mildew

temperature  and
between  years
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Figure 1. Meteorological conditions in 2005-2007 and long-term average data

(Blumeria graminis f.sp. hordei) and net
blotch (Drechslera teres (Sacc.) Shoem)
was assessed according to a scale of 0-4
(0 = no infection, 4 = very high infection).
Spikes infected with loose smut (Ustilago
nuda (Jens.) Rostr) and plants infected
with leaf stripe (Drechslera graminea Ito)
were counted. Resistance to sprouting was
scored visually on the field in 2005, with a
scale of 0-4 (0 = no sprouting, 4 = all grains
sprouted). In 2007, sprouting resistance was
analyzed in the laboratory for 3 spikes per
line in Petri dishes between moist filter paper
at 20°C; sprouted grains after 10 days were
counted and sprouting percentage calculated.
Each spike was considered one replication.
Threshability was assessed visually in grain
samples according to a scale of 0-4 (0 =no
grain with undetached hulls, 4 =all grains
with undetached hulls). A scale from 0 to 3
was used for grain color (0 = yellow or very
light brown, 3 = dark brown). Viscosity was
determined in 2006 and 2007 (for check
varieties in 2007 only) by Rapid Visco
analyzer and expressed in RVUs (Rapid
Visco units). Analysis of variation and

correlation was applied. Vitamin E content
in grain was determined only in 2007, using
AOAC Official Method 971.30.

Results and discussion

The average yield of HB lines during three
years was 3.71 t/ha, ranging from 69 to 92%
of the yield of the covered check cv. Ansis.
The highest average yield level was obtained
in 2007 (4.04 t/ha), but all the lines yielded
significantly less than the covered check
variety. The highest yield relative to the
covered check was recorded in 2006 (mean
87% and maximum 111% of the check). It
may be due to higher resistance to drought
of HB compared to covered barley because
2006 was an extremely dry year. Both hulless
checks yielded on average significantly less
than cv. Ansis. The average yield of the
highest yielding lines is shown in Figure 2.
The average yield of three breeding lines
(K170, PR-3528 and PR-3527) did not
differ significantly from the covered check
(p < 0.05). Nine lines had mean relative
yield of between 88 and 92% of cv. Ansis,
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Figure 2. Absolute and relative yield of best yielding breeding lines (2005-2007 mean).

which can be considered as equal to covered
barley, considering that the hull content is
10-12%. The yield of nine breeding lines
was significantly higher than the yield of
the HB check cv. Taiga. Line PR-3462 had
the highest yield stability between years
(CV = 1.2%); the yield of the best yielding
line K170 (CV =4.4%) was also relatively
stable. High yield differences between years
(CV up to 24% for PR-3537) were recorded,
mostly due to the reduced yield in the very
dry conditions of 2006.

Differences  between the average
germination ability of genotypes were not
significant (Table 1), but the influence of

the year was highly significant (P < 0.001)
because of increased embryo damage in the
dry harvest conditions of 2006. In 2006,
the mean HB germination ability was 87%
and only five lines had less than 85% seeds
able to germinate, while in 2007 it was 67%
and only two lines surpassed 85% and are
considered as most resistant to germ damage.

Days to maturity differed significantly
among the lines. Most of the HB lines were
earlier maturing than the covered check
variety, except two lines that included
the high vyielding line K170. There was
considerable variation in plant height. Five
lines were shorter than Ansis, including the

Table 1. Agronomic traits of HB lines and check varieties (2005-2007 mean).

Grain yield Grain yield Germination Daysto Plant height
Genotypes as % of cv. e .
(t/ha) . ability (%)  maturity (cm)
Ansis

HB lines average 3.71 84 77 98 73
(n=22) range 3.17-4.36 69-92 62-90 93-104 58-94
cv. Ansis (covered check) 4.70 100 95 100 66
KM-2084 (HB check) 3.32 73 88 98 61
cv. Taiga (HB check) 3.28 74 82 100 71
LSD, 0.35 - n.s. 2.9 11.7
P 0.001 - 0.1 <0.001 0.002
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good yielding lines K170, PR-3527 and PR-
3537, whereas mean plant height of two lines
was >90 cm. No remarkable lodging was
registered during the testing period.

There was a significant difference among
the lines in disease reactions (Table 2),
with the exception of leaf stripe, which
was observed only in 2007. Loose smut is
considered a greater problem for HB than
for covered barley. It is encouraging that
infection with loose smut was less than
that of HB checks for all breeding lines.
Practically no loose smut infection was found
for two breeding lines, and 13 lines had fewer
infected spikes than the covered check. Two
lines were resistant to powdery mildew and 4
had weak infection levels (< 0.5). Only three
lines had greater infection with net blotch
than the covered check, and 8 lines had a
weak infection level (< 0.5). Four lines were
not infected with leaf stripe whereas four
lines had a high infection level.

About one week of continuous rain just
before the harvest of 2005 made it possible
to score sprouting in the field. The data were
compared with the results obtained in the
laboratory in 2007. Sprouting in the field
and in laboratory tests were significantly
correlated (r =0.52, roos =0.36), although
discrepancies were found for some lines.
Influence of genotype on sprouting in
laboratory tests was highly significant and
genotypic differences explained 75% of

variability. Two lines proved to be most
resistant (<2% germination in 7 days and
score 0.5 on the field), whereas four lines
proved to be susceptible to sprouting (>20%
germination in 7 days).

The highest mean crude protein content
was found in the check KM-2084 (Table 3).
Fourteen of the breeding lines had significantly
higher protein content than the covered
check. High protein content up to 17.9% was
found in the dry conditions of 2006. Starch
content of all HB lines was higher than that of
cv. Ansis and the differences were significant
for 20 lines. Highest starch content was
found in the line K170, while 14 breeding
lines had significantly higher average beta-
glucan content than the covered check. The
highest beta-glucan content (average values
6.5-6.9%) was found for 3 waxy starch lines
with the American variety Merlin in their
pedigree, whereas the non-waxy line K170
with Merlin in the pedigree had the lowest
beta-glucan content in 2006 and 2007. In the
dry and warm year 2006, beta-glucan content
was higher (mean 6.9%). Therefore, from
this material it is possible to select varieties
suitable for feed and food purposes with low
and high beta-glucan, respectively. There was
significant correlation between beta-glucan
contentand grain color (r = -0.48, ro.es = 0.42),
which shows that high beta-glucan HB tends
to be associated with lighter colored grain.
Viscosity differed significantly between the

Table 2. Infection with diseases (2005-2007 mean) and sprouting resistance of HB lines and

check varieties (2005 and 2007).

Loqse smut, Po_wdery Netblotch Leaf stripe, _Sprout_ing Sprouting in
Genotypes spikes per  mildew, 0a " plants per inthefield laboratory

10 m? 0-4 10 m? 0-4 %
HB lines Average 5 1.0 0.7 6 1.3 14
(n=22) Range 0-17 0-2.6 0.2-2.6 0-55 0-3 076-
cv. Ansis (covered check) 4 0.4 0.9 0 0 -
KM-2084 (HB check) 19 1.0 0.9 0 1.1 4.1
cv. Taiga (HB check) 20 0.6 14 4 0.8 -
LSDO0.05 11.3 1.05 0.79 n.s. - 20.3
P 0.01 <0.001 <0.001 0.2 - <0.001
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Table 3. Grain quality of HB lines (2005-2007 mean).

Protein  Starch beta- Viscosity TGW VoI_ume Thr.e.sh- Grain

Genotypes % % glucan RVU weight  ability  color
g/L 0-4 0-3

HB lines Average 133 641 58 359 419 797 0.8 12
(n=22) Range 112416‘ 62‘2‘ 5.1-6.9 227-500 38-48 779-812 0.4-1.3 0.52.3-
cv. Ansis (covered check) 12:2 62.3 4.7 288° 48.2 695 4 -
KM-2084 (HB check) 15.0 61.8 6.1 4512 44.6 792 11 1.2
cv. Taiga (HB check) 141 62.7 6.1 2392 43.8 799 0.6 2.3
LSDO0.05 0.94 1.2 0.88 n.s. 4.73 24.7 n.s. 0.83
P <0.001 <0.001 0.003 0.14  0.008 <0.001 0.7 <0.001

@ Measured in 2007 only.

years 2006 and 2007 (p<0.001) with mean
values of 456 and 261, respectively, and there
was no significant influence of genotype. This
is in agreement with Campbell et al. (1989),
who reported lower viscosity in cooler and
moister conditions. Acid extract viscosity
correlates negatively with the amount of
precipitation (Perez-Vendrell et al., 1996).
Relatively stable and high viscosity in both
years was found for two lines (mean 463 and
500 RVU, CV = 2.3 and 7.2%), whereas one
line had a relatively stable low viscosity (290
RVU, CV = 21%). Lines with high viscosity
tended to be resistant to sprouting, and vice
versa, but the correlation was not significant.
Lines with waxy starch tended to have very
large viscosity differences between the years
(CV = 70-92%); it was high in 2006 and very
low in 2007. The viscosity of waxy barleys
decreases rapidly in wet weather conditions;
it might be caused by genetic linkage between
waxy character and sprouting resistance (K.J.
Mueller, pers. comm.). There was significant
negative correlation between viscosity
and b-glucan content in 2007 (r=-0.52,
roos = 0.44), which disagrees with other
findings (Campbell et al., 1989; Bhatty et al.,
1991). The correlation in 2006 was positive,
but weak and not significant. Viscosity is
influenced not only by beta-glucan content,
but also by other factors, one of which is the
presence of beta-glucanase in the sample
(Izydorczyk et al., 2000). Vitamin E content

in 2007 (data not shown) ranged from 31.8 to
42.5 mg/kg; four lines contained more than
40 mg/kg vitamin E. The covered check cv.
Ansis contained high amounts of vitamin E
(41.3 mg/kg), while the HB check KM-2084
had only 36.3 mg/kg.

TGW of HB lines was significantly lower
than that of the covered check except for
three lines. The volume weight of all lines
significantly surpassed the covered check;
three lines had a maximum volume weight of
812 g/L. There was a significant and negative
correlation between volume weight and
threshability (r =-0.46, roos =0.42), which
supports the possibility of using volume
weight as a selection criterion for improved
threshability (Rossnagel, 2000). Five lines
had mean threshability scores of 0.4-0.5,
but no significant differences between
threshability scores of genotypes were found.
The mean grain color score of four lines was
0.5 (between very light and light brown),
which should be an advantage for food uses.

Registration of HB varieties is considered
in the very near future. Since the lines are
coming from the first HB crosses made in
the breeding program, the majority of them
need more improvement and are included in
further crosses. Some advantages and some
disadvantages were found for all the lines.
None of the lines could be registered as a
food variety; all lines with elevated beta-
glucan content were susceptible to powdery
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mildew. Several lines could be acceptable as
HB varieties for feed (PR-3528, K170, PR-
3527 and PR-3475). The main advantages are
high volume weight, good threshability, high
starch content, lower beta-glucan content and
lower viscosity.
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Abstract

It is important to know the genetic variability
within genetic resources before they are
utilized in breeding. During 2004-2007
a set of 50 barley genotypes from the
collection of spring barley genetic resources
was analyzed at the Lithuanian Institute of
Agriculture. We assessed the variation of grain
yield, 1000-kernel weight, hectolitre weight,
grain grading, protein and starch content,
nitrogen, starch and carbon (calculated from
starch data) content, and ratio of Cstarch:N
per single grain. The genotypes showed high
variation in coarse grain output and medium
variation in grain yield. The variation in
the other quality parameters was low. The
meteorological conditions had a considerable
impact on protein and starch synthesis and
accumulation per grain. The differences in
grain quality between the varieties could be
a result of different numbers of grain per plot
area. The average ratio of C content calculated
from starch and N content in single grain
was 11.09 in dry seasonal meteorological
conditions. The ratio of C content calculated
from starch data, as well as N content per
single grain, could be an additional indicator
for evaluation of spring barley suitability for
malt.

Introduction

The grain quality characters of spring
barley can vary substantially due to genetic
characteristics, growing technologies and
environmental conditions (Bertholdsson,
1999; Tamm and Tamm, 2002; Nurminiemi

et al., 2002). Moderate supply of mineral
nitrogen (N) has the most important impact
on malting barley yield, especially on grain
quality (Qi et al., 2006). Supplying plants
with plenty of mineral nitrogen induces
accumulation of protein; however, protein
content has a negative relation with malt
extract content (Moral etal., 1998). Reduction
in ear size increased grain N concentration
under all environmental conditions (Dreccer
et al., 1997). Therefore, N content per single
grain can be related to the grain number per
plot area.

Over 30 characters are used for evaluation
of malting grain, malt, wort and beer quality
(Analytica-EBC, 1998). The main observed
quality characters, which are in close relation
to extract yield, are protein content and
grain fraction >2.5mm (Qi et al., 2006;
Bertholdsson, 2004; Zhang et al., 2001; Moral
etal., 1998). According to the Lithuania State
Standard LST 1591 (LST, 2000), protein
content for malting barley should be below
11.5%, and 9.5-11.0% for first class grain.
Variation in protein content in barley grain is
high. At the J8geva Plant Breeding Institute,
Estonia, protein content of 57 malting barley
varieties varied from 9.9 to 14.4% (Tamm
and Tamm, 2002). About two-thirds of malt
extractive substances are formed from starch
hydrolysis products. The meteorological
conditions have a considerable impact on
starch synthesis and accumulation per grain,
as well as on the grading data (Tamm and
Tamm, 2002). Experiments on the malting
variety Trumpf revealed that when the
weather during the grain maturing period
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was sunny, grain was thinner and contained
more protein than grain that matured in wet
and cloudy weather conditions (Molina-
Cano et al., 2001). The chemical composition
within the variety for different grain size
could vary; however, the variation of those
indices is lower than that between the various
barley varieties (Elfverson et al., 1999).
Consequently, in malting barley breeding
it is important to measure yield potential,
elements of yield structure, total protein and
starch content, as well as grain number per
plot and traits such as nitrogen, starch (or
carbon calculated from starch data) content,
and ratio of Cstarch:N per single grain.
Drought tolerance is a primary objective in
Mediterranean regions (Forster et al., 2000).
However, it is important as a yield and grain
quality-limiting factor also in northern parts
of medium latitude climatic zones, where
mean annual precipitation varies between
620 and 700 mm.

Furthermore, in relation to climate
warming, the subject of current research
is genotype-dependent spring barley yield
and grain quality variation under seasonal
dry weather conditions in regions formerly
classified as having seasonal wet weather
conditions.

The aim of the study was to evaluate spring
barley varieties for grain yield and inherent
quality under seasonal dry weather conditions
and to include extra characters such as
grain number per plot, nitrogen, starch (or
carbon calculated from starch data) content
per single grain, and ratio of Cstarch:N per
single grain to be tested for variety choice for
warming climate conditions.

Materials and methods

The experiment was conducted with foreign
spring barley varieties. Varieties of Lithuanian
origin were involved in calculations of yield
and grain traits means only. Barley was grown
during 2004-2007 in Dotnuva, Lithuania, on
an Endocalcari-Endohypogleyic Cambisol
(CMg-n-w-can) using the Lithuanian Institute

of Agriculture (LIA) technology designed
for breeding. According to the conventional
Lithuanian soil assessment method, the soil
was of close to neutral, medium in organic
matter and plant available phosphorus and
potassium. At sowing, 90 kg of N, 60 kg of
P,O, and 60 kg of K,O were broadcast. The
plots were harvested by a plot harvester.
Combine-harvested grain from each plot was
dried and sampled for analyses. Thousand-
grain weight (TGW), total grain protein (total
nitrogen by Kjeldahl multiplied by 6.25; ICC
standard 105/2 (ICC, 1994a)), grading output
(fraction on 2.5 x 20 mm sieve), total starch
content (by hydrochloric acid dissolution;
ICC 123/1 (ICC, 1994b)) were determined.
Extract content was determined according
to EBC recommendation, adjusted to hand-
technology. Yield data were adjusted to 15%
moisture content, grain quality characters
were determined in dry grains. Number of
grain/ha was calculated from the data of
combine-harvested grain yield and TGW.
Single grain traits were calculated from
consequent parameter percentage in grain
and TGW data.

Data were statistically processed using the
STAT software package and ANOVA adapted
in LIA by Tarakanovas and Raudonius (2003).
Mean and standard error of the mean were
calculated. A relationship between barley
characters was determined and coefficients
of linear correlation were presented. The null
hypothesis for correlation data among the
traits was rejected at the level of significance
P <0.05 (*) or P<0.01 (**).

The varieties were clustered into three
entry groups, corresponding to low-,
moderate- and high-trait-value varieties. The
cluster of moderate-trait-values was formed
according to the 2004-2007 mean values +
the standard error of the mean. The varieties
in high- and low-trait-value clusters showed
higher and lower trait values than those in
the moderate-value cluster. Clusters each
contained about one-third of the genotypes
for each trait investigated.
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Results and discussion

The hydrothermal coefficients for April show
that there was enough moisture in the soil in
all the years (Table 1). In May, aslight drought
occurred in 2004 only. Therefore, in all the
years the weather conditions were favorable
for germination, plant establishment and
tillering. The period of stem elongation,
booting and beginning of heading (June)
was very dry in 2006, with the occurrence of
slight drought in 2004 and 2005 and close to
optimal weather conditions in 2007. At that
stage the drought could reduce the number
of florets as well as their development into
grain, and it could affect grain yield. At the
same time, when the number of grain and
grain yield are reduced, the protein content in
grain increases (Svobodova and Misa, 2004).
The post-anthesis period was sufficiently wet
in 2004 and 2007, and dry in 2005 and 2006.
Therefore, the diverse weather conditions
during the years significantly affected yield
and grain quality. The temperature higher than
the long-term mean and the lower amount of
precipitation are associated with the general
phenomenon of global warming. Due to
the sunny weather during the post-anthesis
period, the highest protein content in grain
was identified in 2005 and 2006 (Table 2).
Therefore, in those years, the breeder was

able to select the varieties with lower protein
content with the aim of combining high
productivity and standard malting quality
under warming climate conditions.

The grain yield was lowest in 2007,
attributed to a high incidence of leaf diseases.
The grain yields in 2005 and 2006 were
17-29% less than in 2004, showing that the
slight water deficit that occurred in June
2004 did not affect the yield. Above-average
yields are achieved only in years when grain
filling duration is longer (Schelling et al.,
2003). We can conclude that when the HTC
during the pre-anthesis period was above
1.0 (moderately dry), the fluctuation of the
weather conditions did not significantly
affect spring barley grain yield.

The average grain number per hectare
ranged from 76.2 to 109.03 million in 2007
and 2004, respectively) and coarse grain
yield ranged from 2.7 to 4.87 t/ha in 2005
and 2004, respectively. It is well known that
weather conditions have a major effect upon
the physiological and biochemical properties
of barley grown in the same location. Seasonal
weather conditions distinctly affected coarse
grain output. The differences in coarse grain
yield fluctuated by up to 80% according to
season.

In Lithuania, situated in the northwest
of Europe, the protein percentage of spring
barley grown on fertile soils is the trait most
sensitive to weather conditions during grain
filling (post-anthesis) period (Leistrumaité

Table 1. Values of the hydrothermal coefficient (HTC) during 2004—2007 growing periods,

Dotnuva, Lithuania.

HTC
April  May  June

Year

July  August

Monthly mean during April-September

temperature (°C) precipitation (mm)

2004 13 11 1.0 1.6 1.7
2005 2.5 1.6 11 0.8 1.4
2006 2.7 1.3 0.1 0.6 1.8
2007 1.8 1.8 1.2 2.2 0.9

1924-2007 long-term mean

14.66 60.26
15.64 48.96
16.68 54.64
16.34 65.58
13.28 58.32

Qualification of weather conditions according to HTC: < 1.0 = drought; 1.0-1.3 = moderately dry; 1.3-1.6 = optimal

humidity; > 1.6 = wet.
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Table 2. Yield (mean and standard error) of spring barley varieties as affected by seasonal weather

conditions. Dotnuva, Lithuania, 2004-2007.

2004 2005 2006 2007

Trait mean mean mean mean se

(n=33) (n=34) (n=35) (n=35)
Yield t/ha 5.18 0.13 444 008 4.02 0.07 3.56 0.07
TGWg 475 0.50 48.1 042 443 048  46.8 0.63
HLW g/L 676.6 3.60 636.0 367 619.8 423 6266 3.42
Grain >2.5 mm % 91.8 1.08 89.4 1.19 67.6 2.00 84.6 1.17
Grain >2.5 mm t/ha 4.87 0.13 3.97 0.09 2.70 0.09 3.03 0.09
Extract % 79.9 0.30 78.5 0.19 76.1 0.29 80.4 0.20
Extract t/ha 4.24 0.10 3.48 0.06 3.06 0.06 2.86 0.06
Protein % 1191 014 1311 013 1461 014 1052 0.11
Starch % 59.8 0.26 59.8 0.31 58.1 0.30 60.7 0.23
Grain no. 106/ha 109.0 2.56 92.3 1.54 91.3 211 76.2 1.46
N pg/grain 904.3 13.63 1010.0 15.17 1036.7 15.19 787.3 12.43
Starch pg/grain 28408 321.2 28758 230.4 25745 258.3 28429 4134

Ratio Cstarch:N/grain  14.03  0.20 12.73

017 1109 013 1610 0.21

and Paplauskiene, 2005). In our investigations
a significantly higher protein percentage was
observed in 2005 and 2006. It is in good
agreement with HTC data over the post-
anthesis period in those years. In June and
July of those years the HTC ranged from
0.1 (in 2006) to 1.1 (in 2005), typical of dry
weather conditions. In 2004 and 2007 the
protein content in grain was low and it was
associated with higher HTC. The components
of grain weight and size are related to stressful
growing environments (Coventry etal., 2003).
In agreement with this, the most stressful
conditions were in 2006, when HTC was
0.10-0.60 for the month of the post-anthesis
period. As a result, the weather conditions in
2005 and 2006 can be qualified as dry. We
can guess that the weather conditions of those
years are likely to be very similar to those in
the near future due to the effects of global
warming. The traits most sensitive to climate
conditions were extract percentage, nitrogen
content per single grain and ratio of Cstarch:N
per single grain. The values of these traits in
2005 and 2006 significantly differed from
those in 2004 and 2007. The lowest ratio for

Cstarch:N per single grain was recorded in
the dry seasonal weather conditions in 2006,
which suggests that in breeding for malting
purposes the desirable values of this ratio
should be not less than 11.09. The importance
of single-kernel quality characteristics in
malting barleys was pointed out by Angelino
et al. (1997).

The data of grain yield correlated very
closely with extract yield, grain number and
coarse grain yield (Table 3). There were no
correlations between grain yield and protein
percentage and nitrogen content per single
grain. This indicates that in the spring barley
experiments nitrogen supply was sufficient,
and nitrogen was not the factor limiting yield.
However, for spring barley, the genotype-by-
nitrogen interaction was not significant under
dryland and irrigated conditions (Emebiri and
Moody, 2004). Despite this, the impact of
growth-period weather conditions on protein
content is essential; the potential of genotypes
to accumulate protein in wet and dry climatic
conditions should therefore be evaluated.
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Table 3. Coefficients of correlation (r) among grain yield and quality traits, Dotnuva, Lithuania,

2004-2007.
. Grain .
Trait TGW (9) Grain §2'5 mm >2.5mm (t/  Extract (t/ha) Grain no. (x106/
(%) ha) ha)
Yield (t/ha) 0.263 0.335** 0.852** 0.988** 0.926**
TGW (g) 0.610** 0.494** 0.264** -0.196*
Grain >2.5 mm (%) 0.772** 0.395** 0.100
Grain >2.5 mm (t/ha) 0.878** 0.677**
Extract (t/ha) 0.913**
Trait Extract Protein  Starch N (ng/ Starch (ug/ Ratio Cstarch:N/
(%) (%) (%) grain) grain) grain
Yield (t/ha) 0.202 0.017 0.139 0.146 0.290** -0.052
TGW (9) 0.107 -0.196* 0.047 0.311** 0.916** 0.154
Grain >2.5 mm (%)  0.534** -0.427** 0.318**  -0.095 0.672** 0.388**
Grain >2.5 mm (t/ha) 0.421** -0.219* 0.247** 0.042 0.540** 0.171
Extract (t/h)a 0.336** -0.078 0.219* 0.045 0.323* 0.054
Grain (x106/ha) 0.158 -0.774** 0.668**  0.036 -0.052 -0.118
. Protein . Starch (ng/ Ratio Cstarch:N/
0,
Trait %) Starch (%) N (ng/grain) grain) grain
Extract (%) -0.774** 0.668** -0.698** 0.364** 0.769**
Protein (%) -0.611** 0.869** -0.420** -0.980**
Starch (%) -0.575** 0.444%** 0.709**
N (ug/grain) 0.047 -0.874**
Starch (ug/grain) 0.423**
*P<0.05; ** P<0.01.
Grain protein percentage shows a single grain and ratio Cstarch:N per single

significant negative correlation with malt
extract (Qi et al., 2005). Our investigations
showed that the ratio of Cstarch:N per single
grain was significantly correlated with the
coarse grain and extract percentages, and the
coefficients of correlation were even higher
than those between the coarse grain or extract
percentage and starch or protein percentage.
The correlation coefficient between extract
and protein percentages in 2004 was not
significant, but the correlation between
extract percentage and N content per single
grain in that year was negative and significant
at P <0.01, and it was significant and high in
the other years. Therefore the N content per

grain can be used as informative characters
for evaluating malting barley varieties.

Based on the data averaged over four years,
the varieties Tocada, Justina and Annabell
were high yielding (Table 4). The highest
values for coarse grain and extract yields
per hectare were obtained for the varieties
Tocada, Jersey and Annabell. These varieties
were developed under general weather
conditions that differ from those in Lithuania.

The coefficients of variation for coarse-
grain yield were much higher than those for
grain yield. Therefore, for malting barley
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Table 4. Variation! of yield and grain properties of spring barley varieties. Dotnuva, 2004-2007.

Variety Yield TGW HLW  Grain>25mm  Extract Grain >2.5 mm Extract

origin t/hha g g b b a a
igin)2 /h /L % % t/h t/h

Annabell (DE) 4.89+0.33 45.4+145 643+13.0 80.9+6.95 78.7£0.72 3.83+0.67 3.98+0.36
(13.3) (6.4) (16.8) 17.2) (1.6) (35.0) (16.0)

Barke (DE) 4.49+0.51 48.56+0.99 634+17.2 85.8+3.54 79.3+£1.67 3.71+0.54 3.75+0.60
(22.5) 4.2) (12.7) (8.3) (3.7) (28.9) (27.5)

Cruiser (DE)? 4.30+0.21 44.7+1.09 618+5.0 81.80+7.49 78.6+1.39 3.51+0.41 3.37£0.15
(8.6) (4.2) (1.4) (15.9) (3.1) (0.2) (7.5)

Justina (DE) 5.08+0.27 47.5£1.56 610+17.1 81.7+£7.01 77.6£0.99 3.62+0.6 4.04+0.31
(10.5) (6.6) (5.6) (17.2) 2.2) (33.2) (13.4)

Scarlett (DE) 457+0.29 44.3+1.64 647+19.7 87.2+6.13 79.9£1.07 3.76+0.55 3.78+0.34
(12.9) (7.4) (6.1) (14.0) (2.3) (29.3) (15.7)

Tocada (DE) 009024 478123 620rl08 80551496  78.7:l13  3.80:0.45 4.08+0.31
(9.5) (9.6) (3.4) (12.3) (2.5) (23.3) (13.0)

Power (DK) ~ 424%0.26 44.1¥225 633£79  674%16.15 795043  281:065 3.37:0.20
(10.7) (8.9) 2.2) (41.5) (0.9) (39.9) (10.3)

Sebastian (DK) 4.72+0.33 45.0+1.59 644+9.1 82.9+6.24 79.9+1.20 3.62+0.60 3.94+0.49
(14.0) (7.0) (2.8) (15.1) (2.6) (33.2) (21.4)

Class® (FR) 3,96+0.38 46.5+2.02 644+6.1 78.6+10.16 78.5+£1.04 3.11+0.57 3.11+0.27
(19.7) (7.5) (1.6) (22.4) (2.3) (31.5) (15.3)

Prestige (FR) 4.25+0.54 49.4+1.14 645+12.6 87.53+5.8 78.8+1.2 3.75+0.69 3.57+0.59
g (25.5) (4.6) (3.9) (13.3) 2.7) (36.5) (28.6)

Jersey (NL) 4.61+0.54 47.2+1.22 648+11.8 87.8+4.25 78.7£1.3 3.99+0.73 3.87+0.58
y (23.5) (5.2) (3.6) 9.7) (2.9) (36.6) (26.0)

Tolar (NL) 4.58+0.42 47.4+1.29 656+9.7 83.6+9.04 78.3£1.3 3.94+0.69 3.76+0.46
(18.5) (5.4) (13.0) (21.6) (2.9) (34.9) (21.3)

Pongo (SE) 4.46£0.32 42.8+163 643+18.7  76.3t9.27  79.0¢+112  3.23:0.82 3.6410.35
g (14.6) (7.6) (12.0) (24.3) (3.8) (51.0) (16.7)

Breamer (UK) 4.17+0.56 46.8+1.28 633+14.4 85.6+6.27 78.7£1.4 3.61+0.66 3.50+0.63
(27.0) (5.5) (4.5) (14.7) (3.2) (36.7) (31.0)

! Mean + standard error of the mean and coefficient of variation (in brackets). 2 Countries of origin are DE = Ger-
many, DK = Denmark, FR = France, NL = Netherlands, SE = Sweden, UK = United Kingdom. ® Mean for the period

2005-2007 only.

breeding, the coarse-grain percentage and
yield indices should have priority over grain
yield.

The four-year mean, e.g. values averaged
for wet and dry years together, showed
that there were no significant differences
in protein and starch content among the
genotypes (Table 5). However, significant
differences in nitrogen and starch content
were obtained per single grain. The same
varieties more often had less protein and a
higher ratio of Cstarch:N per single grain.
Very high plant population density and a high
number of grains per hectare generally result

in lower grain quality. In our study, Annabell
and Tocada had more than 100 million grain
per hectare.

The next step in our investigations was
to evaluate the varieties that have to be used
in the breeding programs designed for dryer
weather conditions.

A few varieties (Annabell, Cruiser,
Sebastian) were high yielding in diverse
weather conditions (Table 6). The varieties
Annabell, Tocada, Justina and Cruiser were
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Table 5. Variation! of grain quality traits of spring barley varieties, Dotnuva, Lithuania, 2004—

2007.
Variet Protein Starch Grain N Starch Ratio Cstarch:N
y % % x106/ha pg/grain pg/grain per grain
Annabell 12.4+1.04 60.2+0.78 102.0£7.97 903.0£89.94 27342+1022 13.8+1.27
(16.8) (2.58) (15.6) (19.9) (7.5) (18.4)
Scarlett 13.0+1.27 60.7+0.39  96.6+8.72  917.8+83.44 27221+1154 13.4%1.32
(19.6) (1.3) (18.1) (18.2) (8.5) (19.8)
PoNao 12.0£0.72 59.0£1.12 93.3£12.83 821.4+42.69 2532611441 13.8+0.91
g (12.0) (3.8) (27.5) (10.4) (11.4) (13.2)
Tolar 13.0+0.89 58.0+0.80  97.6#8.6  980.22+42.49 27507+1108 13.8+0.91
(13.7) (2.8) (17.6) 8.7 (8.1) (13.2)
Prestige 12.4+0.89 59.6£0.85  84.8+9.32 981.5+71.08 29417+971 13.6£1.10
g (14.4) (2.8) (22.0) (14.5) (6.6) (16.2)
Breamer 12.5+0.80 59.5+0.71 88.16+10.24 933.4+60.11 27837+714 13.4+1.00
(12.9) (2.4) (23.2) (12.9) (5.1) (14.9)
Justina 12.4+0.91 58.5+0.88 99.47+8.24 945.9+78.3 27782+1053 13.6£1.16
(14.6) (3.0) (16.6) (16.6) (7.6) (17.1)
Barke 12.7+0.99 60.8+ 88.43+10.86 984.9+78.8  29512+786 13.6+1.16
(15.6) (2.5) (24.6) (16.0) (5.3) (17.1)
Sebastian 12.0£0.94 61.0+0.85 96.3+10.5  860.3+71.1  27439+829 13.6+1.16
(15.7) (2.8) (21.9) (16.5) (6.0) (17.1)
Tocada 12.3+1.05 59.7+0.42 101.87+10.14  928+52.4  28552+1385 13.9+1.21
(17.2) (1.4) (19.9) (11.3) 9.7) (17.4)
Jerse 12.0+0.80 59.1+1.33  94.1+#119  905.8+71.18 27898+857 14.0+1.24
y (13.4) (4.5) (25.3) (15.7) (6.2) (17.8)
Class ? 12.6+0.64 59.1+038  85.7#9.69  933.1#48.13 27463+1172 13.14+0.77
(8.8) (1.1) (19.6) (8.9) (7.4) (10.1)
Cruiser 2 12.840.72 59.8+0.74 96.38#5.23  913+42.87 267124977 13.1+0.87
(9.8) (2.2) (9.4) (8.1) (6.3) (11.5)
Power 2 12.540.37 60.1+0.93 96.84+8.55 876.61+26.21 26502+1709 13.4%0.49
(5.1) 2.7 (15.3) (5.2) (11.2) (6.4)

! Mean + standard error of the mean and coefficient of variation (in brackets). 2 Mean for the period 2005-2007

high yielding in both dry years. The varieties
Prestige, Breamer, Jersey and Barke had
high TGW. Grading data, extract percentage
and extract yield are the most important
traits for spring barley malting varieties.
High >2.5 mm grain yield in wet and dry
weather conditions were shown by the
varieties Justina, Jersey and Cruiser, and by
Jersey, Cruiser and Tocada in dry conditions.
According to the extract yield, Annabell,

Cruiser, Justina and Tocada were superior
both in dry years and in wet conditions. The
highest Cstarch:N ratio was demonstrated by
the varieties Sebastian, Justina and Jersey
in both seasonal weather conditions. Only
Cruiser, Power and Sebastian had a high
Cstarch:N ratio in dry conditions in both
years. As a result, the inherent properties
of the genotypes Annabell, Justina, Tocada,
Jersey and Cruiser are of great interest for
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Table 6. Performance of spring barley varieties with high trait values! in wet and dry seasonal
weather conditions. Dotnuva, 2004-2007.

Wet weather conditions

Dry weather conditions

Trait (2004, 2007) (2005, 2006)
Tolar, Annabell, Barke, Breamer, Annabell, Cruiser, Justina, Tocada,
Yield (t/ha) Cruiser, Jersey, Justina, Prestige, Jersey, Pasadena, Power, Scarlett,
Sebastian, Tocada Sebastian
TGW (g) Tocada, Barke, Breamer, Justina, Barke, Jersey, Justina, Prestige,
g Prestige, Tolar Breamer, Class
Pongo, Potter, Tolar, Annabell,
HLW (g/L) Class, Jersey, Pasadena, Potter, Cellar, Class, Jersey, Power, Scarlett,

Grain >2.5 mm (%)

Grain >2.5 mm (t/ha)

Extract (%)

Extract (t/ha)

Protein (%)

Starch (%)

Grain no. (x106/ha)

N (ug per grain)

Starch (ug per grain)

Ratio Cstarch:N per grain

Prestige, Scarlett, Tolar

Prestige, Tolar, Annabell, Barke,
Breamer, Cruiser, Jersey, Scarlett

Tolar, Annabell, Breamer, Cruiser,
Jersey, Justina, Prestige

Barke, Scarlett, Sebastian, Breamer,
Jersey, Tolar

Tocada, Tolar, Annabell, Barke,
Breamer, Cruiser, Jersey, Justina,
Prestige

Tolar, Class, Cruiser, Justina, Pongo,
Power, Scarlett

Barke, Jersey, Scarlett, Annabell,
Breamer, Pasadena, Potter, Prestige,
Sebastian, Tocada

Annabell, Tolar, Breamer, Cruiser,
Jersey, Pasadena, Pongo, Potter,
Power, Scarlett, Sebastian, Tocada

Tolar, Barke, Class, Cruiser, Justina,
Prestige, Power, Tocada

Barke, Tocada, Class, Jersey, Justina,
Pasadena, Prestige, Tolar

Annabell, Jersey, Sebastian, Barke,
Justina, Pasadena, Prestige, Scarlett,
Tocada

Sebastian

Barke, Bremear, Jersey, Prestige,
Scarlett, Class, Sebastian

Cruiser, Jersey, Justina, Tocada,
Barke, Class, Scarlett,

Pongo, Scarlett, Sebastian, Annabell,
Barke, Power, Prestige, Potter, Tolar

Annabell, Cruiser, Justina, Tocada,
Jersey, Power, Scarlett, Sebastian,
Tolar

Barke, Tolar, Breamer, Scarlett

Power, Sebastian, Annabell, Barke,
Cruiser, Pongo, Potter, Scarlett,
Tocada

Annabell, Justina, Pongo, Potter,
Tocada, Class, Cruiser, Jersey,
Pasadena, Power, Scarlett, Sebastian,
Tolar

Barke, Prestige, Tolar, Annabell,
Breamer, Jersey, Scarlett, Tocada

Barke, Prestige, Sebastian, Annabell,
Justina, Power, Tocada

Cruiser, Power, Sebastian, Class,
Jersey, Justina, Pongo

t Underlined genotypes showed similar results in both years; the other showed high trait values in one year.
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Table 7. Performance of spring barley varieties with low trait values! in wet and dry seasonal
weather conditions. Dotnuva, Lithuania, 2004-2007.

Wet weather conditions

Dry weather conditions

Trait (2004, 2007) (2005, 2006)
. Arve, Cellar, Extract, Henni, Antto, Breamer, Prestige,

Yield (tha) Pongo, Scarlett Cellar, Hanka
Pongo, Annabell, Cellar, .

TGW (g) Potter, Philadelphia, Scarlett, Potter, Pongo, C_rwser. Power,

. Scarlett, Sebastian, Tocada

Sebastian
Justina, Pongo, Breamer, :

HLW (g/L) Barke, Potter, Extract, Tocada, Barke, Justina, Tocada,

Grain >2.5 mm (%)

Grain >2.5 mm (t/ha)

Extract (%)

Extract (t/ha)

Protein (%)

Starch (%)
Grain no. (x106/ha)
N (ng per grain)

Starch (ug per grain)

Cellar

Barke, Barabas, Gustav,
Pasadena, Tocada

Passadena, Antto, Extract,
Hanka, Pongo, Sebastian

Pasadena, Antto, Gustav,
Justina, Pongo

Cellar, Extract, Gustav,
Hanka, Pongo

Annabell, Sebastian, Jersey,
Maurita, Tocada

Justina, Tolar, Pongo,
Sebastian, Xanadu

Barke, Class, Cellar, Extract,
Hanka

Annabell, Sebastian, Pongo,

Breamer, Hanka

Pongo, Power, Barabas,
Pasadena, Tocada, Tolar

Pongo, Power, Arve, Antto,
Cellar, Tolar, Barabas

Antto, Barabas, Cruiser,
Justina, Pasadena

Antto, Prestige, Breamer,
Cellar, Hanka

Power, Pongo, Sebastian,
Jersey, Potter, Pasadena,
Xanadu

Jersey, Antto, Justina,
Prestige, Tolar

Prestige, Antto, Barke, Cellar,
Hanka

Pongo, Power, Sebastian,

Potter

Potter, Cellar, Hanka, Pongo,
Barabas, Gustav

Tolar, Class, Cruiser, Gustav,

Astoria, Cruiser, Potter

Cruiser, Pongo, Tolar, Antto,
Astoria, Potter

Ratio Cstarch:N per grain Hanka, Power

Tolar, Antto, Hanka

! Underlined genotypes showed similar results in both years; non-underlined ones showed low-trait-values in one year.

growing barley for malting purposes in
warming climate conditions.

Barley varieties with a high grain protein
content and high yield suit better for feeding
purposes. In this respect, Justina, Tolar and
Power exhibited high total grain protein
percentage as well as per single grain in

wet weather conditions. In dry and sunny
post-anthesis weather conditions, many of
the varieties had high protein percentage.
However, in both dry experimental years the
varieties Tolar and Barke had high protein
percentage. The grain yield of these varieties
was moderate.



77

The low content of protein and high ratio of
Cstarch:N per grain are important malting
barley characteristics. In both dry years,
Pongo, Power, Sebastian, Potter, Pasadena,
Jersey, Annabell had the lowest protein
content (Table 7). These varieties not only had
low N content per single grain but also tended
to have a high ratio of Cstarch:N per grain.

The variety Sebastian, which showed low
protein percentage in wet and dry weather
conditions, could be included in malting
barley breeding programs with the aim of
reducing protein content.

Conclusions

Subjected to seasonal east European
(Lithuanian) weather conditions, the spring
barley varieties developed in western and
southern regions of Europe exhibited the
greatest variation in the following traits:
coarse grain and extract yield, grain number
per area, and ratio Cstarch:N per single grain.
Under warm and dry Lithuanian climate
conditions, coarse grain yield and ratio
Cstarch:N per grain tended to decrease in the
spring barley genotypes developed in western
and southern regions of Europe.

The ratio Cstarch:N per single grain and
N per single grain are important indicators of
spring barley malting quality. Coarse grain
and extract percentage correlation with those
traits are similar to that between coarse grain
or extract percentage and starch or protein
percentage. However, the ratio Cstarch:N
per single grain and N per single grain better
reflected the suitability of spring barley for
malting in dry growing conditions.

Foreign  varieties  with  desirable
characteristics should be used in breeding
for warm and dry climate conditions after
estimating yield and grain quality parameters
obtained in dry and warm seasonal weather
conditions rather than from data averaged
over several years.
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Abstract

Genetic diversity of 68 accessions of gingke
(hulless barley) varieties from the Qinghai-
Tibet Plateau of China was analyzed by using
sequence-related amplified polymorphism
(SRAP) markers. The results showed that
64 primer combinations produced a total
of 1056 clear bands with an average of
16.5, of which only one primer pair did
not amplify polymorphic bands, while the
others (98.4%) produced 311 polymorphic
bands (29.8%). Five hundred and eighty-one
allelic phenotypes were amplified with an
average of 9.22 alleles per primer pair. The
mean values of genetic diversity in Sichuan,
Gansu, Tibet and Qinghai provinces of China
were 0.5207, 0.5091, 0.4859 and 0.3920,
respectively, with an average of 0.6226. The
genetic differentiation value among different
regions ranged from 2.56% to 66.21% with
an average of 22.96%. The 68 accessions
were classified into six major groups by
cluster analysis using UPGMA, which
showed a significant relationship with the
origin regions of accessions.

Introduction

Hulless barley, locally known as gingke, is
very much liked by Chinese Zang-nationality

people, and is also an excellent special
germplasm resource in the Qinghai-Tibet
plateau of China. Hulless six-row barley
has been cultivated in China (Xu, 1982; Xu
and Feng, 2001) for a long time. In recent
years, gingke breeding and use have received
increasing attention. To study the genetic
diversity of gingke germplasm resources
benefits the protection of gingke resources
and the development of new gingke varieties,
as well improving the quality of life of Zang-
nationality people in China.

Nowadays, more and more DNA markers
have been widely used in genetic diversity
studies (Petersen et al., 1994; Nevo et al.,
1998; Struss and Plieske, 1998; Fernandez
et al., 2002; Feng et al., 20064, b; Pan et al.,
2007), germplasm analysis (Powell et al.,
1996) and map construction (Graner et al.,
1991; Liu et al., 1996) of barley. However,
reports about gingke landraces and studies
of gingke varieties using molecular markers
are rare (Feng et al., 2006b; Pan et al.,
2007). Recently, Zhou et al. (2007) analyzed
the genetic diversity of hordeins in gingke
varieties from the plateau regions of Tibet and
Sichuan province, using acid-polyacrylamide
gel electrophoresis (A-PAGE). It is important
to study the genetic diversity of the gingke
varieties from the Qinghai-Tibet plateau of
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China and efficiently use molecular markers
for gingke varietal improvement.

Sequence-related amplified polymorphism
(SRAP) markers developed by Li and
Quiros (2001) were successfully applied in
cultivar identification (Li et al., 2006), map
construction (Li and Quiros, 2001; Lin et al.,
2003), genetic diversity evaluation (Riazetal.,
2001; Ferriol et al., 2003; Budak et al., 2004;
Sun et al., 2006), comparative genomics (Li
et al., 2003), and gene location (Wang et al.,
2004) of different species. We first reported
the use of SRAP markers in the evaluation
of genetic diversity of gingke varieties from
the plateau regions of Sichuan province
(Yang et al., 2008). In this paper, we report
the results of a genetic diversity analysis of
68 accessions of gingke varieties from the
Qinghai-Tibet plateau regions, including
Sichuan (SC), Gansu (GS), Tibet (X2),
Qinghai (QH) and Yunnan (YN) provinces.
The objectives of the research were: (1) to
evaluate the levels of genetic diversity and
differentiation of these accessions; and (2) to
further understand the genetic basis of these
accessions, and to formulate appropriate
strategies for the conservation and utilization
of the gingke genetic resources available.

Materials and methods

A total of 68 accessions of gingke varieties,
including 25 (SCO01 to SC25) from Sichuan
province, 6 (GS26 to GS31) from Gansu
province, 17 (XZ32 to XZ48) from Tibet, 18
(QH49 to QH66) from Qinghai province and
2 (YN67 and YN68) from Yunnan province,
were collected from the Qinghai-Tibet
Plateau regions of China (Table 1).

The cetyl trimethyl ammonium bromide
(CTAB) protocol (Sharp et al., 1988) was
used to extract genomic DNA from about
100 mg of fresh young leaf-tissue of each
accession. The quality and the concentration

of the DNA were estimated using a Beckman
counter DU8OO nucleic acid/protein analyzer.
The isolated genomic DNA was stored at
-20°C for use.

The SRAP primer sequences used in this
study were from Li and Quiros (2001), and
are listed in Table 2. Primers were produced
by the Dalian Bao Bioengineering company
(Dalian, China). The PCR amplification was
carried out in a PTC-100TM Thermo Cycler
in a 15puL volume containing 1.5 uL of
10x buffer, 1 pL of Mg2+, 0.4 uL of dNTP,
1 uL of forward and reverse primers, and
0.6 U of rTag DNA polymerase (TaKaRa,
China), basically according to the methods
described by Li and Quiros (2001), with the
following reaction conditions: 95°C x 1 min;
5 cycles of 94°C x 1 min, 35°C x 1 min and
72°C x1 min; 94°C x 1 min, 50°C x 1 min,
72°C 1 min, 35 cycles; 72°C, 10 min. The
products were separated on 6% denatured
polyacrylamide gels using 1xTBE buffer.
The gel was pre-run at 220 V constant voltage
for 20 min before the samples were loaded,
using DYY-6C electrophoresis equipment
(LiuYi Instrument, Beijing, China). After
loading the samples, the gel was run at
450 V constant voltage for 1.5-2.0 hr until
the xylene cyanol front reached 2/3 through
the gel towards the bottom. DL2000 DNA
marker (Dalian TaKaRa Bio Company) was
used as a size standard. After electrophoresis,
the gel was stained using AgNO, solution
(Bassam et al., 1991).

Each SRAP primer pair was considered to be
one genetic marker. The SRAP profiles were
scored for the presence (1) or absence (0) of
clear bands for each gingke genotype. The
genetic diversity (H) at each primer pair was
evaluated with H=1- >'P? where P is the
frequency of the ith allele of the locus (Nei,
1973). The genetic diversity (HT) of the entire
sample (HT = HS+DST) can be partitioned
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Table 1. Cultivar names and origins of the accessions used in this study.

Accession Origin Accession Origin
code Name (province) code Name (province)
SCo1 Kangging 1 Sichuan XZ35 Ximala 15 Tibet
SCO02 Kangging 2 Sichuan XZ36 Ximala 19 Tibet
SCO03 Kangging 6 Sichuan XZ37 Zangqing 25 Tibet
SC04 Kangging 7 Sichuan XZ38 Zangqing 80 Tibet
SCO05 Bailiuleng Sichuan XZ39 Zangqing 148 Tibet
SC06 Emu1l Sichuan XZ40 Zangqing 311 Tibet
SCo7 Gangtuogingke Sichuang XZ41 Zangqing 320 Tibet
SCO08 Heigingke Sichuan XZ42 Zangqing 690 Tibet
SCO09 Dongshenghei Sichuan XZ43 Zangqing 3179 Tibet
SC10 Danbaheigingke Sichuan XZ44 Shanqging 7 Tibet
SC11 Qianninglugingke Sichuan XZ45 Alidangdigingke Tibet
SC12 Minxiangingke Sichuan XZ46 Baidichungingke Tibet
SC13 98172-2 Sichuan XzZ47 QB23 Tibet
SC14 813 Sichuan XZ48 Lasagoumang Tibet
SC15 Songpanzigingke Sichuan QH49 Beiqing 1 Qinghai
SC16 Qianninggingke Sichuan QH50 Beiging 2 Qinghai
SC17 Baiyugingke Sichuan QH51 Beiging 3 Qinghai
SC18 33-2-1-1 Sichuan QH52 Beiqing 4 Qinghai
SC19 Ganziheimawei Sichuan QH53 Beiqing 5 Qinghai
SC20 603 Sichuan QH54 Beiging 6 Qinghai
sC21 Qipangou Sichuan QH55 Beiging 7 Qinghai
SC22 Cungingke Sichuan QH56 Beiging 8 Qinghai
SC23 Kangging 5 Sichuan QH57 Kunlun 2 Qinghai
SC24 Aging 4 Sichuan QH58 Kunlun 3 Qinghai
SC25 Aging 5 Sichuan QH59 Kunlun 8 Qinghai
GS26 Ganging 2 Gansu QH60 Kunlun 10 Qinghai
GS27 Ganging 3 Gansu QH61 Kunlun 12 Qinghai
GS28 Ganging 4 Gansu QH62 Dongging 1 Qinghai
GS29 9516 Gansu QH63 Dongging 2 Qinghai
GS30 Dulihuang Gansu QH64 Mennong 1 Qinghai
GS31 94-19-1 Gansu QH®B65 Moduocha 1 Qinghai
XZ32 Zanggqing 1 Tibet QHG66 Nanfan 3 Qinghai
XZ33 Zanggqing 21 Tibet YNG67 Diging 1 Yunnan
XZ34 Ximala 96 Tibet YNG68 Diging 4 Yunnan

into components, reflecting genetic distance
among subgroups (DST) and genetic
polymorphism within subgroups (HS) (Nei,
1973), with differentiation among subgroups
(GST) being calculated as GST = 1-HS/HT
(Nei, 1973). Pair-wise comparison of genetic
diversity between subgroups was carried out
according to the Z-test method (Zhang and

Allard, 1986; Zhang et al., 1992).

Genetic similarities (GS) were estimated
using the formula (Nei and Li, 1979):
GSij = 2Nij /(Ni + Nj), where Nij is the
number of bands shared by accessions i and
j, and Ni and Nj are the number of bands
from accessions i and j, respectively. The
distribution of allelic frequencies among
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Table 2. SRAP primer sequences used in this study.

Nar_ne of Forward primer (5'—3’) Name of Reverse primer(5'—3")
primer primer
me5 T GAG TCCAAACCGGAAG | eml2 GACTG CGTACG AATT GTC
me6 TGAG TCCAAACCGG TAA | em1l3 GACTG CGT ACG AATT GGT
me7 T GAG TCC AAACCGG TCC eml4 GACTG CGTACG AATT CAG
me8 T GAG TCCAAACCGG TGC em15 GACTG CGTACG AATT CTG
me9 TTCA GGG TGG CCGG ATG em16 GACTG CGTACG AATT CGG
mel0 TGGG GACAACCCGGCTT | eml7 GACTG CGTACG AATT CCA
mell C TGG CGAACT CCGG ATG em18 GACTG CGTACG AATT GGT
mel2 G GTGAAC GCT CCGGAAG | eml9 GACTG CGT ACG AATT CCG
the subgroups was tested using the Chi- 1500bp— & 11l
square test (Rong, 1993). Cluster analysis , R gL |
of the similarity matrix was used to reveal v AR RY E E E Ry

associations among accessions using the
UPGMA method (unweighted pair group
method with arithmetic averages), employing
the NTSYS-pc (version 2.10s) program
(Rohlf, 1993).

Results

Figure 1 shows the amplification results of
the primer combination “me8/em12” in some
of the accessions. Sixty-four pairs of primers,
which were formed between one of eight
forward primers and one of eight reverse
primers, generated a total of 1056 clear
fragments, with an average of 16.5. Among
these primer pairs, eleven bands which were
produced by the primer combination “me9/
eml14” have no polymorphism (Table 3),
while 1045 bands were generated from 63
primer pairs (98.4%) with an average of
16.6 bands per primer pair, except for the
primer pair “me9/em14”, of which 311 bands
(29.8%) were polymorphic.

The number of polymorphic bands per
primer pair ranged from 1 (me7/em15, mell/
em13) to 15 (mel0/em14) with an average of
4.94. The primer combination “mel10/em14”
generated 15 polymorphic bands, which was
the greatest polymorphism (60.0%), while the
lowest primer combinations “me7/em15” and

200 -

Figure 1. Amplification results of the primer
combination “me8/em12” in some of the
accessions.

“mell/em13” only generated 1 polymorphic
band; the percentage of polymorphic bands
was 12.5% and 5.6%, respectively.

A total of 581 alleles were detected in
entire samples among 63 primer pairs with
an average of 9.22 alleles per primer pair
(Table 3). The number of alleles ranged from
2 (mell/em13, me7/em15 and me6/em15) to
26 (me5/em17, me6/em18 and melO/em14)
in the entire sample. The average numbers
of alleles for SC, GS, XZ and QH provinces
were 5.23, 4.40, 4.02 and 2.46, respectively.
The number of common alleles between the



83

Table 3. NPB/TNB?, genetic diversity/No. of alleles, genetic differentiation (GST) and allelic
frequencies distribution (;?) from 63 SRAP primer pairs among the developed gingke varieties.

Primer NPB/ Entire GST
combination TNB sC GS Xz QH sample (%) 2
me5/em12 5/19 0.5888 /6 0.6667 /3 0.8097 /8 0.6975/5 0.8320/8 17.97 56.03**
me5/em13 3/17 0.5888/6 0.6670/4 0.8097/8 0.6975/5 0.8320/8 17.97 62.20**
me5/em14 3/10 0.4032/2 0.5000/2 0.0000/1 0.5123/4 0.3861/4 12.49 162.94**
me5/em15 6/20 0.8672/11 0.4444 /2 0.6307/3 0.5741/4 0.8563/12 19.48 46.49*
me5/em16  5/18 0.5536 /4 0.0000/1 0.4844 2 0.6790/5 0.6694 /7 22.37 99.67**
me5/em17  7/17 0.8928/13 0.2778 /2 0.7612/7 0.8580/11  0.9412/26  15.69 434
me5/em18 5/11 0.2784/3 0.6111/3 0.6574/4 0.2901/3 0.5840/6 29.89 52.76**
me5/em19 6/12 0.7008/5 0.6111/3 0.5536/3 0.1975/2 0.8067/9 35.85 138.52**
me6/em12 5/18 0.7968 /8 0.6111/3 0.7266 / 4 0.6975/5 0.8558 /11 14.14 95.91**
me6/em13  7/20 0.8736/ 14 0.7778 /5 0.8097/8 0.8395/10 0.9206/21 8.85 1.67
me6/em14 2/10 0.3328/3 0.0000/1 0.1972/2 0.2068 /2 0.3402/3 31.44 40.68**
me6/em15 2/8 0.2112/2 0.2778/2 0.0000/1 0.3457/2 0.2130/2 6.34 19.80**
me6/em16 5/16 0.3488/5 0.5000/3 0.5952 /4 0.5671/4 0.6143/7 21.2 81.38**
me6/em17  5/20 0.6880/6 0.4444 12 0.6505 /6 0.7716 /6 0.7847/9 13.47 59.41**
me6/em18 11/16 0.8928/ 15 0.7778/5 0.7059/6 0.8364/8 0.9213/26 11.12 10.63
me6/em19  4/12 0.1504/3 0.7222 /4 0.1107/2 0.4012/2 0.3416/6 23.72 24.14
me7/em12 5/16 0.1472/2 0.5000/3 0.4983/2 0.2307/3 0.3508/5 11.66 7.54
me7/em13 10/21 0.8576 / 10 0.4444 /5 0.8097 /7 0.7346 /8 0.8958 / 21 23.21 10.47
me7/eml4  7/17 0.6368/8 0.5000/3 0.8062/7 0.7840/7 0.8508/18  10.20 14.78
me7/em15  1/8 0.2112/2 0.2778 /2 0.4567 /2 0.4444 12 0.4444 12 17.56 32.97**
me7/em16 4/16 0.6560/ 4 0.6111/3 0.6851/4 0.3796/4 0.6823/6 47.27 72.86**
me7/em17 9/15 0.6976 /7 0.1944 /2 0.7474 /6 0.9352/13 0.8306 /21 48.22 2.89
me7/em18  2/10 0.2688 /2 0.0000/ 1 0.4844 /2 0.5864 /3 0.5083/4 27.37 95.25%*
me7/em19 3/16 0.4768/4 0.4444 12 0.5467/3 0.4938/2 0.5239/4 25.83 36.58**
me8/em12 8/22 0.5664 /7 0.7222/4 0.8478/8 0.9136/14 0.0864 /20 10.20 6.90
me8/em13 4/12 0.7456 /5 0.4444 /2 0.4567 /3 0.4938/2 0.5062 /5 17.56 76.70*%*
me8/em14  3/16 0.2784/3 0.5000/2 0.5329/ 4 0.3457 /2 0.6543/ 4 47.27 36.43**
me8/em15 5/12 0.0768/2 0.0000/1 0.4983/2 0.0000/1 1.0000/3 48.22 76.73**
me8/em16 2/11 0.3808/3 0.0000/1 0.6782/4 0.5988/4 0.4012/4 27.37 31.46**
me8/em17 4117 0.7488/6 0.2778/2 0.6021/5 0.6667/4 0.3333/9 25.83 34,57
me8/em18 6/15 0.4064 /5 0.2778 /2 0.7128/6 0.8025/8 0.1975/14 31.94 76.31*%*
me8/em19  3/16 0.4576 /3 0.5000/2 0.2076 /2 0.1975/2 0.8025/3 21.46 125.13**
me9/em12 3/8 0.4352/2 0.2778/2 0.1107/2 0.5494 /3 0.4506 /3 18.48 37.89**
me9/em13 4/18 0.2176/3 0.0000/1 0.3945/4 0.2778/2 0.7222/5 17.61 132.27**
me9/em15 4/15 0.0000/1 0.2778 /2 0.3045/3 0.4012/2 0.5988 /5 26.69 99.79**
me9/em16 4/16 0.6560/ 6 0.6111/3 0.4844 /2 0.4753/2 0.5247 /7 24.13 14.90
me9/eml7  2/17 0.2784/3 0.0000/ 1 0.1107/2 0.1975/2 0.8025/3 21.46 46.68**
me9/em18 8/19 0.8544 /10 0.6111/3 0.8927/12 0.7130/5 0.2870/21 11.66 86.56
me9/em19 2/12 0.2688/2 0.6111/3 0.6713/4 0.5926/4 0.4074 /4 23.21 43.83**
melO/em12 6/20 0.5584 /5 0.5000/3 0.5225/4 0.5494 /3 0.7282/8 25.65 23.58
melO/em13 4/4 0.6080/7 0.5000/3 0.5467 /5 0.5494 /3 0.7241/9 21.77 16.05
melO/emi4  15/25 0.8544 /11 0.7778 /5 0.6851/8 0.7716/ 4 0.9320/26  16.18 731
melO/eml5 9/16 0.6784/7 0.5000/2 0.5813/3 0.7469/8 0.7208/13 9.02 19.56
melO/em16 5/16 0.8032/7 0.7778/5 0.7820/7 0.8086/9 0.9008 /17 11.54 38.16
melO/eml7 2/12 0.0768 /2 0.0000/1 0.0000/1 0.1049/2 0.0592/3 2.56 111.53**
mel0/em18  4/17 0.4224/3 0.0000/ 1 0.1107/2 0.2963/ 4 0.5000/7 46.13 47.25%*
melO/em19 7/18 0.7904 /9 0.7778/5 0.7128/6 0.7654 /7 0.9151/22 16.68 102.93**
mellleml2 6/16 0.7520/5 0.2778/2 0.7336/4 0.6605/4 0.3395/10 21.33 99.39**
mell/em13 1/18 0.0768 /2 0.0000/1 0.0000/1 0.0000/1 1.0000/2 66.21 106.07**
mell/leml4  4/18 0.6464 /5 0.5000/3 0.4637 /4 0.7160/6 0.2840/9 8.09 43.37%*
mell/eml5 5/24 0.4000/ 4 0.2778/2 0.3045/3 0.6790/6 0.3210/8 13.34 4.19
mellleml6 7/23 0.7520/8 0.6667/4 0.6159/6 0.8333/8 0.1667 /15 16.38 42.31
mellleml7 5/24 0.8416/9 0.6111/3 0.5121/3 0.6111/4 0.3889/10 15.63 52.30**
mell/lem18 4/20 0.5344/3 0.5000/ 2 0.4567 / 2 0.4259/3 0.5741/4 13.40 129.71**
mell/em19 3/10 0.5504 /3 0.0000/ 1 0.2907 /2 0.1049/2 0.8951/4 24.72 56.57**
mel2/eml2 7/18 0.6080/5 0.2778/2 0.6298/4 0.5679/3 0.4321/7 9.51 56.52**
mel2/em13 3/22 0.3648/2 0.0000/1 0.1107/2 0.1049/2 0.8951/4 26.1 56.52**
mel2/em14  3/23 0.2176 /3 0.0000/1 0.1107/2 0.1049/2 0.8951/4 27.8 17.19*
mel2/em15 5/25 0.5056 /5 0.2778 12 0.0000/1 0.1975/2 0.8025/6 20.19 93.09%*
mel2/eml6 5/27 0.4768/4 0.0000/1 0.1107/2 0.3765/4 0.6235/6 41.29 37.51**
mel2/eml7 5/17 0.5888/6 0.5000/2 0.3875/3 0.3457/2 0.6543/9 42.00 156.03**
mel2/em18 2/25 0.4352/2 0.2778 /2 0.0000/1 0.0000/1 1.0000/3 56.70 52.97**
mel2/em19  10/18 0.7712/7 0.7222 /4 0.8927/12 0.7963/7 0.2037/19  7.60 111.7%*
Mean 4.9416.59/ 0.5207/5.23  0.3920/2.46 0.4859/4.02 0.5091/4.40 0.6226/9.22 22.96
SD? 0.24/3.19 0.26/1.20 0.27/3.24 0.26/3.92 0.24/14.55  13.11

1NPB is the number of polymorphic bands; TNB is the total number of bands. ? SD = Significant Difference.
** = significantly different at P <0.01; *** = significantly different at P <0.001.
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two arbitrary subgroups of SC, GS, XZ and
QH province also varied with the different
SRAP markers (Table 4). The highest average
number of common alleles (2.27) was found
between XZ and SC provinces, whereas the
average number of common alleles between
XZ and QH provinces was the lowest (1.27).

The genetic diversity from 66 accessions
(two accessions from Yunnan province were
not included) of the subgroups SC, GS, XZ
and QH was analyzed using 63 pairs of
primers. The range of genetic diversity from
Subgroup SC, GS, XZ and QH varied from
0 (me9/em15) to 0.8928 (me5/eml7, me6/
em18) with an average of 0.5207, from 0
(14 primer pairs such as mel2/em13, mel2/
em14 and mel2/ em16, etc.) to 0.7778 (me6/
em13, me6/em18, melO/em14, melOem16
and mel10/em19) with an average of 0.3920,
from 0 (6 primer pairs such as mel2/em15,
mel2/em18, etc.) to 0.8927 (mel2/em19,
me9/em18) with an average of 0.4859, from
0 (me8/em15, mell/em13 and mel2/em18)
to 0.9352 (me7/eml7) with an average
of 0.5091, respectively, and the genetic
diversity range of the entire sample was
from 0.0592 (mel0/em17) to 1.0000 (me8/
em15, mell/em13 and mel2/em18) with an
average of 0.6226. Generally, the order of
genetic diversity mean of the four subgroups
was SC > QH > XZ > GS. The Chi-square
test (Table 3) indicated that 44 of 63 primer
pairs (69.8%) had significant difference, but
30.2% of the primer combinations had no
significant difference, in the distribution of
allelic frequencies among the four subgroups.
The comparisons of genetic diversity (Table
4) indicated that the genetic diversity between
two of the four subgroups was significantly
different along with different primer pairs.
However, on average, significant differences
existed between the two arbitrary subgroups
of the four subgroups.

The genetic differentiation (Table 3) among
the gingke varieties from the four subgroups
ranged from 2.56% (mel0/em17) to 66.21%
(mell/em13) with different SRAP primer
pairs, with an average of 22.96%. This
indicated the average genetic differentiation
that existed among the accessions from the
four provinces.

The dendrogram using UPGMA analysis
clustered the 68 accessions into six main
groups (Figure 2). Group A comprised the 22
SC collections, except that SC06 clustered
into Group F, while SC24 and SC25 clustered
into Group B with all 6 GS accessions. All
the XZ accessions except for XZ47 were
classified into Group C, and all the QH
entries and YN67 and YN68 belonged to
Group D. The accession “XZ47” was put in
Group E by itself. The dendrogram revealed
significant relationships with the regions of
origin of the accessions.

Discussion

The SRAP markers system was primarily
developed for Brassica species, and was
then tested in other crops. The previous
results showed that SRAP markers have
many advantages, such as simplicity,
reliability, moderate output ratio and easy
sequencing of selected bands (Li and
Quiros, 2001). According to Ferriol et al.
(2003) the information provided by SRAP
markers about genetic diversity agreed with
the morphological variability and with the
evolutionary history of the morphotypes
more than that provided by AFLP markers.
In barley, the results, which were first
reported for the genetic diversity of the
gingke varieties from Sichuan province
using SRAP markers by us (Yang et al.,
2008), also indicated that the SRAP markers
had rich polymorphism, and showed a clear
correlation between the clusters and the
origin of the accessions. In this current study,
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63 of 64 SRAP primer combinations (98.4%)
produced higher polymorphic bands (29.5%).
The number of alleles (581) amplified by 63
primer combinations in 68 accessions was
higher than using SSR markers (Feng et al.,
2006b; Pan et al., 2007). The dendrogram
of SRAP markers given in the present study
could classify the geographical origins of the
accessions (Figure 2). Our results show that
SRAP markers could be efficiently used in
studying the genetic variability of barley.
The amount of genetic diversity, which
can reflect the extent of genetic variation,
depends on the types and the distribution
frequencies of alleles. We detected 581 alleles
over 63 primer pairs in the entire sample,
with an average of 9.22 alleles per primer
pair (Table 3). The order of the average for
number of alleles based on Table 3 was:
SC (5.23+3.19) > QH (4.40+3.92) > XZ
(4.02+3.24) > GS (2.46x1.20), and the mean
genetic diversity followed the same order,
indicating that the qingke varieties from
Sichuan province have the widest genetic
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Figure 2. Adendrogram of 68 accessions of hulless
barley varieties from the Qinghai-Tibet Plateau of
China generated from SRAP markers.

basis among the four subgroups, while those
from Gansu province have the narrowest.
In terms of single subgroups and the entire
sample, the genetic diversity values were all
low, indicating that it is very necessary to
widen the genetic basis of gingke. However,
the average number of common alleles was
highest (2.27) between the Tibet and Sichuan
accessions, while the lowest average number
of common alleles (1.27) was found between
the Gansu and Qinghai accessions (Table 4),
indicating that the Sichuan accessions
were largely different from the Tibet
accessions, and the Gansu accessions were
less different from the Qinghai accessions.
The comparisons of genetic diversity all
showed significant difference between the
two arbitrary subgroups. For most primer
combinations  (69.8%), the distribution
frequencies of alleles showed significant
differences (Table 3). Table 3 also shows that
a moderate genetic differentiation (22.96%)
existed among the four subgroups. The
genetic resources from different geographical
areas can bring genetic diversity that is
required for barley breeding. This study
has also illustrated low genetic diversity
among the gingke varieties, and suggests that
collection and conservation of barley genetic
resources are important for the improvement
of this crop.
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Table 4. The number of common alleles/genetic diversity difference between the two arbitrary
subgroups
Primer pair SC-GS SC-XzZ SC-QH GS-XZ GS-QH XZ-QH

me5/em12  2/-0.0779 1/-0.2209**  2/-0.1087**  1/-0.1430** 2/-0.0309 1/0.1122**
me5/em13  3/-0.0779 6/-0.2209**  3/-0.1087**  4/-0.1430**  3/-0.0309 5/0.1122**
me5/eml14  2/-0.0968 1/0.4032**  2/-0.1091**  1/0.5000* 2/-0.0123 1/-0.5123**
meS/em15  1/0.4228** 2/0.2305**  4/0.2931** 1/-0.1922* 0/-0.1296* 1/0.0626*
me5/em16  0/0.5536** 2/0.0692**  2/-0.1254**  1/-0.4844* 1/-0.6790**  1/-0.1946**
me5/em17  2/0.6150** 2/0.1316**  3/0.0348**  0/-0.4835**  1/-0.5802**  2/-0.0968**
me5/em18  2/-0.3327**  2/-0.3790**  2/-0.0117 3/-0.0463 2/0.3210** 2/0.3673**
me5/em19  1/0.0897* 1/0.1472**  0/0.5033** 1/0.0575 0/0.4136** 1/0.3561**
me6/em12  1/0.1857**  3/0.0702**  5/0.0993** 1/-0.1155 0/-0.0864 2/0.0291
me6/em13  4/0.0958**  4/0.0639**  4/0.0341** 1/-0.0319 0/-0.0617* 3/-0.0298**
me6/em14  1/0.0959** 2/0.1356**  2/0.1260* 1/-0.1972* 1/-0.2068 2/-0.0096
me6/em15  2/-0.0666 1/0.2112* 2/-0.1345* 1/0.2778 2/-0.0679 1/-0.3457**
me6/em16 2/-0.1512* 4/-0.2464**  3/-0.2129**  2/-0.0952 2/-0.0617 2/0.0334
me6/em17  2/0.2436**  4/0.0375 4/-0.0836** 2/-0.2061**  1/-0.3272**  4/-0.1211**
me6/em18  2/0.1150** 2/0.1869**  3/0.0564**  0/0.0719* 1/-0.0586* 0/-0.1305**
me6/em19  2/-0.5718**  1/0.0397 2/-0.2508**  1/0.6115** 2/0.3210** 1/-0.2905**
me7/em12  1/-0.3528**  2/-0.3511**  2/-0.0565 2/0.0017 2/0.2963** 2/0.2946**
me7/em13  2/0.4132**  3/0.0479**  0/0.1230** 2/-0.3652**  0/-0.2901**  0/0.0751**
me7/em14  1/0.1368* 4/-0.1694**  3/-0.1472**  2/-0.3062** 0/-0.2840**  1/0.0223
me7/em15  2/-0.0666 2/-0.2455**  2/-0.2332**  2/-0.1790* 2/-0.1667 2/0.0123
me7/em16  2/0.0449 4/-0.0291* 3/0.2764** 2/-0.0740 1/0.2315**  3/0.3055**
me7/em17  2/0.5032**  4/-0.0498** 3/-0.2376**  2/-0.5530**  2/-0.7407**  2/-0.1878**
me7/em18  1/0.2688** 2/-0.2156**  1/-0.3176**  1/-0.4844* 1/-0.5864**  1/-0.102**
me7/em19  2/0.0324 3/-0.0699**  2/-0.0170 2/-0.1023 2/-0.0494 2/0.0529*
me8lem12  2/-0.1558**  6/-0.2814** 5/-03472%%  2/-0.1255%*  2/-0.1914**  7/-0.0658**
me8/em13  2/0.3012**  3/0.2889**  2/0.2518** 2/-0.0123 1/-0.0494 2/-0.0371
me8/em14  2/-0.2216**  2/-0.2545** 1/-0.0673 2/-0.0329 0/0.1543* 1/0.1872**
me8/em15 1/0.0768 1/-0.4215** 1/0.0768 1/-0.4983**  1/0.0000 1/0.4983**
me8/em16 1/0.3808**  3/-0.2974**  3/-0.2180** 1/-0.6782**  1/-0.5988**  4/0.0794**
me8/eml7  1/0.4710** 2/0.1467**  4/0.0821** 1/-0.3243**  0/-0.3889**  0/-0.0646*
me8/em18  2/0.1286 3/-0.3064**  2/-0.3961**  2/-0.4350** 2/-0.5247**  2/-0.0897**
me8/em19  2/-0.0424 2/0.2500**  2/0.2601** 210.2924* 2/0.3025** 2/0.0101
me9/em12  2/0.1574 2/0.3245**  2/-0.1142**  2/0.1671 2/-0.2716* 2/-0.4387**
me9/em13  1/0.2176** 2/-0.1769**  1/-0.0602 1/-0.3945**  1/-0.2778**  2/0.1167*
me9/eml15 1/-0.2778 1/-0.3045**  1/-0.4012** 1/-0.0267 1/-0.1235 1/-0.0967*
me9/em16  3/0.0449 2/0.1716** 1/0.1807** 1/0.1267* 1/0.1358* 1/0.0091
me9/eml7  1/0.2784** 2/0.1677**  2/0.0809* 1/-0.1107 1/-0.1975 2/-0.0868
me9/em18  3/0.2433** 1/-0.0383**  3/0.1414** 1/-0.2816** 1/-0.1019* 3/0.1798**
me9/eml19  2/-0.3423**  2/-0.4025**  2/-0.3238**  3/-0.0602 3/0.0185 4/0.0787**
melO/em12 2/0.0584 3/0.0359 2/0.0090 2/-0.0225 2/-0.0494 2/-0.0269
mel0/em13 2/0.1080 3/0.0613* 2/0.0586** 2/-0.0467 2/-0.0494 2/-0.0027
mel0/em14 1/0.0766** 1/0.1693**  0/0.0828** 2/0.0927* 0/0.0062 1/-0.0865**
melO/em15 2/0.1784**  3/0.0971**  2/-0.0685**  2/-0.0813 1/-0.2469**  2/-0.1656**
mel0/em16 0/0.0254 2/0.0212 2/-0.0054 1/-0.0042 2/-0.0309 4/-0.0266
melO/em17 1/0.0768 1/0.0768 1/-0.0281 1/0.0000 1/-0.1049 1/-0.1049
mel0/em18 1/0.4224** 1/0.3117** 1/0.1261** 1/-0.1107 1/-0.2963**  1/-0.1856**
mel0/em19 0/0.0126 0/0.0776**  0/0.0250 3/0.0650 1/0.0123 2/-0.0526*
mell/eml2 1/0.4742** 2/0.0184 1/0.0915** 2/-0.4558** 0/-0.3827** 0/0.0731**
mell/eml13 1/0.0768 1/0.0768 1/0.0768 1/0.0000 1/0.0000 1/0.0000
mell/eml4  2/0.1464* 3/0.1827**  4/-0.0696**  2/0.0363 2/-0.2160**  3/-0.2524**
mell/eml5 2/0.1222 2/0.0955* 3/-0.2790**  2/-0.0267 2/-0.4012**  2/-0.3745**
mell/eml16 4/0.0853 2/0.1361**  4/-0.0813**  0/0.0507 2/-0.1667**  3/-0.2174**
mell/eml17 3/0.2305**  4/0.3295**  3/0.2305** 2/0.0990 2/0.0000 2/-0.099**
mell/leml18 2/0.0344 210.0777* 2/0.1085** 2/0.0433 2/0.0741 2/0.0308
mell/em19 1/0.5504** 2/0.2597** 1/0.4455** 1/-0.2907* 1/-0.1049 1/0.1857*
mel2/eml12 2/0.3302* 3/-0.0218 2/0.0401* 2/-0.3520**  2/-0.2901* 2/0.0619*
mel2/em13 1/0.3648* 1/0.2541** 1/0.2599** 1/-0.1107 1/-0.1049 1/0.0058
mel2/eml4 1/0.2176** 2/0.1069* 1/0.1127* 1/-0.1107 1/-0.1049 1/0.0058
mel2/em15 2/0.2278* 1/0.5056** 1/0.3081** 1/0.2778 1/0.0802 1/-0.1975
mel2/em16 1/0.4768** 2/0.3661**  2/0.1003** 1/-0.1107 1/-0.3765**  2/-0.2658**
mel2/eml7 2/0.0888* 2/0.2013**  0/0.2431** 2/0.1125* 0/0.1543* 0/0.0419
mel2/em18 1/0.1574 1/0.4352* 1/0.4352* 1/0.2778 1/0.2778 1/0.0000
mel2/em19 3/0.0490 3/-0.1215**  2/-0.0251* 1/-0.1705** 2/-0.0741* 5/0.0964**
Mean 1.68/ 2.27/ 2.06/ 151/ 1.27/ 1.87/
0.1287** 0.0348** 0.0116** -0.0939** -0.1171** -0.0232**

*and ** are significant difference at the 0.05 and 0.01 probability Tevels, respectively.
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Abstract

For mapping quantitative trait loci (QTLs),
the statistical analysis accounting for multi-
environmental data as well as multiple QTLs
in the model is currently not fully developed.
Therefore, inthisstudy a Bayesian multi-locus
strategy considering multi-environmental
data is derived. Additionally, a Bayesian
single-environmental analysis, a single-locus
QTL mapping analysis using the Restricted
Maximum Likelihood (REML) method and
a REML forward selection approach were
performed. For that, multi-environmental
field data of several agronomic traits of an
advanced backcross BC,DH population
were used, where the malting barley cultivar
Scarlett was crossed with the wild barley
accession 1SR42-8 from Israel. In general,
similar results were obtained using the
REML analyses and the Bayesian multi-locus
approaches. The Bayesian QTL mapping
approach, accounting for both multiple genes
and multi-environmental data, seems to
outperform other mapping strategies.

Introduction

Due to genetic erosion, several exotic alleles
with positive effects have been lost during

evolution. To identify favorable exotic
quantitative trait loci (QTLs), advanced
backcross populations were derived by
crossing an elite cultivar with an exotic
donor. In these populations, the number of
negative alleles from the unadapted material
should be reduced.

Mapping the QTLs, associations between
DNA-markers and phenotypic traits obtained
from multi-environmental field trials are
examined in a statistical analysis. However,
the QTLs are influenced by several genes
where the gene effects can differ across
environments. This means, in multi-
environmental field trials, interactions can
occur between QTLs and the environment.
In several studies, a composite interval
mapping approach was used to analyze
multi-environmental data. However, the
current QTL mapping strategies available
that consider both multiple QTLs and multi-
environmental data in the statistical analysis
are not fully developed.

In our research we developed a Bayesian
multi-locus approach accounting for multi-
environmental data. This strategy was
compared to a Bayesian single-environmental
analysis and to the REML method. The full
paper is published in Bauer et al., 2009.
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Material and methods

In this study, multi-environmental field data
of several agronomic traits of 301 lines of an
advanced backcross BC,DH population were
used (von Korff et al., 2006). This population
was initiated by crossing the malting
barley cultivar Scarlett with the wild barley
accession 1SR42-8 from lIsrael. The lines in
the BC,DH population were genotyped with
98 SSR-markers (von Korff et al., 2004).
Four different QTL-analyses were computed
(Bauer et al., 2009):

1) Mixed model using REML method.

In this analysis, each locus was considered
separately by accounting for multi-
environmental data. SAS software/Proc
mixed (SAS Institute, 2004) was used to
calculate the following statistical model:
Yign = # +M; + L(M) + E, + MPE, + ¢

(Eq. 1)

where Yiien is the observation value m of
the ith marker and jth BC,DH line in the kth
environment; and with general mean , fixed
effect M, of the ith marker, random effect
Lj(Mi) of the jth line nested in the ith marker,
random effect E, of the kth environment,
random interaction effect M*E, of the ith
marker with the kth environment, residue

Emii) of Yim

m(ijk)

2) Forward selection using a mixed model
(REML)

The statistical model used in the forward
selection approach was the same as in (Eq. 1).
In accordance to Kilpikari and Sillanpda
(2003), the QTL analysis was repeated
several times until there were no significant
marker effects. In each estimation round, the
marker with the most significant effect was
chosen as a fixed co-factor in the model.

3) Bayesian single-environmental analysis
In this Bayesian approach, multiple genes
were taken into account. Then the statistical
model was as follows:

Y=+ E.WI_ +&i (Eq.2)
A=)

where: Mij = effect of the ith marker genotype
of the jth line and n = number of markers.
The Bayesian analysis was implemented
using Matlab 7 (2007). The Markov Chain
Monte Carlo (MCMC) algorithm was run for
50 000 rounds.

4) Bayesian multi-environmental analysis
In a second step, the statistical model (Eq. 2)
of Bayesian single-environmental analysis
was extended to account for both multiple
genes and multi-environmental data:

Y, =p+ i'”" +E, + i”... 8y (Eq.3)

where: M., = effect of the ith marker genotype
of the jth line in the kth environment.
As this model is more complex, the algorithm
was run for 400 000 MCMC rounds.

In both single- and multi-environmental
Bayesian analysis, model selection and
parameter estimation was based on adaptive
shrinkage (Xu, 2003; Hoti and Sillanpaa,
2006). For further details see Bauer et al.
(2009).

Results and discussion

In general, the results of the REML analyses
are in accordance with the results of the
Bayesian multi-locus approaches (Bauer
et al., 2009). Several QTLs were detected
in all four analyses. This can be due to the
fact that in REML and in Bayesian multi-
environmental analysis often QTLs with a
significant marker main effect were found,
whereas significant marker interaction effects
were scarce. In contrast, there are also QTLs
that could be detected only with some of the
QTL-analyses.

In Bayesian multi-environmental analysis,
markers near to a significant QTL on the
chromosome were found to have negligible
effects. A reason for this observation could
be that the power to also detect markers
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with smaller effects is increased. In addition,
mixing properties of the MCMC-sampler
could be improved as there were several
coefficients at a single marker in the statistical
model.

In analyzing multi-environmental data in
a QTL-analysis, genetic correlations among
observations of the same line genotype
measured in different environments should
be considered (Piepho, 2000). As our dataset
included no replicated measurements,
it was not possible to account for this
genetic correlation. However, omitting this
correlation in the statistical model could
cause spurious QTL effects.

Comparing REML and Bayesian QTL
mapping strategies, a Bayesian analysis
can be computationally demanding. In our
study, on a Pentium IV 2.0 GHz processor,
the REML method took about 20 minutes,
whereas Bayesian analysis needed about 33
hours for the same trait. So, using a Bayesian
QTL method, it is important to program the
MCMC-sampler in an efficient way.

In conclusion, applying a Bayesian QTL
mapping approach that accounts for multiple
genes as well as multi-environmental data
seems to be a valuable method.
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Abstract

In order to translate the growing knowledge of
the sequence basis for phenotypic variation in
cereal vernalization response into outcomes
with practical benefits for UK and EU barley
breeders, we set out to systematically classify
and characterize allelic variation at VRN-H1
and the VRN-H2 candidate genes in a set of
429 European cultivated barley varieties. This
led to the identification of three new VRN-H1
alleles, and the development of a diagnostic
multiplex PCR assay for allelic state at
VRN-H1. Full sequencing of the VRN-H1
allelic series uncovers a complex pattern of
mobile element activity and recombination
in generating the spectrum of haplotypes
observed. We provide evidence that double-
stranded break repair by illegitimate
recombination plays an important role in the
creation of phenotypic diversity by mutation
at VRN-H1. In addition, using locus-specific
markers in conjunction with genome-wide
marker data, we demonstrate the ability
of association mapping to detect VRN-H1
and VRN-H2, despite their prominent role
in determining population sub-structure in
the varietal collection. Only four of the ten
VRN-H1 polymorphisms gave significant
associations, highlighting the potential for
candidate gene evaluation using association
mapping, even in highly structured elite
variety panels. Finally, comparison of allelic
diversity in elite, landrace and wild barley
collections shows spring VRN-H1 alleles
are present in wild germplasm, and that the
process of domestication has resulted in large

increases in their frequencies. In addition,
dramatic reduction of VRN-H1 haplotype
diversity is observed in modern cultivars,
indicating that allelic diversity at this locus
has yet to be fully exploited by breeders.

Introduction

The timing of flowering in cereal species
has major agronomic significance, as
alignment of seed development with
favorable environmental conditions helps
maximize grain yield. Cultivated barley
(Hordeum vulgare subsp. vulgare L.) is
predominantly classified as spring or winter
growth habit (GH), according to the effects
of low temperature on flowering time. Winter
varieties require a prolonged period of
vernalization (typically 6 weeks below 10°C)
to promote subsequent flowering, and are
normally planted in the autumn for harvesting
the following year. Spring varieties progress
to flowering without vernalization treatment,
and are typically sown and harvested in
the same year in the Northern Hemisphere.
The molecular genetics of vernalization
requirement in cereal species are relatively
well understood (reviewed by Cockram et
al., 2007a; Trevaskis et al., 2006). Cloning
of the major vernalization requirement
loci VRN-A"1 and VRN-A"2 in the diploid
wheat, Triticum monococcum L. (Yan et
al., 2003, 2004), has led to isolation and
characterization of orthologous genes at the
collinear barley vernalization response loci,
VRN-H1 and VRN-H2 (Schmitz et al., 2000;
Danyluk et al., 2003; Trevaskis et al., 2003,
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2006; Fu et al., 2005; Karsai et al., 2005;
von Zitzewitz et al., 2005; Dubcovsky et al.,
2005, 2006; Yan et al., 2004, 2005; Sziics et
al., 2006, 2007; Cockram et al., 2007b, c,
2008, 2009). A third barley vernalization
response locus, VRN-H3, has recently been
identified as a homologue of the Arabidopsis
floral pathway gene FLOWERING LOCUS
T (FT) (Yan et al., 2006). Characterization
of allelic variation in these genes has led
to the discovery that large deletions within
VRN-HL1 intron | are associated with spring
growth habit, and that the most widespread
spring allele at VRN-H2 co-segregates with a
deletion of the entire locus spanning the three
candidate genes (ZCCT-Ha, -Hb, -Hc). More
recently, it has been shown that VRN-H1
intron | deletion size confers distinct levels
of vernalization sensitivity (Szics et al.,
2007). This finding implies that the VRN-H1
locus, which is very often viewed by breeders
as having two allelic states (‘spring’ and
‘winter”), could potentially yield an allelic
series conferring a continuum of strengths of
vernalization requirement.

Knowing the identity of key genes
involved in agronomic traits opens up a series
of enticing breeding perspectives, ranging
from development of diagnostic markers for
selection of GH in winter x spring crosses,
to allele mining in diverse germplasm and
rational use of allelic variation for fine-tuning
flowering time to the target environment.
We set out to understand allelic diversity in
European barley at VRN-H1 and VRN-H2
with three questions in mind:

Which alleles are present in European
cultivated barley germplasm, and how are
they distributed?

Can we develop diagnostic markers that
are predictive of GH? If so, can these markers
be used as a test case in refining association
genetics methodology?

Does present-day allelic diversity trace
through to pools of wider variation in
landrace and wild barley gene pools, and are
novel alleles present?

Materials and methods

Samples of 429 spring, winter and facultative
barley varieties were obtained from thirteen
European Union countries, collected as part
of the GEDIFLUX project investigating the
impact of modern breeding on crop molecular
diversity (Reeves et al., 2004). Protocols
for DNA extraction, as well as phenotypic
evaluation, collection of passport data, and
further details of plant varieties have been
previously described (Chiapparino et al.,
2006; Cockram et al., 2007b). Details of
European barley landraces (195 accessions)
and  H.vulgare subsp.  spontaneum
germplasm (125 accessions) are described
by Jones et al. (2008). Cereal vernalization
locus nomenclature follows that described
by Dubcovsky et al. (1998). Although
formally a candidate gene, due to the volume
of experimental evidence we describe the
MADS-box transcription factor HvBM5A
as VRN-H1. The three closely linked genes
representing the ZCCT-H cluster (ZCCT-
Ha, -Hb and -Hc) follow the nomenclature
established by Dubcovsky et al. (2005).

Six single nucleotide polymorphisms
(SNPs) within VRN-H1 were selected for
genotyping across all barley germplasm:
three in the promoter (T-1948/C, A-1881/G,
T-1655/C,) two in intron VII (T + 14 567/C,
G + 14 585/A) and one in the 3 UTR (C +
14 828/G) (subsequently referred to as SNPs
1 to 6). Following the protocols listed in
Chiapparino et al. (2006), SNPs from varietal
material were detected by di-deoxy single-
base primer-extension chemistry using an
ABI PRISM® SNaPshot® Multiplex Kit
(Applied Biosystems), while those in landrace
and wild barley accessions were genotyped
by direct sequencing of PCR amplicons
using primers described by Cockram et al.
(2007b). Genotyping of the four markers
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distributed within the intervening regions
are described by Cockram et al. (2007b).
Assays diagnostic for allelic state at VRN-H2
were performed as described by Karsai et al.
(2005). VRN-H1 and VRN-H2 genotype data
for all varietal material is available on-line at:
http://www.niab.com/research_publications.
Complete sequencing of VRN-H1 intron |
was conducted from three varieties selected
from each VRN-H1 haplotype. Ultimately,
intron | deletion configuration for all lines
were determined by PCR/agarose-gel based
amplicon analysis, as described by Cockram
et al. (2007b). All VRN-H1 polymorphic
features are described relative to the
translation start site (+1 bp) in the ‘Strider’
allele (AY750993). VRN-H1 multiplex PCR
reactions were optimized and tested on a
panel of 111 modern UK barley varieties, as
described by Cockram et al. (2009).

Sequence data was assembled and inspected
for repeat motifs flanking deletion breakpoints
as previously described (Cockram et al.,
2007b, c). DnaSP (Rozas et al., 2003) was
used to identify homologous recombination
within the sequenced regions. Prior to input
into DnaSP, all InDels <42 bp were coded.
The 9.4kb region of VRN-H1 intron I
spanning all known major deletions (between
the 5’ and 3’ breakpoints of haplotypes 1B
and 4A, respectively) was removed from the
analysis.

Results and discussion

A survey of allelic variation at VRN-H1 and
VRN-H2 was undertaken in a collection
of 429 winter and spring barley cultivars,
assembled to represent successful varieties
across the main European barley growing
areas between the 1940s and 1990s. Initially,
partial VRN-H1 sequencing across a sample
of eleven varieties revealed five haplotypes. A

subset of six SNPs able to discriminate these
haplotypes was then applied across all 429
varieties. The inclusion of four PCR-based
InDel/SSR assays within intron | resulted in
screening a total of ten polymorphic features,
defining nine distinct VRN-H1 haplotypes in
the complete varietal collection (Cockram
et al., 2007b). Twenty-three representative
varieties over all observed haplotypes
(unrelated by pedigree) were then fully
sequenced to establish a robust consensus
sequence for each haplotype (although
we were only able to sequence across the
long TA repeat in the promoter in eight
varieties). The three winter varieties with the
predominant VRN-H1 1A haplotype (found
in 97% of winter lines) were identical across
all of the 16 kb sequenced region, with no
major intron | polymorphisms relative to
the winter ‘Strider’ VRN-H1 allele. One
of the three varieties initially thought to
belong to haplotype 5B was found to possess
a much smaller intron | deletion, as well
as a contrasting phenotype relative to the
remaining two lines. This variety (‘Express’)
possessed a 0.4 kb deletion within the solo-
LTR found in all winter alleles, as well as a
pattern of SNP and additional polymorphisms
quite distinct from the “Igri’ 1A haplotype.
All other spring varieties were divided among
the remaining seven VRN-H1 haplotypes,
almost all of which contain intron | deletions
of >3.9kb (Figure 1). Spring haplotype 2
was unique in that no large intron I deletion is
observed. However, a transposable element
(TE) is present within the highly conserved
5’ end of intron I. Additionally, the presence
of promoter SNPs common to spring
haplotypes 4A and 4B indicate homologous
recombination within the promoter of
a spring. The marker combination used
ultimately permitted identification of all
major intron | re-arrangements, verified in
the complete collection by PCR amplification
across breakpoints. These analyses resulted in
the discovery of three previously undescribed
alleles, and by revealing the existence of
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Figure 1. Diagram of intron I configuration in spring (S) and winter (W) VRN-H1 alleles.
The sizes of major intron | deletions (haplotypes 1B, 3, 4A, 4B, 5A, 5B, 5C) and insertions
(haplotype 2, grey triangle) are indicated. Regions of intron | nucleotide conservation between
barley and T. monococcum are shaded in grey. Previous studies (von Zitzewitz et al., 2005)
describe a 0.44 kb region immediately downstream of the 5’ breakpoint in haplotype 3 as the
most likely to harbor the “vernalization-critical’ region. The deletion breakpoint series identified
here shows that the minimal ‘vernalization-critical’ region could be more diffuse, as spring
alleles with an insertion upstream (haplotype 2) and downstream (haplotype 5B) of the 0.44 kb

region are observed.

rare spring and winter alleles that would
previously been mis-diagnosed by existing
assays, has paved the way for a predictive
diagnostic molecular assay for GH.
Homologous and illegitimate
recombination and transposable element
activity underlie VRN-H1 haplotype patterns
Complete sequences of the nine distinct
VRN-H1 alleles described above, ranging
in size from 7 to 16 kb, were analyzed
as follows: firstly, putative TEs were
annotated by searching for inverted and
long terminal repeat-type structures using
dotplots, einvert (http://bioweb2.pasteur.
fr/) and homologies to annotated Triticeae
repeats in TREP (http://wheat.pw.usda.
gov/ITMI/Repeats/). A Loloag solo-LTR is

situated within intron 1. Two MITEs were
identified, both in intron I. The first is found
towards the 5’ end in haplotypes 2, 5B and
5C. Although this MITE in present in the
North American winter variety Strider, it
is not found in the three European winter
alleles sequenced. The second MITE is
located at the 3’ end of intron | in haplotypes
1A, 1B and 2, and is responsible for the
polymorphic feature previously referred to
as the 42 bp InDel (Cockram et al., 2007b).
Finally, two additional regions flanked by
imperfect inverted repeats were identified:
a 317 bp region within the promoter (-1914
to -1598) with high homology to wheat EST
whdp15004 (2e-72), and a 395 bp region
in intron Il (+12 244 to +12 638) highly
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similar to barley TIGR transcript assembly
TA49820_4513 (4e-57).

Remaining InDels >50bp  whose
sequence did not match known TEs were
treated as deletion events, and the border
regions analyzed. We found the majority
of the large intron | deletions present in
spring alleles are flanked by short (3 to 7 bp)
nucleotide repeats, characteristic of double
stranded break (DSB) repair of DNA by non-
homologous recombination (Puchta, 2005).
Short sequence repeats are also found flanking
promoter and intron | deletions thought to
result in spring alleles at orthologues VRN-
1 genes in diploid and hexaploid wheat.
Furthermore, the location of all promoter
deletions and four of the intron | deletion
breakpoints <16 bp from the borders of TEs
suggests insertion/excision events may play a
role in the formation of DSBs. The resulting
deletions are thought to lead to the mutation
of winter alleles into spring alleles by
deletion of putative vernalization responsive
cis-elements within intron 1. We find short
sequence repeats also flank deletions that
result in loss of photoperiod sensitivity in
wheat photoperiod locus Ppd-D1 (Beales
et al., 2007). Although previous studies
of truncated transposable elements (TEs)
show non-homologous recombination has
profound implications for reduction of plant
genome size (reviewed by Bennetzen, 2007),
the action of this mechanism on sequences
other than TEs has not been extensively
documented. We report the first examples
in which this mechanism is implicated in
the creation of naturally occurring adaptive
variation in plants (Cockram et al., 2007c).

Homologous  recombination  within
VRN-H1 was also in evidence. DNASp
analysis suggested a minimum of four
recombination events where all four gametic
types were present, and these could be
pinpointed to crossovers within as little as
134 bp. An example of this is illustrated in
Figure 2, where a double recombination has
occurred in haplotype 4B, resulting in the

‘insertion’ of the 5.2 kb deletion and flanking
sequence found in the more frequent 5A
haplotype, into a sequence context otherwise
characteristic of spring haplotype 4A.

Genotyping the European varietal collection
for the three candidate VRN-H2genes allowed
prediction of GH based on multi-locus
VRN-H1 and VRN-H2haplotypes, according
to the model of vernalization control. Only
two ZCCT-H genotypes were observed:
presence (+Z) or absence (-Z) of all three
ZCCT-H genes. When VRN-H1 and VRN-
H2haplotypes were considered together,
eight of the nine VRN-H1 haplotypes divided
into +Z and —Z groups, resulting in a total
of 17 two-locus haplotypes. A multi-locus
haplotype accurately predicted GH in all
but one of the 429 varieties. The exception
(cv. Xenia), which carried a ‘winter’ 1A+Z
haplotype, flowered earlier than winter
varieties but later than the latest spring
variety assessed. Full sequencing of VRN-H1
in this variety provided no explanation for the
observed phenotype. Sequencing of ZCCT-H
genes in this variety is in progress. Curiously,
all 309 spring varieties investigated contained
spring alleles at VRN-H1, despite the genetic
model predicting that spring alleles at either
locus result in spring GH. We suggest this
distribution may reflect the relative mutation
frequencies, combined with the comparative
ease with which dominant alleles (i.e. spring
VRN-H1 alleles) could be selected over
recessive ones (spring VRN-H2alleles),
with the resulting skew in landrace allele
frequencies evident in the modern cultivars
that succeeded them (Cockram et al., 2007b).

Having categorized spring and winter
VRN-H1 haplotypes in European germplasm,
we then wished to design a PCR assay able
to discriminate between them. Such an assay
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could find application in a variety of situations,
from seasonal growth habit selection within
breeders’ crosses, to characterization and
management of germplasm collections. In
the previously described PCR assay (Fu et
al., 2005), winter alleles are indicated by
amplicons of 403 bp, while no products are
amplified in lines containing spring alleles.
However, this assay would incorrectly predict
allelic state in VRN-H1 haplotypes 2 (spring)
and 5C (winter). To overcome this, and to
provide an internal positive control for spring
alleles, we designed a multiplex PCR reaction
diagnostic for all known spring and winter

gVRN-H1 cv 'lgri’

Exon |

VRN-H1 alleles (Figure 3) (Cockram et al.,
2009). This assay was tested over a selection of
111 contemporary barley varieties released to
the UK Recommended Lists between 2002 and
2006. Unlike the Europe-wide GEDIFLUX
barley collection (which relied on gene bank
passport data for a description of vernalization
requirement), this collection was assessed
for GH under unified phenotypic evaluation
during the process of varietal registration,
following Union for the Protection of New
Varieties of Plants (UPOV) procedures (http://
www.upov.int/en/publications/ tg_rom/ tg_
index_numerical .html).
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Figure 2. SNP profile of exemplar varieties selected from each VRN-H1 haplotype (region
shown: -325 to +10 974 bp). Evidence for homologous recombination between haplogroup 4
and haplogroup 5, resulting in haplotype 4B (in which a 5.2 kb intron | deletion and flanking
genomic regions is inserted into an otherwise haplotype 4A genomic context). Genomic regions
spanning the major intron | deletions present in the VRN-H1 allelic series (+327 to +9734) have
been removed from the analysis. InDels/SSRs <42 bp are coded. Sequence analysis localizes 5’
and 3’ recombination points to 105 and 346 bp regions, respectively.
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Figure 3. Single-well multiplex VRN-H1 PCR
assay. Representative varieties from VRN-H1
haplotypes are as follows: 1A (‘Pelican’),
1B (‘Etu’), 2 (‘Dram’), 3 (‘Beatrice’), 4A
(“Triumph’), 4B (‘Maris Cannon’), 5A
(‘Pohto’), 5B (‘Pegasus’), 5C (‘Express’).
Haplotypes 1A and 5C represent winter
alleles; the remaining seven haplotypes are
spring. L =1 kb DNA ladder.

When combined with genotypic scores for
the ZCCT-H locus, perfect agreement between
predicted and recorded GH was achieved for
all winter and spring varieties. Interestingly,
the only ‘alternative’ variety (cv. Angela)
possessed a winter 5C+Z haplotype, raising
the possibility that the rare 5C allele confers
a weaker vernalization response than the
predominant 1A allele. Further investigation
of this hypothesis is under way.

Having empirically reached a near perfect
correlation between known vernalization
requirement and haplotype, we set out to use
this knowledge as a test case for association
mapping of a major gene trait. Varietal
collections used for association mapping in
cereal species invariably possess significant
population sub-structure due to factors such as
pedigree, geographical origin and phenotype.
Initial analysis with 183 genome-wide markers
using principle component analysis (PCoA)
indicated structure existed, predominantly
due to GH and ear-row number. The first two
principle components accounted for 23% of

the variation, showing significant structure still
remained. Using the program STRUCTURE
version 2.2 (Pritchard et al., 2000; Falush et
al., 2003), we found the optimum number of
sub-populations to be 4. We then contrasted
three  association analysis approaches:
Structured  Association (SA), Genomic
Control (GC), and a combination of SA+GC.
We find that after statistical correction, the
genome-wide partitioning effect of allelic
status at VRN-H1 and VRN-H2does not result
in the high levels of spurious association
expected to occur in highly structured samples
(Cockram et al., 2008). Furthermore, a
combination of SA+GC resolved the VRN-H1
and VRN-H2 loci, despite their prominent
role in defining population sub-structure
(Figure 4). Only a sub-set of the VRN-H1
markers gave significant associations. These
results illustrate the feasibility of association
mapping in identifying and prioritizing genetic
polymorphisms, even within highly structured
samples.

Towards understanding the effects of
domestication on allele variation and
frequency, we haplotyped VRN-H1 in
landrace and H. vulgare subsp. spontaneum
germplasm. In wild barley, the mean number
of haplotypes per accession was 0.2328.
This fell by 18% and 88% in landrace and
cultivated European varieties, respectively
(Figure 5). A reduction of 78% in haplotype
diversity between wild barley and landraces
has previously been documented at the
Ppd-H1 locus in barley (Jones et al., 2008).
This is comparable to reductions in diversity
seen between domesticated maize and its
wild progenitor (Tenaillon et al., 2004).
Winter GH is characteristic of the
wild ancestor of cultivated barley, and is
regarded as the ancestral phenotypic state.
Interestingly, we show that spring VRN-H1
alleles are present in wild germplasm,
indicating that pre-existing functional
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mutations at VRN-H1 were utilized during
the Neolithic spread of barley domestication.
However, evidence that domestication is a
continuous process, rather than a single event,
is supported by the presence of cultivated
VRN-HL1 alleles of apparent recent origin:

the double recombination event thought
to have occurred in spring haplotype 4B
(Figure 2) is absent from landrace and wild
barley germplasm. Similarly, although spring
haplotype 1B (which contains a 3.9 kb intron
I deletion, and whose sequence is otherwise
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Figure 4. Association mapping of growth habit (GH) in barley. Association of GH with mapped
genetic markers using association (SA K =1), Genomic Control (GC), SA with a population
sub-structure = 4 (SA K = 4) and SA with population sub-structure = 4 plus Genomic Control
(SAK =4 & GC). GC was performed using the robust mean of LRT for the unmapped S-SAP
markers. (A) All mapped markers. Distance between markers is proportional to scale (cM).
(B) Detailed view of mapped markers on chromosomes 4H and 5H (SA K =1 not shown).
Associations between marker and GH are considered significant above P = 0.05/marker number
(Bonferroni correction). Distance between markers is not to scale.
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Figure 5. VRN-H1 haplotype frequencies in H. vulgare subsp. spontaneum (116 accessions), barley
landraces (183 accessions) and elite varieties (429 accessions). The average number of haplotypes per
accession is shown in parentheses. Colored haplotypes represent those present in two or more gene pools;
white haplotypes are unique to the gene pool in which they are found. Hatched regions present the number
of haplotypes with a frequency of 1. VRN-H1 haplotype designation is indicated for elite cultivars, as

described by Cockram et al. (2007b).

identical to that of winter haplotype 1A) is
relatively common in landraces, it was not
observed in H. vulgare subsp. spontaneum.
Of the remaining five cultivated spring intron
I re-arrangements, four can clearly be traced
back to wild germplasm. In addition, we
have identified one novel intron | deletion
(possessing flanking short sequence repeats)
in wild barley. Further investigation is
required in the remaining eleven accessions
of undetermined intron | structure.

The predominant cultivated winter allele
(haplotype 1A) was observed in only one
wild accession, from Afghanistan. A closely
related haplotype differing only at SNP2 is
well represented in wild germplasm, and is
associated with late flowering under long-day
photoperiods in the absence of vernalization
(JC, HJ, unpublished data). It is possible that
gene flow into wild germplasm explains the
presence of the 1A haplotype in the Afghan
accession. Alternatively, it could indicate the

geographical source of the European winter
allele, which co-exists with the closely
related wild haplotype in landraces. Further
investigation into the genome-wide genetic
profile of this accession is needed to help
clarify its significance. In contrast, the rare
cultivated winter 5C haplotype can be clearly
traced back to the wild gene pool via landrace
germplasm.

Conclusion

We hope that understanding the allelic
range of key genes carried into modern-day
varieties during domestication will facilitate
the systematic utilization of cultivated and
wild germplasm for varietal improvement.
This provides the genetic tools to allow pre-
breeding activities to deliver phenotypically
characterized allelic ranges and combinations
to modern breeding programs, for precise
tailoring of varieties to agro-environments
and end use.
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Abstract

We used a doubled-haploid (DH) mapping
population derived from the cross BCD47
x Baronesse as a tool to analyze the genetic
factors controlling flowering date under
Uruguayan conditions. Both parents have
similar heading dates but the population
shows transgressive segregation. Two
QTLs—on chromosomes 2H and 3H—
explained most of the phenotypic variation
for anthesis date, with Baronesse contributing
late alleles in 2H and BCD47 in 3H. We
performed QTL analyses on the lengths of
three plant developmental periods: plant
emergence to tillering (SE-Z20), tillering
(Z20-Z30), and end of tillering to anthesis
(Z30-z65). We detected period-specific
QTL effects coincident with the main
anthesis date QTL. The QTL effects on 2H
(in the EBmac684-Bmac093 interval) were
coincident with QTLs for the E-Z20 and
Z30-Z65 periods, whereas the QTL effects
on 3H (in the EBmac684-Bmac093 interval)
were coincident with QTL effects for the
length of the Z20-Z30 period. Each of the two
QTLs for the end-point phenotype—anthesis
date—was a determinant of flowering at a
different developmental stage.

Introduction

Phenology is a key factor in the adaptation of
crop plants to environments and management

practices. Heading (anthesis) date is a
critical determinant of yield potential in
barley (Hordeum vulgare subsp. vulgare) in
Uruguay (because heading date initiates the
grain filling period, a trait that is a principal
determinant of yield and quality.

Barley is planted in Uruguay in June-
July and harvested in November. Winters
are mild and temperatures increase rapidly
during the spring. Cultivars have little or no
vernalization sensitivity (sensu Sziics et al.,
2007) and varying degrees of photoperiod
sensitivity. Anthesis at the end of September
to beginning of October leads to grain
filling under optimum conditions. Anthesis
beyond those dates leads to grain filling
under unfavorably high temperatures, with a
decrease in yield and grain quality.

Anthesis date in barley is determined by
(i) vernalization response (Takahashi and
Yasuda, 1970), (ii) photoperiod response
(Roberts et al., 1988) and (iii) earliness
per se (Gallagher et al., 1991). Ellis et al.
(1989) defined the last-named in terms of
temperature-sensitivity genes. Laurie et
al. (1995) mapped several of the major
genes governing these traits. QTL analyses
of numerous mapping populations have
identified many QTLs that determine heading
date, located on all seven chromosomes.

We used QTL analysis to understand
the genetic basis of phenology in Uruguay,
with the cv. Baronesse x BCD47 mapping
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population as a tool (Castro et al., 2007).
The two parents of the mapping population
have similar anthesis dates but the
population shows transgressive segregation.
We measured anthesis date in eight field
experiments, using different planting dates
over three years and two locations, and
detected five QTLs, on four chromosomes,
for this trait. Two additive QTLs explained
most of the phenotypic variation for anthesis
and physiological maturity. Non-parental
combinations of alleles at these loci account
for the phenotypic transgressive segregation.
Candidate genes for these QTL effects are
eps2S (2H) and denso (3H). In order to
understand the basis for additivity of both
QTLs and the population phenology, we
pursued more extensive characterization
of the different phases of the emergence-
anthesis period.

Materials and methods

BCD47 and Baronesse are the parents of
the mapping population. BCD47 (Orca/
Harrington*2//D-1-72) is a two-row spring
habit doubled-haploid (DH) line developed
via marker-assisted selection for barley
stripe rust (BSR) resistance alleles at
Oregon State University. Baronesse (343-
6/V34-6//T-427/3/ORIOL/6153-P40) is a
two-row spring habit European variety. The
mapping population was developed using
the H. bulbosum method. In this study, a
representative sample of 100 lines was used.
The whole population was genotyped and a
linkage map was constructed using a total of
59 molecular markers, as described in Vales
et al. (2005).

Two experiments, one in the field and one
in the greenhouse, were used to determine
the components of the emergence-anthesis
period, both performed at the “Dr Mario A
Cassinoni” Experimental Station (EEMAC),
at Paysandd (58°03° W, 32°55’ S). The field
experiment was planted on 6 July 2006, using
a randomized complete block augmented
design with six replications and 20 DH lines

per block plus the parents and six checks
(cvs. Clipper, Estanzuela Quebracho, INIA
Ceibo, Nortefia Dayman, Nortefia Carumbé
and Per(n). Plots were planted using a
Wintersteiger plot drill and consisted of
six, 4-m-long rows, with 0.15m between
rows, and 0.45m between plots. Growth
stages (Zadoks et al., 1973) recorded were
seed emergence (SE), beginning of tillering
(Z20), beginning of stem elongation (Z30)
and awn emergence. Awn emergence was
recorded when awns of 50% of the plants
were approximately 1 cm above the flag leaf
sheath, and was considered an estimator of
anthesis (Z65). We used the length of the
different phases of the SE-Z65 period (SE-
Z20, Z20-Z30 and Z30-Z65) as dependent
variables in our analysis.

The greenhouse experiment was planted
on 24 August 2006, using 58 cm x 36 cm
plastic containers, with three rows of 10 seeds
per container, each row with a different line.
The 100 lines plus the parents were included.
Seedling emergence and date of emergence
of the first tiller were recorded.

All variables were recorded in days and
growing degree days (GDD), using a base
temperature of 0°C. For the statistical and
QTL analysis, GDD data was preferred when
available.

The QTL analysis was performed using the
composite interval mapping (C1M) procedure
(Zeng, 1994) implemented in Windows
QTL Cartographer 2.5 (Wang et al., 2005).
Up to 15 co-factors for CIM were chosen
using a stepwise regression procedure with
a significance threshold of 0.05. Walk speed
was set to 2 cM and the scan window to 10 cM
beyond the markers flanking the interval
tested. An LR threshold of 11.5 was used.
Epistatic interactions between QTLs were
evaluated with the Multiple Interval Mapping
(MIM; Kao et al., 1999) tool implemented in
Windows QTL Cartographer using Bayesian
Information  Criteria  (BIC-MO0). QTLs
detected through QTL Cartographer were
confirmed using an approach analogous to
candidate gene analysis where the genotypes
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at the QTL region (determined through the
genotype of the markers at that region) are
used as independent variables. The treatment
design was a 2 x n factorial, where n is the
number of genome regions considered, based
on QTLs detected by the QTL analysis.
Statistical analyses were performed using
the GLM procedure of SAS 9.0 (SAS Inst.,
2004). QTL and statistical analysis were
performed for all traits using days and degree
days-1.

Results and discussion

We detected QTL for all the plant
developmental periods analyzed, which
were coincident with the two major QTLs

LR
¢

previously detected for anthesis (on
chromosomes 2H and 3H) (Figure 1 and
Table 1). The QTL region on chromosome
2H (located in EBmac684-Bmac093) had
coincident QTL effects on SE-Z20 and Z30-
Z65, while the QTL region on 3H (located
in the Bmag606-Bmag013 interval) had
significant QTL effects on Z20-Z30. None
of the analyzed periods was affected by more
than one QTL region.

In all cases, there was coincidence in the
alleles determining shorter periods: BCD47
on 2H, and Baronesse on 3H (Tables 1 and
2). The phenotypic mean values for the DH
lines, sorted by their allele genotypes at 2H
and 3H (Table 2), reveal the basis of the
observed phenotypic variation.
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Figure 1. QTL scans for growth stages SE-Z20, Z20-Z30, Z30-Z65 and SE-Z65 (only
chromosomes 2Hb and 3H shown) superimposed on the corresponding linkage map of BCD47

x Baronesse.
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Table 1. Summary of QTL effects detected on the duration of growth stages SE-Z20, Z20-Z30,
Z30-265 and SE-Z65, with chromosome location, marker interval on which the QTL is located

and Rz explained by each QTL. Empty spaces mean lack of detected QTL effect.

Chromosome Marker interval S_horter Plant developmental period
period allele SE-Z20 Z20-z30 Z30-Z65 SE-Z65

2H EBmac684-Bmac093  BCD47 12.8 15.7 18.0

3H Bmag606-Bmag013  Baronesse 53.3 9.8

Table 2. Mean values of SE-220, Z20-730, Z30-Z65 and SE-Z65 for lines according to their

genotype on the QTL regions on 2H and 3H.

Alleles present on the QTL

Average length (in days) of the plant developmental period

2H 3H SE-Z20 Z20-Z30 Z30-265 SE-Z65

BCD47 Baronesse 14.8 41.5 18.8 72.2

BCDA47 BCD47 14.9 46.2 18.5 76.0

Baronesse Baronesse 15.6 42.0 23.9 77.5

Baronesse BCD47 155 47.0 20.5 79.0
The gene candidate for the QTL on 2H, Acknowledgements

as mentioned above, was eps2S, which is an
earliness per se gene (Laurie et al., 1995).
The effect of the BCDA47 alleles at this QTL
indicate that this gene affects the length of
the SE-Z20 and Z20-Z30 periods, which
roughly means affecting early juvenile and
pre-anthesis growth, without affecting the
length of the tillering period. The candidate
for the QTL on 3H was the denso dwarfing
gene, with BCD47 contributing the dwarfing
alleles. Our results showed that BCD47
alleles at this locus increase the length of the
tillering period (Z20-Z30) without affecting
the rest of the SE-Z65 period, which agrees
with the description of the gene (Laurie et al.,
1995).

The causes of the previously detected
additive effect on anthesis date of alleles at
these large-effect QTLs was intriguing, and
our results show that each QTL affected
different and specific processes and the
additivity was a result of the use of an end
point phenotype composed of independent
phenotypes, each one affected by specific
QTLs.
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Abstract

The rachilla is an organ found in the
inflorescence of grasses. In barley, there are
hairs on the rachilla surface and qualitative
genetic variation exists in rachilla hair length.
Most barley accessions are classified as long
rachilla hairs, but there also exists a small
proportion of variant with short rachilla
hairs. Short rachilla hair is controlled by a
recessive gene srh located on the long arm
of chromosome 5H. It shows a skewed
geographical  distribution  toward the
Occidental regions. These characteristics
make it an attractive trait to study the
phylogeny of barley. The objective of the
present study was a rough mapping of srh
using publicly available markers. A total of
38 markers (one STS, 12 SSR and 25 EST)
assigned to the 5HL arm were evaluated
for polymorphism between the parents
of mapping populations (five long- and
three short-rachilla-hair cultivars). Three
monomorphic EST markers were converted
into polymorphic CAPS markers. An F,
population of 96 plants derived from a cross
between Honen 6 (long rachilla) and Morex
(short rachilla) was selected for mapping
because of high polymorphism presence. In
our genetic map of 5HL, srh was mapped
between two markers at a distance of 1.6 cM
and 0.5 cM on the proximal and distal sides,
respectively. These flanking markers will be
useful for fine mapping of srh.

Introduction

Barley (Hordeum vulgare L.) is the fourth
most important cereal crop in the world after
wheat, maize and rice (FAOSTAT data).
It is one of the oldest of the domesticated
cereals and had significant roles in the
history of agriculture, especially during the
development of Neolithic culture (Salamini
et al., 2002). Barley is widely grown in
many climates of the world, ranging from
the Artic Circle, further north than any other
cereal, to the arid climates of Sahara, the
high plateaus of Tibet, and the tropical plains
of India. It has developed a diversity of
easily classifiable hereditary morphological
traits during evolution (Poehlman, 1987).
These characteristics have made barley a
model species for genetic research. Linkage
maps were developed by the conventional
mapping procedures for each of the seven
chromosomes in barley and large number of
genes were identified that condition simple
morphological characters. Over the last
decade, a great number of studies have been
directed at research on molecular markers
and genetic diversity for conservation and
utilization of barley (von Bothmer et al.,
2003).

The phylogenetic study of a crop is a
multidisciplinary ~ approach ~ combining
the use of genetic, archaeological and
phytogeographical methods. Barley
geneticists are intensively researching
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morphological traits that are considered key
domestication characters, like brittle and non-
brittle rachis, row type and covered vs naked
kernels. Takahashi (1955) provided evidence
of genetic differentiation between two
distinct groups in world barley, an Oriental
group and an Occidental group, based on
his genetic analyses of rachis brittleness.
He placed barleys grown in China, southern
Japan and South Korea in the Oriental
group, and barleys from the rest of the
world in the Occidental group. Komatsuda
and Mano (2002) conducted molecular
mapping of non-brittle rachis, an important
character in studying the evolution of barley.
Komatsuda et al. (2004) reported that the
non-brittle rachis of Occidental barley lines
is controlled by btrl on chromosome 3H,
while non-brittle rachis of Oriental barley
lines is controlled by a major gene btr2 on
chromosome 3H and two quantitative trait
loci on chromosomes 5HL and 7H. This
result suggests multiple mutations of the
genes involved in the formation of non-brittle
rachis in Oriental lines. Tanno et al. (2002)
studied the origin of six-row domesticated
barley using a DNA marker cMWG699
closely linked to the vrsl locus. Kikuchi et
al., (2003) developed a fine map around the
nud locus on the long arm of chromosome
7H using High Efficiency Genome Scanning
electrophoresis (HEGS) combined with
AFLP. Taketa et al. (2004) studied the origin
of naked barley by molecular variation of
the SCAR marker sKT7 tightly linked to
the nud locus. It was concluded that naked
barley has a monophyletic origin, probably
in southwestern Iran, either directly from
wild barley or from a hulled domesticated
line. The geographical distribution suggested
migration routes of naked domesticated
barley in central and eastern Asia.

Despite intensive genetic studies of
key morphological traits with the help of
molecular techniques, little consensus exists
regarding the evolution and domestication
processes of barley. Many believe, on the

basis of genetic and morphological evidence,
that barley was domesticated multiple
times (Molina-Cano et al., 1999; Morrell
and Clegg, 2007; Saisho and Purugganan,
2007), while others think that the crop was
domesticated once only (Badr et al., 2000;
Blattner and Mendez, 2001). Therefore, in
addition to the key domestication characters,
many other morphological traits in barley
such as short rachilla hair, smooth awn, leaf
pubescence and spike density should be
analyzed to accumulate information about
evolution and domestication of barley.

The rachilla is the diminutive axis of a
spikelet in grasses that bears the florets. The
rachilla in barley is markedly reduced to a tiny
rod-shaped organ. Genetic variation exists in
hairs on the rachilla surface and in rachilla
length. Although the adaptive importance of
rachilla characters is not known, these are
among the best taxonomic characteristics
in barley (Takahashi, 1955; Kebebew et al.,
2001). Two distinct types of rachilla hairs,
long straight and short forked, is a monogenic
trait (Figure 1). The long-haired condition
is dominant. Short rachilla hair is a simply
inherited morphological character that has
been used to assess genetic diversity in barley
by plant genetic resources scientists and for
testing the distinctiveness and uniformity of
varieties by barley breeders (Parzies et al.,
2000). Short rachilla hair is controlled by
a recessive gene srh that is located on the
long arm of chromosome 5H, about 26.8 cM
proximal from the smooth awn gene rawl
(Kleinhofs et al., 1993; Franckowiak, 1997;
Lundqvist et al., 1997; Costa et al., 2001;
Kraakman et al., 2006). It was found that
whereas all the varieties of the Oriental region
and only a part of the Occidental varieties
have long rachilla hair, a large number of
varieties with short rachilla hair are found
in the Occidental region (Takahashi, 1955).
This interesting geographical distribution of
short rachilla hair makes it a useful character
in studying the evolutionary pattern of
domesticated barley.
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Honen 6 (Long rachilla hair)

Morex (short rachilla hair)

Figure 1. Long rachilla hair in Honen 6 (left) and short rachilla hair in Morex (right).

Molecular markers have been a subject
of intensive research. During recent
decades, many genetic maps of the barley
genome have been developed, based on
allelic variation at different loci, using
restriction fragment length polymorphism
(RFLP), random amplified polymorphic
DNA (RAPD), sequence-tagged site (STS),
simple sequence repeat (SSR), amplified
fragment length polymorphism (AFLP),
and expressed sequence tag (EST) markers
(Graner et al., 1991; Kleinhofs et al., 1993;
Mano et al., 1999; Ramsay et al., 2000; Costa
et al., 2001; Sato et al., 2004; Kraakman
et al., 2006). Molecular maps are being
continuously enriched by new markers and
are being increasingly used in genetic studies.
Integration of morphological characters with
these maps has facilitated genetic studies
of morphological traits. Since a number of
marker assays are available now, it provides
an opportunity to choose a suitable marker
system on the basis of objective, convenience
and cost.

The present research was conducted for
the genetic analysis of short rachilla hair in
barley. Available DNA markers and sequence
information was utilized to develop more

tightly linked polymorphic markers in an
attempt to provide new insight on the origin
and evolution of barley.

Materials and methods

Five long-rachilla-hair barley varieties—
Honen 6 (Japan), Mut 3041 (Europe), Haruna
Nijo (Japan), Aizuhadaka 3 (Japan), Kodoku
Shirazu (Japan)—and three short-rachilla-
hair varieties—Morex (USA), Shogor 3
(Pakistan), Karafuto Zairai (Russia)—were
used in the experiment. Seed of these varieties
was obtained from the barley germplasm
collection of Okayama University, Japan. A
segregating F, population of 96 plants was
developed from the cross combination Morex
x Honen 6 (Figure 1 shows the rachilla hairs
of the two parents) and was planted in the
field during winter 2005-06. An F, progeny
test was conducted by planting twenty F,
plants from each F, plant in the field during
winter 2006-07 to estimate the genotypes of
F, plants. Data were recorded in the various
varieties, the F, population Morex x Honen
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6, and the F, population planted for progeny
test, for rachilla hair as long or short, and
awn barbs as rough or smooth. On the basis
of the progeny test, genotypes of plants
were determined. Homozygous recessive,
homozygous dominant and heterozygous
plants were labelled as A, B and H,
respectively, for rachilla hair and awn barbs.
Segregation analysis of rachilla hair and awn
barbs in the F, population was performed
using Pearson’s chi-square test (Tamarin,
2002).

DNA was extracted from barley varieties
and mapping populations using a modified
form of an SDS-based method (Csaikl et
al., 1998). The eight barley varieties being
used in the experiment were evaluated for
polymorphism using SSR markers on the
long arm of chromosome 5H reported by
Ramsay et al. (2000). These markers included
EBmac0518, EBmMac0970, EBmac0684,
Bmag0760, HVYM30, Bmag0223, Bmag0812,
HvLOX, GMS061, EBmac0824, GMS027
and Bmag0222. Genotyping of the Morex
x Honen 6 population of 96 F, plants was
performed using the SSR primers Bmag0223,
Bmag0812 and GMS027.

Parents of the mapping population were
evaluated using the STS primers MWG522T7
5" AACCTCTTGTTACAAATGTCATGT
G 3’andMWG522T3 5’ TGCATGTAGG GG
CTAGTTACTATAA 3’ (Sayed-Tabatabaei et
al., 1998) that are derived from the RFLP
marker MWG522 that is reported to be linked
with a short-rachilla-hair gene (Costa et al.,
2001). Direct sequencing of PCR products
with primers MWG522T7 and MWG522T3
was performed using a BigDye® Terminator
v3.1 Cycle Sequencing Kit. TA cloning of
PCR products was performed using TOPO
TA Cloning® with vector pCR2.1, and three
clones of each PCR product were sequenced.
Sequence alignment was performed using the
software GENETY X Version 7 to check for

polymorphism between the parents.

EST markers reported by Sato et al. (2004)
on the long arm of chromosome 5H were
used to assess polymorphism between Morex
and Honen 6. The varieties were evaluated
using primers for 25 EST markers reported
to be on the long arm of chromosome
5H. The primers for these markers were
provided by the Research Institute for
Bioresources, Okayama University. Three
cleaved amplified polymorphic sequence
(CAPS) markers—k06844KU, k06860KU
and k06288KU—that showed polymorphism
between long-rachilla-hair variety Honen 6
and short-rachilla-hair variety Morex were
derived from EST markers and used for
genotyping of the mapping population.

Direct sequencing of PCR products of Morex
and Honen 6 with primers k06844, k03081,
k06860, k06288, and k03075 was performed
using a BigDye® Terminator v3.1 Cycle
Sequencing Kit. Polymorphism between
sequences of PCR products of Morex and
Honen 6 for these primers was examined
by sequence alignment using the software
GENETYX Version 7.

Polymorphic sites of DNA sequences
of Morex and Honen 6 were analyzed for
detection by restriction enzymes using
NEB Cutter version 2.0 (available at http://
tools.neb.com/NEBcutter2/index.php),
and dCAPS Finder 2.0 (available at http://
helix.wustl.edu/dcaps/dcaps.html). DNA
sequences of PCR products obtained by
the three EST primers k06844, k06860 and
k06288 showed polymorphic sites that can
be detected by restriction enzymes. Three
CAPS markers—k06844KU, k06860KU
and k06288KU—were developed. The
chromosomal locations of these markers
were confirmed using wheat-barley whole
chromosome addition lines and di-telosomic
addition lines.
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Linkage analysis was performed for short
rachilla hair (srh) and awn barbs (rawl) loci
with three SSR and three CAPS markers,
using the mapping population. Recombination
values were calculated by Mapmaker \Version
2.0 and a genetic linkage map was constructed
based on LOD scores greater than 3.0. Map
distances were calculated using the Kosambi
function (Lander et al., 1987).

Results

Segregation analysis of rachilla hair and awn
barbs in the F, population from the cross
‘Morex’ x “Honen 6’ was conducted using
chi square test (Table 1). The segregation
ratio for rachilla hair did not fit the expected
Mendelian ratio of 1:2:1, indicating that there
is segregation distortion due to an excessive
number of heterozygous plants among those
with long rachilla hair.

PCR analysis of 12 SSR markers reported
by Ramsay et al. (2000) on the long arm
of chromosome 5H using 8 barley cultivars
showed a high level of polymorphism
between Morex and Honen 6. Three SSR
markers were used for genotyping of the
mapping population (Figure 2).

STS marker MWG522, developed from an
RFLP marker linked with a short-rachilla-hair
gene (Costa et al., 2001) was used for PCR
analysis of Morex and Honen 6 using primers
MWG522T and MWG522G. No length
polymorphism was observed. Sequence
analysis of PCR products showed that there
is no polymorphism that could be detected by
restriction enzymes. Therefore, this marker
cannot be used to develop a polymorphic
CAPS marker for Morex and Honen 6.

Morex and Honen 6 were evaluated
for polymorphism using 25 EST markers.
Dominant polymorphism was found in the
case of k01026 and k04772. Since these
markers are linked with short rachilla hair
in repulsion phase, these cannot be used for
mapping.

Three CAPS markers developed from
EST markers (Table 2) were used to study the
polymorphism between Morex and Honen 6.
These markers were used for the genotyping
of the mapping population (Figure 3).

Figure 3. Genotyping of Morex (M)
and Honen 6 (H) and the F, population of
‘Morex’ x "Honen 6’ using CAPS primers
(A) k06844KU, (B) k06860KU and (C)
k06288KU.

Three easily distinguishable polymorphic
SSR markers and three CAPS markers
developed during the experiment were
used for linkage analysis of the mapping

Table 1. Chi square analysis of two morphological characters and five molecular markers in the
'Morex' x'Honen 6' F, population of 96 plants, where tabulated 2 at P = 0.05 is 5.99 (df = 2).

Morex genotype  Heterozygous genotype  Honen 6 genotype y

(A) (H) (B) i
k06844KU 23 57 16 440 0.11
k06860KU 26 55 15 456 0.10
k06288KU 26 54 16 3.58 0.17
Srh 27 56 13 6.75 0.04
Bmag0223 26 54 16 3.58 0.17
Bmag0812 26 50 20 092 0.63
rawl 20 45 21 0.70 0.36
GMS027 24 45 26 0.25 0.88
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Figure 2. Genotyping of Morex (M), Honen 6 (H) and F, population “Morex’ x ‘Honen 6’ using
SSR markers (A) Bmag0223, (B) Bmag0812 and (C) GMS027.

Table 2. Co-dominant CAPS markers derived from EST markers to study the polymorphism

between Morex (M) and Honen 6 (H).

PCR - -
Marker Primer product Rzrs]tzru;]n:n After (%lg)e stion
length (bp) Y P

voseaacy 5 CCOGTTCAACGAAATGAATCS 447 (M) Hinl 16 + 244 + 21 + 166 (M)

5' AAACCATCCATTCAAGCAGG 3 450 (H) 16 +230 + 17 + 21 + 166 (H)

5 TGTGATCGTCTCCCTCAGTG 3 197 + 364 (M)
kOBB6OKU 5, 35 CGTGGTAACTCTGAATCC 3 561 Eael 561 (H)

5' ATACGCAACAAAGCGGACAC 3 262 (M)
k06288KU 5 1 GG TTGGTCGGTCGTTTACT 3 262 Xspl 133 + 129 (H)

population. Linkage analysis indicated that
short rachilla hair (srh), smooth awn (rawl),
three CAPS markers (k06844KU, k06860KU
and k06288KU), and two SSR markers
(Bmag0223 and Bmag0812) are in one
linkage group, while SSR marker GMS027

is in a different linkage group. GMS027 is
mapped in the same linkage group with other
morphological and molecular markers used in
the experiment at LOD score threshold 2.14.
CAPS marker k06288KU and SSR marker
Bmag0223 were found most tightly linked to
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Figure 3. Genotyping of Morex (M) and Honen 6 (H) and the F, population of “‘Morex’ x "Honen
6’ using CAPS primers (A) k06844KU, (B) k06860KU and (C) k06288KU.

the srh locus with three and one recombinants
respectively in the mapping population. The
linkage map is shown in Figure 4. Three
CAPS markers were found proximal to srh
while three SSR markers and smooth awn
locus rawl were mapped distal. The srh
locus was mapped between two flanking
markers k06288KU and Bmag0223 1.6 cM
proximal and at the 0.5 cM distal side to the
srh, respectively. Thus, a molecular map of
short rachilla hair gene was constructed.

Discussion

Linkage maps including the srh gene have
been constructed based on morphological
markers (Franckowiak, 1997). Although
many molecular markers were screened
during the experiment, it is difficult to find
polymorphic markers near the short-rachilla-

hair locus. None of the previously reported
STS and EST markers in this region tested
during the experiment showed PCR product
length variation among different short-
rachilla-hair and long-rachilla-hair varieties.
In the case of SSR markers, Bmag0223 is
most important as it is reported close to
the srh locus (Kraakman et al., 2006). Of
all barley varieties evaluated during this
experiment, only Morex and Honen 6 are
those showing variation for rachilla hair
length and Bmag0223. These varieties
also show polymorphism for SSR markers
Bmag0812 and GMS027. An F, population
obtained from the cross between Morex and
Honen 6 was used to study the inheritance
of rachilla hair length with SSR markers
Bmag0223, Bmag0812 and GMS027 on long
arm of chromosome 5H. Similarly the CAPS
markers developed during the experiment
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Figure 4. Barley chromosome 5H (7) linkage
map constructed during the experiment.

also detected polymorphism after appropriate
restriction enzyme digestion between Morex
and Honen 6 only. Two flanking markers,
k06288KU and Bmag0223, were found at a
distance of 1.6 cM and 0.5 cM respectively.
Costa et al. (2001) reported that Bmag0223
is 0.9cM distal to the short rachilla-hair
gene. Similarly, Kraakman et al. (2006) have
stated that Bmag0223 is found less than
3.0 cM distal to the short-rachilla-hair gene
in different mapping populations. According
to the results obtained, k06288KU and

Bmag0223 are probably flanking markers
for the short-rachilla-hair gene. The distance
between them is 2.1 cM.

The resolution of this molecular map is not
sufficient to provide a fine map due to the low
density of markers. Therefore, development
of a fine map with numerous markers in a
large segregating population is required for
high-resolution analysis of the srh locus
(Stein and Graner, 2004). Such markers will
be useful for studies on the origin of short
rachilla hair in barley. Previous molecular
studies for the short rachilla hair were made
using RFLP, STS, SSR and AFLP markers
(Kleinhofs et al., 1993; Costa et al., 2001;
Kraakman et al., 2006). In this study, CAPS
markers derived from EST markers are
mapped. Since EST markers are conserved
among the related species, they may assist
identification of syntenic region in the rice
genome. Sequence-based markers from
syntenic regions of rice can be used for fine
mapping and candidate gene identification in
barley (Goff et al., 2002).
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Abstract

Barley yellow dwarf virus (BYDV) and
barley yellow mosaic virus (BaYMV) are
serious diseases in many parts of the world,
including central and southern Europe. The
best prospects for sources of resistance to
BYDV appeared to be the advanced lines
from ltaly (Istituto Sperimentale per la
Cerealicoltura, CRI, Fiorenzuola d"Arda)
carrying the Yd2 gene and the cultivars Sigra
and Perry, in which resistance is based on
other, as yet unidentified, genes. The cultivars
Nelly (rym4) and Tokyo (rym5) were
predominantly used to introduce resistance
to BaYMV. The resistance genes to BYDV
and BaYMV were identified by ASPCR
and SSR markers to facilitate the selection
of suitable genotypes for further breeding.
The resistance level of the selected materials
was monitored in field infection tests, which
enabled evaluation of gene effects against
different genetic backgrounds.

Introduction

The aphid-borne barley yellow dwarf virus
(BYDV) and the soil-borne barley yellow
mosaic virus (BaYMV) transmitted by
the fungus Polymyxa graminis can cause
serious yield losses. The use of resistant
cultivars is generally the most effective
means of controlling damage caused by these
pathogens. The most widely used sources
of resistance to BYDV in barley breeding
contain the semi-dominant resistance gene

Yd2 (Rasmusson and Schaller, 1959). The
gene was first identified in landraces of
Ethiopian origin in 1960, and provides the so
far most efficient protection against BYDV
(Burnett et al., 1995). Also tolerance to
BYDV but not based on the resistance from
Ethiopian sources is known. Collins et al.
(1996) localized the gene Yd2 on the long
arm of chromosome 3H, near the centromere,
and a closely linked co-dominant marker
Ylp was developed for identification of Yd2
genotypes (Ford et al., 1998).

The genes rym4 and rym5, responsible
for the resistance against the complex of
mosaic virus, were first detected in the south
European landrace Ragusa (rym4) and in
the Chinese landrace Mokusekko 3 (rym5).
Using the RFLP technique, rym4 has been
mapped to the distant region of the long arm
of chromosome 3H (Graner and Bauer, 1993).
Rym5 was mapped at the same chromosomal
region based on its close linkage to the Est1-
Est2-Est4 isozyme locus (Konishi et al.,
1997).

The objective of this work was to search
for sources of resistance to BYDV and
BaYMV using molecular markers.

Materials and methods

In total, 150 barley lines Fior from CRI,
Fiorenzuola d"Arda, created in a program
of gene pyramiding focused on breeding
materials with the genes Yd2 and rym4, were
tested for presence of the Yd2 gene, and 28
Russian cultivars were tested for the rym4
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and rym5 genes. In addition, the Italian
cultivar Doria, created at CRI, Fiorenzuola
d"Arda, in the same program, was tested for
all three genes: Yd2, rym4 and rymb5.

Field infection trials to evaluate resistance
against BYDV consisted of two blocks
of small plots (1 m long) separated by
a protective belt (Figure1). One block
represented the infection treatment and the
other the uninfected control. At the beginning
of the tillering stage infection with the PAV
strain of BYDV was carried out by means of
Rhopalosiphum padi aphids obtained from
greenhouse rearing according to the method
developed at the Crop Research Institute in
Prague (Vacke et al., 1996). Their inoculation
suction lasted five to seven days, and the
aphids were then killed by an insecticide.
Symptomatic reaction to the virus infection
was recorded in infected plants during the
vegetation period and until the full flowering
stage, using the 0-9 scale developed by
Schaller and Qualset (1980). Healthy and
infected plants are shown in Figure 2.

The DNA for PCR reactions was extracted
from first leaves by the CTAB method.
Molecular analysis of BYDV resistance was
performed using ASPCR (Allele-specific
PCR) marker Ylp detecting the Yd2 gene.
The YId gene encodes the Yd2-linked protein.
Genetic analyses showed very close linkage
with the gene Yd2. The proximity of Ylp
and Yd2 suggested that an assay based upon
DNA polymorphisms in rym4 would provide
a valuable predictor of Yd2 status (Ford et al.,
1998).

Figurel. Fior in the field trial

Figure 2. BVDV infection (infected and
healthy plant)

For molecular detection of rym4 and rym5,
the microsatellite STS (Sequence Tagged
Sites) marker Bmac29 (AC/GT repetition,
Graner et al., 1999) was used. Bmac29 can
distinguish three PCR products with various
lengths. According to the length of these
products, it is possible to identify cultivars
with the genes rym4, rym5 or susceptible
cultivars. Amplification conditions in the
UNO Il (Schoeller Instruments) thermal
cycler were: 3 min at 94°C, 35 cycles of 30
sec at 94°C, 30 sec at 55°C and 30 sec at
72°C, with final extension of 5 min at 72°C.
Then 5 uL of each PCR product was checked
by electrophoresis in 2% agarose gel and
visualized under UV light after staining with
ethidium bromide. After that, 1 uL of each
sample was denatured with 0.3 uL of the size
standard Tamra-500 (Applied Biosystems)
and 4 puL of de-ionized formamid (Sigma)
for 7 min at 96°C. Denatured samples were
analyzed by capillary electrophoresis an ABI
PRISM 310 (Perkin-Elmer) and the lengths
of the PCR products were scored using
Genescan and Genotyper software (Applied
Biosystems).

Primer pairs and PCR products are listed
in Table 1.
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Table 1. Primer pairs and the size of PCR products.

Primer pair PCR product (bp) Resistance gene
YIpPRCMF, YIpRAS (Ford et al., 1998) 268 Yd2

144 rym4
Bmac29F-HEX, Bmac29R (Graner et al., 1999) 148 rymb

168 susceptible
Table 2. The analysis of the resistance to BaYMV using the Bmac29 marker
Cultivar PCR product Resistance Cultivar PCR product Resistance

(bp) (bp)

Allegra 144 rym4 Kondrat-2 144 rym4
Amarona 144 rym4 Kos 168 Resistant
Anita 168 Resistant Kozir 169 Resistant
Annette 168 Resistant Ludmilla 144/168 Heterozygote
Arkona 168 Resistant Michailo 144/168 Heterozygote
AVC | 168 Resistant Pavel 168 Resistant
Aviron 144 ryma Produktiv 144 ryma
Bastion 168 Resistant Radikal 168 Resistant
Blanca 144 rymé Sekret 168 Resistant
Cyclon 168 Resistant Skorohd 144/168 Heterozygote
Dobrynia 144/168 Heterozygote | Stephanie 144 rym4
Eszter 168 Resistant Strider 168 Resistant
Fakir 168 Resistant Theda 144 rym4
Fedor 168 Resistant Theresa 144 rym4
Hutorok 168 Resistant

Results and discussion

Almost all material from CRI, Fiurenzuola
d’Arda, was quite highly resistant in the field
trials. 150 lines Fior, from an Italian program
focused on breeding material possessing the
Yd2 and rym4 genes, were tested by the Ylp
marker to detect the Yd2 gene. The analysis
revealed 121 resistant lines possessing the
Yd2 gene and 29 susceptible lines without
this gene. Molecular analysis of cultivar
Doria showed the presence of both Yd2 and
rym4 genes.

The 28 Russian cultivars were tested using
the Bmac29 marker; the results are given in
Table 2.

Conclusion

Both markers

mentioned above were

successfully used for the detection of the
barley resistance genes Yd2 and rym4 in
materials with resistant reaction in field
infection tests. Marker-assisted selection
is a useful way for searching the sources
of resistance that can be used for further
breeding.
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Abstract

As part of a larger consortium, funded in
the frame of the German plant genome
program GABI (GABI-TILL; https://www.
gabi-till.de/) we have established a TILLING
platform for the two-row, malting barley
cultivar Barke. In total, 111 540 barley seeds
were mutagenized by ethylmethane-sulfonate
(EMS) treatment at concentrations between
20 (0.2%) and 60 mM (0.63%), with 24 600
lines advanced to the M, generation. M,
production was streamlined to high-density
plant cultivation, keeping barley plants
till maturity in 299-well potting plates on
flooding tables. M, mutants were grown either
in the greenhouse or under field conditions,
and were regularly observed and screened
for visible mutant phenotypes. The mutant
population currently comprises 10 492 M,
plants. Those adjustments affected DNA
pool size, enzyme concentration and reaction
mixture, as well as cleavage conditions. M-
DNAwas arranged in 8-fold two-dimensional
(2D) pools for high-throughput mutation
screening. Ten gene fragments varying in
size from 321 to 1496 bp were screened
for mutations (October 2007), yielding an
average mutation frequency of approximately
1 mutation per 0.5 Mbp. Mutations were
confirmed by re-sequencing and functional
changes were surveyed by phenotyping the
M, or M, progenies, or both.

In this paper we introduce an EMS-
induced mutant population for the barley
cultivar Barke, consisting of 10492 M,
lines. We have established a TILLING
platform and have determined the usefulness
of the resource by accomplishing mutation

screenings in a set of 10 fragments of 6
different genes. Based on this work, we
conclude that sufficient mutation frequency
and density can in principle be obtained in
barley by EMS mutagenesis, and this method
allows for efficient, large-scale mutation
discovery in barley.

Introduction

The economic importance of cereals, like
barley, and the demand for improved yield
and quality require better understanding
of the genetic components that modulate
biologically and commercially relevant
traits. While the weedy plant Arabidopsis has
become the preferential model plant system,
the spectrum of its traits cannot address
all fundamental questions of crop plant
development. Unlike Arabidopsis, barley is
both a crop and a model system for scientific
research that is increasingly being used for
genetic and molecular investigations into
conserved biological processes of cereals.

Chemical mutagenesis is a strong tool in
attempts of “forward genetic” gene isolation
efforts. A large mutant population is typically
developed with the purpose of identifying
individual mutants exhibiting an aberration in
asingletargettrait. Inthe TILLING (Targeting
Local Lesions IN Genomes) method, such
mutant populations are efficiently employed
as a reverse genetics instrument that can be
utilized to screen for mutations in any gene of
interests for which sequence information has
been provided. Plants carrying a mutation in
the desired gene are subsequently subjected
to phenotypic analysis which eventually (and
at low frequency) will yield clear correlation
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between observed mutations and phenotypes.
Chemical mutagens like ethylmethane-
sulfonate (EMS) induce single nucleotide
changes at high density, which are randomly
distributed in the genome. They induce allelic
variation, including mis-sense mutations
leading to altered protein function, as well as
stop-codon mutations or splice site changes
that could result in complete knockout or
knockdown of a gene. To obtain clear-cut
phenotypes, gene knock-out mutations are
often considered as most desirable; however,
such mutations could limit the analysis if
the effect is lethal or detrimental. Here,
mis-sense mutations leading to hypo- or
hypermorphic phenotypes could be of great
value since they still would allow a useful
analysis of functional relevant gene regions
(Haughn and Gilchrist, 2006). Besides its
relevance in elucidating the genetic basis
of biological processes the application
of TILLING extends reverse genetics to
mutation breeding, since it in principle
provides the potential to generate large allelic
series of economically interesting genes.
Thus, TILLING has become a popular and
powerful tool for reverse genetic analyses in
plants and other organisms, and populations
have been established, among others, for
Arabidopsis (Greene et al., 2003), hexaploid
and tetraploid wheat (Slade et al., 2005),
maize (Till et al., 2004), rice (Wu et al.,
2005; Suzuki et al., 2007; Till et al., 2007),
Drosophila melanogaster (Winkler et al.,
2005), zebrafish (Wienholds et al., 2003),
and the mammalians rat and mouse (Smith et
al., 2004; Augustin et al., 2005).

Material and methods

Seeds of Hordeum vulgare L. cultivar Barke
(obtained from Saatzucht Josef Breun GdbR,
D-91074 Herzogenaurach) were used for the
development of a barley TILLING library.
Barke is a spring-type, two-row, European
malting variety.

EMS mutagenesis: Batches of ~1600 seeds
were filled into 2000 ml glass flasks and pre-
soaked in 500 ml de-ionized H,O for 4 h at
room temperature (20-25°C). Seeds were
then incubated in 350 ml dH20 of varying
concentrations (20, 25, 30, 35, 40, 45, 50,
55, 60 mM) of EMS for 16 h at room tem-
perature with gentle shaking (125 rpm) on a
tabletop shaker. The seeds were washed as
follows: twice with 250 ml of 200 mM so-
dium thiosulfate for 30 min; and twice with
1L of dH20 (for 30 min and then for 1 h).
The seeds were transferred to trays covered
with Whatman paper and air-dried at 4°C
overnight prior to planting.

M, cultivation: M, plants were cultivated in
the greenhouse till maturity in 299-well pot-
ting plates on flooding tables. Plants were
allowed to self-pollinate, the main spike of
each plant was harvested and M, seeds were
stored until planting. Every M, generation
was evaluated regarding germination and
sterility rates. Germination was measured as
percentage of developed seedlings, and ste-
rility was measured as seed set per harvested
spike. Those observations were used to deter-
mine applicable EMS concentrations.

M, cultivation: From each M, spike a prog-
eny of 10 individuals was cultivated as an M,
family. M, plants were cultivated as batches,
either in the greenhouse (1000 M, families)
or in the field (3780 M, families). After til-
lering, M, families were evaluated regard-
ing viability and one or two individuals of
each family were selected for further culti-
vation. M, seedlings were regularly moni-
tored for the presence of chlorophyll defects,
and plants were regularly screened for vis-
ible mutant phenotypes until maturity. All
phenotypes were scored in reference to par-
ent cultivar Barke. M, seed from individual
M, mutants were collected, catalogued, and
vacuum-packed and stored at 4°C until use as
resource for phenotyping.
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Genomic DNA was prepared from young
leaves after lyophilization of tissue. Twenty
to thirty milligram of lyophilized leaf tissue
(with the remains of samples stored as
backup) were milled in 2 ml tubes and DNA
was extracted using the CTAB procedure
according to Doyle and Doyle (1987, 1990).
DNA was subsequently transferred to 96-
well plates and an aliquot was diluted [20 ng/
ul] for PCR purposes. Diluted DNAs were
arranged in 8-fold 2D-pools for mutation
screening.

The mutation detection procedure follows a
standard CEL1-based hetero-duplex analysis
(Colbert et al., 2001) that has been adapted to
specific requirements in barley.

Primers, PCR, and sequencing analysis:
Oligonucleotides for PCR were designed
either using the Primer3 software (http:/
frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi) directly or via the program
CODDLE (Codons Optimized to Discover
Deleterious Lesions; http://www.proweb.org/
coddle/). Gene-specific primer design was
either based on genomic or EST sequence
information for the candidate genes.
Unlabeled and identical primers labeled at
the 5’ end with the fluorescent dye IRD700
(forward) or IRD800 (reverse), respectively,
were mixed and used in PCR amplification as
follows: 3:2 (labeled:unlabeled) ratio for the
100 uM IRD700-labeled forward primer and
3:1 (labeled:unlabeled) ratio for the 100 uM
IRD800-labeled reverse primer. Primers
were designed to fit to melting temperatures
between 60°C and 70°C. PCR amplification
and heteroduplex formation was carried out
according to Colbert et al. (2001).

CEL1 nuclease mismatch cleavage assay:
After PCR amplification, samples were
digested with 0.06 U of Surveyor CEL1
enzyme (Transgenomics, Omaha, USA) in a
10x buffer (10 mM HEPES (pH 7.0), 10 mM

KCI, 10 mM MgCI, *7H,0, 0.002% Triton
X-100 and 10 pg/ml BSA) and incubated for
45 min at 45°C. CEL1 Digestion was stopped
immediately by adding 5 ul of 75 mM EDTA
(pH 8.0) followed by freezing probes (-20°C)
for 30 min.

Precipitation of 30 ul samples in 96-well
PCR plates is carried out by adding 3M Na-
acetate (pH 5.2) and 75 ul EtOH (99.8%),
subsequent shaking for 15-20 min, and
centrifugation for 30 min at 4500 rpm. The
supernatant was discarded on filter paper and
plates were centrifuged face down on a filter
paper for 1 min at 500 rpm. Subsequently,
probes were washed in 100 pl EtOH (75%) at
room temperature while being centrifuged for
30 min at 4500 rpm. Again, the supernatant
was discarded on filter paper and plates were
centrifuged face down on a filter paper for
1 min at 500 rpm. Finally, samples were
dried for 20 min at room temperature, and re-
suspended in 8 ul formamide loading buffer
(33% (wi/v) de-ionized formamide, 25 mM
Tris(pH 7.5),25 mM EDTAand ~0.02% (w/v)
bromophenol blue) with constant shaking
(300 rpm) for 5-10 min, then denatured at
95°C for 5 min and placed on ice. Samples
were subsequently electrophoresed in a
6.0% polyacrylamide slab gel (Long Ranger,
FMC Corporation, composition according
to manufacturer’s data) in 1x TBE running
buffer (89 mM Tris Base, 89 mM Boric Acid,
2mM Na,EDTA*2H,0) at 1500 V, 40 mA
and 40 V settings on a Li-COR 4300 DNA
Analyser (LI-COR Biosciences, Lincoln,
NE). Images were visualized using the
GelBuddy software (http://www.proweb.
org/gelbuddy; Zerr and Henikoff, 2005) and
were thus eye-inspected for the presence of
cleavage products.

Sequence data processing: For confirmation
of putatively mutated loci, amplicons of the
respective target gene were generated utilizing
the same PCR conditions as established for
CEL1 analysis. Only unlabeled primers
were used and probes were subjected to
the ABI 3730xI DNA Analyzer (Applied
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Biosystems) for sequencing. Sequences of
identified mutations were processed using
Sequencher 4.6 software (Gene Codes,
Ann Arbor, MI). Sequences derived from
M, lines were aligned and compared to the
reference sequence that was used to design
primers and to Barke wild-type sequences.
The PARSESNP (Project Aligned Related
Sequences and Evaluate SNPs; http:/
www.proweb.org/parsesnp/) bioinformatics
program was used to predict the putative
severity of each identified mutation (Taylor
and Greene, 2003).

Statistical analysis

Statistical analysis was conducted to
investigate possible EMS dosage effects on
M, germination and sterility, M, chlorophyll
mutant occurrence, and the respective seed
harvest. The STATISTICA 6.0 software
(StatSoft, Inc.) was used to conduct analyses
of regression and correlation, tests of linear
relationships and the one factorial ANOVAs.

Results and discussion

A mutant population of the malting barley
cultivar Barke has been generated by treatment
with the mutagen EMS (ethylmethane-
sulfonate). The cultivar Barke was chosen
since it represents an elite central European
two-row malting variety and because other
barley genomics resources were already
established in the same genetic background
(~ 150 000 ESTs, DH mapping population).
To investigate the optimal EMS concentration
for Barke, a range of concentrations between
20 (0.2%) and 60 mM (0.63%) was applied
during population construction. To develop
a barley TILLING platform, DNA samples
and M, seeds were collected from 10 492 M,
individuals. Of these 1949 plants were treated
with 20 mM, 2992 plants with 25 mM, 2776
plants with 30 mM, 1933 plants with 35 mM,
469 plants with 40 mM and 373 plants with
45 to 60 mM EMS concentrations.

Although EMS has repeatedly been
shown to have a highly mutagenic effect
on barley, variation in mutation frequencies
were reported for a single mutagen used
in different cultivars of a single species.
This means that, for a specific mutagen and
cultivar relationship, the optimal treatment
needs to be determined that will consistently
induce the most suitable mutation frequencies
(Nilan et al., 1964).

To yield high mutation rates has been
a central aim in mutation breeding; at high
mutation frequencies, a smaller mutant
population size would be required to achieve
genome saturation. However, high mutagen
dosages also impose practical problems.
A high mutation rate does not necessarily
result only in a general increase of desirable
mutants (Yonezawa and Yamagata, 1975).
This may be attributed mainly to considerable
biological side effects that are produced
during mutagenesis and which affect the
general effectiveness of a treatment (Konzak
et al., 1964). These effects are mainly caused
by the toxicity of EMS metabolites, leading
to reduced M, seedling germination, growth
and survival rates, as well as reduced M,
spike fertility. In the M, generation the
random distribution of mutations in the
genome results not only in useful but also in
undesirable phenotypes, including reduced
numbers of spikes per plant and reduced
spike fertility, as well as an increased
frequency of chlorophyll-deficient seedlings.
Consequently, mutation effectiveness can be
defined as an optimum between the amounts
of physiological injury observed in the M,
and the mutation frequency and spectrum
obtained in the M, generation.

In our Kill-curve study based on M,
sub-populations treated with 9 different
EMS concentrations, we could observe an
unambiguous negative correlation between
EMS dosage and germination rate (P < 0.01).
Barley mutants treated with 20 MM EMS
showed on average 8% reduced germination
frequency, while this rate increased to 31%
if mutants were induced by 40 mM, and



129

reached a maximum at 60 mM, where on
average 60% of the seeds did not grown into
plants (Figure 1).

M, spike sterility induced by EMS
treatment could be scored in three categories:
completely sterile (100%), semi-sterile
(measured as >50%, 50%, <50%) and no
sterility (0%) per examined M, spike. The
frequencies for the categories complete
sterility (P<0.001) and semi-sterility
(P<0.001) increased towards the highest
EMS concentration, leading to nearly 100%
spike sterility observed for treatments with
60 MM EMS (Figure 1). Consequently, the
kernel yields of M, plants were accordingly
variable between the different sub-
populations. While from the two lowest EMS
concentrations we could harvest M, seeds
from ~50% of the cultivated M, plants, this
rate was reduced to 15% for those plants
treated with 40 mM and achieved a low point
of 3% for the highest EMS level treatment.

As mentioned above, a positive correlation
between seedling lethality and M, sterility
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Figure 1. Rates of germination inhibition
and full sterility observed among 58 900
M, lines obtained from different EMS
treatments. All plants were obtained from 7
independent experiments and were cultivated
under identical conditions (except for 20
and 25mM EMS concentrations, which
were based on a single M, batch). Standard
deviations are shown as error bars.

effects and the EMS concentration used
is a conspicuous phenomenon in the M,
generation. While the germination capacity
is supposed to be mainly influenced by the
toxicity of EMS metabolites, sterility is
rather dependent on a combination of both
toxicity and induced mutations. Therefore,
germination seems to be a limiting factor
for the maximum EMS dosage that can
be tolerated by an organism rather than an
indicator for the mutation density that can
be expected in the next generation (Linnert
and Micke, 1997). Based on our observation
in the M, generation, we found that an EMS
dosage greater than 40 mM seems to be
problematic for efficient M, seed production.

Because considerable effort is needed to
propagate and advance TILLING populations,
it is desirable to have available a phenotypic
marker to assess obtained mutation at a very
early stage during population development.
In former barley mutation experiments, M,
chlorophyll-deficiency in seedlings was
used as a key criterion of genetic effects
caused by different mutagens and mutagen
concentrations (Sheeba et al., 2003).
Chlorophyll-deficient seedling phenotypes
are quite suitable for this measurement
since they occur most frequently and are
easy to score. They comprise three major
classes (unicolor, bicolor, convertans) and
several sub-classes of phenotypes (Sharma
and Bansal, 1972). The occurrence of
albina, xantha, viridis (sub-class unicolor),
viridoalbina, striata (sub-class bicolor),
tigrina and lutescens (sub-class convertans)
phenotypes were recorded, and used to survey
the variability between M, sub-populations
produced by 6 different EMS treatments
(20, 25, 30, 35, 40 and 50 mM). Chlorophyll
mutant rates observed among M, seedlings
obtained from treatments higher than 50 mM
were excluded from statistical considerations,
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because the general low germination rate
of those mutants was insufficient for this
purpose. Chlorophyll-deficient mutants were
scored among 10 seedlings per cultivated
M, families. Thereby, the observed relative
frequencies were calculated as mutations
per germinated 100 M, plants according to
Gaul (1960). The albina appearance was the
most frequently observed in all mutagenized
populations. Exclusively for this phenotype,
we could demonstrate a significant
relationship between EMS treatment and
occurrence of chlorophyll-deficient mutants
(P <0.001).

The other six phenotypes seem to be
distributed randomly. Our interpretation
is that there is an evident shift in mutation
spectra  for  chlorophyll  deficiencies,
especially if M, mutants are cultivated
under field conditions. Many scientists have
reported that it is probable that mutant types
other than albina can be classified differently,
either by different personal evaluation or
according to environmental influences. They
have recognized that the environmental
conditions under which the seedlings are
grown can alter or even induce certain
chlorophyll-deficient  phenotypes,  thus
observed frequencies between treatments
may not be significant, valid or reproducible
(Favret et al., 1964).

During the development of the M,
TILLING population, 12 682 M, individuals,
induced with EMS dosages between 20 and
35 mM, were cultivated under field conditions
and scored for their phenotype. We surveyed
for alterations in spike morphology, heading
date (and plant development in general),
plant color, plant height, and other variations
from the Barke wild-type. In approximately
20% of the cases at least one kind of mutant
phenotype could be observed.

TILLING screens were conducted by using
a CEL1-based hetero-duplex analysis for

mutation detection. The optimal mutation
detection procedure and pool size for Barke
DNA was determined by performing test
screenings assaying known single nucleotide
polymorphisms (SNPs) in alleles of the gene
Hv-elF4E (Stein et al., 2005) of the barley
genotypes Igri and Franka. For pooled DNA,
a 1:10 dilution of CEL1 in a 10x buffer
solution combined with a 45 min digest at
45°C provides an optimal ratio between
background and signal strength. The 8-fold
pooling of DNA was found to produce robust
and reliable results. To improve the mutation
discovery procedure, the population was
screened in a two-dimensional format. In
each 96-well pool plate the DNA of 384
M, individuals were arranged in row and
column pools. As every sample is present
in a row and a column pool, true mutations
will be detected simultaneously in two pools
ultimately leading to the mutated individual,
which is exclusively present in both pools
(Figure 2)

Gene fragments of varying size from 321
to 1496 bp were screened and amplicons were
designed to cover either the whole ORFs or
selected coding regions. To estimate the
frequency of mutations per gene fragment,
we divided the total number of mutations
identified by the totally screened base pairs.
We calculated the density of mutations
in the established barley population as an
average frequency of all screened fragments.
Previous TILLING studies, using LiCOR-
based assays for mutation detection, have
reported the diminished ability to detect
mutations in the upper and lower 100 bp of
an amplicon, and consequently considered
a respectively reduced size of the actually
screened fragments for the estimation of
the total number of screened base pairs (Till
et al., 2007; Greene et al., 2003). In our
screenings we found that the flagged area
of ambiguous heteroduplex scoring due to
priming and systematic artifacts extended to
only an overall of 100 bp. Therefore, the total
number of screened base pairs considered
was reduced by 100 bp per gene fragment.
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Figure 2. Representative example of a LICOR gel used to screen 384 M, for mutations in the
gene Vrsl. Each of the 96 lanes of the gel contains 8-fold pooled CEL-1-digested products of
1000 bp amplicon. Red arrows indicate the M, mutant 374 detected by its presence in both pools.

The screening of ten gene fragments led
to the identification of 81 mutations. This
equaled a mutation frequency of one mutation
per 0.5 Mbp. The mutation frequency thus
corresponded to densities reported earlier
for maize (Till et al., 2004) and greater than
the rate of 1 mutation per 1 Mbp that was
calculated for the barley cv. Optic (Caldwell
et al., 2004). Of the 81 identified mutations,
79% (64 of 81) were located in coding regions
of the analyzed gene fragments. Among
those, 45% (29 of 64) represented mis-sense
alleles resulting in a change of amino acid in
the protein sequence of the gene, while 5% (3
of 64) of the mutations provided truncation
mutations in the reading frame, either by
elimination of a splice junction site or by
insertion of a premature stop codon.

Conclusions

We have produced a TILLING population
of 10 492 M, plants as a resource for high-

throughput gene discovery in barley. Pilot
screening in 6 target genes has demonstrated
a moderate mutation frequency that will
allow the identification of series of mutations
evenly distributed in the chosen gene regions
(Figure 3). The phenotypic evaluations in parts
of the M, and M, generation have revealed the
presence of a wide spectrum of morphological
mutations implying also a serious potential of
the resource for utilization in forward genetic
screenings. Collectively, the presented barley
mutant population represents an important
tool for functional analysis in the crop model
system barley.
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Abstract

TILLING (Targeting Induced Local Lesion
IN Genomes) is a reverse-genetics approach
combining chemical mutagenesis with a
sensitive DNAscreening-technique toidentify
point mutations in target genes. TILLMore is
a TILLING resource in barley (cv. Morex)
including 4906 M, families derived from a
sodium azide treatment. Molecular screening
for mutation at agronomically important
genes, based on the analysis of 8- to 12-fold
DNA pools produced from M, or M, DNA
samples, identified an average of about
seven alleles per gene and an extrapolated
rate of one mutation every 404 kbp. The
mutagenized population, although developed
for reverse-genetics purposes, is also
suitable for forward-genetics analysis. A
high frequency of M, families (about 33%)
showed morphological alterations compared
with untreated Morex plants. Furthermore, a
preliminary screening for phenotypes at the
root level showed altered root morphology
for about 7% of the families. Our results
indicate the feasibility of using this collection
of material to investigate gene function in
barley and related crops.

Introduction

Barley (Hordeumvulgare L.) is one of the most
important cereal crop species and, despite its
large genome (more than 5000 Mbp; Bennett
and Smith, 1976), is considered a model

species for more complex genomes of the
Triticeae tribe. Barley has a long history of
genetics and genomics studies, including
numerous genetic maps, a large number
of genetic stocks and mutant collections
(Lundqvist et al., 1996; Caldwell et al.,
2004; Varshney et al., 2007) and an extensive
assortment of sequence information (Zhang
et al., 2004; Isidore et al., 2005). However,
translating these data into information on
gene function on a large scale remains a
challenging task (Varshney and Tuberosa,
2007). Technologies that monitor patterns
of differential expression (e.g. micro-arrays)
can contribute to categorize genes (Ozturk et
al., 2002) but they could not be informative in
the context of the comprehensive phenotype
of a living organism. At the same time, other
technologies, such as gene inactivation by
insertional mutagenesis based on transposons
or T-DNA, are currently under development
in barley (Singh et al., 2006; Zhao et
al., 2006). These approaches, although
promising, almost invariably suffer from the
controversy of growing transgenics in the
open field. Consequently, high-throughput
methods for the confirmation and validation
of gene function by target gene inactivation
are currently recognized priorities.

One of the most utilized approaches in
biological research is mutational analysis
where chemical or physical mutagenesis
is used for achieving a large-scale random
gene inactivation in a population of plants.
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However, although forward-genetics based
on the phenotypic identification of individual
mutations has been the most widely used tool
to understand the genetic control of plant
development, there are limitations to this
approach, such as the considerable efforts
needed to identify rare mutations (Stemple,
2004). These limitations can be overcome by
high-throughput reverse genetics tools that
allow us to identify mutations in genes that
are known only by their sequence.

In this context, TILLING (Targeting
Induced Local Lesion IN Genomes) is a
reverse-genetics technique that enables
the recovery of individuals carrying allelic
variants at candidate genes (McCallum
et al., 2000). TILLING can be applied to
either chemically mutagenized populations
or collections of genotypes (e.g. cultivars,
collection of ecotypes, landraces and wild
accessions; this latter approach is also
known as EcoTILLING (Comai et al., 2004).
TILLING can be applied essentially in any
species, without significant differences in
protocol. Since its first introduction, TILLING
has been successfully used as a functional
genomics discovery platform both in plants
(McCallum et al., 2000; Perry et al., 2003; Till
et al., 2004, 2007; Slade et al., 2005; Suzuki
et al., 2007) and animal species (Wienholds
et al., 2003; Winkler et al., 2005; Gilchrist
et al., 2006). Among the Triticeae, TILLING
platforms have been generated in barley by
EMS-chemical mutagenesis on cultivar (cv.)
Optic (European two-row malting variety;
Caldwell et al., 2004) and in wheat by EMS
treatment of both the hexaploid cv. Express
and the tetraploid cv. Kronos (Slade et al.,
2005). The wheat TILLING platform has
been successfully screened for mutations
in functional genes for starch production,
representing a good example on how
TILLING can directly enable the recovery
of agronomically useful alleles (Slade et al.,
2005; Slade and Knauf, 2005).

This study describes the assembly of a
sodium azide mutagenized barley population

in a cv. Morex background suitable for a
TILLING approach and the identification of
artificially induced allelic variants at target
genes.

Material and methods

Seed of cv. Morex was used for the
mutagenesis experiment. Three batches
of about 20 000 seeds were treated with
different concentrations of sodium azide (1,
5 and 10 mM concentration) following the
protocol described in Nilan et al. (1973) and
modified according to Hodgdon et al. (1979).
The mutagenized populations were grown
as M, plants and allowed to self-pollinate.
Early indications of the mutagenic effect of
the three NaN, concentrations were obtained
by measuring seed germination, coleoptile
length, frequency of foliar chimeras and
spike fertility in the M, generation. Untreated
seed was always included as control.

One M, seed per M, plant was collected
from the 10 mM treatment and planted to
produce the M, population and the 4906
M, ,, families. Figure 1 provides an overview
of the procedures adopted to assemble the
TILLMore resource.

The entire TILLMore M, population was
grown in the field and scored for visible
phenotypes in reference to untreated Morex.
Phenotypic information was collected as
to habit, heading data, leaf appearance,
presence of necrotic spots, plant color, plant
height, plant morphology, spike appearance
and tillering.

To detect root morphology alterations,
a preliminary analysis on about 1000 M,
families was carried out using a paper-roll
approach (Woll et al., 2005). About 12 seeds
per family per paper roll and replicated
were grown under controlled conditions
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Figure 1. Workflow followed to produce TILLMore. Seeds of cv. Morex were mutagenized and
immediately planted in the field. Plants were allowed to self-pollinate. One seed per M, plant
was collected and grown in the following year to produce the M, population, which provided leaf
samples for DNA extraction for molecular analysis and M, seeds. In the third year, M, families
were grown for seed increase and traits evaluation for forward genetics purposes.

(16/8 h photoperiod and 24/22°C day/night,
respectively). Seminal roots observations
and measurements in reference to untreated
Morex were performed on eight-day-old
seedlings.

Genomic DNA preparation

DNA isolation was performed from leaf
tissue samples collected from plants at
the tillering stage from leaf tissue. DNA
isolation was performed following a
standard CTAB protocol (Saghai-Maroof et
al., 1984). Aliquots of genomic DNA were
separated on 0.8% agarose gel to check for
DNA quality. Genomic DNA was diluted to
the concentration of 30 ng/uL and used for
serial dilution stocks of 10 and 2.5 ng/uL.
Two different DNA stocks were prepared:
one referred to 3148 samples collected from
M, plants, while the second DNA stock

referred to the whole TILLMore population
of 4906 M, families. The first DNA stock was
pooled four-fold and then combined to obtain
eight-fold pools. The second DNA stock
was pooled according to a two-dimensional
gridding strategy combining all samples both
in 8- and in 12-fold pools.

Mutation screening

The primer design, based on the Morex
genomic sequence, was carried out using
CODDLE  (http://www.proweb.org/coddle;
Taylor and Greene, 2003) and Primer3 (http://
frodo.wi.mit.edu/; Rozen and Skaletsky,
2000). PCR amplification was conducted as
described in Colbert et al. (2001). Amplified
samples were digested with Cell nuclease
according to the manufacturer’s directions
for the Surveyor® Mutation Detection Kit
for agarose gel (Transgenomics Inc., Omaha,
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NE, USA) and to the protocol described in
Colbert et al. (2001). Electrophoresis was
performed either on a LI-COR4200 gel
analyzer (LI-COR Inc, USA) according to the
protocol described in Colbert et al. (2001) or
on ABI3730 capillary DNA Sequencer (ABI,
USA) according to Wienholds et al. (2003),
with minor modifications. Images were
analyzed visually for the presence of cleavage
products using Adobe Photoshop software
(Adobe Systems Inc.). Presumptive mutants
identified were subsequently confirmed by
sequencing genomic DNA using the ABI
BigDye Terminator V1.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA,
USA). Sequences of mutant alleles were
analyzed with SIFT (Ng and Henikoff, 2001)
and PARSESNP (Taylor and Greene, 2003)
programs in order to rank mutations based on
probability of affecting protein function.

Results and discussion

TILLMore, a barley TILLING resource in
the genetic background of the cv. Morex, was
obtained by means of a sodium azide (NaN.,)
treatment. The mutagenic agent sodium azide
was chosen because it has been shown to
be particularly effective in barley (Nilan et
al., 1973). Although its exact mechanism of
action is not completely understood, NaN,
is known to generate mainly single point
mutations (Kleinhofs et al., 1978) which can
be easily identified by TILLING. M, plants
derived from the seed treated with different
NaN, concentrations were scored for seed
germination, reduction of coleoptile length,
frequency of leaf chimeras and fertility
of M, spikes. Based on these results, we
concluded that the 10 mM treatment would
have guaranteed the highest mutation density.
Therefore, only the M, plants derived from
the 10 mM treatment were considered to
produce the TILLMore resource.

To prevent redundancy of mutations, we
harvested a single M, seed for each M, plant.
The M, population was subsequently grown in
the field to allow for leaf-DNA sampling and
seed increase. A further generation was carried
out to increase the amount of stock DNA and
seed for each family. For 4906 families (the
current dimension of the TILLMore resource)
it was possible to prepare DNA suitable for
molecular screening and obtain at least 100
M, seeds for stock purposes.

We screened TILLMore with assays designed
around six target genes involved in different
aspects of the barley development and
metabolism. The molecular screening of the
first set of three genes was carried out on 3148
samples using a Cell-based heteroduplex
assay coupled with gel-electrophoretic
detection on LI-COR analyzer screened
for mutations in 8-fold sample pools. For
molecular screening of the second group of
three genes we used an ABI3730 sequencer
system on the entire population of 4906
samples screened for mutations in 8- and 12-
fold sample pools.

For each TILLed gene, the molecular
screening yielded an allelic series of mutants
with an average of about seven alleles per
gene, corresponding to a mutation density
of one mutation every 404 kbp. This
parameter was estimated by dividing the
number of base pairs screened by the total
number of identified mutations. Reflecting
that mutations placed in the terminal 80 bp
of both ends of the amplicon can escape
identification due to PCR priming and
electrophoresis artefacts, a correction on the
effective screening window was applied by
subtracting 160 bp from the length of each
amplicon (Greene et al., 2003).

A total of 41 point mutations were
identified at the target genes. In nine cases
the mutations were in non-coding regions. Of
the 32 point mutations identified in coding
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regions, some (about 28%) are predicted to be
silent because they affect the third base of a
codon, which does not change the amino acid
encoded by that codon, while 72% of them are
mis-sense alleles resulting in a change in one
of the amino acids in the protein encoded by
the gene (Table 1). No nonsense (truncation)
mutation was identified for the genes tested.
Of the 41 lesions, only one was a C/G-to-
A/T transversion, while 40 were G/C-to-
AJT transitions. Although a base transition
mechanism has been postulated to explain the
mutagenic effect of sodium azide (Kleinhofs
etal., 1978), the exact type of NaN,-derived
mutants has not been exhaustively described
in terms of nucleotide-change typology. To
our best knowledge, to date only one study
investigating the nucleotide changes induced
by NaN, inbarley has been published (Olsen et
al., 1993). These authors proposed that NaN,
causes mutations of transition type. Although
limited to a few genes, our results combined
with those reported by Olsen et al. (1993)
reinforce the hypothesis that barley NaN.-
induced sequence alterations are mainly
transitions. Due to these considerations
and to the finding that all but one of our
mutations are G/C-to-A/T transitions, we feel
confident to rule out the possibility that they
are naturally occurring polymorphisms due
to seed contamination of the original Morex
seed stock used for this study.

In order to predict the impact of mutations
on protein function we utilize bio-informatic
methods like SIFT and PARSESNP (Ng and
Henikoff, 2001; Taylor and Greene, 2003). It

Table 1. TILLMore mutation screening.

PCR Mis- Non

Gene size (bp) sense Silent coding Total
1 525 3 - 2 5
2 990 7 3 - 10
3 908 3 - 1 4
4 940 3 2 4 9
5 670 4 3 2 9
6 996 3 1 - 4

Total 5029 23 9 9 41

is expected that values of SIFT or PSSM (for
PARSESNP) scores above specific thresholds
indicate mis-sense mutations that are more
likely to have a deleterious effect on protein
function. In our case, three mutations showed
significant PSSM score values, while the
application of the SIFT algorithm predicted
a possible deleterious effect for only one
mutation.

The main purpose of our barley-mutagenized
population was the implementation of
a TILLING resource facility to be used
for reverse genetics. However, the same
population can also be used for forward-
genetics studies.

For this purpose, the 4906 M, families were
grown in the field and visible phenotypes
were scored during the growing season with
reference to untreated Morex plants. A visible
variant phenotype was recorded for 32.7%
of the M, families (1605/4906), either fixed
or segregating within the family (Figure 2).
Changes in plant color, including families
showing segregation for albino seedlings,
was the phenotype most frequently observed
(27% of mutated families; 12% of total
families).

Furthermore, a preliminary morphological
analysis of 1000 M, families by means of a
paper-roll approach allowed the detection
of putative root mutants showing, for
instance, a reduction in root length or severe
modifications in root appearance and growth.
About 7% of the families tested showed a
clearly altered root phenotype (Figure 3). In
order to confirm the observed phenotype,
the paper-roll screening will be repeated for
the putative mutants identified during this
preliminary screening.

An on-line database with further
information on phenotypes observed in
the forward-genetics screening is publicly
accessible at www.distagenomics.unibo.
it'TILLMore/ and seed is available upon
request.
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Figure 2. Proportions of different types of altered phenotypes in reference to cv. Morex recorded
among M, families grown in field conditions.

Figure 3. Examples of phenotypes observed within TILLMore for the root morphology
categories. TILLMore accession numbers are given for each image. A. Short and thick root.
B. Short and curly root. C. Hairless root. D. Highly-geotropic root. Each image includes the
untreated genotype (cv. Morex) on the right.
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Conclusions

Our report describes TILLMore, a new
TILLING resource in barley based on
a mutagenized population derived from
cv. Morex. The use of NaN, provided an
efficient alternative to more commonly used
mutagenic agents to obtain a high mutation
density suitable for TILLING. Additionally,
the high frequency of visible phenotypes
will make this population useful for forward-
genetics screening. The TILLMore resource is
available as a reverse-genetics platform to the
research community on a cost-recovery basis
and/or through collaborations (for details, see
www.distagenomics.unibo.it/TILLMore/).
TILLMore will efficiently complement
existing functional genomic resources within
the cereal research community and help move
closer to a more tangible impact of TILLING
on breeding programs.

Acknowledgements

We would like to thank Luca Comai and
Bradley Till for helpful discussion and
advice; and Sandra Stefanelli and Stefano
Vecchi for technical assistance. This work
was supported by FIRB-Ministry of Research
and University, Italy.

References

Bennett, M.D. & Smith, J.B. 1976. Nuclear DNA
amounts in angiosperms. Philosophical Transactions
of the Royal Society, London, Series B, 274: 227-274.

Caldwell, D.G., McCallum, N., Shaw, P., Muehlbauer, G.J.,
Marshall, D.F. & Waugh, R. 2004. A structured mutant
population for forward and reverse genetics in barley
(Hordeum vulgare L.). Plant Journal, 40: 143-150.

Colbert, T., Till, B.J., Tompa, R., Reynolds, S., Steine, M.N.,
Yeung, A.T., McCallum, C.M., Comai, L. & Henikoff,
S. 2001. High-throughput screening for induced point
mutations. Plant Physiology, 126: 480-484.

Comai, L., Young, K. Till, B.J., Reynolds, S.H.,
Greene, E.A., Codomo, C.A., Enns, L.C., Johnson,
J.E., Burtner, C., Odden, A.R. & Henikoff, S. 2004.
Efficient discovery of DNA polymorphisms in
natural populations by EcoTILLING. Plant Journal,
37: 778-786.

Gilchrist, E.J., O’Neil, N.J., Rose, A.M., Zetka, M.C. &
Haughn, G.W. 2006. TILLING is an effective reverse

genetics technique for Caenorhabditis elegans. BMC
Genomics, 7: Art. no. 262.

Greene, E.A., Codomo, C.A., Taylor, N.E., Henikoff,
J.G., Till, B.J., Reynolds, S.H., Enns, L.C., Burtner,
C., Johnson, J.E., Odden, A.R., Comai, L. &
Henikoff, S. 2003. Spectrum of chemically induced
mutations from a large-scale reverse-genetic screen in
Arabidopsis. Genetics, 164: 731-740.

Hodgdon, A.L., Nilan, R.A. & Kleinhofs, A. 1979. Azide
Mutagenesis - varietal response, pre-germination
conditions and concentration. Barley Genetics
Newsletter, 9: 29-33.

Isidore, E., Scherrer, B., Bellec, A., Budin, K., Faivre-
Rampant, P., Waugh, R., Keller, B., Caboche, M.,
Feuillet, C. & Chalhoub, B. 2005. Direct targeting
and rapid isolation of BAC clones spanning a defined
chromosome region. Functional & Integrative
Genomics, 5: 97-103.

Kleinhofs, A., Owais, W.M. & Nilan, R.A. 1978. Azide.
Mutation Research, 55: 165-195.

Lundgqvist, U., Franckowiak, J.D. & Konishi, T. 1996.
New and revised descriptions of barley genes. Barley
Genetics Newsletter, 26: 22-516.

McCallum, C.M., Comai, L., Greene, E.A. & Henikoff,
S. 2000. Targeted screening for induced mutations.
Nature Biotechnology, 18: 455-457.

Ng, P.C. & Henikoff, S. 2001. Predicting deleterious
amino acid substitutions. Genome Research, 11: 863—
874.

Nilan, R.A., Sideris, E.G., Kleinhofs, A., Sander, C.
& Konzak, C.T. 1973. Azide - a potent mutagen.
Mutation Research, 17: 142-144.

Olsen, O., Wang, X. & von Wettstein, D. 1993.
Sodium azide mutagenesis: preferential generation
of A-T—-G-C transitions in the barley Antl8 gene.
Proceedings of the National Academy of Science USA,
90: 8043-8047.

Ozturk, Z.N., Talamé, V., Deyholos, M., Michalowski,
C.B., Galbraith, D.W., Gozukirmizi, N., Tuberosa, R.
& Bohnert, H.J. 2002. Monitoring large-scale changes
in transcript abundance in drought- and salt-stressed
barley. Plant Molecular Biology, 48: 551-573.

Perry, J.A., Wang, T.L., Welham, T.J., Gardner, S., Pike,
J.M., Yoshida, S. & Parniske, M. 2003. A TILLING
reverse genetics tool and a web-accessible collection
of mutants of the legume Lotus japonicus. Plant
Physiology, 131: 866-871.

Rozen, S. & Skaletsky, H.J. 2000. Primer3 on the WWW
for general users and for biologist programmers.
pp. 365-386, in: Methods in Molecular Biology.
Humana Press, Totowa, NJ, USA.

Saghai-Maroof, M.A., Soliman, K.M., Jorgensen, R.A.
& Allard, R.W. 1984. Ribosomal DNA spacer-length
polymorphisms in barley: Mendelian inheritance,
chromosomal location, and population dynamics.
Proceedings of the National Academy of Science USA,
81: 8014-8018.

Singh, J., Zhang, S., Chen, C., Cooper, L., Bregitzer, P.,
Sturbaum, A., Hayes, P.M. & Lemaux, P.G. 2006. High-



141

frequency Ds remobilization over multiple generations
in barley facilitates gene tagging in large genome
cereals. Plant Molecular Biology, 62: 937-950.

Slade, A.J., Fuerstenberg, S.I., Loeffler, D., Steine,
M.N. & Facciotti, D. 2005. A reverse genetic, non-
transgenic approach to wheat crop improvement by
TILLING. Nature Biotechnology, 23: 75-81.

Slade, AJ. & Knauf, V.C. 2005. TILLING moves
beyond functional genomics into crop improvement.
Transgenic Research, 14: 109-115.

Stemple, D.L. 2004. TILLING - a high-throughput
harvest for functional genomics. Nature Reviews
Genetics, 5: 145-150.

Suzuki, T., Eiguchi, M., Kumamaru, T., Satoh, H.,
Matsusaka, H., Moriguchi, K., Nagato, Y. Kurata,
N. 2007. MNU-induced mutant pools and high
performance TILLING enable finding of any gene
mutation in rice. Molecular Genetics and Genomics,
279: 213-223.

Taylor, N.E. & Greene, E.A. 2003. PARSESNP: A tool
for the analysis of nucleotide polymorphisms. Nucleic
Acids Research, 31: 3808-3811.

Till, B.J., Comai, L. & Henikoff, S. 2007. TILLING and
EcoTILLING for crop improvement. pp. 333-349, in:
R.K. Varshney and R. Tuberosa (editors). Genomics-
Assisted Crop Improvement. Vol. 1: Genomics
Approaches and Platforms. Springer, Dordrecht, The
Netherlands.

Till, B.J., Cooper, J., Tai, T.H., Colowit, P., Greene,
E.A., Henikoff, S. & Comai, L. 2007. Discovery of
chemical mutations in rice by TILLING. BMC Plant
Biology, 7: Art. no. 19.

Varshney, R.K., Marcel, T.C., Ramsay, L., Russell, J.,
Roder, M.S., Stein, N., Waugh, R., Langridge, P.,
Niks, R.E. & Graner, A. 2007. A high density barley
microsatellite consensus map with 775 SSR loci.
Theoretical and Applied Genetics, 114: 1091-1103.

Varshney, R.K. & Tuberosa, R. 2007. Genomics-Assisted
Crop Improvement. Vol. 1: Genomics Approaches and
Platforms. Springer, Dordrecht, The Netherlands.

Wienholds, E., van Eeden, F., Kosters, M., Mudde, J.,
Plasterk, R.H. & Cuppen, E. 2003. Efficient target-
selected mutagenesis in zebrafish. Genome Research,
13: 2700-2707.

Winkler, S., Schwabedissen, A., Backasch, D., Bokel,
C., Seidel, C., Bonisch, S., Firthauer, M., Kuhrs,
A., Cobreros, L., Brand, M. & Gonzélez-Gaitan, M.
2005. Target-selected mutant screen by TILLING in
Drosophila. Genome Research, 15: 718-723.

Woll, K., Borsuk, L.A., Stransky, H., Nettleton, D., Schnable,
P.S. & Hochholdinger, F. 2005. Isolation, characterization,
and pericycle-specific transcriptome analyses of the novel
maize lateral and seminal root initiation mutant ruml.
Plant Physiology, 139: 1255-1267.

Zhang, H., Sreenivasulu, N., Weschke, W., Stein, N.,
Rudd, S., Radchuk, V., Potokina, E., Scholz, U.,
Schweizer, P., Zierold, U., Langridge, P., Varshney,
R.K., Wobus, U. & Graner, A. 2004. Large-scale
analysis of the barley transcriptome based on
expressed sequence tags. Plant Journal, 40: 276-290.

Zhao, T., Palotta, M., Langridge, P., Prasad, M., Graner,
A., Schulze-Lefert, P. & Koprek, T. 2006. Mapped
Ds/T-DNA launch pads for functional genomics in
barley. Plant Journal, 47: 811-826.



142

Candidate gene and reverse genetics
approaches for the analysis of

development in barley

S. Ciannamea,! M. Osnato,? E. Miatton,! F. Salamini,* A. Druka,® D. Meynard,*

E. Guiderdoni,* C. Pozziand L. Rossini?
! Parco Tecnologico Padano, Lodi, Italy.

2 University of Milan, Dipartimento di Produzione Vegetale, Milan, Italy.
3 Scottish Crop Research Institute, Invergowrie, Dundee, Scotland, UK.
4 Centre de recherche de Montpellier, Montpellier, France.

Abstract

Research in our group focuses on the
genetic and molecular dissection of
barley development as a mean to identify
useful genes for the manipulation of plant
architecture. Although progress has been
made in rice and maize, the molecular
bases of development are largely unknown
in Triticeae species. Traits under analysis
include tillering, spike morphology, and
development of leaves and floral bracts.
In order to identify and characterize
genes involved in these processes, we
have been exploiting a wide collection
of developmental mutants, combining
candidate gene (CG) and reverse genetics
approaches. CGs for inflorescence branching
and foliar development were identified based
on synteny between the barley and rice
genomes. CGs for meristem function and
floret development were identified through
molecular approaches, using as a starting
point the Hooded (K) mutant. Support for
specific CGs was provided by phenotypic
similarities between rice and barley mutants.
Validation of barley CGs is based on a range
of complementarity between forward and
reverse genetics approaches.

Introduction

Crop plants with desirable architectures
are able to produce higher grain yields, and

understanding the molecular mechanisms
that underlie plant architecture will facilitate
breeding of more productive crop varieties.

Plant development depends on the
activity of meristems, pluripotent cell
populations that give rise to all vegetative
and reproductive organs according to the
characteristic architecture of the species.
The architecture of the aerial part of a plant
is elaborated by the shoot apical meristem
(SAM) that repetitively generates lateral
organs on its flanks. Studies on Arabidopsis,
rice and maize have provided insight into the
molecular mechanisms regulating meristem
function and plant development, attributing
a crucial role to transcription factor (TF)
networks.

Class | Knottedl-like  homeobox
(KNOX 1) genes play pivotal roles not
only in SAM formation and maintenance,
but also in morphogenetic processes
throughout development (reviewed by Hake
et al., 2004). In Arabidopsis and maize, the
negative modulation of knox genes in leaf
primordials is mediated by genes belonging
to the MYB class, rough sheath2 (rs2) and
asymetric leaves (AS1; Byrne et al., 2000),
respectively. Recessive mutations in those
genes are the cause of non-appropriate
foliar development and of the formation of
ectopic meristems. Upon the transition from
vegetative to reproductive growth, the SAM
is converted into an inflorescence meristem:
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depending on the inflorescence architecture
of the species, this will produce a series of
intermediate meristems and finally flowers.
In maize, the ramosal (ral), ramosa2
(ra2) and ramosa3 (ra3) genes define a
pathway that plays a fundamental role in
inflorescence architecture (McSteen, 2006).
The maize Branched silklessl (bdl) and
rice frizzy panicle (fzp) genes encode ERF
(ethylene-responsive element binding factor)
transcription factors controlling the transition
from spikelet to floral meristem identity
(Chuck et al., 2002; Komatsu et al., 2003).

Barley (Hordeum vulgare L.) is along
with wheat a crop of primary importance
in the world, and due to its diploid genome
is considered a good model system for the
dissection of morpho-physiological traits
in the Triticeae. Although progress in this
field has been made in rice and maize, the
molecular bases of spike development
are largely unknown. In order to identify
and characterize genes involved in barley
inflorescence architecture we took advantage
of existing collections of developmental
mutants. Forty mutant loci were positioned
on a linkage map of the barley genome
(Castiglioni et al., 1998; Pozzi et al., 2000;
Roig et al., 2004) opening the opportunity
for positional isolation of the corresponding
genes.

Results and discussion

Map positions provide an ideal starting
point for isolation of target genes based
on information deriving from interspecies
synteny. A synteny-based  approach,
comparing the genomes of barley and rice,
was adopted for the identification of the
candidate gene (CG) for the developmental
mutants previously mapped (Rossini et al.,
2006). Such approaches are now facilitated by
availability of dense genetic maps integrating
molecular markers and gene sequences, as
well as information derived from genomic

approaches (e.g. over 462000 ESTs in
barley). The analysis of synteny with the
completely sequenced rice genome facilitates
the association of target loci with candidate
genes of barley. The approach has made it
possible to identify rice orthologous regions
for 23 barley loci. In a subsequent step, the
regions were scanned for CGs following the
annotation of rice genomic sequences.

This strategy led to the isolation of the
barley orthologue of FZP, considered to be
a good candidate for branchedl (brcl), a
mutation producing branched spikes. Allelic
comparisons and co-segregation analysis
on the progeny of a wild-type x brcl cross
support the correspondence between HvFZP
and the mutant locus responsible for alteration
in inflorescence architecture.

RT-PCR analysis showed that HvFzZP
transcripts are absent from leaves and
expressedinyoungdevelopinginflorescences.
Transcript levels are comparable in wt and
brc1 mutant plants.

Allelism tests between brcl and six other
inflorescence branching mutants obtained
from the Scottish Crop Research Institute
(SCRI) are underway. In parallel, a reverse
genetics approach was adopted for the
identification of mutant alleles of HvFZP:
three M, TILLING lines carrying amino acid
substitutions in HVFZP were identified from
the TILLMore resource developed for the
barley cultivar Morex by the group of Roberto
Tuberosa at the University of Bologna.

In barley, the dominant hooded phenotype
is conditioned by the duplication of 305 bp
enhancer element in intron 1V (Muller et
al., 1995) that causes ectopic expression at
the lemma-awn transition zone of Bkn3,
the orthologue of the maize Knottedl gene.
This lesion leads to the formation of an
ectopic meristem and subsequently to the
development of an extra flower in place
of the awn present in wild-type spikelets
(Muller et al., 1995). Enhancement of KNOX
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gene transcription due to the activity of intron-
located regulatory elements has been reported
in both dicots (Golz et al., 2002) and monocots
(Greene et al., 1994; Muller et al., 1995).

In order to gain insight into intron-
mediated KNOX gene regulation, a one-
hybrid screen, based on the 305 bp element
as the DNA target, allowed the isolation of
a set of protein candidates for binding the
element, collectively indicated as KIBPs (K
Intron Binding Proteins). The first of these
proteins, BBR, was extensively characterized
and demonstrated to bind the 305 bp element
in vitro and in vivo; moreover, the over-
expression of BBR in transgenic tobacco
plants is associated with morphological
alterations in leaf and flower development
(Santi et al., 2003).

Three additional KIBPs identified from
the one-hybrid screen were confirmed to bind
the 305 bp element in vitro. They localize
to the nucleus of plant cells and share
high sequence similarity with previously
characterized transcription factors known
to play roles in the ethylene and gibberellin
pathways. Analysis of KIBP gene expression
following hormone treatments supports
their potential involvement in mediating the
control of Bkn3 activity by ethylene.

Comparison of map positions within
the barley genome led us to exclude
the correspondence of KIBP genes and
developmental mutant loci previously
characterized and mapped in our group.

In order to analyze their developmental
role, KIBP genes were introduced in
rice plants by Agrobacterium-mediated
transformation. Phenotypic characterization
of transgenic lines is in agreement with an
involvement of KIBP genes in controlling
development, possibly through cross-talk
between KNOX and hormone pathways.

In addition, the TILLMore resource
was screened in a search for mutations in
CGs for Bkn3 regulation, yielding 3 and 6
lines carrying mutations in BBR and Brs2,
respectively.

Conclusions

This CG integrated approach is proving
effective  in  the identification and
characterization of regulatory genes. It will
contribute to understanding gene functions
and to dissect plant developmental pathways
in different plant species.
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Abstract

A collection of 192 barley accessions
providing a comprehensive coverage of
the past and present of the crop in the
Mediterranean  basin  were assembled.
Population  structure  and  genome-
wide linkage disequilibrium (LD) were
investigated using 52 nuclear microsatellite
and 1131 DArT® markers. Both clustering
and coordinate analyses clearly subdivided
the sample into five distinct groups clustering
around key ancestors and regions of origin
of the germplasm. A large variation in LD
values and extent was observed, ranging
from closely linked markers completely at
equilibrium to unlinked marker pairs 50 cM
away from each other and still showing
significant LD. Genome coverage and LD
decay are sufficient for whole genome
association mapping, and the population
formed is a valuable resource that can be
used in basic and applied research in barley.

Introduction

Barley (Hordeum vulgare L.) is the fourth
most important cereal crop in the world,
with a long history of breeding and research.
Domestication from its wild relative Hordeum
vulgare subsp. spontaneum (C. Koch) in the
Fertile Crescent occurred around 10 000
years ago. It is cultivated in a wide range
of environments and the variability of the
conditions therein and consequent differences
in breeding objectives have played major
roles in producing the diversity found in world
collections. Within defined regions, plant
breeders focus their efforts on local elite gene
pools, which reflect the accumulated effects
of crossing, selection and recombination.
By contrast, it is now widely recognized
that the wild progenitors, wild relatives and
landraces of crops have accumulated, during
their long existence, a rich reservoir of genes
for adaptation to a range of abiotic stresses,
including drought, that they experience in the
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harsh natural environment (for a review of
barley landraces, see Grando et al., 2001). In
spite of the recent advances in biotechnology,
wild progenitors and landraces are still, and
will remain for the next few decades, the
most immediate acceptable source of useful
genes for conventional breeding programs,
provided they still exist.

Drought is the most prevalent abiotic
stress  limiting barley production in
Mediterranean areas (Ceccarelli and Grando,
1996). It affects plant processes over time
scales ranging from a few minutes to weeks
or months, with physiological consequences
from minor stomatal adjustmentstosignificant
yield loss (for a review, see Belhassen, 1996).
Alleviation of the consequences of drought
will increase food security, diminishing
poverty and marginalization. A key factor
for sustainable agricultural production is,
therefore, our ability to understand and utilize
the mechanisms of germplasm adaptation to
dryland conditions found in genetic resources
such as local landraces.

Over the last few years, candidate gene
studies and high-throughput genotyping
platforms have promoted association mapping
strategiesasaviable alternative for Quantitative
Trait Locus (QTL) mapping. These strategies
differ from meiotic mapping approaches with
bi-parental crosses fundamentally in three key
ways. First, the genotyping of a representative
collection of material automatically provides
ananalysis of the diversity within the collection
and thus identifies key introgressions. Second,
the extensive recombination history present in
many breedinggenepoolsallowswholegenome
variation to be connected with phenotypic
variation, providing more meaningful QTL
identification. Third, QTLs can be detected
in different genetic backgrounds, including
those which are representative of the present
cultivated germplasm, providing the right
tools for marker assisted selection in breeding
programs.

The study of non-random association
of alleles at different loci, i.e. Linkage
Disequilibrium (LD), plays a central role in

association mapping because it will determine
the number and density of markers needed for
whole-genome mapping, and the possibility
of fine mapping. In barley, comparison of
gene-based studies (Caldwell et al., 2006;
Morrell et al., 2005; Stracke et al., 2006)
and genome-wide studies (Kraakman et al.,
2004; Malysheva-Otto et al., 2006; Rostoks
et al., 2006) provide insight about the strong
influence of selection and recent population
history on the observed structure of LD. LD
is rapidly eroded in genes not subjected to
strong directional selection exerted in plant
breeding in ancestral Hordeum spontaneum
populations (Caldwell et al., 2006; Morrell
et al., 2005). In contrast, LD extends over
large linkage distances (sometimes greater
than 50 cM) for a few loci in related elite
germplasm (Rostoks et al., 2006; Kraakman
etal., 2004).

We therefore assembled a collection
of 192 barley genotypes embracing most
of the diversity present in the cultivated
gene pool in the Mediterranean region to
provide a meaningful survey of the diversity
of adaptation to drought. This collection
comprised landraces and historically
important varieties as well as modern
varieties, together with representative
genotypes from central and northwest
Europe, and we have termed it Diverse
Barley Germplasm (DBG). Genetic variation
at the DNA sequence level was screened
initially with Simple Sequence Repeat (SSR)
and Single Nucleotide Polymorphism (SNP)
molecular markers. This was later augmented
by screening the collection with Diversity
Array Technology (DArT®) molecular
markers. DArT®, described by Wenzl et al.
(2004), provides cost-effective, repeatable,
high-throughput, multi-locus dominant bi-
allelic markers for medium-density genome
scans at low cost.

By applying these molecular marker
technologies to the DBG, we can:
(1) estimate genetic diversity within different
germplasm groupings; (2) provide whole
marker genome coverage of the sample,
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which can be used in association-mapping
studies; (3) understand and describe patterns
of population structure between and within
the groupings detected; and (4) investigate
patterns of LD for further characterization
of germplasm clusters, in the light of their
ancestral history. Ultimately, the goal is to
provide the barley research community with
a genetically well characterized population
for mapping adaptation to the drought-prone
areas throughout the Mediterranean.

Materials and methods

Genotyping

The collection of 192 accessions of
H. vulgare, selected to represent the past
and present germplasm grown in various
regions around the Mediterranean basin
(Table 1), were multiplied for harvest 2003
by ICARDA. From a sub-sample of this seed,
a single plant was grown in the glasshouse
at SCRI under standard growing conditions.

DNA was then extracted from seedling leaf
material of each genotype using the Mixer
Mill MM300 (Retsch) in combination with
DNeasy plant extraction kits (Qiagen)
according to manufacturer’s instructions.

Genotyping was conducted in two phases.
In phase 1, 53 molecular markers, comprising
31 derived from expressed sequenced tags,
30 of which were SSRs and one was an
SNP, and 22 SSRs derived from genomic
DNA were used. These were distributed
reasonably evenly amongst the seven barley
chromosomes (Figure 1). In phase 2, further
DNA aliquots, containing between 0.5 and
1 ug of total DNA from each accession were
sent to Triticarte™ (http://www.triticarte.
com.au/) for whole-genome profiling with
DArT®, with each polymorphic probe being
scored as a binary variable.

Data analysis

For each of the markers in the set used in
phase 1, diversity statistics, including total
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Figure 1. Location of molecular markers used in phase 1 genotyping of the DBG.
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Table 1. Genotypes and geographical origin of germplasm sampled and genotyped.

| _— . Cultivated
: A priori groupings region Genotype
Entry191, entry192, entry193, entry194, Shoubak, Al Mansoura, Mafraq,
: East Mediterranean ~ Jordan Jordanl, Kafar Rakeb, Jordan2, Al Rama, That Rass, Al Azraq Al Janoubi,
! Modeibeia, Bir Al Dabaghat, Al Hisha, Twal Al Janoubi, Al Gdieda village
i North Mediterranean  Dalmatia Ragusa
‘ France Hatif de Grignon
| Italy Agello, Amiterno, Locale Aquila, Locale Leccese, Locale Siciliano, Orazio
; Albacete, Almunia, Berta, Macotera (SA), Pane, Pamula de Artes (L),
' Spain Precoz de Cadreita (NA), 206-33, 206-62, 206-94, 206-44, 206-24, 206-78,
g 206-99, 206-16
g i Other Czech Hanna, Kneifel, Vollkorn
E Denmark  Kenia, Binder
: Germany Tschermaks 2row, Heils Franken, Haisa
: Sweden Gull
; UK Pioneer
; South Mediterranean  Algeria Saida, Tichedrett, Algerian Landrace
. Sountate 1/1, Sountate 1/31, Sountate 1/64, Sountate 1/61, Sountate 1/167,
E Morocco Taghighachte 8/1, Taghighachte 8/2, Taghighachte 8/9, Taghighachte 8/33,
! Taghighachte 8/49, Motzli 9/4, Motzli 9/28, Motzli 9/39, Motzli 9/46,
H Motzli 9/55, Taounate 10/2, Taounate 10/8, Taounate 10/9
ETurke Turke Amb-192, Amb-196, Amb-307, Amb-19, Amb-199, Amb-191, Amb-135,
ey Y Amb-134, Amb-133
; East Mediterranean  Jordan ASCAD 176, Rum
' North Mediterranean  France Manitou, Siberia, Hispanic, Reinette, Tremois
Ital Aliseo, Amillis, Dasio, Federal, Gotic, Grecale, Grosso, Kelibia, Mattina,
! Y Nure, Naturel, Solen, Sonora, Tea, Tidone, Ultra, Vertige
@ Spain Candela, Dobla, Kika, Orria, Zaida
« !
E \ Other Germany Alexis, Igri, Scarlett, Triumph, Barke, Otis, Magda, Regina
3| Holland Atem, Intro, Aramir, Apex
je ]
g ‘ UK Chariot, Fanfare, Optic, Graphic, Kym, Nevada, Tipper
s USA Steptoe
f South Mediterranean Algeria Alanda-01, Manel
E Morocco Arig8, Aglou, Amalou, Merzaga-07, Massine, Rabat-01, Oussama
ETurke Turke Efes-98, Anadolu-98, Aydanhanim, Sahin-91, Karatay, Tarm-92, Orza-96,
ey Y Bulbul-89, Yesevi-93
E East Mediterranean  Jordan Entry190
" North Mediterranean  France Plaisant, Ager, Alpha, Astrix, Aurore, Barberousse, Beka, Logra, Monlon,
I Baraka, Elan
o Italy Arda, Onice, Vetulio
g EOther Germany Vogelsanger Gold, Dea, \olla, Union
% i Netherlands Vada, Emir, Zephyr, Hassan
g i Sweden Balder, Ingrid, Pallas, Formula
E UK Proctor, Georgie, Maris Otter
i South Mediterranean Algeria Martin, Harmal, Assala-04, ER/Apm
! Turkey Turkey Tokak, Yesilkoy, Hamidiye, Cumhutiyet, Efes-3, Obruk, Zafer-160,

Anadolu-86
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number of alleles and mean number of
alleles per locus, were calculated using the
Microsatellite Toolkit for Excel (Park, 2001).
Polymorphism information content (PIC)
was calculated in Microsoft Excel using the
following formula: PIC =1 — P where P,
is the frequency of the ith SSR allele (Smith
et al., 2000).

Based on data from phase 1 genotyping,
population structure was examined using
three different methodologies. Firstly,
phylogenetic analysis was conducted by
using an allele sharing distance matrix
(Bowcock et al., 1994), computed using
the Microsatellite Toolkit (Park, 2001), as
input for the neighbor-joining (NJ) tree
building clustering algorithm implemented
in the PHYLIP package (Felsenstein, 1997).
The resulting dendrogram was rooted using
Jordan landrace ‘entry194’ as the out-
group, based on its proximity to wild barley
(Hordeum spontaneum) genotypes from the
Fertile Crescent (data not shown). Secondly,
principal coordinates analysis, PCA, based
on simple matching of fragment product sizes
was performed with GenStat 9 (Payne et al.,
2006). Thirdly, Bayesian clustering, using
simple matching, was applied to identify
clusters of genetically similar individuals
using STRUCTURE software version 2.1
with admixture (Pritchard et al., 2000;
Pritchard and Donnelly, 2001).

An interim consensus map of barley DArT
markers (A. Kilian, Triticarte, pers. comm.)
was used to study Linkage Disequilibrium
(LD) amongst the 192 accessions. LD
between mapped DArT loci was calculated
by the squared allele frequency correlation
coefficient, R?, (Weir, 1979), implemented
in Tassel, version 1.9.4 (Buckler et al.,
2006). In this way, P-values from all pairs
of DArT® bi-allelic markers within the same
chromosome after removal of loci with rare
alleles (f<0.10) were estimated. The extent
and distribution of LD along each of barley’s

seven chromosomes was visualized by
plotting R? values against the genetic distance
in centi-Morgans

Results

One SNP and one EST-SSR marker proved
monomorphic across all 192 accessions
and were therefore excluded from further
analyses. The remaining 51 markers used in
phase 1 genotyping were able to distinguish
all accessions. Over the whole sample of 192
accessions, 476 alleles were detected with an
average of 8.98 alleles per locus and an overall
mean diversity value of 0.522, ranging from 0
to 0.909. Comparisons between landraces and
cultivars (modern and old pooled together)
showed a general decrease in diversity from
mean values of 7.79 to 5.57 alleles per locus
for 84 and 108 accessions for landraces and
cultivars, respectively. Presence of alleles
specific to landraces, old cultivars and modern
cultivars was investigated with 124, 11 and
40 rare alleles (<5% frequency) respectively.
Two frequent alleles (>5% frequency) from
SSRs HVM62 and Bmag0353 were specific
to landraces.

Visual inspection of the accessions
growing in trials derived from the same seed
lots used to produce leaf samples for DNA
extraction identified five aberrant accessions,
namely cultivars Steptoe, Tipper, Regina,
Hanna and Pioneer. These differences were
confirmed by analysis of their phase 1 marker
genotypes. Two other accessions, cv. Zephyr
and a Jordanian landrace, were duplicated
amongst the 192 entries and each duplicate
pair produced identical genetic fingerprints.
The five aberrantaccessionsand one accession
from each of the duplicate pairs were
therefore excluded from further genotyping
and analyses. DNA from cv. Alexis failed
to produce consistent hybridization signals
in DArT® analysis and this accession was
also excluded from further analysis, leaving
184 accessions that produced unique DArT
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genotypes. DArT analysis produced 1131
bi-allelic markers with corresponding PIC
values ranging from 0.126 to 0.499. For a bi-
allelic marker, the minimum and maximum
PIC values are 0 and 0.5, respectively. In
our study, most DArT® markers had PIC
values over 0.450, with an average of 0.407.
Mean DArT® diversity values for landraces,
old cultivars and modern cultivars were
0.390, 0.386 and 0.386, respectively. From
the interim consensus map, 811 of the 1131
DArT® markers had a known map location.
Only 31 markers (23 of known location)
had minimum allele frequencies (MAF)
lower than 0.1. DArT® markers provided
an average genome coverage 116 markers
per chromosome with a minimum of 52
markers for 4H and a maximum of 164 for
chromosome 3H. The more sparse coverage
of chromosome 4H can also be seen in the
published DArT consensus map (Wenzl et
al., 2006) and, in our case, led to four gaps of
20 cM or more.

STRUCTURE vs.2.1. Bayesian cluster
analysis (Pritchard et al., 2000), using the SNP
and SSR data, produced population estimates
for each individual genotype. STRUCTURE
was run several times independently with
the number of independent groups, Kk,
ranging from 1 to 10 in each to verify that
the estimates were consistent across runs,
after which we concluded that k should take
a value of either 5 or 6. The composition of
the clusters at k=5 also made biological
sense so we have utilized this grouping for
the remainder of the study. The five groups
produced from STRUCTURE comprised:
(i) 61 southwest Mediterranean  six-row
accessions; (ii) 21 Turkish accessions; (iii) 16
east Mediterranean accessions; (iv) 42 north
Mediterranean six-row winter accessions; and
(v) 52 north Mediterranean two-row spring
accessions. The groups are relatively diverse
in growth habit and spike morphology with

an observable gradient from “pure” two-
row spring accessions to “pure” six-row
winter accessions, but admixture within
each grouping can be observed (Figure 1).
For instance, varieties that share ancestors
from both groups can be picked up from the
estimated membership probabilities produced
by STRUCTURE (Figure 2). Admixture
can also be observed between southwest
Mediterranean and north Mediterranean
six-row varieties (Figure 2). All Turkish
accessions are two-row springs, except for six-
row Sahin91. The southwest Mediterranean
group is diverse in origin. Most accessions
within this group are six-row spring types.
Within the southwest Mediterranean group,
there is a single cluster of 8 accessions
that share a unique chloroplast haplotype
(data not shown) containing the genotype
Macotera (SA), and the collection of Spanish
landraces labeled ‘206 have a winter growth
habit. Three old Italian varieties, Orazio,
Locale Leccese and Agello, are clustered
with southwest Mediterranean varieties but,
according to their pedigree, they originated
from a selection of a heterogeneous African
landrace. In this study, the group of Turkish
accessions shows some similarity to north
Mediterranean two-row spring accessions,
but is clearly a distinct subgroup.

Comparing LD between all pairs of mapped
DArT markers, the general trend is a rapid
decay with genetic distance (Figure 3).
The proportion of markers with R?2>0.4
decreased from 60 to 10% within the first
2 cM, although some unlinked markers
showed high levels of LD. Whilst mean LD
across the whole population sample level
decayed below 0.2 within 3 cM, high levels
of LD extended across the entire genome
in the East Mediterranean and Turkish
germplasm groups (Figure 4). For these two
groups, the small sample size and high levels
of similarity between accessions were the
main reasons for high levels of LD.
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Figure 2. Dendrogram (neighbor joining) and inferred population structure based on 192
individuals and 50 markers using STRUCTURE (Pritchard et al., 2000a). Each individual is
represented by a line partitioned in k colored segments that represent the individual’s estimated
membership fractions in K cluster. Names in red refer to aberrant genotypes due to selection of
contaminants at some stage in the selection and multiplication process.
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Comparison of LD values (Figure 4) and
diversity values between the STRUCTURE
groupings (Figure 5) offer the opportunity to
further explore the population structure of the
sample. North Mediterranean six-row winter
and southwest Mediterranean groups could
be stratified. In fact, the North Mediterranean

six-row winter group, where high levels of
admixture are observed, is not completely
homogeneous in row number, and the group
encompassing  southwest  Mediterranean
accessions is heterogeneous in growth habit,
with some accessions being winter and the
rest spring.

Discussion

This study is among the first to deliberately
develop a specific population representing the
available germplasm of the Mediterranean
basin to provide a platform for association
mapping in barley. The level of polymorphism
observed using bi-allelic markers exceeds
those of previous studies, with 1130 DArT®
markers (788 mapped with MAF >0.1)
providing an average genome coverage of
116 markers per chromosome (i.e. <2 cM
average distance between markers), with 319
markers of unknown map position. Previous
studies in barley have reported average
densities of 33.7 markers per chromosome
(Kraakman et al., 2004), and more recently
Rostoks et al. (2006) reported an average of
93.7 markers per chromosome. Considering
that significant LD extends up to 2 ¢cM in our
sample, this constitutes reasonable genome

——mean 2 decay South West Med ——mean 12 decay & row winter

mean r2 decay 2 rows spring

——mean 2 decay Jordan

mean 12 decay Turkish
——mean 12 DBG

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Genetic distance (cM)

Figure 4. Plots of R measurements as a function of genetic distance (in centimorgans) between
informative (f>0.1) polymorphic DArT® loci sharing chromosome in five different germplasm

pools.
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subsets.

marker coverage for attempting a whole
genome association scan in barley.

Our mapping population is genetically and
physiologically diverse, sampling alternative
alleles at several major developmental loci,
and consequently has a strong population
structure based on an individual’s pedigree
or origin, or both, which reflects different
environmental and breeding selection
practices shaping barley diversity. The strong
population stratification in Mediterranean
cultivated barley, reported also by
Malysheva-Otto et al. (2006), underlines the
extensive use of a few key ancestors well
adapted to specific target regions. The old
Swedish landrace Gull features strongly in
the pedigrees of north Mediterranean two-
row spring accessions, as do older accessions
developed from it, such as Heils Franken,
Binder and Kenia. North Mediterranean six-
row winter accessions are often derived from
Groninger and Mammut (not present in our
sample). Moreover, two-row winter barleys
have Carstens two-row or Tschermaks two-
row in their pedigrees, which were derived
from winter six-row crosses to spring two-
row (Fischbeck, 2002). Turkish accessions
that were sampled cluster strongly together
because most were developed from Tokak,
and Kilian et al. (2006), analyzing haplotype

structure at 7 barley genes, also reported a
strong cluster of the two-row spring Turkish
cultivars. The strong Turkish identity has
also been observed in wheat accessions (Kim
and Ward, 2000) and may reflect singularity
of Turkish breeding program strategy and
selection for cold hardiness, which would
have been sufficient to give distinctness from
other two-row barleys (T. Akar, pers. comm.).

Previous studies have highlighted
contrasting patterns of LD between genes a
priori closely linked to a polymorphism but
subjected to distinct selection pressures, and
recombination histories in the population
under study (Caldwell et al., 2006). Our
results suggest that in barley, whilst LD might
decay rapidly in some regions of the genome,
selfing and strong selection pressures
generally result in persistence of LD for at
least 2 cM. Presumably, regions of interest
have already been under selection pressure
and will be in higher LD, thus facilitating
association studies. For instance, disparate
and contrasting LD values can be observed
but may just reflect different recent history
of selection and drift in different genomic
regions.

Despite mean basal LD values of the
whole sample level being low (Figure 5)
the distribution of genetic diversity is not
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random and is highly structured within
groups. The lower basal R? values of north
Mediterranean two-row springs in respect
to north Mediterranean six-row winter
and southwest Mediterranean  six-row
accessions may reflect the existence of
unaccounted population sub-structure within
North Mediterranean six-row winter and
southwest Mediterranean six-row groups as
a source of significant LD. We have already
observed that both groups are not completely
homogeneous in terms of growth habit and
may have two genetic sources for the six-row
spike phenotype, as reported by Casas et al.
(2005) among six-row Spanish landraces.

In highly structured samples like the one
used in the current study, accounting for
population structure in association mapping
studies is essential to minimize the discovery
of false-positive associations. The persistence
of LD that was detected suggests that whilst
association mapping approaches in such
barley populations may not be suitable for
fine mapping of traits, they are much more
likely to locate QTLs of relevance than
classical linkage mapping, as the germplasm
screened can be considered as representative
of the actual cultivated germplasm.

In  conclusion, association studies
provide methodologies to improve the
characterization of germplasm collections,
as their genetic characterization with large
numbers of markers can be used to identify
genomic locations of the genetic determinants
of traits of interest. This work provides
a detailed description of an association
mapping population that represents the past
and present of cultivated barley diversity
around the Mediterranean rim. Furthermore,
it encompasses a large proportion of the
genetic variation underlying the different
mechanisms and strategies for adaptation
to drought-prone environments around the
Mediterranean basin.

We have demonstrated that the
association  mapping  population s
genetically and physiologically diverse,

and strongly structured due to pedigree
relationships providing contrasting levels
of population stratification. Current genome
coverage, together with observed LD decay
values, should not represent a problem
for attempting a whole-genome scan, and
makes the population an ideal QTL mapping
resource for Mediterranean environmental
conditions, provided that population structure
is effectively and appropriately controlled
within the association analysis.
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Abstract

Archeological evidence has revealed that
barley (Hordeum vulgare L.) is one of the
oldest crops used by ancient farmers. One
of the remarkable changes during barley
domestications was the evolution of six-
row barley. The six-row spike 1 (vrsl), the
most important locus in duration of the
domestication of this trait, is located on
barley chromosome 2H, which is syntenous
with rice (Oryza sativa) chromosomes 4
and 7. Elucidation of the origin of six-row
barley has been a long-term goal of barley
scientists. We isolated the vrsl gene by
means of positional cloning. Expression
of Vrsl was strictly localized in the lateral-
spikelet primordia of immature spikes. Vrsl
encodes a transcription factor that includes a
homeodomain with a closely linked leucine
zipper motif (HD-ZIP). Loss of function of
Vrsl results in complete conversion of the
rudimentary lateral spikelets in two-row
barley into fully developed fertile spikelets
in the six-row type. Sequence analysis of the
vrsl gene among a worldwide collection of
six-row cultivars revealed three independent
origins for six-row barley. Two of them
(alleles vrsl.a2 and vrsl.a3) were derived
from their immediate ancestor two-row
cultivated barley (alleles Vrs1.b2 and Vrsl.
b3) by single nucleotide mutation. The origin
of vrsl.al, the most widespread allele and
probably the first allele of six-row barley,
was not found among two-row cultivars
tested in this study. This study revealed that
six-row barley (vrsl) originated repeatedly,
at different times and in different regions,
through  independent  single-nucleotide
mutations of Vrs1 from wild barley.

Background

During the process of cereal domestication,
humans have selected within wild species
toward the general direction of increased
yield (Harlan et al., 1973). One of the most
conspicuous selections for increased seeds
was the appearance of a six-row spike
during barley domestication. Six-row barley
produces three times as many seeds per spike
as two-row barley and is a change of dramatic
agronomic importance. Spike architecture
of Hordeum species is unique among the
Triticeae and simply symmetrical, where
each rachis node has one central and two
lateral spikelets. All three spikelets are fully
fertile and able to develop into grains in six-
row barley, but the two lateral spikelets are
reduced in size and sterile in two-row barley
(von Bothmer and Jacobsen, 1985; von
Bothmer et al., 1995). Various theories have
been proposed for the evolutionary pathway
of six-row cultivars. Aberg (1938) assumed
that six-row cultivated barley derived from
six-row form with brittle rachis known as
H. agriocriton found in the early 1930s
in western China. Another theory, which
is nowadays favored by barley scientists,
assumed a single evolutionary line from
subsp. spontaneum to subsp. vulgare.

An excavation at Ali Kosh in the foothills
of Kurdistan detected twisted kernels, an
indication of six-row barley, at 7800 yBP, and
a few kernels of non-brittle, two-row barley
at 9000 yBP, indicating that two-row barley
was cultivated earlier than six-row barley
(Helbaek, 1959, 1969). This is a sign that
the six-row character in barley was derived
from two-row barley during domestication.
Six-row spontaneous mutants do not have
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a survival advantage in the wild and they
are eliminated naturally and rapidly from
wild barley populations (Zohary, 1963; von
Bothmer et al., 1995).

The two- and six-row spikes of barley
are determined by a single gene locus, Vrsl
(dominant allele exists in two-row barley)
or vrsl (recessive allele exists in six-row
barley) (Ubisch, 1916; Lundqvist et al.,
1997). Although Intermedium spike-c.h
(Int-c.h), which occurs in six-row barley,
is involved in enlarging the size of lateral
spikelets, the presence of the recessive gene
vrsl is by itself sufficient to modify two-row
barley into six-row barley (Lundgvist et al.,
1997). There are at least three additional
genes that have been identified on different
barley chromosomes through artificially
induced mutations; however, none of these
genes has yet been found in known six-row
cultivars, probably due to the phenotypic
disadvantages, such as reduced size and/or
fertility of the lateral spikelets on the upper
and lower portions of the spikes that occur
in those mutants (Lundgvist et al., 1997;
Pourkheirandish and Komatsuda, 2007).
These observations indicate that Vrsl has
been the primary target of mutation during
the appearance of six-row barley. It has been
assumed that six-row barley developed from
domesticated two-row barley by means of
spontaneous mutation (Zohary and Hopf,
2000; Harlan, 1968), but discovery of the
origin of six-row barley has been a long-term
goal of barley scientists.

Scope

Based on the concept of diffuse centres
of differentiation (Harlan, 1968), barley
evolution has been a continuous and gradual
process and not a single event. Among the
main key traits of barley domestication, the
six-row spike gene, vrsl, has a significantly
high value in this aspect. Because wild
and cultivated barley are interfertile (von
Bothmer et al., 1995; Linde-Laursen et al.,
1997), reciprocal gene introgression between

them and between cultivars are frequent
(Abdel-Ghani et al., 2004). Therefore, using
random markers in the barley genome does
not appear to represent the two- and six-row
types of barley, and evolutionary studies
based on DNA markers that are inherited
independently from the domestication genes
might provide different insights into barley
specialization (Kilian et al., 2006; Badr et
al., 2000). In this study, we focus exclusively
on the origin of six-row barley, using the vrsl
gene itself. In other words, we concentrate
on the vrsl gene rather than the whole barley
genome to elucidate the origin and evolution
of six-row barley, even though our data might
have some implications for evolution of the
species.

Isolation of the six-row
gene, vrsl

To isolate the vrsl gene, we used a map-
based approach. We mapped the vrsl gene
to a 0.90 cM interval between cMWG699
and MWGB865 in previous publications
(Komatsudaand Tanno, 2004; Heetal., 2004).
The two vrsl flanking markers cMWG699
and MWG503 share homology with rice
genes 0s04g45490 and Os04g46300, which
lie in a 980 kbp contig of nine rice bacterial
artificial chromosome (BAC) clones on rice
chromosome 4. Twenty of the informative
barley ESTs were successfully mapped to an
interval between cMWG699 and MWG503
including vrsl. The linear order of these
markers in barley and rice was identical. When
high-resolution mapping was used, BC12348
(an EST contig consisting of AJ468022 and
CB881790) placed 0.053 cM distal to vrsl.
The mapping narrowed the location of vrsl
toa 0.06 cM interval between e40m36-1110S
and BC12348 using segregating progeny
equivalent to 13 093 gametes (Komatsuda
et al., 2007; Pourkheirandish et al., 2007).
The candidate genomic region between two
flanking markers was completely covered
with six BAC clones by chromosome walking
strategy. Sequencing of six independent BAC
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clones revealed a contig containing vrsl
composed of 518 343 bp. The contig spanned
eight recombination events, which were not
evenly distributed in this region. The central
220 kbp segment between e34m13-260S and
BJ242706, and harboring vrsl showed no
recombination (Pourkheirandish et al., 2007).

The wvrsl contig of the 518343 bp
combined sequence (accession number
EF067844) revealed over 82% of nested
transposable elements (Komatsuda et al.,
2007). Seven “islands” of a few kbp in size
can be classified as a non-repetitive sequence
and considered as candidate location of vrsl
(Pourkheirandish et al., 2007). Sequences
showing homology to known genes were
identified in islands 3 (HvHox1), 6 (YHVEP1)
and 7 (HvVEP2), whereas the other islands
showed no sequence homology to known
genes. YHVEP1 appears to be degenerated
and interrupted by several insertion events
involving transposable elements. HvEP2
is an expressed gene with unknown
function, which was recombined with vrsl
genetically. Thus HvHox1, in island 3, is
the only gene that lies between the flanking
markers. HvHox1 encodes a 222 amino acid
polypeptide, including a homeodomain of
three helices and a leucine zipper motif in its
centre (Figure 1). Orthologue

which happened during the evolution process
after separation of rice and barley.

Identification of the Vrsl1
gene

To investigate the biological function of
HvHox1, Vrsl mutant lines were used.
Among 91 reported mutant lines (Lundgvist
et al., 1997), we analyzed 57 mutants, which
were derived from five different two-row
cultivars. These mutants were categorized
into two main groups of Intermedium spike-d
(Int-d) and hexastichon (hex-v) based on the
development of lateral spikelets (Figure 2).
In Int-d mutants, lateral spikelets are sterile
or partially fertile, with variable awn length,
which appear intermediate to those of two-
row and six-row barley (Gustafsson and
Lundqvist, 1980), whereas in hex-v the lateral
spikelets are fertile and fully developed,
with long-awns (Gustafsson and Lundqvist,
1980), and phenotypically very similar to
normal six-row barley (Figure 2). Based on
a previous study (Lundgvist and Lundgvist,
1988), these mutants are allelic to the vrsl
gene. Thus morphological changes in the
mutants can be considered as changes in the
Vrsl gene. Lesions in Vrs1 DNA sequence

of HvHox1 was Oshox14 a) e e Vrs1
(0S07g39320), which was | , |

located on rice chromosome | = e | | =

7. The barley and rice amino 2147 bp
acid sequences are largely ﬂ VRS
identical, containing a small b) - 222 AA

number of conserved amino
acid changes (Pourkheirandish
et al., 2007). The rice-barley
in silico map around the vrsl
gene was perfect without any
exception; however, a rice
orthologue of Vrs1 was missing
in this co-linear rice interval.
This co-linearity was disrupted
by some chromosomal re-
arrangement in barley or rice,

2

2

Wi
Ad0>F 5, (vrs1.a2)- E152>F 8. (vrs1.a1)

F75>L (vrs1.ad)

Figure 1. HvHox1 from two-row cultivar encoding a protein
with conserved DNA-binding homeodomain (HD) and the
dimer-forming leucine zipper region (ZIP). (A) Genomic
structure of 2147 bp including HvHox1 with exon/intron
junctions. (B) Primary structure of HvHox1 subunit and
homodimer formation through ZIP.
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Virs1 Int-d

hex-v

Figure 2. One spikelet at a rachis node.
Normal two-row barley used as a parent of
mutant lines (Vrsl), Intermedium spike-d
(Int-d) and hexastichon (hex-v).

of 49 mutant lines were correlated with
their morphological changes. These changes
consisted of 22 cases with a single amino acid
substitution, 12 mutant lines with truncation
of the protein due to the introduction of a new
stop codon, 3 lines with a single nucleotide
substitution in the conserved splicing signals
which cause alternate splicing (change of
splicing was confirmed by sequencing their
transcripts), 5 lines had a frameshift mutation
caused by a deletion, and 7 revealed complete
deletion of the Virs1 region (based on flanking
marker analysis). All lines with a complete

deletion of Vrsl (>182 kbp) as a result of
irradiation, always shows hex-v-type six-row
spikes under a range of growing conditions.
Since the 7 deletion mutants showed no
developmental lesions, Vrsl appears to be
dispensable in barley. Thus, it is plausible that
Vrsl evolved through duplication of a vital
“master” gene, which may still present in its
ancestral location on chromosome 2H. We
found 8 mutants without any DNA changes
throughout the coding region. Expression
analysis revealed that 5 of the 8 mutants
have reduced or no expression of Vrs1, which
may be caused by some mutational change
in transcription machinery. The remaining
3 mutants without any changes in coding
sequence and which showed almost the
same level of expression as in the two-row
cultivars were subjected to an allelism test.
These lines (hex-v.46, hex-v.47 and hex-v.48)
were derived from cv. Bonus by neutron
bombardment, ethyl  methanesulfonate
exposure and x-ray treatment, respectively.
The allelism test revealed that these three
mutants were not allelic to vrs1, as confirmed
by test crosses with hex-v.23 and hex-v.49.
Mutant analyses clearly confirm the identity
of HvHox1 candidate gene with our target
six-row spike gene, Vrsl.

Expression analysis of HD-
ZIP 1 homeobox gene

Our study revealed that Vrsl encodes a
member of the HD-ZIP class of transcription
factors. Transcription of homeodomain
leucine zipper (HD-ZIP) 1| gene (Vrsl)
was specifically detected in shoot apices
or immature inflorescences by RT-PCR.
A deletion mutant (hex-v.3) showed no
gene expression, in accordance with the
hypothesis that HD-ZIP | lies at the vrsl
locus. It is interesting that both two-row and
six-row barleys show almost equal levels of
transcription, indicating that transcriptional
machinery is intact in the six-row cultivars
analyzed. Apices or immature inflorescences
in the early stage (1-16 mm long) showed a
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stronger transcription of HD-ZIP | than those
in the middle stage (20-50 mm), supporting
a prediction that expression of Vrsl/vrsl is
related to differential development between
central and lateral spikelets in two-row
barley (Komatsuda et al., 2007). In situ
hybridization wusing a 315-bp RT-PCR
fragment including only the 3’-UTR of Vrsl
revealed that this gene was expressed only in
the lateral spikelet primordia. Vrsl was not
detectable before differentiation of central
and lateral spikelet (double-ridge stage),
but its expression was clearly detectable
at the triple-mound stage and the glume
primordium stage (after differentiation of
central and lateral spikelets). During these
Vrsl-expressing stages (when the immature
spikelets are 1.5 to 2.0mm long), the

AtdgI6740

Oshox14

primordium of the central spikelet became
larger than the primordia of the lateral
spikelets (Komatsuda et al., 2007).

HD-ZIP proteins are unique to the plant
kingdom and are classified into four classes,
I to IV (Meijer et al., 2000). Barley Vrsl
belongs to class HD-ZIP | based on the
phylogenetic tree of HD-ZIP homeodomain
proteins in plants (Figure 3). Members
of classes I and Il form homodimers with
members of the same class and function as
transcriptional activators and repressors
(Sessa et al., 1993; Meijer et al., 2000). Some
members of classes Il and IV are involved
in the development of the apical meristem,
vascular development, and establishing
cell fates in the epiderm (Henriksson et
al., 2005). The biological function of class

PHAVOLUTAMY 10922
REVOLUTA
Os03g43930.1
LOSA/ATHB14

Figure 3. Neighbor-joining phylogenetic tree of HD-ZIP homeodomain proteins in plants includ-

ing Vrs1/Hvhoxl.
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I and Il proteins has not yet been clarified.
Our study shows a conspicuous association
between a HD-ZIP | gene and a plant
developmental process. The spatial and
temporal specificity of Vrs1 gene expression
suggests that VRS1 is a transcription factor
involved in the development (suppression) of
lateral spikelets in two-row barley. Thus, our
study is the first to show that a class | protein
is associated with a plant developmental
process. Most domestication genes have
been revealed to encode transcription factors
(Doebley, 2006), and our result agrees with
these observations.

Rudimentary spikelets or flowers of
wild species have been recovered to their
maximum capacity to increase seed number
through the process of wheat and barley
domestication (Zohary and Hopf, 2000;
Harlan et al., 1973). Deterioration of Vrsl is
sufficient to convert the undeveloped lateral
spikelets of two-row barley into the fully
developed lateral spikelets of six-row barley.
The loss of function of the Vrs1 gene implies
that six-row barleys are genetically recessive
and that two-row barleys are controlled by
the wild-type allele, which exists naturally in
wild barley. The dominant nature of Vrs1 and
DNA-binding ability of HD-ZIP | proteins
suggest that Vrsl may suppress gene(s)
involved in the development of Ilateral
spikelets. Sub-cellular localization of Vrsl
proteins will be useful to test the hypothesis.

Row-type is a key characteristic in analyzing
the origin of cultivated barley. There is a long
history of discussion between scientist as to
whether the progenitor of modern cultivated
barley was six-row (Aberg, 1940), two-row
(Harlan, 1968; Bakhteyev, 1964), or both
(Freisleben, 1940; Takahashi, 1955). The
two-row progenitor hypothesis was favored
by barley scientists because it was supported
by archaeological specimens, which show
the existence of domesticated two-row
remains earlier than six-row barley, and by

the dominance nature of the two-row spike
gene versus six-row (von Bothmer et al.,
1995; Zohary, 1963; Helbaek, 1959; Harlan,
1968).

To figure out the six-row barley origin, we
analyzed the sequence of the HvHox1/Vrsl
from 15 two-row and 16 six-row cultivars,
one variety (deficiens), and three wild barley
lines selected from distant geographical
areas. In this study we find two alleles in
two-row barley (Vrsl.b2 in 1 cultivar and
Vrs1.b3 in 14 cultivars) and three alleles of
six-row barley (vrsl.al in 10 cultivars, vrsl.
a2 in 5 cultivars, and vrsl.a3 in 1 cultivar)
using haplotype analysis (Figure 4). In each
allele, sequences were identical between
cultivars, except that the vrsl.al shows
three sub-haplotypes. For vrsl.a2 and vrsl.
a3, we could deduce an immediate ancestor,
Vrs1.b2 and Vrsl1.b3, respectively, as a result
of a single point mutation. Phylogenetic
analysis supported the hypothesis that the
six-row alleles were derived from two-row
alleles, rather than vice versa, because the
wild barley lines (OUH602, OUH630 and
OUH743) were outgroups (Komatsuda et al.,

Near East

Westam

Essl Asta Mediterranean

Figure 4. Scheme of the origin of six-row
barley (vrsl.al, vrsl.a2, and vrsl.a3) from
the two-row ancestor (Vrsl). b1, b2 and b3
indicate alleles Vrs1.b1, Vrs1.b2 and Vrs1.b3,
respectively.
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2007). The vrsl.a2 allele has been created
through an insertion of a single nucleotide
(AJT) in the second exon, which results in
a frame shift from Alanin (A) at position
40 (Figure 1B). The vrsl.a3 allele has a
substitution of one nucleotide which caused
non-synonymous amino acid change of
phenylalanine (F) at position 75 to leucine
(L) (Figure 1B). This amino acid is highly
conserved in  HvHox1 homeodomains
of plants, animals and yeasts, based on
BLASTP alignment analysis (Marchler-
Bauer et al., 2005). Three hex-v mutants
(hex-v.12, hex-v.13, and hex-v.14) also caused
by the replacement of F by another amino
acid at position 75 confirm the importance of
this amino acid in the DNA-binding domain
of barley Vrsl gene. The vrsl.a3 allele was
detected in a six-row cultivar (Natsudaikon
Mugi) from eastern Asia. The most common
allele, vrsl.al, which was detected in six-
row barley distributed around the world (10
cultivars), has a deletion of one nucleotide
(GIC) in the third exon, which results in a
frame shift from Glutamin (E) at position
152 (Figure 1B). The progenitor of the vrs1.
al allele remains to be identified. In this
allele we have found three sub-haplotypes,
which were differentiated from each other
by point mutations in 5’-non-coding region.
Two- and six-row barley cultivars analyzed
in this experiment revealed equal levels of
transcription of Vrsl, thus point mutations
described here in these vrsl alleles seem to
be the only reason for the functional changes
observed in all three natural six-row alleles
(Komatsuda et al., 2007).

Sequence analysis of the vrs1 gene among
a worldwide collection of six-row cultivars
revealed three independent origins for six-
row barley (Figure 4). This result agrees with
the hypothesis of Tanno et al., (2002) that
six-row barley originated more than once
during barley domestication. Even though we
did not find the progenitor of the vrsl.al six-
row allele among 15 two-row barley cultivars
(hypothetically Vrs1.b1, Figure 4), three sub-

haplotypes were found in this allele. Based
on the assumption of the minimum number
of changes, this allele must have originated
from a hypothetical Vrsl.bl allele through
a single unknown two-row ancestor. On
account of vrs.al predominance in worldwide
six-row barley and higher haplotype diversity
among the six-row members of this allele,
we hypothesize that the vrsl.al allele may
represent the most ancient six-row allele
(dating to 7000 to 6000 yBP), which was
widely present in Neolithic agriculture in
the Near East. The result of this study is
straightforward because we used the DNA
sequence encoding the Vrsl gene itself.
These three alleles (vrsl.al, vrsl.a2 and
vrsl.a3) were created independently because
they cannot be deduced by intragenic
recombination through hybridization of six-
row barleys. Since these alleles are fairly
diverse, simple mutation is not enough
to generate new alleles from each other.
Therefore, six-row barley origination must
have taken place repeatedly from two-row
barley (cultivated or wild) by means of a loss-
of-function of an HD-ZIP I-class homeobox
gene. Six-row barley evolved at different
times and in different regions (Figure 4),
probably as a result of conscious selection by
interested farmers who greatly appreciated
the improved seed yield.

Implications for the
evolution of barley

Barley originated from the Fertile Crescent,
but its precise origin remains unknown. The
DNA sequence of Vrs1 may trace the origin
and migration of two-row barley. Based on
the archeological evidence, two- and six-row
barleys were cultivated in Greece between
8000 and 6000 yBP, in the Balkans and
central Europe between 5000 and 2000 yBP,
and in southern Europe and north Africa
between 7000 to 4000 yBP) (Zohary and
Hopf, 2000). After two-row barley disappears
from ancient Mesopotamian and Egyptian
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archaeological evidence, it does not reappear
in the archaeological sites of these regions
till 1100 yBP (Helbaek, 1959). There is no
evidence of two-row barley cultivation in
central and northern Europe until 1000 yBP,
and it has been assumed that two-row barley
was introduced into Europe at 900 to 800 yBP
by Crusaders from the Near East (Fischbeck,
2002). In this study, 14 two-row cultivars
(Vrsl.b3) show an identical DNA sequence.
This suggests that Vrsl.b3 originated recently
and that the allele has spread out through
the world and become dominant, which
may partly support Fischbeck’s hypothesis
(2002). This explanation agrees with the fact
that only one vrs1.a3 six-row cultivar (among
16 six-row cultivars) has been detected so
far. This hypothesis does not necessarily
disagree with the hypothesis of Helbaek that
two-row barley was cultivated earlier than
six-row barley (Helbaek, 1959), because the
DNA sequences of archaeological specimens
remain unknown. Moreover, the type of lateral
spikelet in the ancient domesticated two-row
cultivars (deficiens, Vrsl.t; distichon, Vrsl1.b)
is not clear.

The inflorescence domestication in the
Poaceae is a continuous story of reduction
from a more original “panicle” of spikelets
(as seen in rice and oats) to a “spike” of
spikelets (Vegetti and Anton, 1995), resulting
in three sessile spikelets per node in barley
and a single sessile spikelet per node in wheat
and rye. In wild Hordeum species, the three
spikelets and their slender awns form a light
arrow-head dispersal unit that both facilitate
seed dispersal by animals and aids seed
burial (von Bothmer et al., 1995). In two-row
barley, strict temporal and spatial regulation
of Vrsl expression leads to reduction and
sterility of the lateral spikelets. We speculate
similar impacts of Vrsl orthologs on the
inflorescence architecture of other species
in the Poaceae could lead to complete
repression of lateral spikelet formation at
inflorescence nodes, as is found in wheat
and rye. Study of Vrsl orthologs in Poaceae

would be an exciting topic for elucidating the
inflorescence evolution of this family.
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Abstract

Plant adaptation to environments with sub-
optimal growing conditions is a multi-level
concept. At the crop level, adaptation to
stress has been interpreted as the ability of
the plants to achieve high yield in stress-
prone environments. At the physiological
level, given the number of physiological
traits contributing to stress tolerance, it is
expected that there is no single response
pattern highly correlated with yield under
stress conditions; instead, different ‘resistant
plants’ can achieve similar levels of tolerance
by using different mechanisms. Furthermore,
different developmental stages show different
sensitivity to stress, the reproductive stage
probably being the most critical. It is therefore
expected that different tolerance strategies
operate at various developmental stages. At
cellular level, adaptation to stress is linked
to the variation in gene expression and to the
identification of genes and gene functions
involved in the response to stress that provide
the molecular bases of the stress resistance.
Key genes in the stress response pathways
might explain the genetic variability for
stress tolerance and might confer stress
tolerance when introduced into transgenic
plants. Understanding the role of the different
mechanisms involved in tolerance strategies
found in different cultivars is a crucial task
for the understanding of the abiotic stress
tolerance and for knowledge-based breeding
of plants for the future.

Introduction

The evolution of crops since their
domestication has been driven by the
selection of desired traits recognized at
the phenotypic level. Nevertheless, direct
selection for grain yield under stressed
conditions has been hampered by low
heritability, polygenic control, epistasis,
significant genotype-by-environment (GxE)
interaction and quantitative trait loci (QTLS)-
by-environment (QTLXE) interaction. The
complexity of stress-tolerance mechanisms
explains the slow progress in yield
improvement in stress-prone environments.
Inrecentyears, crop physiology and genomics
have led to new insights in stress tolerance,
providing breeders with new knowledge
and tools for plant improvement (Cattivelli
et al., 2008). This article aims to highlight
future perspectives in plant breeding that
could result from the integration of the recent
advances in physiology and genomics, with
specific attention to drought stress.

Yield improvement
in drought-prone
environments

In mild to moderate drought conditions
characterized by a wheat or barley grain
yield between 2 and 5t/ha, selection for
high yield potential has frequently led to
some vyield improvements under drought
conditions (Araus et al., 2002). In these cases
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the breeders selected plants characterized by
high yield potential and high yield stability,
with the latter being attributed to a minimal
GxE interaction. This implies that traits
maximizing productivity normally expressed
in the absence of stress can still sustain a
significant yield improvement under mild
to moderate drought (Slafer et al., 2005;
Tambussi et al., 2005). The rationale of this
breeding strategy is also supported by several
retrospective studies where the yield of large
sets of cultivarswas evaluated in parallel fields
under different water regimes, thus enabling
a direct comparison of the performance
of the same cultivars in drought and non-
drought (usually irrigated) conditions. When
89 barley genotypes representing a sample
of the germplasm grown in Europe were
evaluated in southern Italy under both rainfed
and irrigated conditions, eight genotypes
with high yield potential and minimal GxE
interaction were identified. They ranked
among the best in both rainfed and irrigated
treatments and, although considerably
reduced in the absence of supplementary
irrigation, their yield was superior under all
conditions tested (Rizza et al., 2004). Old
varieties were characterized by low yield in
rainfed conditions and by a minimal ability to
improve yield when water became available.
In contrast, modern cultivars showed a higher
yield in rainfed conditions and strong yield
increases in response to irrigation. A highly
significant correlation (r = 0.73***) between
yield in rainfed and irrigated conditions was
found (Rizza et al., 2004), suggesting that,
in a typical Mediterranean environment,
selection based on the absolute performance
of the genotypes across environments is more
successful than selecting for the minimum
yield decrease under stress with respect to
favorable conditions.

Many reports suggest that, during the last
century, yield in water-limited environments
was mainly determined by the inherent
yield potential. This can be explained by
considering that the main targets of selection

(high harvest index in wheat and barley,
resistance to pests and diseases, nitrogen
use efficiency) are equally beneficial under
dry and wet conditions and, often, the best
performances for these traits were overriding
the differences in drought adaptability.
Nevertheless, examples where selection for
stress resistance was effective in improving
yield in limited environments are also known
(Morgan, 2000).

Further progress will depend on the
introduction into high yielding genotypes
of traits able to improve drought tolerance
without detrimental effects on yield potential,
thus reducing the gap between yield potential
and yield in drought-prone environments. This
goal can be achieved via the identification
of drought-tolerance-related traits and the
subsequent manipulation of the corresponding
genes using Marker Assisted Selection (MAS)
or gene transformation, or both.

Physiological bases for
yield under drought

The physiologically relevant integrators of
drought effects are the water content and
the water potential of plant tissues. They in
turn depend on the relative fluxes of water
through the plant within the soil-plant-
atmosphere continuum. Thus, apart from the
resistances and water storage capacities of
the plant, it is the gradient of water vapour
pressure from leaf to air, and the soil water
content and potential that impose conditions
of drought on the plant. Once a drop in water
potential develops, responses of a wide range
of physiological processes are induced. Some
of these responses are directly triggered by
the changing water status of the tissues, while
others are brought about by plant hormones
that are signalling changes in water status.
Physiological traits relevant for the responses
to water deficits or that are modified by
water deficits span a wide range of vital
processes (Table 1). As a consequence, it can
be expected that there is no single response
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Table 1. Physiological traits relevant for response to drought conditions.

Plant traits

Effects relevant for yield

Modulation under stress

Stomatal conductance /
Leaf temperature

Photosynthetic capacity

Timing of phenological
phases

Partitioning and stem
reserve utilization

Single plant leaf area

Rooting depth
Cuticular resistance and
surface roughness

Photosynthetic pathway

Osmotic adjustment

Antioxidative defence

Accumulation of stress-
related proteins

More / less rapid water consumption. Leaf
temperature reflects the evaporation and
hence is a function of stomatal conductance

Modulation of concentration of Calvin cycle
enzymes and elements of the light reactions

Early / late flowering. Maturity and growth
duration, synchrony of silk emergence and
anthesis, reduced grain number

Lower / higher remobilization of reserves
from stems for grain filling, effecting kernel
weight

Plant size and related productivity

Higher / lower tapping of soil water resources

Higher or lower water loss, modification of
boundary layer and reflectance

C,/C,/ CAM, higher WUE and greater heat
tolerance of C, and CAM

Accumulation of solutes: ions, sugars, poly-
sugars, amino acids, glycinebetaine

Protection against active oxygen species

Involved in the protection of cellular structure
and protein activities

Stomatal resistance increases

under stress

Reduction under stress

Wheat and barley advanced
flowering, rice delayed, maize
asynchrony

Compensation  of  reduced
current leaf photosynthesis by
increased remobilization

Reduced under stress (wilting,
senescence, abscission)

Reduced total mass but
increased  root/shoot  ratio,
growth into wet soil layers,
regrowth on stress release

Slow response to water potential
Acclimation of defence systems

Accumulated under stress

pattern that is highly correlated with yield

equally useful

in all crops or drought

under all drought environments.

Osmotic adjustment (OA) is a key
mechanism enabling plants under drought
to maintain water absorption and cell turgor
pressure, thus contributing to sustained higher
photosynthetic rate and expansion growth.
A general analysis of OA under several
drought stress conditions has shown that
osmoregulation can be an effective selection
criterion for drought tolerance, and that it has a
role in reducing drought-dependent yield loss,
especially when water deficit occurs during
the reproductive growth stage (Morgan,
1983; Moinuddin et al., 2005). A comparative
analysis of many studies dedicated to OA
has suggested that OA cannot be considered

conditions, or both, but that a general positive
association between yield and OA can be
found under severe water stress where yields
tend to be low (Serraj and Sinclair, 2002).

A relevant example of a successful
breeding program for dry environments,
based on a physiological trait, was reported
by Rebetzke et al. (2002). They used carbon
isotope discrimination (A) as a surrogate for
water use efficiency to select wheat lines
with high water use efficiency in drought-
prone environments. During photosynthesis,
plants discriminate against the heavy isotope
of carbon (**C) and, as a result, in several
C, species, A is positively correlated with
the ratio of internal leaf CO, concentration
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to ambient CO, concentration (C/C) and
negatively associated with transpiration
efficiency. Thus, a high C/C_ leads to a
higher A and lower transpiration efficiency
(Farquhar and Richards, 1984).

Molecular markers to
dissect drought-tolerance-
related traits

Molecular markers can be used to explore
germplasm  through  segregation and
association mapping to identify useful alleles
in both cultivated varieties and wild relatives.
Although association mapping is intrinsically
more powerful than ‘classical’ genetic linkage
mapping because it scrutinizes the results of
thousands of generations of recombination
and selection, most of the data available on
drought tolerance are based on segregation
mapping and QTL analysis. Many efforts
have been dedicated to understanding
the genetic basis of physiological traits
conferring advantages in dry environments,
while less attention has been given to the
understanding high yield stability in dry and
wet environments.

Drought tolerance is a typical quantitative
trait; however, single genes, such as those
controlling flowering time, plant height,
ear type and osmotic adjustment, may have
important roles in adaptation to drought-
prone environments (Forster et al., 2004).
During the last ten years, the application of
QTL analysis has provided unprecedented
opportunities to identify chromosome
regions controlling variations in almost
all the physiological, morphological and
developmental changes observed during
plant growth in water-limiting conditions.
Particular attention has been paid to:
(i) genetic variation of the osmotic adjustment
(Teulat et al., 1998); (ii) genetic bases of
phenological traits (Verma et al., 2004);
(iii) the ability of the roots to exploit deep
soil moisture to meet evapotranspirational
demand (Johnson et al., 2000; Nguyen et

al., 2004); (iv) the limitation of water-use
by reduction of leaf area and shortening
of growth period (earliness); (v) isotope
discrimination (Juenger et al., 2005); and
(vi) the limitation of non-stomatal water loss
from leaves, e.g. through the cuticle (Lafitte
and Courtois, 2002).

Comparative analysisof QTL resultsclearly
shows that chromosomal regions determining
variation in agronomic and physiological
drought-related traits cover a large proportion
of the whole genome. For many crop plants,
information on drought-related QTL findings
have been collected in open source databases,
such as GRAMENE (http://www.gramene.
org/) or GRAINGENES (http://wheat.
pw.usda.gov/GG2/).

The association between variation in
drought-related quantitative traits and,
ultimately, the effects of these traits on yield
in drought and favorable environments is the
main goal for present and future research.
Looking for the coincidence of loci for
specific traits and loci for yield under drought
stress and in stress-free environments, it is
possible to test more precisely whether a
specific trait is of significance in improving
drought tolerance and yield potential. These
results may suggest that selection for drought
tolerance could become more efficient thanks
to the availability of handle markers tightly
linked to loci for stress-related traits. Marker
diagnostics of individual QTLs represents an
important surrogate for physiological trait
measurements, and may ultimately improve
breeding efficiency through MAS.

One of the possible disadvantages of
molecular markers is that the genetic
linkage between a specific random DNA
marker and a target locus allele, established
by QTL studies, can be broken by genetic
recombination, although a QTL or individual
gene can be tagged by two flanking
markers to reduce the recombination risk.
Furthermore, an accurate QTL mapping
usually resulting in a small QTL interval
is also a pre-requisite to improve MAS-
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QTL efficiency. These intrinsic difficulties,
together with the polygenic nature of
drought tolerance and the interaction with
the environment, makes MAS for drought-
tolerant QTLs extremely difficult (Francia
et al., 2005) due to the number of genes
involved and the interactions among them
(epistasis). The fact that numerous genes are
involved in the expression of polygenic traits
means that the individual genes generally
have small effects on the plant phenotype.
This implies that several regions (i.e. QTLS)
must be manipulated at the same time in
order to obtain a significant impact, and that
the effect of individual regions is not readily
identifiable. Replicated field tests are needed
in order to accurately characterize the effects
of QTLs and to evaluate their stability across
environments. Although significant QTL
effects can be detected across a range of
environments, the evaluation of the QTLxE
interactions remains a major constraint on the
efficiency of MAS (Beavis and Keim, 1996).

The contribution of genomics-assisted
breeding to the development of drought-
resistant cultivars has so far been marginal
and only a few significant examples of MAS
for traits associated with drought tolerance
have been reported. No examples have been
published in barley so far, while in rice,
MAS was used to transfer several QTLs for
deep roots from the japonica upland cultivar
Azucena, adapted to rainfed conditions, to the
lowland indica variety IR64. MAS selected
lines showed a greater root mass and higher
yield in drought-stressed trials (Courtois et
al., 2003). In sorghum, molecular markers
were exploited to develop near-isogenic
lines each containing one of four stay-green
QTLs previously identified (Harris et al.,
2007). Favourable alleles in each of the four
loci contributed to the lower rate of leaf
senescence under post-anthesis water deficit.

An important step towards the application
of molecular markers in breeding for drought
tolerance is the cloning of DNA sequences
underlying QTLs. To date most plant QTLS

have been cloned by the positional cloning
approach, although alternative strategies
based on candidate genes and linkage
disequilibrium may represent an interesting
shortcut to QTL cloning (Salvi and Tuberosa,
2005). A candidate gene for drought tolerance
usually refers to a sequence for which the
expression profile or protein function can
be associated with the stress response or
adaptation process, and the position on the
genome co-maps with a QTL conferring
drought tolerance. Candidate genes can be
selected from literature data by mapping of
known stress-responsive genes (Tondelli et
al., 2006), or using bio-informatic analysis of
all genes present in QTL-underlined genomic
regions. A perfect example of candidate gene
associated to a QTL for stress tolerance is
represented by the coincidence between one
QTL for frost tolerance and the CBF gene
family in barley (Francia et al., 2004) and in
wheat (Vagujfalvi et al., 2003, 2005)

So far, no QTL for drought tolerance has
been cloned in crop species, although a recent
study in Arabidopsis has led to the cloning
of the ERECTA gene, a sequence beyond
a QTL for transpiration efficiency (Masle
et al., 2005). In plants with large genomes,
the generation of molecular-linkage maps
based on candidate genes (molecular-
function maps) is one way to identify the
genetic determinants of QTLs, i.e. functional
markers, in spite of the time-consuming
fine mapping. This candidate gene strategy
shows promise to bridge the gap between
quantitative genetic and molecular genetic
approaches to study complex traits and, for
example, has been applied to find genes
potentially involved in barley and rice
drought tolerance (Nguyen et al., 2004;
Diab et al., 2004; Tondelli et al., 2006). The
identification of the QTL corresponding
genes will also provide the best markers
for MAS, those designed to directly tag the
different alleles of the drought-related genes.

In most QTL studies the work has not
been extended beyond their detection for a
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given trait under drought. The development
of consensus QTL maps generated from
a number of crosses is an important step
towards the identification of regions
commonly associated with drought tolerance.
A major challenge remaining is to confirm
that QTLs discovered in a given mapping
population will improve drought tolerance
when introduced into high-yielding elite
genotypes. This is particularly difficult
when the traits are governed by “context-
dependent” gene effects (i.e. interaction
with other genes or the environment, or
both). In these cases, the value of the
QTL alleles can differ depending on the
genetic structure of the current germplasm
set in the breeding program. Under these
conditions, the value of a given QTL allele
can change during selection due to changes
in the background effects at any given time
in the breeding process. As a consequence,
when the background effects are important,
the stacking of desirable alleles by MAS
becomes inadequate because the initial target
combination of alleles may no longer be
the best target, or even a relevant target, for
increasing trait performance in subsequent
breeding cycles. The “Mapping As-You-
Go” strategy (Podlich et al., 2004) involves
repeated re-estimation and validation of
the QTL effects throughout the breeding
process to ensure that they remain relevant
throughout. This method results in substantial
increases in MAS efficiency compared with
standard approaches based on the evaluation
of the QTL effects only at the beginning of the
breeding program, particularly when epistasis
or GxE interactions play a significant role.

Genes and metabolites
conferring drought
tolerance

New chances to further improve yield or
yield stability under limiting conditions come
from the last ten years of progress in the
identification of the genetic determinants of

the physiological responses related to stress
tolerance. Adaptation of plants to drought
and to the consequent cellular dehydration
induces an active plant molecular response.
This response significantly improves the
tolerance to negative constraints and it is to
a great extent under transcriptional control.
Many stress-related genes have been isolated
and characterized in the last two decades in a
variety of crop species (Cattivelli et al., 2002;
Mare et al., 2004; Mazzucotelli et al., 2006;
De Leonardis et al., 2007). However, the
complexity of the whole molecular response
to abiotic stress in crop plants has only
recently been revealed by large transcriptome
analyses (see Svensson et al., 2006, for cold
response; and Talame et al., 2007, for drought
response in barley). Molecular analysis
in Arabidopsis has sketched the complex
network constituting cell communication
during drought response. From model plants,
genetic information is being moved to crops
exploiting genome synteny, taking advantages
of conserved molecular pathways, including
those controlling stress tolerance. Following
this approach the regulatory components of
the drought response are being sought and
identified in crop plants (Shen et al., 2003;
Kizis and Pages, 2002; Mareé et al., 2004).
Transgenic plants have been developed
either to up-regulate the general stress
response or to reproduce specific metabolic
or physiological processes previously shown
to be related to drought tolerance by classical
physiological studies. Transcription factors as
well as components of the signal transduction
pathways that coordinate expression of
downstream regulons are thought to be optimal
targets for engineering of complex traits such
as stress tolerance. Successful examples
are transgenic crops engineered with genes
encoding the DREBS/CBFs transcription
factors (in rice: Dubouzet et al., 2003, and Ito
etal., 2006; and in wheat: Pellegrineschi et al.,
2004). The transgenic plants showed increased
stress tolerance as well as the over-induction
of downstream stress-related genes and/or
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higher levels of soluble sugars and proline. A
recent report has shown that rice plants over-
expressing the SNAC1 (Stress-Responsive
NAC1) transcription factor showed improved
drought tolerance and yield potential under
field conditions. The leaves of SNAC1-over-
expressing plants lost water more slowly,
showing an increased stomatal closure and
ABA sensitivity (Hu et al., 2006). Ectopic
expression of a stress-induced rice gene
encoding a calcium-dependent protein kinase
(OsCDPKT7) also resulted in enhanced levels
of stress-responsive genes that contribute to
improved salt and drought tolerance (Saijo et
al., 2000).

Over-expression of transcription factors
may also activate additional non-stress-
related genes that adversely affect the
normal agronomic characteristics of a
crop, producing deleterious effects on the
phenotype and thus yield (Wang et al.,
2003). Common detrimental effects due to
constitutive expression of regulative factors
are growth retardation, and reduced seed
numbers in transgenic plants under normal
conditions. Alternative strategies based on
stress-inducible promoters cause minimal
negative effects under normal growth
conditions and enhance stress tolerance,
although it remains to be established if the
threshold stress under which the promoter
is active corresponds well to stress levels in
target environments (Wang et al., 2005).

Metabolic engineering for increasing
osmolyte contents was successful in
several plants subjected to stress (Wang
et al., 2003), although the real advantages
of such a strategy are always a subject of
debate (Serraj and Sinclair, 2002). Given
that the target compounds did not achieve
levels sufficient to sustain a role in osmotic
adjustment, chaperone-like activity and
scavenging of reactive oxygen species
were proposed as alternative functions in
plant protection during stress exposure. The
first example of metabolic engineering for
drought tolerance was the overproduction of

proline in transgenic plants (Zhu et al., 1998),
resulting in an enhanced biomass under stress
conditions. Garg et al. (2002) developed
drought-tolerant transgenic rice lines showing
tissue- or stress-inducible accumulation of
trehalose, which accounted for higher soluble
carbohydrate levels, a higher capacity for
photosynthesis and a concomitant decrease in
photo-oxidative damage, and more favorable
mineral balance under both stress and non-
stress conditions, without negative effects. A
significant improvement in wheat tolerance
to water deficit was also achieved by Abebe
et al. (2003), through the ectopic expression
of the mannitol-1-phosphate dehydrogenase
(mtID) gene that caused a small increase in
the level of mannitol.

Since an earlier-than-normal stomatal
closure in a crop is considered a positive
trait to improve water use efficiency in
drought environments, developing transgenic
plants with a drought-avoidance phenotype
represents a possible strategy for crop
improvement. A phenotype with decreased
conductance and higher water use efficiency
was obtained in tobacco plants over-
expressing a maize NADP-malic enzyme,
the primary decarboxylating enzyme in
C, photosynthesis (Laporte et al., 2002).
The implication of abscissic acid hormone
as a molecular signal in drought-activated
pathways and in the control of stomatal
closure makes ABA synthesis and response
a possible target for improving drought
tolerance. When a farnesyl-transferase acting
as a negative-regulator of ABA sensing
was down regulated in a drought-inducible
manner in Brassica napus, the transgenic
plants showed enhanced ABA sensitivity, as
well as a significant reduction in stomatal
conductance and transpiration under drought-
stress conditions. Furthermore, transgenic
plants were more resistant to water-deficit-
induced seed abortion during flowering
(Wang et al., 2005).

A more robust root system enables plants
to take up greater amounts of water during
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water deficit stress, resulting in a more
favorable plant water status and less injury.
Although this consideration has been obvious
for many years, only recent studies have
found the way to increase root size through
single gene transformation. The gene coding
for the vacuolar H+-pyrophosphatase (H+-
PPase) — AVP1 — plays an important role in
root development through the facilitation
of auxin fluxes. Over-expression of AVP1
in Arabidopsis and tomato resulted in more
pyrophosphate-driven cation transport into
root vacuolar fractions, an increased root
biomass, and an enhanced recovery of plants
from an episode of soil water deficit stress
(Gaxiola et al., 2001; Park et al., 2005).

Integration of different
approaches for stress
iImprovement

When phenotypic selection was the only tool
available to improve yield under drought, the
improvements in crop yield observed were
probably due to an increase in yield potential
through the unconscious pyramiding of
yield-related traits or loci. Research in the
last three decades has opened up three main
approaches: (i) plant physiology studies have
provided new tools to understand the complex
network of drought-related traits, and several
drought-related traits useful to improve
selection efficiency have been proposed (see
Table 1); (ii) molecular genetics has led to the
discovery of a large number of loci affecting
yield under drought or the expression
of drought-tolerance-related traits; and
(iii) molecular biology has provided genes
that are either useful as candidate sequences
to dissect QTLs or for transgenic approaches.
The integration of molecular genetics with
physiology is leading to the identification
of the most relevant loci controlling drought
tolerance and drought-related traits. Routine
cloning of the genes underlying the QTLs is
still a long way off, but it will, ultimately,
provide simple markers for effective MAS.

Nevertheless, MAS for drought tolerance
will not be an easy task because dozens
of QTLs for drought-related traits have
been identified. Selecting which QTLs or
traits follow with MAS is now crucial. The
improvement of drought tolerance should
not be achieved with a parallel limitation
of yield potential. Hence, drought-tolerance
traits should be tested in both stressed and
non-stressed environments before being
introduced into a MAS breeding program.
QTLs for drought-related traits coincident
with QTLs for yield potential should be
considered as priority targets for MAS.

The success of any selection process relies
on the availability of superior alleles for the
target trait. Most QTLs for drought tolerance,
rather than being chosen for their overall
agronomic value, have been identified in
segregating populations derived from parental
lines chosen to maximize the differences
in the target traits. Typically, a segregating
population from a cross between modern and
old varieties allows the identification of many
QTLs; nevertheless, a majority of the positive
QTL alleles might derive from the modern
parental line and therefore are already present
in the best performing cultivars. A chance to
find new useful alleles is represented by the
exploitation of wild germplasm. During the
domestication process, wild plants carrying
promising traits were cultivated, leading to
locally adapted landraces. These lost many
undesirable alleles and useful alleles became
enriched in the cultivated gene pool (Tanksley
and McCouch, 1997). Many studies have
demonstrated the value of alleles originating
from non-cultivar germplasm (Tanksley and
McCouch, 1997), showing that centuries
of selective breeding have thrown away
useful alleles in addition to many useless
ones. The effect of a given QTL or locus
can also be influenced by the background of
the genotypes used in the breeding program.
Epistatic interactions among QTLs, for
example, might hamper the development of
an efficient MAS program. Notably, when
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four genomic segments carrying QTLs for
root length were transferred from the rice
cultivar Azucena into Kalinga Ill, only one
of them significantly increased root length
in the new genetic background (Steele et al.,
2006).

Transgenic breeding will also have a
role in the future and the possibility of
cloning stress-related QTLs will enable the
simultaneous engineering of multiple genes
governing quantitative traits. However, the
scarcity of field trials for drought-tolerant
transgenic plants does not allow for final
conclusions. New transgenic plants where
the gene is introduced into elite genotypes
have to be tested under optimal as well as
drought conditions to evaluate the impact of
the transgenes on yield potential and stress
tolerance.

A significant example showing how
the integration of stress physiology and
genomics can lead to an integrated view
of plant breeding is represented by the
studies on transpiration efficiency. During
drought stress, plants generally coordinate
photosynthesis and transpiration, although
significant genetic variation in transpiration
efficiency has been identified both between
and within species (Rebetzke et al., 2001).
After the demonstration that A of plant
matter is a reliable and sensitive marker
negatively related to variation in transpiration
efficiency, several selection programs
based on A were carried out (Rebetzke et
al., 2002; Juenger et al., 2005) and new
wheat cultivars with improved water use
efficiency have already been released. The
isolation of a gene, ERECTA, that regulates
transpiration  efficiency in  Arabidopsis
(Masle et al., 2005), and the transcriptional
analysis of wheat genotypes with contrasting
transpiration efficiency (Xue et al., 2006)
are providing the molecular bases for the
isotopic discrimination parameter. Hence,
in the near future, an integrated approach
for transpiration efficiency could involve
the use of the physiological test (analysis

of A), the markers for QTLs controlling A,
and the ERECTA gene, as well as of other
genes, either to search for allelic variations
in the germplasm or as a tool for plant
transformation. Every day, it becomes more
evident that successful breeding for stable
high yield under drought conditions will
only be possible when a true integration of
traditional breeding with physiology and
genomics is achieved. Thus, to face drought
stress and to achieve sufficient grain yield
in the future requires a multidisciplinary
approach based on plant genomics,
physiology and modeling.
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Abstract

Barley root architecture  determines
adaptation to different environments and
may be modified in response to subsoil
constraints. Subsoil constraints influencing
root architecture in southern Australia
include salinity and boron. Root architecture
was investigated using hydroponics, sand
culture, and field soil coring. Advanced
breeding lines and mapping population
parents were examined in hydroponics and a
probe set of individuals in sand culture with
the aim of investigating root architecture
per se and Nax B interactions. An RT-
PCR method was developed to quantify
barley root tissue, and calibrated with
conventional root measurements to develop
a more cost-effective approach to examine
root morphology in field trials. Soil coring
experiments to quantifying root biomass and
DNA were conducted in 2005 and 2006 using
mapping population parents with different
root morphology. The implications of this
research is a better understanding of inherent
root architecture, root responses to salinity
and boron, and the development of a new
methodology to investigate root architecture
in the field. Ultimately this will lead to the
development of varieties with a robust
root structure and improved adaptation to
environments with these subsoil constraints.

Introduction

Hostile subsoils are prevalent throughout
the cropping zone in southern Australia
and include physical, biotic, and chemical
constraints that inhibit healthy root growth
and consequently water use and nutrient
capture (Sadras et al., 2002). Improving
root growth through tolerance to subsoil
constraints should therefore translate into
yield improvement. Previous studies have
found that subsoil chemical toxicities reduce
water use or that correcting deficiencies
improves root growth. Sodium (Na) and
boron (B) toxicity occurs on a large range of
soils, particularly the neutral to alkaline soils
of southern Australia (Adcock et al., 2007).
The traits identified as contributing to B
toxicity tolerance in barley are low B uptake,
foliar tissue tolerance, and maintained root
growth under B toxicity (Jefferies et al.,
1999). Detailed genetic studies and long-term
breeding efforts on B toxicity tolerance has
failed to deliver any agronomic improvement
in Australia (Jefferies et al., 1999; Eglinton
et al., 2003; Sutton et al., 2007), although
deleterious  linkage drag cannot be
unequivocally excluded. Extensive studies
have been undertaken on a range of aspects
of salinity tolerance in barley; however, an
advantage in agronomic performance is yet to
be demonstrated. The combined influence of
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Na and B on productivity in neutral-alkaline
soils has not been systematically examined.

Combining Na and B tolerance may be
the answer to improved productivity through
maximized water use, assuming improved
root growth translates to a yield advantage.
However, without appropriate tools to
investigate root architecture in the field,
it can only be assumed that breeding for
tolerances to chemical, physical and biotic
constraints, and maximum root growth, will
maximize resource capture. Clearly there
are different root ideotypes for different
environments, and ignoring the subsoil
constraints, the overriding factor would
be rainfall amount and distribution during
the growing season. In a stored moisture
environment (i.e. northern Australia and
many continental environments), deep roots
are needed to extract soil water at depth, but
for the variable moisture environments of
southern Australia and other Mediterranean
environments, it is only beneficial to have a
deep root system to capture residual stored
moisture if physiochemical constraints can
be tolerated.

A multidisciplinary approach is needed
to address the complex issues of Na and B
tolerance in relation to productivity and
root architecture. In this paper we examine
Na and B tolerance using a combination of
controlled environment and field trials. A
novel approach to measure root architecture
in field trials is also examined.

Sodium uptake
experiments using
hydroponics

Hydroponic screening was conducted using
the method of Genc et al. (2007) to investigate
the effects of different levels of Na, Ca and
pH on Na uptake. A probe set of genotypes
was selected that showed putative or reported
Na tolerance by different mechanisms.
Ten days after sowing, NaCl was added in
25 uM increments with supplemental CaCl,

twice daily until the required concentrations
were obtained. Plants were exposed to the
treatments for 10 days, after which the third
fully expanded leaf was harvested, and
examined for Na and K content by flame
photometry. All factors had an effect on
the rankings for Na and K uptake, and on
the NA/K ratio. The combination of factors
associated with the best ranking of probe
genotypes without inducing osmotic stress
or other ionic imbalances, and best reflecting
field subsoil environments, was the treatment
150 mM NaCl + 7.5 mM CaCl, + pH 7.5.
As illustrated in Figure 1, Mundah had
consistently low tissue Na across treatments.
This is important if the uptake mechanism
is to be applicable to a range of subsoil
environments in the field. Mundah had
consistently lower leaf Na than Keel across
treatments. These genotypes are parents of an
Australian mapping population (Long et al.,
2003). Mundah becomes more differentiated
from the other genotypes with increasing
Na concentration with the exception of
JE001*02D/20 at 200 mM Na. This is a line
from the ABQTL population Barque-73/
CP171284-48 (Hearnden et al., 2007)
previously characterized with Na exclusion
from CPI71284-48 (Shavrukov, pers.
comm.). At 150 mM Na (7.5 mM CacCl,
pH 7.5), JE001*02D/20 did not maintain low
leaf Na concentration relative to Barque-73
since they both had low Na accumulation.
Skiff was used as the positive control as it
accumulates high Na and exhibits tissue

tolerance (Munns and James, 2003).

The treatment 150 mM NaCl + 7.5 mM
CaCl, + pH 7.5 shows that Mundah has the
lowest Naaccumulation (Figure 2). Most lines
accumulated 150 mM of Na, with Keel and
WI13788 having the highest Na accumulation.
The Na/K ratio indicates discrimination
between Na and K. The lower the ratio the
lower the proportion of Na to K, although it
must be cautioned that the Na/K ratio does
not explicitly relate to a 1:1 discrimination
between these ions. For example, Mundah
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Figure 1. Na concentration (mM) of 13 barley genotypes grown in hydroponics at pH 7.5 and
different sodium and calcium (Ca) treatments: (a) 100 mM NaCl + 20 mM CacCl,; (b) 150 mM
NaCl + 7.5 mM CaCl,; (c) 200 mM NaCl + 40 mM CaCl,. Results are in ascending order of
leaf-Na concentration in the 150 mM NaCl + 7.5 mM CacCl, treatment. Differences between

genotypes at LSD (0.05) = (a) 17.6; (b) 16.8; (c) 19.8.
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Figure 2. Na uptake (mM) and Na/K ratio of 13 barley genotypes grown in hydroponics at
150 mM NaCl + 7.5 mM CaCl,, pH 7.5. Results are in ascending order by leaf Na concentration.
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and Keel do not significantly differ for K
accumulation (136 and 138 mM respectively),
yet Mundah has lower Na uptake resulting in
the ratio difference. The only varieties that
accumulated Na at the expense of K were
Sahara, WI13788 and Skiff. The results show
that Mundah has lower Na uptake at the same
K concentration as Keel.

B and Na uptake using soil
culture

The seedling tolerance of Mundah and Keel
to high B and Na was assessed by growing
plants in Glenthorne soil (Paull et al., 1988)
with high levels of B and Na (60 mg/kg
extractable B, Electrical Conductivity [ECe]
~20 dS/m). Five plots with five plants per
plot were sown for Mundah and Keel and
grown for 35 days. Leaf necrosis due to B was
scored, and each plot harvested and analyzed
for elemental composition by inductively
coupled plasma  spectrometry  (ICP)
(Zarcinas et al., 1987). As shown in Table 1,
analysis revealed no difference in B uptake
between genotypes, although they differed
significantly for B leaf symptom expression.
Keel exhibited reduced leaf symptom
expression indicating tissue tolerance to high
boron. There was a significant difference
between Na concentration, with Mundah
accumulating less Na. The difference in K
concentration was just not significant, but
Mundah accumulated significantly less Ca.

The Na/K ratio was lower for Mundah due
to accumulating less Na at the same level
of K, consistent with the findings from the
hydroponics experiments. Together these
experiments show that Keel exhibits tissue
tolerance to B and Mundah accumulates less
Na. There was no inter-correlation between
B leaf expression, B uptake, and Na uptake,
indicating independent mechanisms.

Field trials to investigate
Na tolerance

Yield under salinity, Na and K uptake were
investigated using field trials on high pH
(7.5-8.5) clay loam saline soils at Whitwarta
and Georgetown in South Australia. Trials
were sown in an area with uniform Electrical
Conductivity of a saturated soil Extract, used
as an indicator of salinity, in the 0-30 cm
and 30-60 cm soil layers. The ECe (sampled
mid-growing season) at Whitwarta and
Georgetown respectively for the 0-30 and
30-60 cm depths was 3.6/8.5 and 1.9/7.2, and
exchangeable Na levels of 1205/2024 and
655/2300 mg/kg. This indicates mild salinity
at 0-30 cm and high salinity at 30-60 cm
depth. Soils with >4 dS/m are considered
saline (Sumner, 1993), and an ECe of 9 dS/m
causes a 25% yield reduction in barley (Royo
et al., 2000).

A germplasm set of 180 barley lines,
including the probe set plus Australian and
international genotypes with putative Na

Table 1. Differences between Mundah and Keel for boron leaf symptoms (Mundah is more
sensitive), and elements in whole seedlings as measured by ICP (mg/kg) from plants grown in a
box containing Glenthorne soil with toxic levels of B and Na.

Measured traits Mundah Keel P value
Boron leaf symptom expression 6.3 3.3 <0.001
Boron (mg/kg) 538 567 0.79 ns
Sodium (mg/kg) 15 240 21 400 <0.001
Potassium (mg/kg) 67 500 62 000 0.08 ns
Na/K ratio 0.22 0.35 <0.001
Calcium (mg/kg) 7017 7 850 0.02

ns = not significant.
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tolerance, were planted as a randomized
block design with three replications. Trials
were sown on 4 June and 31 May for
Whitwarta and Georgetown, respectively, at
a seeding rate of 145 plants/m?in 3.2 x 1.2 m
plots. The fully expanded penultimate
leaf was sampled from 15 random plants
in each plot at growth stage Z45 (Zadoks
et al., 1974) and analyzed for Na and K
content by flame photometry. At Whitwarta,
each plot was assessed for B leaf symptom
expression, and the site was characterized by
very low rainfall, with moisture stress from
spring. Georgetown experienced sufficient

moisture during the growing season. Yield,
Na and Na/K were analyzed using restricted
maximum likelihood (REML) to adjust for
spatial trends. The results of a selected few
genotypes are presented.
Mundahwas the top yielding variety in both
saline environments (Table 2), with Fleet,
WI13788 and Keel not significantly different at
Georgetown. The top yielding malting variety
was Flagship, not significantly different from
Keel at both sites. Sodium levels at both sites
were discriminative, and were highest at
Georgetown. The variety Chevron had lowest
Na uptake and Na/K ratio at both sites, so

Table 2. Yield (t/ha), Na uptake (umol/g dry weight leaf tissue) and Na/K discrimination (Na/K)
of the penultimate leaf, and B leaf symptom score of barley lines (9 = severe symptoms) grown
in saline sites (Whitwarta and Georgetown). Those in bold are not significantly different from
the best lines: Chevron for Na (within 2 significance intervals at Whitwarta) and Na/K (within 2
significance intervals at Georgetown), and Mundah for yield.

WHITWARTA GEORGETOWN
Barley Line Yield Na Na/K B Barley Line Yield Na Na/K
Mundah 1.85 103 0.13 7 |Mundah 263 162 0.22
Keel 164 102 0.13 4 |Fleet 256 208 0.33
Flagship 162 165 0.17 8 |WI3788 251 187 0.26
CM72 160 133 020 2 |Keel 249 195 0.25
Sloop 155 147 0.18 6 |Flagship 243 232 0.35
Chevron 151 83 010 7 |Capstan 242 136 0.22
Schooner 141 180 0.20 5 |Buloke 239 230 0.35
WI3788 140 114 0.14 5 |WI3416-1572 230 200 0.30
Gairdner 136 142 0.17 5 |Sloop 229 169 0.25
Rihane-03 124 143 0.10 4 [Rihane-03 226 180 0.23
Fleet 124 190 0.20 4 |WI4262 223 243 0.39
Buloke 117 182 0.20 6 |Skiff 222 216 0.33
Skiff 113 160 0.16 3 |Gairdner 211 181 0.29
Capstan 111 143 0.17 6 |[CM72 203 173 0.27
YUG6472 1.09 166 0.19 5 |Barque-73 202 172 0.25
Barque-73 094 145 0.17 5 |Maritime 189 176 0.27
WI14262 094 159 0.17 1 |Schooner 173 194 0.25
WI13416-1572 091 169 0.19 7 |Chevron 173 141 0.20
Franklin 0.85 224 0.28 4 |Taixing 9425 165 142 0.23
Maritime 0.83 161 0.19 4 |Franklin 142 168 0.25
Taixing 9425 0.72 114 0.15 9 |YU6472 139 156 0.19
Yuyaoxiangtiaxerleng 0.09 105 0.14 3 |Yuyaoxiangtiaxerleng 0.87 148 0.24
LSD = (2*SED) 012 124 0.05 LSD = (2*SED) 0.17 124 0.02
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varieties are compared to Chevron. For leaf
Na content and Na/K ratio, the varieties
not significantly different from Chevron at
Whitwarta (within 2 significance intervals for
Na) and Georgetown (within 2 significance
intervals for Na/K) were Mundah, Taixing
9425, and Yuyaoxiangtiaxerleng. Taixing
9425 and Yuyaoxiangtiaxerleng are Chinese
varieties with low Na uptake reported by
Chen et al. (2007). Rihane-03 had a low Na/K
ratio at both sites, but not low Na content.
Keel and WI3788 had low leaf Na content
and Na/K at Whitwarta. Capstan had low leaf
Na content and Na/K ratio, and YU6472 low
Na/K ratio at Georgetown. Mundah had high
yield combined with low leaf Na content
and Na/K ratio at both sites. Keel had high
yield combined with low leaf Na content and
Na/K ratio only at Whitwarta, an interesting
observation since Keel was characterized with
high Na uptake in controlled experiments.
Flagship maintained yield across these
saline environments despite having high
Na uptake, an interesting parallel to its
excellent yield performance on B toxic soils
despite exhibiting high levels of B toxicity
symptoms. There was no correlation between
leaf Na content, Na/K ratio and yield, owing
to the diversity of the germplasm evaluated,
so only casual relationships can be drawn.

Investigating root
architecture

Controlled environment experiments
conducted using long PVC pots and basal
nutrients added to a sandy loam showed
that Mundah and Keel differ for maximum
rooting depth but not root length density
(a measure of root volume) after 31 days
growth (Long, 2003). Figure 3 shows the
differences in maximum rooting depth and
that Keel has a shallow root system, with
a plateau at 25 cm deep by 24 days, while
Mundah’s root depth is still increasing at
31 days. A shallow root system would be
advantageous to avoid subsoil constraints
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Figure 3. Maximum rooting depth of four
barley varieties after 31 days growth in sand
culture.

at depth, while a deeper root system would
allow water extraction at depth. However,
root architecture is influenced by the presence
of subsoil constraints. For example Clipper
has inherently longer roots than Sahara, but
under high B, morphological changes lead to
increased root elongation and longer roots in
Sahara (Choi et al., 2007).

Controlled environment experiments
are used to characterize root growth due
to inherent error associated with field
phenotyping techniques. However field
studies more appropriately reflect the
dynamics of root growth in response to the
subsoil environment and the relationship
between root morphology and productivity.
Root architecture was investigated in the field
by determining root biomass and DNA from
collected soil cores. A quantitative TagMan®
assay was developed to quantify barley root
DNA in live root cells in soil samples. The
assay does not detect closely related species
and can detect less than 1 mg dry roots per
500 g soil. To validate the application of
this methodology in the field, strip plots of
Mundah, Keel, Clipper and Sahara were
grown in alkaline soils at Roseworthy (clay
loam) and Callington (sandy loam) in South
Australia during 2006. Soil cores were
collected from positions within and between
plant rows to a depth of 80 cm and sectioned
into 10 cm intervals to allow investigation
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of maximum root depth and distribution.
Soil cores were collected as pairs, one to
measure root DNA content and one for root
biomass, with samples bulked at each 10 cm
depth, making pairs of 500 g composite soil
bulks for each genotype x position x depth.
Composite bulks were used to account for
within-plot spatial variation in root DNA and
biomass.

The DNA and biomass data was log
transformed to examine differences due to
genotype, position and depth. At both sites,
root DNA content and biomass decreased
in amount with depth. The overall effect
of depth was significant at both sites, with
root DNA and biomass declining with depth
and significantly higher in the 0-10cm
depth at Roseworthy, and the 0-10 cm, 10—
20 cm and 20-30 cm depths at Callington.
Root DNA and biomass had a significant
positive correlation at these depths, and
the relationship in the 0-30 cm layers at
Roseworthy and Callington is shown in
Figure 4. Root DNA within rows was higher
than that between plant rows at Roseworthy
but not significant at Callington. Position had

no significant effect on root biomass. Due to
composite bulking, genotypic effects can only
be inferred from the overall plot effect. There
were differences between genotypes for root
DNA content, with Mundah and Keel lower
than Clipper and Sahara at Roseworthy, and
Sahara lower than Mundah, Keel or Clipper
at Callington. The relationship with depth
and position for root DNA and biomass of
Mundah and Keel at Roseworthy is shown
in Figure 5. Depths below 40 cm did not
give meaningful results and are not shown.
The results at Roseworthy when measured
within the row are comparative with soil
culture, with Keel having more roots in the
0-10 cm depth, and Mundah higher in the
10-30 cm depth. Between rows, Keel had
higher biomass than Mundah but lower
root DNA. This may reflect finer roots for
Mundah between rows that are lost during
root washing. Clearly more work is needed to
utilize the DNA methodology to investigate
roots below 40 cm and between plant rows.
The DNA root screening methodology
was implemented at the saline sites of
Georgetown and Whitwarta (see above for
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Figure 4. Relationship between DNA content and biomass from the 0-30 cm layers from

Callington and Roseworthy, South Australia.
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Figure 5. DNA (pg) and root biomass (mg) within a row and between rows at 10 cm depths to
40 cm for Mundah and Keel grown at Roseworthy, South Australia, in 2006.

site details) for Mundah and Keel, with roots
sampled to a depth of 45cm within plant
rows. Three intervals were chosen to represent
the cultivated topsoil layer (0-15cm) and
subsequent subsoil layers (15-30cm and
30-45 cm). Sampling below 45 cm between
plant rows was not warranted based on the
previous results. Four replications of each
genotype were grown, and at growth stage
Z50 (Zadoks et al, 1974), four soil samples
were collected for each replication from
within plant rows and bulked at each depth
interval. Soil barley root DNA content was
measured and log transformed to analyze the
data, as shown in Figure 6.
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The amount of root DNA decreased with
depth, and the rankings between genotypes
changed with depth. Keel had higher root
DNA in the 0-15cm depth, and Mundah
was higher at the 30-45cm intervals at
Georgetown. Mundah had higher root DNA
at 30-45cm and 45-60 cm at Whitwarta.
This corresponds to Roseworthy in 2006,
with higher root DNA in the topsoil layer
(0-15 cm) for Keel and higher in the subsoil
layers for Mundah. If subsoil salinity affects
root architecture, it is postulated that the low
Na uptake of Mundah would translate to less
inhibition of root growth in the field and more
root DNAat depth beyond its genetic potential

Figure 6. Barley DNA in soil samples
collected within rows from Mundah
and Keel plots at Georgetown and
Whitwarta in 2007 at growth stage
Z50 (Zadoks et al., 1974).

45-60
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for deeper roots. This novel DNA assay has
potential to provide a better understanding
of root growth and morphology in the field.
However more validation is needed to test
its robustness for in-field root phenotyping,
especially of root architecture below 45 cm.

Conclusion

The implications of this research are a better
understanding of inherent root architecture,
root responses to salinity and boron, and
the development of a new methodology to
investigate root architecture in the field.
Mundah and Keel are shown to differ for
B and Na tolerance, root architecture, and
traits contributing to high productivity. This
research has developed the methodologies
to investigate differences between these
genotypes, and a mapping population has
been developed (Long et al., 2003) to
investigate the genetics of B, Na, and root
architecture interrelationships. The Mundah
x Keel population is ideal to investigate the
‘root ideotype’ for southern Australia and
Mediterranean environments generally. This
root ideotype would have root volume in the
cultivated topsoil (0—15 cm)to capture within-
growing-season rainfall and nutritional
resources added to the farming system, and
root volume in the subsoil to exploit stored
nutrients and water in favorable subsoil
environments or hostile environments if
physiochemical constraints can be tolerated.
This ‘root ideotype’ involving maximization
of soil water use through balancing subsoil
constraint tolerance with avoidance is part of
the bigger picture of ‘drought tolerance’ or
better-termed general adaptation.

An understanding of adaptive traits from
this germplasm will lead to relationships
with yield and physical grain quality.
However, even with combined Na and B
tolerance there is no guarantee there will be
a yield advantage since other physiochemical
constraints may become inhibitors to root
growth. Root growth responds dynamically

to soil physiochemical constraints, rainfall
amount and distribution during the growing
season, and exploits regions of the soil
where conditions are favorable. This makes
a multidisciplinary approach necessary to
investigate these complex issues to ultimately
develop varieties with a robust root structure,
improved adaptation to Mediterranean
environments with subsoil constraints, and
improved productivity.
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Abstract

The effects of various environmental factors
on flowering and on the activities and
interactions of the photoperiod sensitivity
(PPD) and vernalization response (VRN)
loci were examined applying systematic
phenotypic characterization in controlled
growth chamber tests and functional QTL
analyses based on gene-specific primers.
The experimental materials were Dicktoo
(D; facultative), Morex (M; spring), and
Kompolti korai (KK; winter), together with
the D x M and D x KK mapping populations.
Morex carries the spring allele of VRN-H1:
a 5.2 kb deletion in intron 1. The functional
winter alleles of Dicktoo and Kompolti
korai are identical in the coding regions
and in the vernalization-critical region of
intron 1. Promoters are identical except for
SSR polymorphisms. Small modifications
in the controlled environment conditions
led to dramatic changes in the flowering-
time phenotype. A genetic dissection of
these changes via QTL analysis revealed
novel effects and interactions of barley
VRN and PPD genes. We hypothesize that
the phenotypic reactions given to low light
intensity, to sub-optimal temperature and
to the synchronous application of photo-
and thermo-cycles are connected with the
mechanism and action of the circadian
rhythm, which, in turn, alter the activity and
role of PPD-H1, VRN-H2 and VRN-H1 in
a manner distinct from that attributable to
vernalization and photoperiod duration.

Introduction

In cereals, the major genetic determinants
of flowering are the VRN (vernalization
response) and the PPD (photoperiod
sensitivity) genes (Cockram et al., 2007
Trevaskis et al., 2007). Two major genes
for vernalization response, VRN-H1 and
VRN-H2, have been identified in barley
(Danyluk et al., 2003; Yan et al., 2003; von
Zitzewitz et al., 2005). The candidate gene for
VRN-H1 is the MADS-box gene HVBMBSA,
which is the barley orthologue of the wheat
AP1 (VRN1) floral meristem identity gene.
In genotypes with spring growth habit the
VRN-H1 gene product can be detected early
in plant development, resulting in early
flowering, while in genotypes with winter
growth habit the AP1 protein does not appear
until the vernalization requirement has been
met (Danyluk et al., 2003; von Zitzewitz
et al., 2005). A region in the first intron of
HvBMB5A is thought to include the binding site
for the repressor encoded by VRN-H2, and
accordingly was named as the vernalization
critical region (Fu et al., 2005; von Zitzewitz
et al., 2005). Deletion of this region leads to
the dominant allele for spring growth habit.
One or more of the three physically linked
ZCCT-H genes on chromosome 4H, which
are present in winter genotypes and deleted
from facultative and spring genotypes, are
candidate genes for VRN-H2 (Yan et al.,
2004; von Zitzewitz et al., 2005). Based on
the flowering regulation model, vernalization
saturation represses the activity of the
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dominant VRN2 allele, allowing recessive
alleles to be expressed at VRNL1. This two-
gene epistatic model has been demonstrated
to be responsible for the vernalization
requirement and thus for the growth habit in
cereals (Yan et al., 2004; Dubcovsky et al.,
2006; Kati et al., 2006; Sziics et al., 2007).

Gene expression, QTL and segregating
population studies proved that low
temperature is the primary environmental
factor that controls the activity of the VRN
loci (Yan et al., 2003; Danyluk et al., 2003;
Yan et al., 2004; Yan et al., 2006). There is
increasing evidence, however, that secondary
and interaction effects may also regulate
these loci (von Zitzewitz et al., 2005;
Dubcovsky et al., 2006; Karsai et al., 2006;
Sziics et al., 2006; Trevaskis et al., 2006).
Thus VRN-H1 has been shown to respond
to photoperiod as well; in facultative barley
there was no transcription of the gene under
short photoperiod (Danyluk et al., 2003;
von Zitzewitz et al., 2005). In carrying out
comparative mapping and QTL analyses
in two barley populations, we identified
the VRN-H1 gene as a significant source of
variance, even though in both cases it was
not expected, based on the recent genetic
regulation model of flowering in cereals (Yan
et al., 2006; Cockram et al., 2007; Trevaskis
et al., 2007). The Dicktoo (facultative) x
Morex (spring) population segregates for
the presence or absence of the VRN-H1
vernalization critical region but it lacks the
VRN-H2 gene, which codes for its repressor
(von Zitzewtiz et al., 2005). In spite of this,
the winter VRN-H1 allele of Dicktoo resulted
in later first node appearance and flowering
in the range of 12- and 18-hour photoperiods
and showed a significant interaction with the
allele type of the PPD-H1 gene (Karsai et
al., 1997). The other population of Dicktoo
(facultative) x Kompolti korai (winter) was
segregating for the presence of the VRN-H2
gene, but carried the same vernalization-
critical regions of the VRN-H1 gene (Karsai et
al., 2005). An allelic variation at the promoter

of VRN-H1, not known to affect phenotype,
allowed us to monitor allelic segregation
at this locus. Again, VRN-H1 proved to
be significant component of flowering in
field-grown experiments, and under long
photoperiod, showing strong interaction with
the allele composition in the VRN-H2 locus
(Karsai et al., 2005). In this population, too,
it was the Dicktoo type of VRN-H1, which
resulted in later plant development.

In order to examine the role of the VRN-H1
locus in determining plant development, we
combined the functional mapping of the major
genes (VRN-H1, VRN-H2 and PPD-H1) of
flowering, and the functional QTL analyses
with systematic phenotypic characterizations
under various sets of environmental cues
in controlled climatic chamber tests. This
investigationwas facilitated by the availability
of (i) allele-specific primers for these genes;
(ii) very well-characterized barley accessions
representative of the three growth habit types;
and (iii) two well-characterized doubled-
haploid (DH) mapping populations.

Materials and methods

The Morex (M; spring), Dicktoo (D;
facultative) and Kompolti korai (KK; winter)
cultivars and the two DH mapping populations
derived from the cross of D x M (DM) and D
x KK (DK) used for these experiments have
been well-characterized at the genotypic and
phenotypic levels (Pan et al., 1994; Karsai et
al., 2005, 2006, 2007, 2008; von Zitzewitz et
al., 2005; Sziics et al., 2006).

Controlled environment experiments were
carried out in the Phytotron facilities of the
Agricultural Research Institute of HAS,
Martonvasar, Hungary, using CONVIRON
PGV type growth chambers (CONVIRON
Ltd., Winnipeg, Canada). The technical
parameters of the growth chambers, including
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light sources and control systems for
temperature and light intensity, are detailed
in Karsai et al. (2004). The individual effects
of the following environmental factors were
examined: two levels of light intensity at
two photoperiod regimes; two levels of
ambient temperature; and the effect of daily
fluctuating vs. constant temperatures. The
combinations of various environmental cues
used for testing the developmental patterns
of each population and for carrying out
functional QTL analyses are listed in Table 1.

The DM linkage map consists of 165 loci of
various types (e.g. AFLP, RFLP, SSR, STS
and ASGTs (allele-specific gene tags)) with
a total recombination length of 1040 cM and
an average marker spacing of 6.3 cM (Pan
et al., 1994; Szics et al., 2006). The DK
linkage map consists of 236 loci of various
types, with a total recombination length of
1107 cM and an average marker distance
of 4.5cM (Karsai et al., 2005; Sziics et al.,
2006; Karsai et al., 2007). The VRN-H1,

VRN-H2 and PPD-H1 loci were mapped,
when possible with allele-specific primers in
the DM and DK populations (von Zitzewitz
et al., 2005; Karsai et al., 2005; Turner et
al., 2005). Linkage maps were constructed
using JoinMap 4.0 (van Ooijen, 2006). QTL
analyses were performed using composite
interval mapping (CIM) Model 6, with
forward regression and backward elimination
as implemented in WinQTL Cartographer v.
2.5 (Wang et al., 2007). Threshold levels
were set using 500 permutations.

Results

In the Dicktoo x Morex population there
is functional segregation in the PPD-H1
locus, in addition to the VRN-H1 functional
polymorphism. These two loci were the
major determinants of flowering in the
various temperature treatments applied
under long photoperiod (Table 2). Under

Table 1. Lists of environmental factors studied in the two barley mapping populations

Photoperiod Temperature treatment Light intensity
o DM DK
(hours) (°C) umol m2 st

12 18 constant 340 +
12 18 constant 170 +
16 18 constant 340 +
16 18 constant 220 + +
16 18 constant 170 +
16 18/16 thermo-cycle 220 + +
16 10 constant 220 +

Table 2. Effects of the VRN-H1 vernalization response and PPD-H1 photoperiod sensitivity
genes on flowering time in the Dicktoo x Morex barley mapping populations under various

temperature treatments.

Temperature treatment VRN-H1 PPD-HI
LOD R? Add. eff. LOD R? Add. eff,
18 °C Constant 22.7 30.3 9 31.2 55.0 -12
18 °C Thermo-cycle 22.3 41.6 24 12.0 17.2 -13
10°C Constant 8.7 17.1 7 18.6 47.6 -12
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all conditions, the Dicktoo-type winter
allele in the VRN-H1 locus and the Morex-
type insensitive allele in the PPD-H1 locus
significantly delayed plant development. Of
the two genes, VRN-H1 determined a greater
proportion of the phenotypic variance at
18°C thermo-cycle and PPD-H1 at 18°C
constant and at 10°C constant temperature
treatments. Compared with the 18°C constant
temperature, the application of thermo-cycle
increased the phenotypic effects of VRN-H1,
while significantly decreased that of PPD-H1
to a ratio of one-third. The low constant
temperature of 10°C did not influence the
effect of PPD-H1 but significantly decreased
the effect of the VRN-H1 locus.

The combined effects of VRN-H1 and
PPD-H1 explained most of the phenotypic
variation in the experiments (two-locus R?
values were 83.5%, 74.0%, and 83.1% in
the 18°C constant, 18°C thermo-cycle, and
10°C constant treatments, respectively). As
a result, the mean flowering times of lines
with the parental allele combinations at the
two loci were statistically the same as the
respective parents under the two constant
temperature treatments (18°C and 10°C)
(Table 3). At 18°C thermo-cycle, however,
the DD (VRN-H1 / PPD-H1) lines headed
significantly earlier than Dicktoo (84 vs.
128 days, respectively), while the MM lines
were significantly later than Morex (66 vs. 54
days, respectively).

The non-parental allele combinations were
responsible for the significant phenotypic
transgressive  segregation, which were
apparent at each temperature treatment.

Lines with MD alleles at VRN-H1 /
PPD-H1 headed significantly earlier, while
lines with DM alleles at VRN-H1 / PPD-H1
headed significantly later than the parents and
parental allele combinations. In addition, the
reactions of the non-parental combinations to
a sub-optimal temperature or thermo-cycle
were significantly different from those of
the parents or parental allele combinations.
The MD (VRN-H1 / PPD-H1) was the only
subclass with a relatively uniform reaction
to all the treatments, including the thermo-
cycle, but its flowering was delayed to a
great extent by the sub-optimal temperature.
Conversely, the sub-optimal temperature had
the least delaying effect on the flowering of
the DM (VRN-H1 / PPD-H1) subclass, but
the largest scattering was observed in this
subclass when the thermo-cycle was applied
(Figure 1).

In the Dicktoo x Kompolti korai population
there is only functional polymorphism in
the VRN-H2 gene, as all the lines carry the
sensitive allele in the PPD-H1 locus based on
the SNP22 haplotype (Turner et al., 2005).

Table 3. Flowering time values of the four VRN-H1 / PPD-H1 allele classes and the two parents

at the various temperature treatments.

Flowering time at

VRN-H1/PPD-H1

% change from 18°C
constant temperature to

allele combination  18°C constant 18°C 10°C constant 18°C 10°C
temperature thermo-cycle temperature thermo-cycle constant
Dicktoo 36 128 61 356 169
DD /DD 38 84 60 221 159
DD/ MM 75 121 89 161 119
MM / DD 30 44 53 148 176
MM / MM 45 66 71 145 157
Morex 41 54 70 132 171
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Figure 1. Effect of the sub-optimal temperature and the synchronous photo- and thermo-cycles on
the major developmental genes in the Dicktoo (facultative) x Morex (spring) barley population.

There was allelic variation at region of
VRN-H1 not known to affect phenotype and
this variation allowed us to monitor allelic
segregation at this locus.

When the role of the two VRN loci in
flowering time was examined, it was found
that photoperiod, light intensity, and the
application of thermo-cycle influenced their
activity (Table 3). When active, the presence
of the VRN-H2 gene and the Dicktoo-
type winter allele at VRN-H1 delayed
plant development, irrespective of the
environmental conditions.

Under a long photoperiod (16 h),
VRN-H2 explained the largest portion of
the phenotypic variance, irrespective of
the light intensity. The VRN-H1 gene alone
was only a significant though minor source
of variance under high light intensity. The
two genes together contributed more than
90% of the variance at both light intensities
(R? high =96.9%; R? low =91.9%). Light
intensity had the strongest effect onthe VRN-H
genes under the 12-hour photoperiod regime,
which represents the borderline between
long and short photoperiod regimes. While
the effect of VRN-H2 was highly significant
under high light intensity, the activity of this
gene could not be detected when low light
intensity was applied. The effect of VRN-H1,

in contrast, was tripled at low light intensity.
Thus under a 12-hour photoperiod, more
than 50% of the phenotypic variance in the
flowering time was explained by VRN-H2
under high light intensity and by VRN-H1
under low light intensity. The bi-locus effect
was highly significant at both light intensities
(R? high = 78.8%; R? low = 52.8%).

In comparing the effects of constant
temperature and daily thermo-cycle, VRN-H2
had a very large effect on flowering time at
18°C constant temperature, accounting for
64% of the phenotypic variance (Table 4).
The VRN-H1 locus had a significant effect
under this condition, but it explained a very
low portion of the phenotypic variance. The
application of both light and thermo-cycles
resulted in a shift in the significance of the
effects of these two loci: at 16T VRN-H1
explained close to 60% of the phenotypic
variance and VRN-H2 only 16%.

As the bi-locus effects of the two VRN-H
genes contributed the highest proportion of
the phenotypic variance under 16- and 12-
hour photoperiod regimes, the flowering
characteristics of the four possible allele
combinations were compared (Figure 2).
Under a long photoperiod, the light intensity
did not influence the type or degree of
interaction between the allele phases of the
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Table 4. Effects of the VRN-H1 and VRN-H2vernalization response genes on flowering time
in the Dicktoo x Kompolti korai barley mapping populations under various environmental

conditions.
Treatments VRN-HL VRN-H2
LOD R? Add. eff.  LOD R? Add. eff.
Photoperiod and light intensity treatments
16 hours @ 340 umol m2s? 5.1 2.0 3 32.8 89.6 -16
16 hours @ 170 umol m2 st ns 32.3 70.3 -14
12 hours @ 340 umol m2s? 5.8 16.6 8 12.8 48.2 -14
12 hours @ 170 umol m2s? 135 51.6 10 ns
Temperature treatments

18°C Constant 3.7 3.2 3 34.5 63.8 -12
18°C Thermo-cycle 24.6 49.5 12 11.0 155 -7

ns = not significant.

two VRN-H genes. The Kompolti allele in
VRN-H2 (presence of the gene) resulted
in later flowering irrespective of the light
intensity level applied, and this effect was
not modified by the allele composition of
the VRN-H1 gene. The lack of the VRN-H2
gene caused earlier flowering and made the
effect of the allele composition of VNR-H1
significant under both light intensities. Under
a 12-hour photoperiod, however, the light
intensity exerted a strong modifying effect
on the interaction between the two VRN-H
genes. At high light intensity the interaction
between VRN-H2 and VRN-H1 was similar
to that observed for the 16-hour photoperiod,
except that the importance of the VRN-H1
allele composition increased. At low light
intensity level, the quantitative effect of
the VRN-H2 gene in repressing flowering
diminished significantly. The presence or
absence of the VRN-H2 gene only influenced
flowering when the Kompolti Korai allele
was present in the VRN-H1 gene. In the case
of the Dicktoo VRN-H1 allele, the VRN-H2
gene had no apparent effect on flowering.
When the effects of the two light intensities
on flowering were compared under the 12-
hour photoperiod regime, it became apparent
that low light intensity only resulted in
earlier flowering when the VRN-H2 gene was

present. In this case, however, its effect was
mostly independent of the allele composition
of VRN-H1.

Similar environment dependent interaction
between the VRN-H2 and VRN-H1 genes
was apparent in the comparisons of constant
vs. daily fluctuating temperatures. VRN-H2
and VRN-H1 jointly accounted for most of
the phenotypic variation, irrespective of
growth condition: the two-locus R? values
were 0.83 for 18°C constant temperature and
0.69 for 18/16°C thermo-cycle. The average
flowering times of lines with parental
allele combinations at these two loci were
statistically the same as respective parent
under all the three conditions, with one
exception. At 18°C constant temperature the
average flowering of the DD lines was again
significantly earlier than that of Dicktoo (86
vs. 109 days).

As shown in Figure 3, there is a pattern
of growth condition-dependent epistasis
between these two loci. Two features are
noteworthy. First, the K allele at VRN-H1
always resulted in significantly earlier
flowering than the D allele, regardless of
growth condition or allele phase of VRN-H2.
Second, the winter allele (K) at VRN-H2
delayed flowering, with one exception:
under 18/16°C thermo-cycle, the D allele at
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Figure 2. Effects of photoperiod (12, 16 h)
and light intensity (high: 340 umol m=2 s}
low: 170 umol m2s?) on the association
between the allele phases of the VRN-H2
/ VRN-H1 genes in the Dickioo (D) x
Kompolti korai (K) barley population,
measured in terms of flowering time.
Within each photoperiod, data points labelled
with the same letter were not significantly
different from each other at the P = 0.05 level.)

VRN-H1 locus resulted in extremely delayed
flowering irrespective of the allele phase at
VRN-H2.

Discussion

Gene expression, QTL and segregating
population studies proved that the presence
or absence of the vernalization-critical region
in the intron 1 of the VRN-H1 gene basically
determines the growth habit (von Zitzewitz et
al., 2005; Fu et al., 2005; Karsai et al., 2005;
Koti et al., 2006; Sziics et al., 2007). The
spring allele (deletion of the vernalization-

VEREMN-H2 Dicktoo

10
ns B VREN-H2 Kompolti
=i B Tt}
= LLL
; LE T
2 60
=
=
= 40
=y
=
= 20
18C 18/16 C 18C 1816 C
constant  thermo constant  thermo
cycle cyele
WVRMN-HI1 Dickioo VRN-HI Kompolt
Figure 3. Effects of daily fluctuating

environmental factors on the association
between the allele phases of VRN-H2 and
VRN-H1 genes in the Dicktoo (facultative)
x Kompolti korai (winter) barley mapping
population.

critical region) shows complete dominance
over the winter allele (Yan et al., 2004;
Dubcovsky et al., 2006; Kdti et al., 2006;
Sziics et al., 2007). Our results emphasize
that, in addition to determining the growth
habit, the VRN-H1 gene also quantitatively
influences the flowering time, and that the
VRN-H1 gene is also subject to regulation
by environmental stimuli other than low-
temperature vernalization. The site(s) of
this additional regulation is partly different
from that of the vernalization regulation site
(Karsai et al., 2005; Koti et al., 2006; Sziics
et al., 2007). Photoperiod, low light intensity,
the ambient temperature and the various
combinations of daily fluctuating factors all
produced modifying effects on the VRN-H1
gene in an allele-specific way (von Zitzewitz
et al., 2005; Karsai, 2008). The dominant
spring allele showed greater sensitivity
to sub-optimal temperature, while the
synchronous photo- and thermo-cycles had
the strongest effect on the recessive winter
allele. Inaddition, significant differences were
identified between the reaction types of two
recessive winter alleles from the facultative
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Dicktoo and from the winter Kompolti korali,
which were completely the same in the
vernalization-critical region (von Zitzewitz
et al., 2005). This may be due to as yet
uncharacterized functional polymorphisms in
other regions of the 17 kb gene. The Dicktoo-
type VRN-H1 allele was more sensitive to
the application of synchronous photo- and
thermo-cycle than the Kompolti-type allele.
In addition, low light intensity differentially
influenced the activating effect of the two
parental recessive alleles on flowering under
an intermediate photoperiod regime.

The various environmental factors
influenced not only the activity of the VRN-H1
gene, but also its specific interactions with
the allele types of the PPD-H1 and VRN-H2.
The non-parental allele combinations in the
PPD-H1 and VRN-H1 were responsible for
the significant phenotypic transgressive
segregation resulting in the early and late
flowering genotypes (Pan et al., 1994,
Karsai et al., 1997). These combinations
also showed specific reactions to the various
environmental cues. The environmental-
dependent allele interactions were the
most characteristic under the sub-optimal
temperature, and under the synchronous
application of the photo- and thermo-cycle.
There was also a pattern of growth condition-
dependent epistasis between the VRN-H2 and
VRN-HL1 loci, which became evident under
two growth conditions: applying low light
intensity under an intermediate photoperiod
regime, and the synchronous application of
photo- and thermo-cycles.

In summary, the systematic phenotypic
characterizations combined with functional
QTL analyses proved to be efficient in
identifying environmental-factor-dependent
gene functions and allele interactions. Thus
this approach produces valuable additional
information for gene expression studies. The
genetic dissection of the phenotypic changes
via QTL analysis revealed novel effects and
interactions of the barley VRN and PPD
genes.
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Abstract

Waterlogging (WL) is a major environmental
constraint severely limiting crop production
worldwide. Breeding programs need to
incorporate exotic germplasm and develop
WL-tolerant barley varieties. A series of
morphological, anatomical and physiological
mechanisms contributing to WL tolerance
were studied in detail. The results showed
that the key features targeted by breeding
should include both  morphological
(production of more adventitious roots and
formation of larger aerenchyma area in
adventitious roots), and physiological (high
capability for O, uptake and K* acquisition
in plant roots) traits, as well as the plant’s
ability to withstand soil-borne phytotoxins.
Foliar application of nutrients can be used
in practice to alleviate the adverse effects
of WL. To identify molecular markers
associated with WL tolerance, two barley
doubled-haploid populations were used to
analyze QTLs of WL-tolerance-related traits.
Seven QTLs for barley WL were detected
and validated under different stress durations,
between both different experiments and
different populations. Some of these QTLS
affected multiple WL-tolerance-related traits,
for example, QTL Qwt4-1 contributed not
only to reducing barley leaf chlorosis, but
also to increasing plant biomass under WL

stress, whereas other QTLs controlled both
leaf chlorosis and plant survival.

Introduction

Water logging (WL) is one of the major
restrictions for barley production in high-
rainfall areas. It causes chlorophyll, protein
and RNA degradation, and a decrease in
concentration of nutrients such as nitrogen,
phosphorus, metal ions and minerals in
barley shoots can occur rapidly after the onset
of flooding and precede leaf chlorosis (Drew
and Sisworo, 1977; Wang et al., 1996). As
a consequence, shoot and root growth, dry
matter accumulation and final yield are all
reduced (Huang et al., 1994a, b; Malik et al.,
2002).

Barley cultivars differ in their WL
tolerance. Barley collections from China,
Japan and Korea contained many tolerant
cultivars, while those from North Africa,
Ethiopia and southwest Asia showed few
tolerant cultivars (Takeda and Fukuyama,
1986). In our studies, some Chinese cultivars
showed significantly better tolerance than
Australian cultivars (Pang et al., 2004,
2006, 2007a, b; Zhou et al., 2007). Thus it
is possible to breed for tolerance. However,
WL tolerance is likely to be a complex
trait affected by several mechanisms and
complicated by confounding factors such
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as temperature, plant development stage,
nutrient status, soil type and sub-topography
of the subsoil. It is critical to study the
morphological, anatomical and physiological
mechanisms contributing to WL tolerance
to identify some useful selection criteria
and molecular markers associated with WL
tolerance. This paper presents a summary of
physiological mechanisms associated with
WL tolerance, and the identification of QTLs
controlling WL tolerance in barley.

Physiological mechanisms
for WL tolerance

Barley plant growth was adversely affected
by WL. As WL stress developed, chlorophyll
content, net CO, assimilation and maximal
photochemical efficiency of PSIl (Fv/
Fm) decreased significantly. Among these
characters, chlorophyll fluorescence of
dark-adapted samples (Fv/Fm values) was
found to be the most efficient screening
parameter for future use in large-scale
programs selecting for WL tolerance. Some
Chinese cultivars, such as TX9425, were
found to have much better tolerance to
WL, which showed less reduction in plant
growth, chlorophyll content, chlorophyll
fluorescence and photosynthetic parameters.
Naso Nijo (a Japanese cultivar) and Franklin
(an Australian cultivar) were found to be the
most susceptible to WL.

Two barley cultivars with contrasting
WL tolerance, TX9425 and Naso Nijo,
were selected to study the changes in the
morphological and anatomical characteristics
under WL stress. Most seminal roots of both
cultivars died under WL conditions, while
adventitious roots were produced at the

shoot base. More adventitious roots were
found in the WL-tolerant cultivar than in
the susceptible one. In adventitious roots,
cortical cell breakdown and the formation
of air channels (aerenchyma) were observed
from 0.5 cm behind the root tip and persisted
along the entire adventitious root axis in
both genotypes after 3 weeks of WL. No
aerenchyma was found in the roots of drained
plants. The percentage of aerenchyma to
root cross-section area in TX9425 along
the entire adventitious root was obviously
larger than that in Naso Nijo. At about 2 cm
from the root-shoot junction, the proportions
of aerenchyma were 23.9% and 7.1% for
TX9425 and Naso Nijo, respectively. This
aerenchyma facilitated O, transportation from
the aboveground parts into the submerged
roots, increasing the plant’s tolerance to WL.

To understand the effects of WL on nutrient
acquisition and potential involvement
of plasma membrane ion transporters in
WL tolerance in barley, the non-invasive
microelectrode MIFE system was used to
concurrently measure net O, and ion fluxes
from the root surface. Oxygen deprivation
caused the decline of O, uptake and had an
immediate and substantial effect on root ion
flux patterns. These effects differed between
WL-sensitive and WL-tolerant cultivars.
The O, uptake in the WL-tolerant cultivar
TX9425 remained much higher than in the
WL-sensitive cultivar Naso Nijo in the root
mature zone under hypoxia stress. However,
there was no significant difference in the root
elongation zone between these two cultivars.
In the mature zone, hypoxic treatment caused
a very sharp decline in K* uptake in Naso
Nijo, but did not reduce K* influx in the WL-
tolerant TX9425 cultivar. In the elongation
zone, onset of hypoxia enhanced K* uptake
from roots of both cultivars. Hypoxia
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also caused qualitatively different effects
on the activity of plasma membrane ion
transporters in mature and elongation zones.
Pharmacological experiments suggested
that hypoxia-induced K* flux responses are
likely to be mediated by both KIR and NSCC
channels in the elongation zone. In the mature
zone, KOR channels are the key contributors.

WL stress is traditionally associated with O,
depletion. Accordingly, breeding programs
routinely target the plant’s ability to tolerate
O, deprivation or increase O, supply to roots,
or both. However, significant accumulations
of toxic substances from the microbial
reduction processes have been widely
reported in waterlogged soil. To understand
the importance of these accumulations, the
effects of several secondary metabolites
(phenolic acids, monocarboxylic acids
and Mn%) on nutrient (K*, H* and Ca?)
acquisition of barley roots were investigated.
In the WL-sensitive variety Naso Nijo, all
three lower monocarboxylic acids (formic,
acetic and propionic acids) and three
phenolic acids (benzoic, 2-hydroxybenzoic,
4-hydroxybenzoic acids) caused a substantial
shift towards steady K* efflux accompanied
by immediate net influx of H*. Detrimental
effects of secondary metabolites on K*
homeostasis in root cells was absent in the
WL-tolerant TX9425 variety. Root treatment
with Mn?* caused only temporary K* loss,
which returned to the initial level 10 min
after treatment. Plant roots showed different
responses of ion fluxes and membrane
potential to these chemicals in the long
term (24 h), as 24-hour treatment with all
chemicals significantly reduced the K*
uptake, and the adverse effects of phenolic
acids were smaller than those that arose
from treatment with monocarboxylic acids
and Mn?*. Treatment with monocarboxylic

acids for 24 h reversed H* from net efflux
to net influx. None of the three phenolic
acids caused significant effects on H* flux
compared with the control. Phenolic acids
caused significant net Ca?* efflux from roots
pre-treated for 24 h (Pang et al., 2007a).

In order to alleviate the adverse effects of
WL, the possibility of using foliar nutrient
sprays was investigated. Foliar application of
full strength Hoagland solution significantly
improved plant growth, reduced leaf
chlorosis and increased chlorophyll content,
photochemical efficiency of PSII, net CO,
assimilation, and production of adventitious
roots. N and K content also increased, not
only in shoots but also in roots, suggesting the
translocation of nutrient occurred from the
shoot to root. This may be partly the reason
for the greater production of adventitious
roots in sprayed plants. Another contributing
factor to the alleviation of the adverse effects
of WL may be significantly higher amounts
of auxin, accumulated in the shoot base of
waterlogged plants (increased by 18.4%)
after foliar nutrient application (Pang et al.,
2007b).

To identify QTLs associated with WL
tolerance, leaf chlorosis under WL stress
was chosen as the main indicator for WL
tolerance. This trait was measured three
times for each population across the two
experimental years (2004 and 2005). Leaf
chlorosis was measured as follows: the
proportion of yellowing or chlorosis on
each leaf was scored, and then the length of
each leaf was measured to weigh the overall
average proportion of chlorosis in each plant.
The control plants of both populations in
both years had no leaf chlorosis. The second
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trait measured was plant biomass reduction
after three weeks of WL treatments. The third
measured trait was plant survival after eight
weeks of WL.

Three QTLs (tfy1.1-1, tfy1.1-2 and tfy1.1-4)
controlling leaf chlorosis after two-weeks of
WL stress (2004) were identified. For all these
QTLs, the Franklin alleles increased leaf
chlorosis while the TX9425 alleles decreased
it. One QTL (tfy1.2-1) was identified for leaf
chlorosis after a four-week WL treatment.
This is likely to be the same QTL as tfy1.1-2
as it was mapped to the same position and the
Franklin allele also increased leaf chlorosis.
Two QTLs (tfy2.1-1 and tfy2.1-2) were found
for leaf chlorosis in the experiment carried
out in 2005. QTL tfy2.1-1 is likely to be the
same as tfy1.1-2 and tfy1.2-1 and again the
Franklin alleles increased leaf chlorosis.

One QTL (tfmas) was identified for plant
biomass reduction after three-weeks of WL
stress. This QTL was mapped to chromosome
4H and explained 16.3% of the genetic
variation for this trait. The Franklin allele
leads to a greater reduction of plant biomass
following WL.

Two QTLs (tfsur-1 and tfsur-2) were
found for plant survival rate after eight weeks
continuous WL stress. Both of these were
located on chromosome 2H and explained
19% and 13.2% of the genetic variation for
this trait, respectively. These QTLs were
located onto different regions of chromosome
2H compared with the QTLs for leaf chlorosis.
For the detected QTLs, the Franklin allele
increased the survival rate of the plant at tfsur-1
locus, whereas TX9425 allele increased plant
survival at the locus of tfsur-2.

Three QTLs (yfyl.1-1, yfy1l.1-2 and yfy1.1-
3) controlling leaf chlorosis after two-

weeks of WL stress (2004) were found on
chromosome 3H, 2H and 5H. The Franklin
alleles increased leaf chlorosis at two QTLs
(yfyl.1-1 and yfyl.1-2), whereas at the
yfy1.1-3 locus the Yerong allele increased
leaf chlorosis. Three QTLs (yfy2.1-1, yfy2.1-
2 and yfy2.1-3) were found for leaf chlorosis
after two weeks of WL in the experiment
carried out in 2005. These QTLs were
located on chromosomes 7H, 3H and 4H.
The Franklin alleles increased leaf chlorosis
in all three cases. QTL yfy2.1-2 may be the
same as yfyl.1-1, as both were located at a
similar position on chromosome 3H. Three
QTLs (yfy2.2-1, yfy2.2-2 and yfy2.2-3) were
found for leaf chlorosis after four weeks
of WL stress in the 2005 experiment, these
QTLs were located on chromosomes 3H, 1H
and 4H. The Franklin allele increased leaf
chlorosis at yf2.2-1 and yf2.2-3 loci, whereas
the Yerong allele did so at the yf2.2-2 locus.
QTL yfy2.2-1 is likely to be the same as
yfy2.1-2 as it is in an identical position on
chromosome 3H. The same applies to QTL
yfy2.1-1 and yfy2.2-3 on chromosome 4H.

One QTL (yfmas) was identified for the
reduction of plant biomass following WL in
this population. This QTL explained 8.2%
of the genetic variation for this trait and was
mapped on chromosome 4H to almost the
same position as QTL yfy 2.2-3 and yfy2.1-1
and is probably due to pleiotropy.

Two QTLs (yfsur-1 and yfsur-2) were
identified for plant survival rate after 8
weeks of continuous WL stress. They were
located on chromosomes 2H and 5H. The
Yerong allele increased plant survival rate
at the yfsur-1 locus while the Franklin allele
increased plant survival rate at the yfsur-2
locus. Yfsur-1 was located near yfyl.1-2,
while yfsur-2 was located near yfy1.1-3.

In order to compare the QTLs identified
in different populations, a consensus map
was constructed using four barley DH
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populations, including the two populations formation of larger aerenchyma area in
used in this study. Comparison of the QTLs adventitious roots) and physiological (high

identified between the two populations ability of O, uptake and K* acquisition in
(Figure 1) showed that many of the QTLS plant roots) traits, as well as the plant’s
identified in Franklin x TX9425 mapped to ability to withstand soil-borne phytotoxins.
similar chromosomal regions compared with Foliar application of nutrient can be used in
those identified in Franklin x Yerong (such practice to alleviate the adverse effects of
as QTLs identified on chromosomes 1H, 3H, WL. At least seven QTLs for barley WL were
and 7H), or were mapped to a very close detected and validated under different stress
location (QTLs identified on chromosomes durations, between different experiments and
2H and 4H) with distances of less than 10 cM different populations. Some of these QTLs
between QTL maxima (Figure 1). affected  multiple  WL-tolerance-related

Overall, this study suggests that substantial traits; for example, QTL Qwt4-1 contributed
genetic potential exists to improve WL not only to reducing barley leaf chlorosis, but
tolerance in barley. Key features targeted also to increasing plant biomass under WL
by breeding should include morphological stress, whereas other QTLs controlled both
(production of more adventitious roots and leaf chlorosis and plant survival.
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Figure 1. Comparison of quantitative trait loci (QTLs) identified for WL tolerance in two
different barley DH populations: tf = Franklin x TX9425; yf = Franklin x Yerong. A general
name (such as Qwt11-) was given to each chromosome region that was associated with different
WL-tolerance-related traits, the first number is the chromosome number, the second number is
the serial number of regions identified on that chromosome
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Abstract

Barley evolved as a crop under a
Mediterranean climate. Therefore, it should
be equipped with the genetic components
necessary to cope with the hardships and
constraints of Mediterranean environments.
The study of old landraces, well adapted
to their environments, should improve our
knowledge of the basis of adaptation, and
could deliver some useful lessons for barley
breeders.

The Spanish Barley Core Collection
(SBCC) is a representative sample of inbred
lines derived from landraces. This collection
is composed mainly of two large populations
of individuals. Most likely, these populations
correspond to the entry of two different sets
of barley ancestors into the Iberian Peninsula,
followed by only partial admixture. Their
distribution across the range of local climates
indicates differential adaptation of these
populations to prevailing environmental
factors. The study of the main vernalization
and photoperiod response genes in these

materials provides some clues to explain, at
least partially, differential adaptation patterns
found in the landraces.

The conclusions being drawn from the
study of the SBCC reveal its usefulness to
contribute valuable traits, and are relevant
for the management of this germplasm in
breeding programs.

Introduction

During the 20th century, barley producers in
Europe chose to substitute their landraces or
primitive cultivars with newly bred cultivars.
These new materials were readily adopted
because they were specifically improved
for the challenges of modern agriculture
and consumer demands. Old landraces were
gradually abandoned, and are currently kept
mostly in germplasm banks. Therefore,
although barley is a highly diverse species,
much of the genetic variation existing
in primitive landraces was abandoned in
Europe following the advent of modern plant
breeding (Fischbeck, 2003).
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Nevertheless, some landraces and old
cultivars persisted in some areas in Europe
usually considered marginal from an
agronomic point of view. The instability
of modern varieties in these zones was the
main reason for the maintenance of the more
stable landraces. Old cultivar Albacete, a
straight selection out of a landrace, continues
to be quite popular in Spain. In the semi-
arid region of Aragon, it occupied 69% of
the area devoted to 6-row barley in 2002,
and still close to 40% in 2004 (DGA, 2004,
latest year available). The greater stability of
local varieties of cereals, especially under
unfavorable environmental conditions, is a
recurrent motif in plant breeding literature
(for instance, Ceccarelli and Grando, 1991;
Ceccarelli et al., 1991; van Oosterom et al.,
1993; \oltas et al., 1999). Spanish barleys
have long been known as a distinct plant
genetic resource. The genetic singularity of
the Spanish barleys was described by Tolbert
et al. (1979), Moralejo et al. (1994), Lasa et
al. (2001), and especially by Yahiaoui et al.
(2008). This genetic distinctiveness may be
related to the presence of adaptation traits
specific to Mediterranean conditions, with
potential application in breeding.

The Spanish barley landraces have not
been widely used in modern breeding.
Some of the reasons for this oversight are an
insufficient effort on phenotyping, the clear
presence of undesirable agronomic traits,
together with a lack of knowledge on their
genetic control. In Spain, the National Centre
for Phytogenetic Resources holds a collection
of over 2000 accessions of cultivated barley.
Most are native landraces, collected in the
first half of the 20th century (Lasa et al.,
2001). Given their history of selection under
Mediterranean conditions, probably for a long
period (as barley cultivation in Spain dates
back to prehistoric times), they may harbour
adaptive genes and alleles that may have
escaped mainstream breeding. The evaluation
of this wealth of genetic resources for their
use in cultivar development is a sensible

pre-breeding goal. The Spanish Barley Core
Collection (SBCC) was assembled as a tool
to study the large local genetic diversity of
this crop (lgartua et al., 1998). It comprises
a set of inbred lines derived from Spanish
landraces, representative of the accessions
stored at the Phytogenetic Resources Centre
(CRF-INIA), in Madrid.

This collection was the result of a collective
effort between INIA, CSIC, IRTA-UdL and
ITACyL, and this report is a brief summary
of the most relevant findings that might have
a future impact in barley breeding.

SBCC was assembled as 159 inbred
lines derived from landraces (148 6-row; 11
2-row), mostly collected in the first half of the
20th century, prior to introduction of modern
cultivars, representing all barley growing
regions of the country in a proportional
manner. Also, 16 cultivars widely grown
in Spain for long periods during the 20th
century were included in the SBCC (lgartua
et al., 1998).

This collection has been characterized
for over 30 agronomic, quality and
morphological traits. Field trials were carried
out at several Spanish locations over three
seasons (a total of ten trials), to provide a
thorough characterization of the agronomic
characteristics of these accessions. Ten
modern cultivars were also included in these
field trials, as checks.

The agronomic evaluation revealed the
causes that led farmers to abandon, in most
cases, the cultivation of landraces. Most of
the entries were too tall (Figure 1) and prone
to lodging.

Though barley dryland agriculture in
Spain does not make use of large amounts
of agrochemicals, possibly the amount of
fertilizers used is enough to provoke excessive
vegetative growth in landraces when water is
not too limiting, and thus lodging may occur
quite often. Other negative characteristics of
a majority of Spanish accessions were poor
quality traits (small grain and high protein
content), and lateness.
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Figure 1. Distribution of plant height

averages (in cm up to the base of the spike)
for landrace-derived lines of the SBCC and a
set of commercial cultivars, evaluated in field
trials across Spain for three seasons.

On the positive side, there seemed to
be ample genetic variability for all traits
measured, and some traits revealed better
characteristics than expected in landrace-
derived material. The most striking result
was the similar grain yield production of
landrace-derived lines, old cultivars (the 16
included in the SBCC) and new cultivars
(the 10 checks), in low-productivity trials
(Figure 2). Field trials were split into two
subsets, corresponding to high and low
productivity, with the grain yield threshold
arbitrarily established at 2500 kg/ha These
two subsets comprised five trials each, which
did not follow geographical patterns.

At high productivity level, the effect of
plant breeding is evident, as there is a gradual
increase of mean and maximum grain yield
from landrace material to old cultivars
and then again to modern cultivars. In low
productivity trials, however, there was no
gain at all, and even the maximum yield was
achieved by landrace-derived lines. Several
of these lines out-yielded even the best check
cultivars across low productivity sites. This
observation confirms the findings of long
running research at ICARDA by Ceccarelli,
Grando and co-workers (Ceccarelli and
Grando, 1991; Ceccarelli et al., 1991, 1992;
Ceccarelli, 1996), who found that local
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Figure 2. Grain yield averages, maximum
and minimum, at 10 field trials, divided into
high- and low-production environments, for
three sets of genotypes: landrace-derived
inbred lines of Spanish origin, old cultivars
widely grown in Spain in the past, and new
cultivars.

landraces from the ICARDA mandate region
frequently out-yielded modern cultivars in
low productivity environments.

The genetic diversity of Spanish barleys
was compared with the diversity present in
sets of mostly European cultivars (Table 1).
These sets were assembled to include
cultivars that contributed most in the pedigree
of current cultivars. These results are reported
in detail in Yahiaoui et al. (2008). It turned
out that the Spanish barleys hold a large
amount of diversity, when compared with
other collections of similar size. They also
present a high proportion of unique alleles,
not present in the sets of European cultivars.
Some of these unique alleles were present
in a large proportion of the Spanish barleys,
suggesting either a common ancient origin
of these barleys, or a selective advantage
of some loci which resulted in fixation
of particular alleles. Both hypotheses are
intriguing and deserve further investigation,
as they may affect the management of this
germplasm in breeding programs.

The homogeneity of the SBCC was
investigated by means of a cluster analysis
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Table 1. Summary of diversity analysis of the SBCC landrace-derived lines, compared with two
sets of reference cultivars of mostly European origin.

SBCC Reference SBCC Reference
Results for 64 SSRs Spanish 6-row 6-row Spanish 2-row 2-row
Number of accessions 152 33 11 29
Total number of alleles 591 383 249 272
Number of unique alleles 184 21 11 12
Average HT 0.62 0.58 0.54 0.53

Table 2. Means of several agronomic traits for the populations of Spanish landrace-derived lines
(1-1V) and three groups of cultivars, evaluated at 10 field trials in Spain over three years.

Heading Plant Powdery Test Grainyield Grain yield

Groups (n) date height ~mildew weigth low prod. high prod.
(days) (cm) (score)  (kg/hl) (a/ha) (a/ha)

I (17) 1229 a 854 a 46 b 655 d 1886 b 288 e
11(9) 1185 b 737 ¢ 45 b 693 b 1890 b 304 de
111 (48) 1188 b 814 b 59 a 627 f 2163 a 314 d
IV (82) 1169 ¢ 808 b 42 b 636 e 2208 a 333 ¢
Old 2-row cultivars (8) 1125 e 630 d 29 ¢ 721 a 1897 b 365 b
Old 6-row cultivars (8) 1142 d 741 ¢ 39 b 670 ¢ 2159 a 366 b
New cultivars (10) 1147 d 598 e 25 ¢ 693 b 2184 a 400 a

Means followed by different letters are significantly different at P < 0.05.

using the “STRUCTURE” software (Falush
et al., 2003). After this analysis, four
populations were clearly evident (‘Yahiaoui
et al., 2008): 6-row cultivars of European
origin, together with a few Spanish landrace-
derived lines; 2-row cultivars of European
origin, together with most 2-row Spanish
landrace-derived inbred lines; and 2 large
populations made up exclusively of Spanish
landrace-derived 6-row lines. This result was
unexpected, as there was no prior report on
the existence of different groups of Spanish
6-row barleys, and triggered many new
questions. Did these populations have the
same origin and diverged locally? Or did they
come into the Iberian Peninsula at different
times, and there was not enough time for
total admixture? Do they present different
agronomic and adaptive characteristics?

The agronomic evaluation already reported
in Figure 2 showed significant differences

among the Spanish landrace-derived lines,
differences that were accounted for to
some extent by their ascription to the four
populations found in the “STRUCTURE”
analysis (Table 2). The differences in
agronomic traits were also evident between
the landrace-derived lines and the groups of
cultivars. To illustrate this point, just a few
traits have been summarized in Table 2. The
two main populations of Spanish materials
(11 and 1V) presented differences for traits
that may bear adaptive relevance, such as
heading date or powdery mildew resistance
score. Population 1V was the most productive
among the landrace-derived material in high
productivity trials, but well below levels of
old and new commercial cultivars. Under
low productivity levels, however, both most
abundant populations presented grain yield
means that differed from the cultivar groups.
One conclusion of these evaluations is that
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Table 3. Means and standard deviations of geographical and climatic factors for the landrace-
derived inbred lines of the SBCC of the four populations, deduced from the population structure

analyses.

Population Altitude (m) Latitude (degrees N) Temperature (°C)
(no. of lines) Mean SD Mean SD Mean SD
I (18) 689 a 337 408 a 1.7 14.6 b 2.5
I1(9) 817 a 411 416 a 0.7 13.7 b 2.3
111 (50) 757 a 219 406 a 11 14.9 b 2.0
IV (82) 490 b 329 389 b 2.8 16.8 a 2.3

Means followed by different letters are significantly different at P < 0.05.

the four genetically distinct populations
found in Spanish barleys differ also in
agronomic terms.

Where did these populations come
from? We did some statistics on passport
and climatic data of the places of collection
(Yahiaoui et al., 2008). There were few
differences between the places of collection
for the accessions belonging to populations
I, Il and IIl (Table 3), but population 1V
presented clearly distinct values from the
other three regarding altitude, latitude (lower
for both), and mean temperature (higher).
Therefore, it seems that the two main
populations of landrace barleys in Spain were
grown in quite different environments, with
population IV coming from southern and
coastal regions, with warmer temperatures,
and populations 1 to 11l coming from more
northern, inland, higher elevation regions
with colder temperatures.

The STS marker MWG699 is closely
linked (0.1 cM) to the vrsl locus, and it has
been proposed as a marker of domestication
in barley (Komatsuda et al., 1999; Tanno
et al., 2002). The vrsl locus controls the
formation, development and fertility of
lateral spikelets of barley. The fertility of
the lateral spikelets is one of the diagnostic
genetic traits for the domestication process
of barley. We tested this marker in the SBCC
and found that its haplotypes were not evenly
distributed over the collection. We found the
two haplotypes (A and D) formerly found in
6-row barleys, but with a large proportion of

the rarer haplotype D. Also the geographical
distribution of haplotypes A and D showed
differences (Casas et al.,, 2005), which
apparently matched the geographical
distribution of populations Il and IV. A two-
way table crossing MWG699 with population
assignment revealed that the D haplotype
was predominant in population I1l, whereas
population 1V had both haplotypes in large
frequencies (Table 4).

A hypothesis that may explain this would
be the arrival of different barley germplasm
into the Iberian Peninsula, each one carrying
different MWG699 haplotypes, which have
gone through a process of partial admixture
over the years, without erasing the boundaries
between the populations. Why has this
admixture not been complete?

Table 4. Frequencies of haplotypes for marker
MWG699 across the populations of Spanish
landrace-derived lines, established through
cluster analysis of genetic similarities using
the “STRUCTURE?” software suite.

MWG699 haplotype

Population Total
A D K

| 7 11 - 18

1 - 1 8 9

i 9 40 1 50

v 47 35 - 82

Total 63 87 9 159
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One of the critical phenomena shaping
the life cycle of small-grain cereals is the
reaction to low temperatures. In agronomy,
cultivars are classified as winter if they have a
vernalization requirement to reach flowering
without delay, or spring if they lack this
requirement. In barley, this trait is apparently
controlled by three loci, VRN-H1, VRN-H2
and VRN-H3 (for a review of these issues, see
Cockram et al., 2007a, and Distelfeld et al.,
2009). The polymorphism at the first intron
of VRN-H1 has been identified as responsible
for phenotypic variation in vernalization
requirement (von Zitzewitz et al., 2005).

According to the classification of Cockram
et al. (2007b), most of the Spanish barleys
fall in the categories 5B+Z and 5C+Z (Casas
et al., 2006). Though Cockram et al. (2007b)
classify the former as spring and the latter as
winter, we hypothesize that polymorphism at
VRN-H1 causes a gradation of vernalization
requirements, and that this is one of the main
tools of small-grain cereals to adapt to areas
of different winter temperatures. For 5B+Z
and 5C+Z, we believe that both require some
vernalization, and that their distribution
matches the harshness of winters in Spain
(Figure 3). Cold winters regions (Triticum
and Avena) present mostly landraces with
haplotype 5C (4850 bp), whereas regions
with Citrus or Tropical winters present a
majority of accessions with haplotype 5B
(1200 bp).

The SBCC (and a number of cultivars
as checks) were tested under controlled
conditions in the greenhouse, to find
the responses to photoperiod and cold
temperatures. A great majority of landrace-
derived lines showed some vernalization
effect when comparing the duration of cycle
until flowering (or its surrogate measure,
the number of leaves) with or without
vernalization (under long days). When these
results were split by VRN-H1 type, the result
was clear-cut (Figure 4): the lines with spring
type VRN-H1 (150 or 1900 bp) presented
almost no response to vernalization. Lines

100
AL —
£
|
5 504—
5
251—
u_"I."ril;'u.:m'n Avena | Citrus |Tropical
4850 8 74 10 0
| 1200 1 19 29 2

Figure 3. Percentage of Spanish landrace-
derived lines described by their polymorphism
in HYBM5A (size of the 1stintron of VRN-H1,
4850 bp or 1200 bp), broken-down by winter
type of their collection sites. Triticum winter
is the coldest one, Tropical the warmest. The
4850 bp fragment corresponds to haplotype
5C, and the 1200 bp fragment to 5B of
those reported by Cockram et al. (2007b),
respectively (see text).

with haplotype 5B (1200 bp) presented an
average of around 2.19 leaves of vernalization
effect, whereas lines with haplotype 5C
(4850 bp) presented an effect close to 5
leaves (4.65). The distributions for the three
types represented had little overlap.

To summarize, the populations of Spanish
barleys discovered with a set of SSR seemed
driven mainly by the presence of two distinct
populationsof barley, carrying differentevents
at MWG699. Also, there is polymorphism
at VRN-H1 that affects the vernalization
requirement of these landrace-derived lines.
And the geographical distribution of this
polymorphism matches the harshness of the
winters of the collection sites. Finally, as
shown in Table 5, MWG699 and HVBM5A
(marker for VRN-H1) presented a rather
high linkage disequilibrium (R?=0.24).
This linkage disequilibrium (LD) was larger
than the LD found for all possible pairs of
markers in a set of 64 SSR. There seems
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Figure 4. Vernalization effect, expressed as the difference in number of leaves produced in
the main stem, between a treatment without vernalization and long days, and a treatment with
vernalization and long days. The three curves represent the distribution of lines with different

VRN-H1 alleles.

to be a relationship between germplasm
origin, vernalization requirement and barley
adaptation in the Iberian Peninsula.

What about the other major genes
that control vernalization and daylength
responses? PpdH1 and PpdH2 are almost
fixed in Spanish landraces, but VRN-H3 is
highly polymorphic. This gene has spurred a
lot of interest recently. In barley, expression
of its candidate gene HvFT1 is induced by
long-day conditions and promotes flowering
(Hemming et al., 2008). HvFT1 alleles have

polymorphisms in the first intron. Yan et al.
(2006) identified two SNP that correlated with
phenotypic responses, and suggested that
these regions may play an important role in
the regulation of the gene. The polymorphism
at this gene is described as spring or winter,
according to the prevalence of each SNP
haplotype in these type of cultivars (Yan et
al., 2006). When we analyzed the distribution
of VRN-H3 polymorphism in the SBCC, the
result was quite striking. The geographical
distribution of this polymorphism was

Table 5. Distribution of absolute frequencies for markers MWG699 (closely linked to vrs1) and
HvBMB5A (perfect marker for VRN-H1), across climate types of Spain.

Climate MWG699 A D K
HvBM5A 1200 4850 1200 4850 1200 4850

Mediterranean Tropical 1 1

Mediterranean Maritime 11 1 1 2

Mediterranean Subtropical 20 5 1 11

Mediterranean Continental 3 4 2 20

Mediterranean Temperate 5 4 2 21

Mediterranean Fresh Temperate 7 1 16 1 1

Temperate Warm 1

Patagonian Humid 2 1

Total

42 21 8 72 1 1
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the most extreme of all markers studied
(a complete set of DArT markers, data
not shown) according to a self-correlation
analysis (Figure 5). This distribution was
certainly latitudinal, and suggests a role of
VRN-H3 in adaptation through response to
daylength. As most of these lines present the
responsive allele at PpdH1, we can speculate
that it provides a further mechanism to fine
tune the response of barley to daylength.
Finally, we have explored the possibility
of performing association mapping with
the SBCC. The LD was lower than that
usually reported for commercial cultivars,
as expected, but it was still noticeable at
distances between 2 and 3 cM (Figure 6).
This fact suggests that association mapping
is feasible, provided genetic structure is
controlled to avoid an excess of false-positive
associations. Actually, the correspondence
between preliminary association mapping
and results published in the literature is quite
good for flowering time loci, and for disease
resistance (lgartua et al., 2006). In a work
recently submitted for publication (Silvar et
al., 2010), we found a large powdery mildew
resistance QTL in chromosome 7H in a
mapping population derived from a resistant

accession from the SBCC. An association
study with just 64 SSR found the strongest,
and significant, association of any marker
with powdery mildew resistance, for a marker
in the same region (Igartua et al., 2006). Thus,
it seems possible to identify true associations
in the SBCC, with good marker coverage.
Current marker systems such as Hlumina
oligo pool assay (Rostoks et al., 2006) and
DArTs (Wenzl et al., 2004) provide enough
coverage to be optimistic about the potential
of finding relevant new genes or alleles for
barley breeding in the SBCC.

Conclusions

The main conclusions of this study, listed

in chronological order as they were being

gleaned from the experiments summarized in
this report, are the following:

1. Potential to improve agronomic traits still
present in Spanish landraces.

2. Spanish landraces hold greater genetic
diversity than European reference
cultivars.

3. Not all Spanish landraces are the same,
neither genetically nor agronomically.

4. The genetic diversity distribution follows
geographical patterns.
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Figure 5. Distribution of VRN-H3 and VRN-H1 haplotypes over Spain.
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Figure 6. Average linkage disequilibrium between markers in the same chromosome in the
SBCC. Calculations were made in 1 cM intervals, for a set of over 700 DArT markers.

5. Current populations probably derive
from founder populations coming into
the Peninsula at different times, still only
partially admixed.

6. Functional diversity at VRN-H1 may
be responsible for adaptation to winter
temperatures.

7. Selection for adaptation to winter
temperatures may have shaped genetic
diversity of Spanish barleys.

8. The SBCC is a suitable laboratory for the
study of crop adaptation.

9. Association mapping in the SBCC is
feasible, given levels of LD found and
current marker availability for barley.
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Abstract

Toxic levels of boron (B) can seriously
diminish grain yield in cereal crops by
affecting root growth, and thus restricting
water  extraction from the  subsoil.
Amelioration of high B concentrations in
soils is expensive and not always feasible,
so breeding for boron tolerance is the most
viable alternative. This article reports the
marker-assisted (MAS) transfer of favorable
alleles from an unadapted 6-row barley
(Hordeum wvulgare L.) variety, Sahara
3771, into 2-row lines adapted to southern
Australia. During the backcrossing process,
the SSR marker EBmac679 located on
chromosome 4H was used to control the
target region in foreground selection, but
no background selection was applied. Gene
introgression was confirmed with 40 BCF,-
derived doubled-haploid lines segregating
for the SSR marker EBmac679. We used a
combination of molecular and conventional
assays to unequivocally classify the 40 BC F -
derived DH lines as B tolerant or sensitive,
and then compared their means in a balanced
ANOVA for grain yield measured over two
years and four locations. Results showed
very modest and inconsistent improvements
in grain yield of lines carrying B tolerance
genes in boron toxic environments. Based
on DArT polymorphisms at 700 loci, the
BC,F,-derived lines were found to have
retained approximately 3.8% of the Sahara
3771 genome, but there was no correlation
between donor genome content and grain

yield at any of the sites or years, either on a
whole-genome basis or at the chromosomal
level. We concluded that less-than-expected
improvements in grain yield might not be
due to linkage drag. Our results also showed
no significant negative impact of gene
introgression on the existing malting quality
profile. This is important because it suggests
that boron tolerance from Sahara 3771
has been incorporated in two-row barley
germplasm without any penalty on quality.

Introduction

High levels of boron (B) occurring on
the alkaline soils can seriously diminish
yields by affecting root growth, and thus
restricting water extraction from the subsoil.
Amelioration of the high soil concentrations
is expensive and not always feasible,
so breeding programs targeting subsoil
constraints in these regions currently include
B tolerance as a desirable trait.

In barley (Hordeum vulgare L.), breeding
for tolerance to B toxicity is greatly aided
by the work of Jefferies et al. (1999) in the
identification of specific tolerance traits, arange
of methods that can be used to screen breeding
populations, and associated molecular markers.
The source of desirable alleles conferring B
tolerance is Sahara 3771, an unadapted six-row
landrace variety from North Africa. It is known
to exhibit high levels of tolerance to B toxicity
by extrusion of B from the root (Hayes and
Reid, 2004), resulting in lower concentrations
in roots and shoots.
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Gene introgression from exotic germplasm
can result in undesirable progeny, either
due to linkage drag or pleiotropic effects
associated with the introgressed novel alleles.
Marker-assisted (MAS) backcrossing is an
ideal approach, as it can greatly facilitate the
transfer of targeted chromosomal segments
while circumventing many of the difficulties
inherent in using conventional breeding
techniques. We used MAS backcrossing
to transfer B tolerance from Sahara 3771
into an adapted breeding line (VB9104+),
and in the process developed a population
of backcross (BC,F,)-derived doubled-
haploid (DH) lines differing in the presence
or absence of a QTL associated with boron
tolerance. Our objectives in the present study
were to confirm the QTL effect using this
independent population and to characterize
possible pleiotropic effects on grain yield and
malt quality.

Materials and methods

VB9743 was developed from the backcross
(Sahara 3771 x WI2723) x Chebec, by
selecting progeny with a high level of B
tolerance and cereal cyst nematode (CCN)
resistance. VB9743 was crossed to an adapted
line, VB9104 (Europa x IBON#7.148) and the
F, backcrossed twice to VB9104, to develop
VB9104+, an adapted germplasm with B
tolerance and CCN resistance. VB9104+
was crossed with doubled-haploid (DH)
lines derived from simple crosses involving
Chebec x Harrington and Franklin x Morex,
a strategy designed to introgress favorable
malting quality alleles from Canadian
(Harrington), North American (Morex) and
Australian (Franklin) sources.

F, progenies from the inter-cross were
selected using markers for the presence of all
desired marker alleles for the malting quality
traits, B tolerance and CCN resistance
traits, and used as donor parents in three

further backcrosses to VB9104+. During
the backcrossing process, we used the SSR
marker EBmac679 (Karakousis et al., 2003)
to control transfer of B tolerance QTL on
chromosome 4H, but no background selection
was applied. Given that the final cross in the
backcrossing program involved VB9104
rather than VB9104+, the subsequent derived
population was segregating for the SSR
marker EBmac679 linked to the B tolerance
QTL on chromosome 4H derived from Sahara
3771. From the 19 resulting final backcross
F, plants, 758 DH lines were produced. The
number of DHs created from each of the
selected final backcross F, plants varied from
2 to 109.

Selection using markers reduced the
population of 758 to 97, of which seeds of
81 were successfully multiplied to provide
seed for field trials. All 81 lines possessed
favorable alleles at malting quality QTLs,
but it was not possible to select for CCN
resistance using marker alleles due to a lack
of polymorphism with the marker panel
used between VB9104+ (CCN resistant)
and VB9104 (CCN susceptible). A CCN
resistance bioassay was subsequently used
to identify a subset of 40 DH lines from the
population of 81, which possessed CCN
resistance and were progressed to field
assessment.

We conducted two separate bio-assays for
B tolerance to confirm effects of transferred
genes in the new genetic background. First,
we used the filter paper assay described
by Chantachume et al. (1995) to measure
root growth of seedlings grown on filter
papers soaked in boron-toxic versus control
solutions. Since high levels of tolerance to B
toxicity in Sahara 3771 is due to its ability
to accumulate less B in the shoot (Hayes and
Reid, 2004), we sought further confirmation
of gene transfer by comparing shoot B
concentration in a soil-based assay. Two
genotypes (ABBD03-015*4 and ABBDO03-
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015*20), selected for the presence or absence
of Sahara 3771 alleles at the EBmac679 locus
on 4H, but possessing maximum similarity at
all other background genetic loci (facilitated
by graphical phenotyping), were tested in a
replicated pot experiment with varying levels
of applied B. The different levels were created
by adding boric acid at different rates to a soil
mixture consisting of an equal mix of river
sand and a standard soil mixture containing
basal dressings. Boric acid was added at the
rates of 0, 5, 10, 20 and 40 mg B/kg soil
mixture, and thoroughly mixed in a concrete
mixer. The treatments are designated B0, B5,
B10, B20 and B40 respectively.

Seeds of 3 barley varieties (Sahara 3771,
VB9104 and VB9104+) and the 2 selected
lines (ABBD03-015*4 and ABBDO03-
015*20) were surface-sterilized in 0.5%
sodium hypochlorite and germinated on
damp filter paper in Petri dishes. After 2 days,
three germinated seedlings were transferred
to pots containing soils with different levels
of boron. The experiment was designed as a
5 x 5 factorial, and arranged in a randomized
complete block layout with three replications.
The soil in each pot was maintained at
80% field capacity by watering to weight
with reverse-osmosis water. Plants were
harvested at ground level after five weeks,
oven-dried and weighed. Dried shoots were
ground, and digested with nitric acid and
hydrogen peroxide in a closed vessel using
the HotBlock digestion system (Zarcinas et
al., 1987). Sample solutions were analyzed
using ICPAES Method - 3VR by Radial
CIROS Inductively Coupled Plasma Atomic
Emission Spectrometry (ICPAES) (Hayes
and Reid, 2004).

Field experimentswere conducted in 2004 and
2005 at four locations in southern Australia
with naturally occurring high concentrations
of boron in the subsoil. Genotype entries
comprised the 40 BC.F, -derived DH lines
along with 18-24 checks, which included

the two recurrent parents (VB9104 and
VB9104+). The experiments were located
at Horsham and Birchip in Victoria, and
Roseworthy and Pinery in South Australia,
in a randomized complete block design, with
two replications. In all trials, plots measured
6 m in length at sowing, with six rows of
plants spaced 15 cm apart, at a seeding rate
of 40 g per plot (=50 kg/ha). The trials were
maintained free of weeds, fully fertilized,
and mechanically harvested at maturity. Data
were recorded on grain yield per plot.

For malting quality assessment, grain
samples from the trials at Horsham (Victoria)
and Roseworthy (South Australia) were
passed through a 2.2 mm screen before
micro-malting. The malting schedules were
as described in Emebiri et al. (2004).

The method of restricted maximum
likelihood (REML), developed by Patterson
and Thompson (1971) and implemented in
the Gen Stat v10 (Lawes Agricultural Trust)
statistical package, was used for data analyses.
Each experiment was first subjected to spatial
analysis to account for field heterogeneity, by
using spatial information of the plot layouts
(rows and columns) and modeling trends
using the separable autoregressive (AR)
process (AR1 x AR1) proposed by Cullis
and Gleeson (1991). The analyses were
carried out with all terms (replicates and
genotypes) considered fixed. The adjusted
means obtained from the individual spatial
analyses were then combined to form input
data for analysis of genotype x environment
interaction, and to calculate BLUPs (best
linear unbiased predictors) of genotypes.

Results

There was no difference in the root growth
of lines possessing alternate alleles at the
EBmac679 locus in the control (water)
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treatment; in the boron-toxic treatment,
however, a highly significant difference
(P < 0.001) was observed in root length
(Figure 1A), such that individuals carrying
the Sahara 3771-derived allele at EBmac679
were longer by an average of 13.6 mm.
Relative root length, considered by Jefferies
et al. (1999) as the appropriate indicator of
B tolerance, also showed a highly significant
difference (P < 0.001) between lines
possessing the EBmac679 marker allele
derived from Sahara 3771 versus those with
the alternate allele (Figure 1B).
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Figure 1. Root length and relative root length
of BC,F, -derived doubled-haploid lines
contrasting for alleles at EBmac679. Relative
root length was calculated as the root length
in toxic boron concentration expressed as a
percentage of the root length in water (control).

Shoot B concentration

Pot assay confirmed the successful transfer
of B tolerance from Sahara 3771 to
VB9104+ (Figure 2A), and ultimately to
their BC F -derived progeny (Figure 2B), as
demonstrated by the differences in shoot B
concentration with increasing concentration
of soil B. Boron accumulation in Sahara 3771
and the BC-derived tolerant line, VB9104+,
were on average, fairly similar across the
range of applied B in the soil, but significantly
(P =0.014) lower than the sensitive line,
VB9104 (Figure 2A). Amongst the BCF -
derived progeny, differences in B tolerance
were clearly evident from as low as 5 mg B/
kg soil concentration, and became highly
significant (P <0.001) as soil B concentration
was increased to 40 mg/kg (Figure 2B).

At10 mg/kg B soil appliedtreatment, tissue
concentrations in the line carrying VB9104
allele at EBmac679 locus (ABBD03-015*4)
exceeded 500 mg/kg whilst concentrations in
the sister line (ABBD03-015*20) possessing
Sahara 3771 allele at the QTL locus were
generally below 350 mg/ka (Figure 3).
Although there is a wide range quoted for
critical tissue B concentrations in many crops
and trees (Gupta, 1993), these statistically
significant contrasts confirmed the successful
transfer of a major gene for B tolerance at the
QTL region on chromosome 4H.

Impact of introgressed boron
QTL on grain yield and malt
quality

We used a combination of molecular and
conventional assays to unequivocally classify
the 40 BCF,-derived DH lines as B-tolerant
or B-sensitive, and then compared their
means in a balanced ANOVA for grain yield
measured over two years and four locations.
Although differences were not statistically
significant, mean values showed patterns
consistent with a trait of adaptive advantage
at some locations, but not others (Figure 3).
For instance, lines possessing B tolerance had
consistently higher grain yield at Roseworthy
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Figure 2. Shoot boron concentrations of
donor (Sahara 3771), recurrent parents
(VB9104, VB9104+), and BC,F,-derived
doubled-haploid lines contrasting for alleles
at EBmac679. Shoot B concentrations were
measured on seedlings grown under different
levels of applied B, in a soil-based assay, as
described in Materials and methods.

(3.3% across years), but were consistently
inferior at Horsham (-7.0%).

Based on separate and combined analyses
across sites, there was no evidence of a
significant impact on malt extract, which is
arguably the most important quality parameter.
Differences in other quality parameters were
also rarely significant, although a significantly
(P <0.01) negative impact on a-amylase
activity was verified at Horsham (not shown).
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Figure 3. The average grain yield of BCF,-
derived doubled-haploid lines classified as
B-tolerant or B-sensitive, based on cluster
analysis with a combination of molecular
and phenotypic data. Trial sites in southern
Australia were Birchip (BIR), Horsham
(HOR), Pinery (PIN) and Roseworthy (ROS).

Discussion

Our results demonstrate successful transfer
of genes for boron tolerance into recipient
lines using linked, but very modest and
inconsistent improvements in grain yield
of lines carrying B-tolerance genes in
boron toxic environments. The extensive
backcrossing strategy used in this study was
aimed at recapturing the agronomic attributes
of the recurrent parent, VB904, a line widely
recognized for its excellent grain plumpness
(Paynter et al., 2004), good foliar disease
resistance and wide adaptation, particularly
in the low rainfall environments. Yield
assessment of the entire BC F -derived lines
indicated that none had recaptured the yield
performance of the original line VB9104
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(Moody, pers. comm.). These results have
led to suggestions that linkage drag from
Sahara 3771 of deleterious alleles might be
masking any yield improvement (Eglinton
et al., 2004; Jefferies et al., 2001; Sutton
et al., 2007). Based on DArT (Wenzl et al.,
2004) polymorphisms at 700 loci, the BC F -
derived lines used in this study were found
to have retained approximately 3.8% of the
Sahara 3771 genome. With the exception of
chromosome 4H, there was no difference
in donor genome content (DGC) of lines
possessing the EBmac679 marker allele
derived from Sahara 3771 versus those with
an alternate allele at this locus. Furthermore,
there was no correlation between DGC
and grain yield at any of the sites or years,
on either a whole-genome basis or at the
chromosomal level. We concluded that the
less-than-expected improvements in grain
yield in boron toxic environments might not
be due to linkage drag.

Although B toxicity is reported to cause up
to 17% yield loss in barley (Cartwright et al.,
1984), yield benefits from gene introgression
are hard to establish. Earlier studies to
introgress B tolerance from Sahara 3771
found that lines carrying the introgression
can potentially be lower-yielding than the
recipient cultivars (Eglinton et al., 2004;
Jefferies et al., 2001). Alleviating subsoil
constraint to increase potential rooting depth
can have a positive, negative or no effect on
grain yield, depending on season and soil
type (Wong and Asseng, 2007), as there are
many interacting factors, such as sodicity
and salinity (Nuttall et al., 2005). Genetically
improving tolerance to B toxicity can, in fact,
depress grain yield in some years or sites by
promoting early crop growth and increased
water demand not matched by water supply
later in the season, a common problem in
Mediterranean-type environments. Although
yield benefits were modest, our results also
showed no significant negative impact of
gene introgression on existing malting
quality profile (not shown). This is important

because it suggests that boron tolerance from
Sahara 3771 has been incorporated in two-
row barley germplasm without any penalty
on quality.
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Abstract
Frost damage regularly causes significant
financial losses to Australian cereal

production by affecting crops at the most
sensitive reproductive stages of development.
Certain genotypes have been identified as
having significantly higher reproductive
frost tolerance and subsequently populations
were developed to genetically map the
trait. The level of tolerance identified
provided significant and commercially
relevant reductions in reproductive frost
damage under field conditions. Two
genomic regions associated with frost
tolerance were introgressed into a southern
Australian-adapted  genetic  background
using an aggressive MAS breeding strategy.
Individuals with a high proportion of the
recurrent parent and small introgression
segments were selected to fast track through
the breeding program. These lines were tested
at multiple sites across southern Australia in
2006, with grain yields equal to or higher
than current commercial checks. Results
obtained from controlled environment
experiments and 2006 field trials suggest the
progeny have retained a level of reproductive
frost tolerance comparable to the donor and
significantly better than the recurrent parent.
Results from trials to validate frost tolerance
will be presented and discussed in the context
of agronomic performance and potential to
commercialize the first frost-tolerant barley
varieties in Australia.

Introduction

Past frost tolerance research in the northern
hemisphere has focused on the vegetative
stages of development in winter-grown
cereal varieties. However, in Australia the
significant economic impact of frosts for
cereal farmers occurs during reproductive
stages of development in spring-grown
varieties. Significant frost events at flowering
or early grain filling also occur periodically
in Canada, and major economic losses were
incurred during 2007 in Argentina. Frost
events that occur close to flowering can
cause floret sterility, significantly reducing
yield. Subsequent frosts during grain filling
can result in downgrading of grain quality
from increased screenings and scalloping of
the grain.

Radiation frosts are meteorological events
that are the main cause of frost damage to
cereal crops in Australia. They occur in late
winter and in spring when flowering cereal
crops are most susceptible. A sequence of
specific weather conditions is conducive to
a significant event of this type occurring.
Following a cold front, large high-pressure
systems can move in causing wind disturbance
to drop and cloud cover to dissipate. This
generates conditions that allow most of the
heat that was absorbed into the ground during
the day to easily radiate into clear night skies.
As a result, temperature falls rapidly until the
sun, wind or cloud cover returns. Damaging
radiation frosts occur at canopy temperatures
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ranging from 0°C (minimal floret sterility)
to -6°C (high to complete floret sterility),
although typical events generally range
between -2°C and -4.5°C (floret sterility
varies between genotypes).

Between 2000 and 2003, Reinheimer et
al. (2003, 2004) screened a diverse array
of barley varieties, landraces and breeding
lines in a dedicated field screening nursery to
identify genotypic variation for reproductive
frost tolerance (RFT). Marked differences
were identified, with two Japanese varieties
(Haruna Nijo and Amagi Nijo) exhibiting
particularly low rates of frost induced sterility
(FIS) compared with commercial Australian
varieties. Haruna Nijo and Amagi Nijo had
FIS at rates of 4.5% and 5.4%, respectively,
compared with Schooner at 79.1%, Arapiles
at 27.2% and Galleon at 40.3%. The Japanese
varieties are not immune to reproductive frost
damage; however, the level of RFT exhibited
at typical -4°C potentially represents a
significant economic advantage to barley
farmers in frost-prone regions.

Both Haruna Nijo and Amagi Nijo
were varieties used to develop two of three
Australian  barley mapping populations
(Arapiles x Franklin, Amagi Nijo x WI12585,
Haruna Nijo x Galleon) with alternate parents
that were shown to contrast significantly for
FIS. Using these three mapping populations,
Reinheimer et al. (2003, 2004) identified
two genetic locations controlling the frost-
tolerance trait. Quantitative trait loci (QTL)
on chromosome 2HL were identified for
FIS in the two Japanese parent populations
at the same genomic location. QTL on
chromosome 5HL were identified for FIS and
frost-induced grain damage in all three of the
populations studied.

The germplasm identified as carrying
the RFT QTLs are of Japanese origin and
poorly adapted to Australian conditions. An
aggressive breeding strategy was developed
to fast track the development of a population
for potential commercial relevance with
highly adapted background germplasm and

the donor level of frost tolerance. In this paper
we will outline the breeding strategy used and
review the progress of these breeding lines in
dedicated field trials to gauge the potential
future release of well adapted, frost tolerant
barley for susceptible production regions of
southern Australia.

Materials and methods

The University of Adelaide Barley Program-
developed line WI3806 was selected as the
recurrent parent due to its broad adaptation
and, more specifically, its high relative yields
in the environments in southern Australia
that are frequently exposed to frost. WI3806
was derived from a cross between Mundah
and Keel, which was then top-crossed with
Barque. These three parents have been
leading feed barley varieties grown in
southern Australia and were able to produce
progeny of high yield stability and physical
grain quality.

The donor of RFT was sourced from the
Galleon x Haruna Nijo mapping population.
Selection of this donor individual considered
field-based frost tolerance, Haruna Nijo
segments at the 2H and 5H loci and the largest
proportion of Galleon genetic background
as the donor parent. This population had
been phenotyped in the Loxton field-based
frost screening nursery, so detailed RFT
scores had been collected on progeny of
this cross. Progeny of the Galleon x Haruna
Nijo population had been comprehensively
genotyped, which enabled the selection of an
individual with the 2 identified RFT loci and
a high proportion of the better adapted parent,
Galleon, in the genomic background. With
the phenotypic and genotypic information
combined, the line GH-129 was selected
as the donor parent. A single backcross
to the adapted recurrent parent was made
as the donor GH-129 already possessed
approximately 60% of the genome from the
Australian adapted parent Galleon.
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Linked SSR markerswere usedtoselect BC,F,
individuals heterozygous at the chromosome
2H and 5H loci for use as doubled-haploid
(DH) donors. A population of 300 DHs was
generated and screened with the same SSR
markers to select individuals carrying Haruna
Nijo alleles at both loci. Selected lines
were subjected to whole-genome analysis
to identify individuals carrying small
introgression segments and a high proportion
of recurrent parent genetic background,
for summer seed multiplication. From the
surviving DH individuals after the final MAS
for the two RFT loci, 34 individuals were
selected for genotyping with Diversity Array
Technology (DArT) markers, with 686 DArT
markers screened over the 34 DH individuals
plus 4 parental lines: Galleon, Haruna Nijo,
GH-129 and WI13806. Only a limited number
(2) of lines carrying WI3806 alleles at the 2H
and 5H loci were retained. The 34 DH lines
were progressed through seed multiplication
for subsequent evaluation.

Yield trials to assess genetic validation in
terms of yield (kg/ha) were undertaken in the
2007 season. Several regions (5) in the target
production environment were selected to
reflect the frost-prone Mallee environments
of South Australia and Victoria. The sites are
Geranium, Lameroo, Pinnaroo, Peebinga and
Cooke Plains, which collectively span a high
proportion of the southern Australian Mallee
cereal farming region.

A randomized complete block design with
2 replications was used at each site. Planting
rates of 145 plants/m? were calculated using
thousand grain weight and germination
information. Plots of 16 m? were harvested
and yields were measured then converted to
kg/ha. Due to seed limitations, not all entries
were tested in all trials. Benchmark check
lines Schooner (malt), SloopSA (malt) and
Keel (feed) were included as controls.

Results

Using the isolated-microspore  method
(Hoekstra et al., 1992), 307 regenerated DH
plants were produced from the BC Fs. The
F,s used for donors were selected via MAS
to be heterozygous for the 2 RFT loci. After
screening the regenerated DH for the 2 RFT
loci using MAS, 66 positive individuals were
identified as carrying the target loci. Of the 66
individuals that were positive for the 2 RFT
loci, 37 were confirmed as DH (i.e. producing
seed) and 29 as haploid (i.e. sterile, not
producing seed). The 37 surviving individuals
were seed increased over summer and notes
were taken on growth habit. Lines of winter
growth habit were dug up, placed in pots, and
grown in a growth room to meet vernalization
requirement. Three of the 37 lines were lost
during this process. Of the remaining lines, 19
displayed spring growth habit and 15 displayed
winter growth habit. The introgression strategy
is outlined in Figure 1.

The donor parent, GH-129, had 44.6% of the
RFT parent in its genetic background carrying
whole chromosomes of 2H and 5H from
Haruna Nijo. The progeny from the W13806*2
x GH-129 population had, on average, 16.3%
of the donor parent in the genetic background,
with a range from 8.9% to 25.9% that
was normally distributed around the mean
(Figure 2). The expected percentage of donor
genome retained if no selection were applied
would have been 11.15%. As MAS was
applied to retain the 2 RFT loci, an increase in
donor genome retention was observed.

DArT marker genotypes were produced for
each of the 34 lines and 4 parents (Figure 3).
The high resolution marker data was quality
controlled prior to producing graphical
genotypes. As DArT markers can only identify
two alleles, a level of interpretation needed to
be undertaken before assigning alleles to any
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Figure 1. Breeding strategy employed to rapidly introgress RFT loci into adapted germplasm,
achieved in only six years following the initial identification of genetic variation for this complex

trait.

of the 3 parents, i.e. WI3806, Galleon and
Haruna Nijo. As Galleon and WI3806 were
closely related, polymorphism between these
two lines was low (36%) when compared
to the polymorphism between WI3806 and
Haruna Nijo (56%). To simplify the visual
characterization of the introgression segments
from the poorly adapted but frost-tolerant
donor line Haruna Nijo, alleles were either
assigned WI3806 x Galleon or Haruna Nijo.
Although the progeny were initially selected
with SSRs that were flanking the 2H and 5H
RFT loci, after high resolution DArT analysis
it was found that several lines were missing
part or all of the critical RFT loci: S-97 missing
2H; S-116, S-130 and S-236 missing 5H. Note
that two lines missing both RFT loci (S-191
and S-305) were deliberately retained.

The five sites selected for field trials
(Geranium, Lameroo, Pinnaroo, Peebinga

and Cooke Plains) included 30, 20, 13, 6,
and 7 RFT introgression lines, respectively.

Number of individual

0= T T T T T T T
7.5 1000 125 150 175 200 225 250

Percent of genome Haruna Mijo allele
Figure 2. Histogram of the proportion of
donor genome retained in lines derived from
the WI3806*2 x GH-129 population.
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Figure 3. Graphical genotype of parents and lines from the W13806*2 x GH-129 population.
Red bars indicate either Galleon or W13806 genotype. Blue bars indicate Haruna Nijo genotype.
Grey bars indicate missing data. Black lines indicate the location of the 2H and 5H RFT loci.

Benchmark check lines cv. Schooner (malt),
cv. SloopSA (malt) and cv. Keel (feed) were
included and each has several years of yield
results from this region. It must be noted that
the 2007 season suffered a drought, which
may have significantly affected yield results.
Multiple frost events occurred at all of the
sites, with various lowest temperatures and
dates (Table 1).

Peebinga experienced at lot more frost
(<0°C) events (24) than the other 4 sites
(8 or 9). Several frost events of minimum
temperatures below -2°C occurred at
Peebinga (11) and Geranium (4), whereas
Lameroo, Cooke Plains and Pinnaroo each
had 2 events. FIS scores were taken for all the
sites by taking ten random spikelet samples
from each variety prior to harvest.

Growth development stage scores (Zadoks
growth development stages; Zadoks et al.,
1974) were taken on 12 September 2007 for
the multiple sites (data not shown). A large
range of maturities was observed within
the population. Growth development stages
ranged from flag leaf sheath extending (Z41)
to kernel late milk development (Z77). FIS
results could not then be interpreted due to the
differential effect of plant maturities coupled
with the timing and severity of multiple frost
events.

Yield data from the five trials was
analyzed to predict genotype yield means
with spatial adjustment (Gen Stat version
6.1). Strong heritability and small standard
error (SE) values from Geranium, Lameroo
and Peebinga of 0.52 (SE 75.7), 0.71 (SE
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Table 1. 2007 frost (below 0°C) occurrences for the five Mallee field trials. Temperatures were
taken at canopy height and are the lowest minimum temperature for the morning of the noted
date. Results highlighted in color: green are temperature events between 0 and -0.9°C; yellow
are temperature events between -1 and -1.9°C; orange are temperature events between -2 and
-2.9°C; and red are temperature events below -3°C.

Event Date

Geranium | Lameroo

Cooke Plains

1 8/08/2007

Pinnaroo | Peebinga

19/08/2007

20/08/2007

21/08/2007

23/08/2007

24/08/2007

35/08/2007

29/08/2007

30/08/2007
1/09/2007
3709/2007

3/09/2007]
40972007
570972007
15/09/2007
1 8/09/2007
21/09/2007 -1.4
24/09/2007
25/09/2007

S NEEEENENANRENE

4/10/2007

J
=

SA10/2007
81072007
23 9/10/2007

L] L]
| ==

24 14/10/2007

35 [ 17/10/2007

26 18/ 10/2007

Total = 0°C

65.9) and 0.64 (SE 69.29), respectively, was
observed. Geranium and Lameroo were the
only sites considered in detail due to the large
number of lines tested and large heritability
values. Geranium and Lameroo yield results
had a significant correlation coefficient of
0.61 (P =0.01)

FIS scores at Lameroo ranged between 3
and 21% and were found to be not statistically
significant (P = 0.23). FIS scores at Geranium
ranged between 2 and 58% and were statis-
tically significant (P =0.04). The Lameroo
site was then considered in further detail.
The Lameroo yield results were found to be

consistent with regional yield predictions
from National Variety Trials (NVT) for the
control lines (Table 2).

The predicted yields (kg/ha) for Keel,
Schooner and SloopSA in this region are
1799, 1579 and 1578, respectively. Adjusted
yield results from 2007 Lameroo trials were
very similar, at 1714, 1586 and 1660 kg/
ha. Twelve out of 20 of the WI3806*2 x
GH-129 population retained grain vyield
at least matching the current dominant
malting varieties in the region, SloopSA
and Schooner. Three lines outperformed the
current dominant feed variety Keel.
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Table 2. Yield data from Lameroo 2007 field trial. Data is sorted in descending order of yield (kg/
ha) at Lameroo. Standard error (SE) is in kg/ha. National Variety Trials (NVT) yield predictions
are based on 22 sitexyear combinations of trials in the target production region. Values of
%Schooner are a percentage of yield when compared to Schooner.

Lameroo 2007 NVT Yield Prediction
Variety Name Yield (kg/ha) | S.E. | %Schooner Yield (kg/ha) | %Schooner
BX035;198DMW-198 2008 63.9 127
BX038;198DMS-097 1877 65.9 119
BX035;198DMS-191 1826 65.9 116
Keel 1799 65.9 114 1714 108 |
BX035;198DMW-143 1769 63.9 112
BX035;198DMS-303 1 766 65.9 112
BX035;198DMW-265 1765 65.9 112
BX035; 198DMW-305 1 700 65.9 108
BX035;198DMW-216 1683 65.9 107
BX035;198DMS-130 1684 65.9 107
BX035;198DMW-271 1671 635.9 106
BX035; 198DMW-097 1623 65.9 103
BX035;198DMS-182 1585 65.9 100
Schooner 1579 65.9 100 1586 100
SloopSA 1578 65.9 100 1660 105
BX038;198DMS-263 1536 65.9 97
BX035;198DMS-297 1515 65.9 96
BX035;198DMW-267 1501 635.9 05
BX035;198DMS-305 1428 65.9 90
BX035;198DMW-136 1404 65.9 59
BX038;198DMS-250 1364 65.9 H6
BX035;198DMS-293 1251 65.9 79
BX035;198DMS-047 1229 63,9 78

Discussion

The fast-track breeding strategy employed
was able to produce fixed lines incorporating
the donor loci within 2 years from the first
cross. The use of MAS within this breeding
strategy enabled a larger population size to be
maintained, as donor F s for DH production
were all carrying the 2 RFT loci in a
heterozygous state. This integrated approach
has enabled progress from the identification

of tolerance, genetic mapping, a crossing and
selection to potential variety release within
only 9 years. This is significantly faster than
the time taken for equivalent research and
breeding steps taken to deploy cereal cyst
nematode resistance and thermostable forms
of B-amylase.

Germplasm derived from this breeding
strategy can be used for the validation of RFT
in a genetic background that is commercially
relevant to barley production environments
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that experience frequent frost events. The
introgression of these 2 RFT loci via MAS
and the identification of introgression
segment size via DArT markers have
provided a foundation to further identify and
validate high yielding, well adapted RFT
lines for increasing production in the frost-
prone areas of southern Australia.
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Abstract

In order to study the effects of heat stress after
anthesis on grain yield and yield components
of two barley (six- and two-row) and six
wheat genotypes, two field experiments
were conducted with optimum and delayed
sowing dates. With delayed sowing, plants
experienced heat stress in the post-anthesis
growth stages. The stress tolerance index
(STI) and stress susceptibility index (SSI) for
grain yield and 1000-grain weight indicated
that Jonoob (six-row barley) and Stork
(durum wheat) had the highest and the lowest
STI for grain yield, respectively. Barley
genotypes had a higher tolerance to post-
anthesis heat stress than wheat genotypes.
Average grain yield reduction in barley and
wheat genotypes exposed to heat stress after
anthesis was 17% and 24%, respectively.
Higher SSI for 1000-grain weight in late-
maturity genotypes was related to delay in
anthesis and coincidence of grain growth
period with heat stress. In early maturity
genotypes with early anthesis, the grain
growth period took place before heat stress.

Introduction

Barley and wheat are traditionally grown as
cool-season crops, but with the increased
availability of more widely adapted semi-
dwarf cultivars, barley and wheat production
has expanded into warmer regions of
countries where production had previously
been restricted to higher altitudes or cooler

latitudes (Badrruuddin et al., 1999). Heat
and drought are the most important stresses
that limit crop production (Entez and
Flower, 1990; Rawson, 1988). Optimal crop
growth requires a non-limiting supply of
resources (water, nutrients and radiation)
and, as temperature rises, the demand for
growth resources increases due to higher
rates of metabolism, development and
evapotranspiration (Rawson, 1988). In
Mediterranean conditions, such as Khozestan
in the western part of Iran, heat stress after
anthesis is the major factor limiting grain
yield in winter-sown barley and wheat.
The optimum temperature range to achieve
maximum kernel weight is 15-18°C;
higher temperatures (up to 30°C) reduce the
duration of grain filling and this reduction
is not compensated by the increase in rate
of assimilate accumulation (Wardlaw et
al., 1980, 1989; Stone et al., 1995). Heat
stress during the growth stages following
anthesis mainly affect assimilate availability,
translocation of photosynthates to the grain,
and starch synthesis and deposition in the
developing grain. The net result is a lower
grain yield due to a lower 1000-grain weight
(TGW) (Gibson and Paulsen, 1999; Rao et
al., 2002; Modhej and Behdarvandi, 2006).
Some studies indicated that barley genotypes
had higher tolerance to post-anthesis heat
stress (Modhej et al., 2003, 2005). Modhej et
al. (2005) showed that the higher heat stress
tolerance of barley after anthesis was due to
its shorter crop growth duration compared to
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wheat. As in this study, the barley genotypes
used were early, so the grain growth period
occurred before the heat stress.

The objective of this investigation was
to examine the effects of high temperature
stress during the grain filling period on the
grain yield of barley and wheat genotypes,
and also to identify heat stress after anthesis
on tolerant and sensitive genotypes using the
stress tolerance index (STI) recommended
by Fernandez (1992), and the stress
susceptibility index (SSI) recommended by
Fischer and Maurer (1978).

Materials and methods

The trial was conducted at Ahvaz, in the
southwest of Iran, in the 2005-06 growing
season. Ahvaz is located at 20 m above sea
level (32°20° N, 40°20’ E). Wheat was sown
on optimum (22 November) and delayed
(20 January) sowing dates. Wheat and
barley genotypes were sown on optimum
(22 November) and delayed (22 December)
sowing dates. Plants with delayed sowing
date experienced heat stress in the growth
stages after anthesis. Two short-season
barley cultivars and six wheat cultivars
with different growth durations were used
(Table 1). Treatments of each individual
experiment (sowing date) were arranged as

Table 1. Characteristics of the genotypes
examined.

Crop Genotype Growth Duration

Barley Jonoob (six-row)  Short-season

Sarasary (two-row) Short-season

Bread wheat  Fong Short-season

Chamran Middle-season

Star Long-season

Durum wheat Showa/malt Middle-season

Stork Short-season

Green Long-season

a randomized complete block design with
three replications. The soil was clay loam
in texture, alkaline in reaction, pH 8.0 with
low organic carbon (less than 1%), moderate
phosphorus (7.2 ppm) and high potassium
(220 ppm) status. The experimental site had
a hot climate with mild winters and dry, hot
summers.

Mean temperatures during the grain
growth period were 22°C and 28°C, in
optimum and delayed sowings, respectively
(Figure 1).

Normal cultural and management
practices (fertilizers, irrigation and pest
control) for wheat plants were used. Plot size
was 1.2 m by 3.0 m, and based on research
recommendations and differing tillering
capacities of the barley and bread and durum
wheat genotypes, seeds were drilled in
18 cm rows at about 350, 400 and 500 seeds/
m? for barley, bread and durum genotypes,
respectively. There were 8 rows in each plot.
Yield and yield components were estimated
by harvesting after physiological maturity,
excluding border rows and at least 0.5 m
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Figure 1. Maximum daily air temperature
(°C) during heading and grain growth. NS =
normal sowing date and LS = late sowing
date. Arrows indicate the beginning and end
of the grain filling period for each sowing
date.
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from either end of the rows. The harvested
area was 1.2 m? and TGW was estimated on
a sample of 200 grains.

Grain yield and individual TGW in
heat stress after anthesis were investigated
using the stress susceptibility index (SSI)
recommended by Fischer and Maurer
(1978) and stress tolerance index (STI)
recommended by Fernandez (1992). SSI was
calculated as below:

55f = Y,
] .
Y,
where Y, Yoo Y, and Y, are the grain yield

or TGW of each cultivar in stress condition,
the grain yield or TGW of each cultivar in
optimum condition and the mean grain yield
in all the genotypes in stress and optimum
conditions, respectively. STI was calculated
using the formula:

sy = Y -‘V“

Yo
where Y, Y and Y, are the grain yield or
TGW of each genotype in stress condition,
in optimum condition and the mean square of
grain yield of all the genotypes in optimum
condition respectively, Statistical analysis
was carried out using the SPSS statistical
program.

Results and discussion

Results indicated that the differences between
genotypes for grain yield in the optimum
sowing date group were not significant
(Table 2). However, Jonoob (six-row barley)
and Fong (bread wheat) tended to have
the highest and the lowest grain yields in
optimum conditions, respectively, but the
difference was not significant (Table 3).
Mean grain yields in barley, bread wheat
and durum wheat genotypes under optimum
conditions were 515, 473 and 479 g/m?,
respectively (Table 3). Statistical differences
for spike per unit area, spikelet per spike and
TGW were significant at the 1% probability
level (Table 2). Jonoob and Fong had the
highest and the lowest number of spikes/
m?. Jonoob and Chamran (bread wheat) did
not differ significantly for number of spikes/
m?. Among the wheat genotypes, Chamran
had the highest number of spikes per unit
area. Green (durum wheat) had the highest
and Jonoob and Chamran genotypes had
the lowest TGW for optimum sowing date
(Table 3). Modhej et al. (2008) indicated that
there was negative correlation between grain
number per spike and TGW in durum and
bread wheat genotypes. Sattore and Slafer
(2000) reported that yield components were
correlated with each other and changes in one

Table 2. ANOVA for grain yield (GY), number of spikes/m? (S), 1000-grain weight (TGW),
spikelets per spike (s/S) and number of grains per spike (G/S) for optimum sowing date.

S.0Vv DF

Mean of square

GY s TGW SIS GIS
R 2 372999 357 2.50 0.13 6.5
G 7 26153Lns  14421%* 61.23%* 2.02 s 67.2 s
Error 14 377016 1110 2.25 0.01 18
CV (%) 16 6.5 3.3 5.8 135

S.0.V. = sources of variation; DF = degrees of freedom; ** = significant at 1% probability level,
ns = not significant; GY = grain yield (g/m?); S/m = spikes per m?, TGW = 1000-grain weight
(9); s/S = spikelets per spike G/S = grain per spike.
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Table 3. Grain yield (GY), 1000-grain weight (TGW), stress susceptibility index (SSI) and stress
tolerance index (STI) for barley and wheat genotypes under optimum and late sowing dates

Genotype STI SSi TGW (TGW(OP  STI SSI (GY(S (GY(OP
Gw Gw (g/m?) (g/m?) GY GY (g/m?)  (g/m?)
Barley

Jonoob 0.63c 0.78c 3lab 41e 1.06 0.63de 46la 535a

Sarasary 6 0.71bc  0.80c 33a 44cde 0.76 0.72d 387a 495a

Mean 0.67 0.79 32 42 0.91 0.67 424 515
Durum wheat.

Showa 0.84ab  1.03bc 34a 50e 0.78b  1.34b 358a 504a

Green 0.88a 1.25ab 33a 54a 0.71c 1.23b 434a 473a

Stork 0.59c 1l.4a 26¢ 46c 0.66d  1.00c 346a 442a

Mean 0.77 1.22 31 50 0.71 1.19 379 473
Bread wheat

Star 0.60c  0.91bc 30b 42de 0.70c  1.50a 332a 492a

Fong 0.73bc  0.80c 33a 45cd 0.71c  0.53e 383a 432a

Chamran 0.61c  0.86bc 30b 41e 0.90a 0.97c 405a 513a

Mean 0.64 0.85 31 42 0.77 1.00 373 479

Means in each column followed by similar letter(s) are not significantly different at 5% probability level using Duncan's
Multiple Range Test. S = Stress; OP = Optimum; SSI = Stress susceptibility index; STI = Stress tolerance index

character may lead to changes in the other.
The mean TGW in durum wheat was higher
than in bread wheat and barley (Table 3).

Late sowing date (post-
anthesis heat stress conditions)

Results indicated that the differences between
genotypes for grain yield in late sowing date
were not significant (Table 4).

TGW showed significant difference
between genotypes in post-anthesis heat
stress conditions (Table 4). Cvs. 6 Sarasary
(two-row early maturing barley), Fong and
Showa (durum wheat) had the highest TGWs
for the late sowing date (Table 3). Modhej et
al. (2008) reported that TGW had a strong
relation with grain yield under post-anthesis
heat stress conditions. They also reported
that, for an optimum sowing date, the highest
correlation was between grain yield and grain
number per unit area.

Comparison of the two
environments

The combined ANOVA indicated that the
effect of the treatment (sowing date) on spike
perunitarea (Figure 2), grain number per spike
and fertile floret per spikelet characteristic
was not significant. The treatment effect was
significant for GY and TGW at P = 1%. In the
late sowing, an average increase of 6°C in the
average temperatures reduced TGW and GY
by approximately 34% and 30% compared
with the optimum sowing date, respectively.
GY reduction was due to significant reduction
in TGW (Table 3).

Stork (durum wheat) and Jonoob had
the highest and the lowest SSI for TGW
(Table 3). SSI for individual TGW was highly
correlated (P <0.01) with final individual
TGW reduction in heat stress (r = 0.99**)
rather than with TGW in optimum condition
(data not shown).
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Figure 2. Mean spike number per m2 for optimum(OP) and late sowing (S) dates.

Table 4. ANOVA for grain yield (GY), number of spikes/m? (S), 1000-grain weight (TGW) and
number of grains per spike (GS) for the late sowing date.

Mean of square

SOV DF GY S TGW s/S GS
R 2 616479 2686.6 23.0 6.4 5.8
G 7 815120**  11331.4** 28.3%* 212.2%* 71.3ns
Error 14 292511 735.2 55 4.9 13.0
CV (%) 13 5.6 75 12.2 13.8

** = significant at the 1% probability level; ns = not significant; S.0.V. = sources of variation;
DF = degrees of freedom; GY = grain yield; TGW = 1000-grain weight; s/S = spikelets per

spike; GS = grains per spike.

Cvs. Green and Fong had the highest and
the lowest STIs for TGW (Table 3). STI for
TGW was highly correlated (P<0.01) with
final individual TGW in optimum condition
(r =0.99**) (data not shown). Modhej and
Behdarvandi (2006) reported that genotypes
with high TGW in optimum and post-anthesis
heat stress conditions had higher STI than
other genotypes.

The STI and SSI values for grain yield
indicated that Jonoob (six-row early maturing
barley) and Stork (durum wheat cultivar) had
the highest and the lowest ST1 for grain yield,

respectively (Table 3). Star (late maturing
genotype) had the highest and Fong (early
maturing genotype) had the lowest SSI for
grain vyield, respectively (Table 3). There
was no significant difference between Fong
and Jonoob for SSI for grain yield (Table 3).
However, Star had the greatest grain yield
reduction in stress condition (Table 3). The
problem with using SSI as a measure of
adaptation to the stress is that there are cases
where SSI is positively correlated with TGW
reduction in those genotypes whose yield
was affected little by the stress but also had



235

a very low yield potential (Modhej, 2006).
This means that genotypes with low SSI
may also have low stress resistance yield and
would not be useful to farmers (Modhej et
al., 2005).

Generally, among all the entries, barley
genotypes had higher tolerance to post-
anthesis heat stress compared with wheat
genotypes. The average reduction in grain
yield in barley, durum wheat and bread wheat
genotypes in post-anthesis heat stress were
17%, 20% and 23%, respectively. Higher
SSI for TGW in late-maturity genotypes was
related to delay in anthesis and overlapping
of grain growth period with heat stress. In
early maturing genotypes with early anthesis,
the grain growth period occurred before heat
stress developed.
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Abstract

Heavy metals, especially cadmium (Cd),
are major environmental pollutants. When
present in high concentration in soil, they
have potential effects on growth metabolism
of plants at different stages of development,
and more especially at germination, being a
crucial stage for future plant growth. In this
perspective, we attempted to evaluate the
effects of increasing levels of Cd (0, 5, 10,
25 and 50 puM applied for 12, 24, 48, 72 and
96 h) on germinating barley grains on the
growth (expressed in mg dry matter) and the
proteolytic activity (expressed in units per g
fresh weight of the radicles of two six-row
varieties, Manel and Rihane). Higher growth
and proteolytic activity levels were found
in the control variety Manel compared with
Rihane. Under Cd stress, radicle growth is
inhibited (compared with the control) in the
two varieties when Cd concentration exceeds
10 uM, but more in Rihane than in Manel,
whatever the duration of treatment. The
proteolytic activity level in radicles of the
variety Rihane appeared to be higher when
compared with Manel, with a significant
increase observed from Cd treatment of 48 h
in the two barley varieties.

Introduction

Among all toxicants, cadmium (Cd) is
considered one of the major pollutants in the
current environment. The widespread use of
Cdinalarge number of products and industrial

process, such as mining, metal-working
industries, mineral fertilizer and other
sources (Hsu and Kao, 2003), has resulted
in discharge and dumping of this element in
both aquatic and soil environments, leading
to severe environmental contamination with
cadmium.

Although cadmium is highly toxic to
plants, it can be taken up easily by roots
and interrupt a wide range of biological
processes, including enzyme activity
(Chugh and Sawhney, 1996), photosynthesis
and respiration (Mihoub et al., 2005).
The inhibitory effect of cadmium on seed
germination, which represents an initial
and crucial phase of plant development, has
been reported in several vegetable species
(Mrozek, 1980; Mihoub et al., 2005; Ahsan
et al.,, 2007a) but not in barley. Moreover,
plant response to Cd toxicity, more especially
the interaction of this heavy metal with
biochemical processes in germinating barley
seeds, has not been well documented by
previous investigations.

The aim of this paper is to evaluate the
effects of increasing levels of Cd (0, 5, 10,
25 and 50 puM) applied for 12, 24, 48, 72 and
96 h on germinating grain on the growth and
the proteolytic activities in radicles of two
barley varieties, Manel and Rihane.

Material and methods

Mature barley (Hordeum vulgare L.) seeds
were disinfected by calcium hypochlorite
(2.5%) for 20 min, followed by a thorough
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washing in distilled water. Seed germination
was tested on moist filter paper. In each Petri
dish (14 cm diameter), thirty seeds were
randomly placed on the filter paper, and 5 ml
of the cadmium solution with a wide range
of concentrations (0, 5, 10, 25 and 50 uM)
were added. Controls were maintained by
moistening the filter paper with 5ml pure
distilled water. The seeds were germinated
for 12, 24, 48, 72 and 96 hr in the dark at
25°C and the fresh weight was recorded
each sample taking. Proteolytic (or protease)
activity was measured by the method of
Weckenmann and Martin (1984), using
azocasein as substrate. Absorbance of the
azo dye released was measured at 340 nm
and one unit of activity was defined as the
activity producing an increase of 0.01 units
of absorbance during 1 hr incubation.

Results and discussion

The relative effect of Cd on radicle growth
of germinating grains was analyzed by
determining the dry weight production in the
two barley varieties Manel and Rihane. The
control, Manel, had a growth level about 26%
higher than Rihane at 72 hr of germination
(Figure 1).

In the Cd-treated germinating barley
grain (Figure 2), radicle dry weight (RDW)
decreased (compared to the control) in the
two varieties exposed to increasing Cd
concentrations of 10, 25 and 50 uM during at
least 48 hr of germination. In addition, growth
reduction was  concentration-dependant
and more marked in the variety Rihane
(Figure 2). Therefore, RDW production
in the varieties Manel and Rihane treated
with the highest level of Cd during 48 hr
of germination declined by about 24% and
32%, respectively. The lowest dose of 5 uM
Cd, in contrast, enhanced slightly radicle
growth (Figure 2). This is in agreement with
data in the literature showing a stimulatory

effect on plant growth and cell proliferation
of low doses of Cd (Aina et al., 2007). The
stimulation of cell proliferation by low doses
of Cd could be connected to the capacity of
Cd to functionally substitute Zn?*, which
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Figure 1. Radicle dry weight (RDW)
production of the barley varieties Manel and
Rihane germinated without Cd (controls)
during 12, 24, 48, 72 and 96 hr. Data are the
means of five individual repetitions £ SE at
0.05 significance level.
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Figure 2. Effects of increasing Cd doses of 0,
5, 10, 25 and 50 uM applied during 12, 24,
48, 72 and 96 hr of germination on RDW
production of the barley varieties Manel and
Rihane. Data are the means of five individual
repetitions + SE at 0.05 significance level.




238

allows the binding of multiple transcription
factors to the regulatory regions of genes and
is also a co-factor of important key enzymes
involved in replication and translation (Aina
et al., 2007).

Results presented in Figure 3 show that the
RDW production of germinating barley grain
Manel and Rihane exposed to increasing
external Cd levels during short-term treatment
of 12hr was not significantly affected.
In contrast, in germinating barley grain
exposed until 96 hr, a significant decrease
was registered in the RDW production of the
two barley varieties Manel and Rihane by
about 30% and 50%, respectively. Radicle
growth declined, especially in the long-term
treatment, probably because of the tendency
of Cd to accumulate in higher amounts in the
roots (Chugh and Sawhney, 1996; Ahsan et
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Figure 3. Effects on RDW production of Cd
treatments (0, 5, 10, 25 and 50 uM) applied
for the two extreme durations of 12 and 96 hr
of germination in Manel and Rihane. Data
are the means of five individual repetitions +
SE at 0.05 significance level.

al., 2007b). The result suggests that seedlings
emerging in cadmium-contaminated soils are
likely to have a stunted and poorly developed
root system (Gianazza et al., 2007). This
would restrict the capacity of the seedling
to absorb nutrients and moisture from soil,
which might hamper their further growth.

Rihane showed a higher proteolytic activity
level in the control than Manel (Figure 4) at
all treatment durations, especially at 12 hr of
germination, in which the proteolytic activity
increased by about 57%.

The effect of increasing Cd concentration
in the germination medium on proteolytic
activity in radicles of germinating barley
exposed to Cd treatment during 12, 24, 48, 72
and 96 hr is shown in Figure 5. The highest
dose of Cd stimulated proteolytic activity,
expressed in units per g fresh weight (FW)
compared with the control, with an increase
of about 2 to 2.5 times in Manel and 2 to 3
times in Rihane.

As illustrated by Figure 6, proteolytic
activities gradually increased with increasing
external Cd level. Concomitantly to the
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Figure 4. Changes of proteolytic activity
(PA) in radicles of barley grains Manel and
Rihane germinated without Cd (controls)
during 12, 24, 48, 72 and 96 hr. Data are the
means of five individual repetitions + SE at
0.05 significance level.
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Figure 5. Changes of proteolytic activity
(PA) in radicles of barley grains of Manel
and Rihane exposed to increasing Cd
concentration during 12, 24, 48, 72 and
96 hr of germination. Data are the means
of five individual repetitions + SE at 0.05
significance level.

growth reduction, an enhancement of protease
activity in a concentration-dependant
manner was recorded in Cd-treated radicles,
especially in the long-term experiments. So
the highest concentration of Cd stimulates
the proteolytic activity of radicles (compared
to the control), by about 55% and 63%,
respectively, in Manel and Rihane at 96 hr
(Figure 6).

Similar results have already been found
in vegetable species (Palma et al., 2002;
Romero-Puertas et al., 2002). However, and
according to previous studies, it has been
shownthat protein degradation and proteolytic
activity can be used as an appropriate index
of oxidative stress and that an oxidative stress
could be involved in Cd toxicity by either
inducing oxygen free-radical production or
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Figure 6. Changes of protease activity in
radicles of barley grains of Manel and Rihane
exposed to increasing Cd concentration (0, 5,
10, 25 and 50 uM) applied for the extreme
durations of 12 and 96 hr of germination. Data
are the means of five individual repetitions *
SE at 0.05 significance level.

by decreasing enzymatic and non-enzymatic
antioxidants (Romero-Puertas et al., 2002;
Pal et al., 2006). This led to a concentration-
dependant imbalance in the antioxidant status
of pea plants (Romero-Puertas et al., 2002).

Conclusion

Taken together, our findings suggest that
the Cd stress affects more severely the
variety Rihane, especially in the longer-term
treatment combined with highest level of
Cd, whereas, the shorter-term treatment with
low amounts of Cd affect radicle growth and
proteolytic activity only slightly. Together
with the growthreduction, high concentrations
of Cd enhanced the proteolytic activity in a
concentration-dependant manner.
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Abstract

The purpose of this study was to accurately
define the location of a QTL associated with
sodium exclusion from wild barley (Hordeum
vulgare L. subsp. spontaneum (C. Koch)
Thell.), for use in improvement of salinity
tolerance of cultivated barley (H. vulgare L.).
The sodium exclusion locus on chromosome
7H was initially identified in a population of
72 F -derived DH lines made from a cross
between cv. Barque and H.spontaneum
accession CPI-71284-48, with the favorable
(sodium exclusion) allele coming from
H. spontaneum. Shoot sodium accumulation
was measured in hydroponics and the data
compared to scores for 1000 marker loci. The
QTL had high significance (LRS = 45.6) and
accounted for 51% of the total phenotypic
variation. From an advanced-backcross
(AB-QTL) population made using the same
parents (recurrent parent: Barque), 21 DH
lines with recombination in the 7H QTL
region were used to further delimit the genetic
interval. Twelve of the recombinant DH lines
accumulated sodium to high concentrations,
while nine lines accumulated significantly
lower sodium. Comparison of the sodium
accumulation phenotypes with the marker
genotypes of the recombinants delimited
the QTL to an interval of 18 cM bound by
markers Bmag914 and EBmatc16. Links

to the related interval in the rice genome
and candidate genes are currently under
investigation.

Introduction

Salinity is one of the major abiotic stress
affecting crop plants. While 20% of irrigated
land is affected by high salinity, dry-land
salinity is also becoming an increasingly
important problem (Flowers and Yeo,
1995; Munns, 2007). The ability of plants
to exclude toxic levels of sodium from
the shoot is a major component of salinity
tolerance (Munns and James, 2003; Tester
and Davenport, 2003).

As a result of a long history of
domestication and human selection, much of
the available genetic diversity of wild barley
has not been captured in cultivated barley.
However, enrichment of the gene pool of
current cultivars can be accomplished by
tapping into the vast genetic resources that
can be found in the wild relatives of the
Hordeum genus (Forster et al., 1997, 2000;
Colmer et al., 2005).

The strategy of using populations derived
from hybrids between cultivated barley
(H. vulgare L.) and land races or wild barley
(H. vulgare L. subsp. spontaneum (C. Koch)
Thell. has been effective for improving
tolerance to boron toxicity (Jefferies et al.,
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1999) and other agronomically important
traits (Korff et al., 2006). Using existing
genetic maps, comprising thousands of
molecular markers in doubled-haploid (DH)
and advanced-backcross QTL (AB-QTL)
populations in barley provides an effective
means to rapidly localize other traits to
particular chromosomal locations (Ellis et
al., 1997; Forster et al., 2000; Wenzl et al.,
2006; Hearnden et al., 2007).

This genetic approach requires several
steps before putative candidate genes
underlylng the QTL can be identified:

assessing phenotype plants from DH and

AB-QTL populations originating from

the same cross (Gorham et al., 1990;

Forster et al., 1994). In the current study,

this initial step allowed the recognition of

individuals with either sodium exclusion
or salinity tolerance; and

« assessing genotype plants using molecular
markers within the QTL of interest (Ellis
etal., 1997; Forster 2001). Most molecular
markers show co-dominant inheritance
and are easily scored.

The aim of this study was to identify the
QTL associated with sodium exclusion in a
wild barley accession.

Materials and methods

Two populations, an F -derived DH
population and an AB-QTL (BC,F,-derived
DH) population were prepared from a cross
between the Australian feed barley Barque-73
and H. spontaneum accession CP1-71284-48
(Eglinton et al., 2000; Hearnden et al., 2007).
The initial DH population included 72 unique
lines and the AB-QTL population included
325 lines. Seeds of DH lines from initial and
AB-QTL populations, as well as parental
forms (maternal, Barque-73 and paternal,
CPI-71284-48), were provided by the
Molecular Plant Breeding CRC, Adelaide.

Seeds were germinated for 4 days at room
temperature on moist filter paper before being
transferred to a supported hydroponic setup.
Seedlings were transplanted into buckets
filled with 3 mm diameter polycarbonate
fragments (Plastic’s Granulating Services,
Adelaide, Australia), to provide a solid
substrate. Plants were supplied with irrigated
growth solution as described previously
(Shavrukov et al., 2006) with pH maintained
at 6.5-7.0. This was delivered to plants in
a 20-min pump/20-min drain cycle, for 10
days, until the third leaf emerged. At third
leaf emergence, NaCl was added twice daily
in 25 mM steps until the final concentration
reached 150 mM NaCl. Additional CaCl, was
applied to the growth solution to maintain
constant Ca? activity across NaCl treatments,
as calculated wusing Visual MINTEQ
(Department of Land and Water Resources
Engineering, Stockholm, Sweden). After
10 days in elevated NaCl, the third leaf was
harvested and fresh and dry weights were
recorded before the leaf was digested in
10 ml of 1% HNO, at 85°C for 4 hrs using
a Teflon hot-block (Environmental Express,
USA). Concentrations of Na* and K* in the
leaf were determined by flame photometry
(Sherwood, UK, model 420, with a model
860 autosampler). Data are calculated and
presented on a tissue water basis, as it is the
concentration of Na* in the aqueous phase
that is of most physiological relevance to the
plant. This enabled a direct comparison to be
made of the concentration of Na* in the leaf
with that in the external solution.

Four biological replicates were used in the
experiments with both the initial DH and the
AB-QTL populations. Plants were grown in
rows with equal distance within and between
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rows. The order of the rows was randomized.
Individuals from the F, population were
grown in similar conditions until the third
leaf was sampled, after which the plants
were labelled and transplanted into 20 cm
pots with soil for the harvesting of mature
seeds. The phenotyping of the DH population
(72 lines) was repeated twice, once without
vernalization and once with a vernalization
treatment. For vernalization treatment, 4-day-
old seedlings were incubated at 4°C for six
weeks before transplanting into hydroponics.

Sodium concentration in the third leaf of 72
DH lines (average for four replicates in each
DH line) was compared to scores for 1000
marker loci from the genetic map described
earlier (Hearnden et al., 2007). QTLs,
permutation tests for significance, the relative
contributions of parents, interval mapping,
constrained additive regression with nearest
molecular markers and percentages of
phenotypic variation were determined using
the MapManager QTX computer program
(Manly et al., 2001).

Immediately after sampling the third leaf
for flame-photometry, the fourth leaf was
collected for DNA extraction using a freeze-
drying method (Fox et al., 2003), with some
modifications:

» Two pieces of leaf from the seedling (each
approximately 30 mm long) were placed
into a 1.1 ml collection microtube in a 96-
well plate (National Scientific, USA).

e The plates containing the tissue were
frozen at -80°C for one hour and then
freeze-dried at -60°C with vacuum
overnight using a freeze-drier (Model
Alpha 1-2/LD, Christ, Germany).

e Stainless-steel ball bearings were added
to each well and the tissue ground in a
vibration grinder (Model MM 300, Retsch
Mill, Germany) for 5 min at a frequency
of 25 times per sec.

« After removing the ball bearings, 600 ul
of extraction buffer was added to each
tube and the plates were sealed with caps
and shaken thoroughly. The plates were
incubated at 65°C for 30 min.

e The plates were incubated for 15 min
at 4°C and 300 ul of cold (4°C) 6M
ammonium acetate was added. Plates
were shaken vigorously to mix-in the
ammonium acetate and incubated for a
further 15 min at 4°C.

e The plates were centrifuged for 15 min
at 4000 rpm (Model 2-5, Sigma, USA) to
pellet the precipitated proteins and plant
tissue.

e 600 pl of the supernatant were recovered
into new collection microtubes and 360 pl
of iso-propanol was added to each well.
The plates were mixed thoroughly and
incubated at room temperature for 15 min
to precipitate the DNA.

e The samples were centrifuged for 15 min
at 4000 rpm in order to pellet the DNA
and the supernatant was discarded. The
remaining fluid was drained off the DNA
pellet by inverting the tubes onto a piece
of paper towel.

e The pellet was washed in 400 pul of 70%
ethanol.

e The plates were centrifuged for 15 min
at 4000 rpm and the supernatant was
removed and discarded again.

e The pellet was re-suspended in 400 ul of
milli-Q water and incubated overnight at
4°C,

e The plates were centrifuged for 20 min at
4000 rpm.

e 300 pl of the supernatant was transferred
to a 96-well microtitre plate. This DNA
was used directly as templates for PCR.

Four SSR markers, Bmag914, GBM-1519,
EBmatc16 and Bmag359 (Hearnden et al.,
2007) from the identified QTL were used
for molecular analysis. For PCR, a reaction
volume of 14 ul was used, which included
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6 ul of DNA and 8 ul of reaction mix with
10x reaction buffer, 2 mM MgCl,, 0.2 mM
each of dNTPs, 0.25uM each of both
forward and reverse primers and 0.75 units of
Platinum Tag DNA polymerase (Invitrogen).
Amplification was carried out in a PTC-100
(MJ Research) with the program protocol
as follows: initial denaturation at 93°C for
2 min, 40 cycles of denaturation at 93°C
for 10 sec, annealing at 55°C for 30 sec and
extension at 72°C for 30 sec, with a final
extension at 72°C for 10 min. PCR products
were checked on 2% agarose gels stained
using ethidium bromide and visualized using
a UV transilluminator.

Data were analyzed statistically to assess
significant difference (P> 0.05) between
means and presented as mean + standard
error. Values are means of four replicates for
initial DH and AB-QTL populations.

Results

The parental lines responded differently
to 150mM NaCl in hydroponics. In
our experiments, Barque accumulated

252+7.9 mM sodium, while CPI-71284-
48 had a lower sodium accumulation of
187+6.6 mM. This indicates that a difference
in the genetic control of sodium exclusion
exists between the two lines. Phenotypes in
the mapping DH populations should therefore
be easily scored.

QTL analysis of 72 DH lines derived from
a cross between Barque and CPI-71284-48
was performed by comparing the phenotyping
data for sodium accumulation with scores of
1000 molecular markers from the established
genetic map (Figure 1). Only one QTL was
identified. This was on chromosome7H, at
the interval 57.5-75.6 cM from the distal
end and relatively close to the centromere. A
permutation test indicated a highly significant
LRS of 23.4, while the maximum of the
QTL had an LRS of 45.6 (equal to an LOD
of 9.9). The paternal parent (CPI-71284-48)
contributed to the sodium exclusion trait in
this QTL. The closest molecular marker was
GBM-1519 (position 68.7 cM), with flanking
markers Bmag914 and EBmatcl16 defining
the interval 57.5-75.6 cM (Hearnden et al.,
2007). The percentage of total phenotypic
variation accounted for by this QTL was
51%.

" A

Figure 1. A QTL for sodium exclusion was identified by analysis of 72 DH lines originating
from a cross between the barley cultivar Barque and accession CPI-71284-48 of wild barley,
H. spontaneum. Seedlings were treated with 150 mM NaCl for 10 days, and sodium accumula-
tion in the third leaf was measured. The QTL was localized on chromosome 7H, at the interval
57.5-75.6 cM, between SSR markers Bmag914 and EBmatc16 (Hearnden et al., 2007).
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An AB-QTL population (325 DH lines)
was analyzed and 21 lines were identified
with a recombination event occurring in the
interval surrounding the identified QTL.

Four SSR markers were used for
genotyping. The 21 DH lines selected from
the AB-QTL population showed different
recombination events between SSR markers
and were organized into 5 groups according
to the recombination events (Figure 2).

The 21 selected DH lines were phenotyped
for sodium exclusion in hydroponics and the
data for sodium accumulation are presented
in Figure 3. The first twelve DH lines, from
groups 1 to 3, accumulated significantly
(P > 0.05) higher concentrations of sodium
in leaf compared with the nine remaining
DH lines from groups 4 and 5. This clearly
indicated that the candidate gene responsible
for sodium exclusion in this mapping
population is located in the interval between
SSR markers Bmag914 and EBmatcl6.
In this population, the exclusion locus co-
segregates with the marker GBM-1519
(Figure 2). An example of PCR analysis of
the DH lines using the SSR marker GBM-
1519 is presented in Figure 4.

Discussion

Improvement of salinity tolerance in barley
is limited by the size of the gene pool within
cultivated barley, Hordeum wvulgare. For
this reason, the introduction of genes from
the wild barley, H.spontaneum, may be
a valuable strategy for further improving
salinity  tolerance. However, classical
hybridization and recurrent selection between
cultivated and wild barleys are accompanied
by penalties in biomass or grain yield, or
both, due to introgression of large humbers
of deleterious alleles. Nevertheless, use of
mapping DH populations from interspecific
crosses between cultivated and wild barley
can provide important information for
the identification of QTL(s) and possible
candidate gene(s) responsible for sodium
exclusion as well as salinity tolerance.

In our study, only one QTL with high
significance (LOD =9.9) was identified on
chromosome 7H during analysis of 72 DH
lines from a cross between Barque and CPI-
71284-48 (Figure 1). This suggests that there
is only one major locus playing a crucial
role in sodium exclusion in the mapping

SSR markers and genetic distance {c )

=
Groups and TG d—
w

DH lines
4 =DM, 20M9,

= *
) =
E a7 o 1.4
8 "

13014, 19012 |

¥
-4---Bmagl5®

200, 2013,
2 180M0 I

2002, TN 3, 18047,
3 18DM1, 19DH1 I

1800, 18D, 18013,
4 18DH A, 19DH0, 190115

5 20rad, 19004,
180M8

Figure 2. Molecular map of 21 DH lines from the AB-QTL population. Lines were organized into
five groups representing similar types of recombinations within each group. Four SSR markers
were used for fine mapping of the recombinations. White fragments of chromosome represent
maternal allele A (Barque) and shaded fragments represent paternal allele B (CPI1-71284-48).
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they were organized into five
groups (Figure 3). Ordering
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their recombination may aid
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Figure 4. PCR analysis of barley lines using the SSR marker — QTL population  clearly
GBM-1519. Lanes 1 and 2 represent parents, Barque (P1)  demonstrated a difference
and CPI1-71284-48 (PZ), respectiVE|y. Other lanes represent in sodium accumulation or

in the further localization of
the QTL region.
different DH lines: Ex = excluder and N-ex = non-excluder.  exclusion between Groups 1 to
DNA from lane 6 was contaminated and eliminated from the 3 (high sodium accumulation)

analysis. and Groups 4 and 5 (low
sodium accumulation), with
population. The CPI-71284-48 parent consensus with the data for the
contributed the sodium exclusion QTL. parents (Figure 3).
The phenotyping score was repeated with Comparisons of the molecular map and
a six-week vernalization of the seedlings at phenotypic data of the 21 DH lines from
4°C with similar results, indicating minimal the AB-QTL population indicated that the
influence of the vernalization response on the interval between SSR markers Bmag914
process of sodium exclusion. and EBmatcl16 and surrounding the marker
The AB-QTL population contained GBM-1519 is most likely to contain a
325 DH lines but only 21 DH lines were candidate gene for sodium exclusion.
chosen with recombinations in the area of The corresponding interval in the rice
the QTL in the chromosome7H. Molecular genome includes 25 genes but contains no
analysis of these 21 DH lines with the four known genes responsible for ion transport,

SSR markers showed that a number of DH such as HKT (High-Affinity K* Transporter),
lines had a recombination event in the same NHX (Na*-H* Exchangers) or SOS (Salt
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Overly Sensitive), previously identified to
be involved in sodium exclusion and salinity
tolerance (Tester and Davenport, 2003;
Munns, 2005). Therefore, we can expect a
new candidate gene in chromosome 7H for
sodium exclusion to be identified from the
wild barley H. spontaneum accession CPI-
71284-48.
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Abstract

Due to the desertic nature of Kuwait’s
environments and the combined effects
of aridity and soil salinity, only a limited
number of crops can be grown. Fresh water is
used to irrigate crops, but this is an expensive
approach and research is ongoing to exploit
brackish  water resources. Continuous
irrigation with brackish water has resulted in
widespread salinization of farmlands. Salt-
tolerant barley lines selected in this study
are useful in developing efficient agricultural
systems for farmlands affected by salinity.
Their use in combination with agronomic
soil rejuvenation methods would allow the
sustainable use of Kuwaiti resources and
help bring into production areas previously
considered unfit for cultivation.

A wide range of barley genotypes was
studied under Kuwait field condition in
Wafra. Results showed that sustainable barley
cultivation is feasible in Kuwait by careful
consideration of soil type, local groundwater,
soil rejuvenation, water table control and
genotype.

Introduction

Kuwait being an arid country has no surface
waters and the average annual rainfall of
106 mm is insufficient to meet crop demand.
Groundwater is the only natural water
resource in Kuwait that can be used directly
for agriculture without pre-treatment. The

total dissolved salts (TDS) of underground
brackish water are 3000-12 000 ppm.
Improper use of brackish water will impair
soil properties and plant growth. Since
barley is one of the most salt-tolerant cereal
crops, it was selected to study the effect of
brackish-water irrigation in combination
with agronomic soil rejuvenation methods.

Materials and methods

An experiment was conducted at the
Agricultural Experiment Farm of the Public
Authority for Agricultural Affairs and Fish
Resources (PAAAFR) at Al-Wafra, Kuwait,
using barley (Hordeum wvulgare L.) The
experiment included two treatments with
three replications: in the first treatment the
crop was irrigated with fresh water and in the
other with brackish water (C,S, grade). To
avoid mixing of the two irrigation treatments,
the fresh-water and brackish-water irrigated
plots were 1.5 m distant. The experiment was
setup asatrial series design. Seeds were sown
in parallel rows and each replicate contained
five seeds spaced at 25 cm intervals. After
sowing, fertilizer was applied on the same
day and manual weeding was done as and
when necessary. The experimental plots
were irrigated manually depending on the
temperature and sunshine hours. When the
plants attained maturity, the plants were
covered with perforated plastic bags to
prevent seed loss due to ear shattering, wind
dispersal and bird damage.
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Results

Observations were recorded from both
treatments for traits including plant weight
(9), no. of seeds per spike, no of seeds per
plant, spike weight (g), survival, height of
the main stem, no. of spikes and number
and height of tillers.The data were subjected
to analysis of variance (ANOVA) using
the GenStat statistics program (GenStat
5, 1987). The ANOVA shows significant
effects of treatment for all the nine traits.
The brackish-water treatment reduced all the
traits measured and the results are therefore
in agreement with several reports on the
negative effects of salinity on plant growth.

Discussion and conclusion

Generally, the growth parameters of crops
will decrease under irrigation with saline
water compared with fresh water. Since
barley is a salt-tolerant crop, brackish-water
irrigation did not have an adverse effect.
However, the use of brackish water for
irrigation might have changed soil physical
and chemical characteristics, with changes in
properties like soil structure, bulk density and
infiltration rates. It might have increased the

pH, salinity and sodicity, and it might have
affected the plant growth in the brackish-
water experiment. Even then, barley can
withstand such problems. Cultivated barley
has tremendous potential for adaptation and
it can grow well in Kuwaiti desert conditions.
Hence improved stress resistance will be a
crucial factor in increasing the growing area
of barley in Kuwait.

Use of saline water for irrigating salt-
tolerant strains would realease high quality
water for species that absolutely require it.
If the C,S, grade brackish irrigation water of
Al-Wafra is not used and managed properly,
greater salinization and soil degradation may
result. However, C,S, water has potential for
irrigation in Kuwait, which merits continued
investigation. The implication of this study
is that the Wafra agricultural area can be
considered for brackish-water irrigation,
even though overall yields in brackish water
irrigation were reduced by approximately
50%. It demonstrated great promise for
future barley cultivation in Kuwait. Irrigation
with brackish water had positive and negative
effects on the soil, but analysis after each
field trial showed that soil rejuvenation was
possible by flushing out salts with fresh water.
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Abstract

Genotype x environment (GXE) interactions
reduce progress from selection and make
cultivar  recommendation  slower and
difficult. To assess GXE interactions in
barley in low-moisture areas, ten genotypes,
including one local variety, were evaluated
over 10 environments (location X year
combinations). Different stability statistics
and AMMI analysis were employed to
study the performance of the genotypes and
identify stable and superior varieties for
recommendation. Entry EMBSN 5th 2/95-
3-3-3 was characterized by small values
for cultivar superiority measure, stability
variance, ecovalence and IPCA1 score. It had
non-significant regression coefficient and
deviation from regression with high yielding
ability. The yield stability (YS) statistic also
proved high yielding and stable performance
in the case of EMBSN 5th 2/95-3-3-3, which
was released in 2006 under the name Bentu
for cultivation in the low-moisture areas. The
AMMI analysis revealed significant GXE
effects and the first three IPCA’s accounted
for 86% of the sum of square of GXE
interaction. The bi-plot analysis also showed
EMBSN 5th 2/95-3-3-3 as stable and high
yielding. Ecovalence and stability variance
were equivalent in ranking genotypes.
They were also positively rank-correlated
with absolute value of IPCA1 and 1-b, and
S, Thus, it may be sufficient to consider
only some of these parameters in stability

analysis. The rains in June and September
were more important for barley production in
the low-moisture areas. Earliness is also an
important genetic factor for the stability of
some genotypes such as Bentu.

Introduction

Barley (Hordeum vulgare L.) is grown in
Ethiopia at altitudes ranging from 1500 to
3500 masl. It is also an important cereal crop
grown in the low-moisture areas of Ethiopia,
where rainfall is frequently erratic. To develop
varieties suitable for this environment,
evaluating and testing adaptability and
stability of the genotypes is crucial.
Hence, breeders evaluate their material in
a wide range of environments and seasons.
Genotype x Environment (GXE) interactions
are of major concern in plant breeding for
two main reasons (Kang and Magari, 1996).
First, it reduces progress from selection, and,
second, it makes cultivar recommendation
difficult as it is statistically impossible
to interpret the main effects. Despite the
problems associated with GXE interactions,
it is also possible to utilize the positive
aspects of interactions. It is recommended to
evaluate genotypes in various environments
and apply different statistical techniques to
make varietal recommendation depending
upon varietal performance.

Among the statistical procedures, the
regression-based models of Yates and
Cochran (1938), Finlay and Wilkinson
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(1963) and Eberhart and Russell (1966)
were developed to aid selection when GxE
interaction exists. Ecovalence (Wricke
1962), stability variance (Shukla, 1972) and
cultivar superiority measure (Lin and Binns,
1988) are among the stability parameters
to identify stable genotypes. Kang (1993)
proposed a vyield-stability (YS) statistic
to select simultaneously for vyield and
stable performance. Statistical approaches
such as AMMI (Additive Main Effect
and Multiplicative Interaction) analysis
and cluster analysis are also important in
the analysis of GXxE interactions (Gauch
and Zobel, 1996). AMMI analysis is a
multivariate approach, which depicts the
value of genotypes, environments and their
relationships in a bi-plot. The results of
AMMI analysis are useful in supporting the
program decision such as specific adaptation
and selection of environments (Gauch and
Zobel, 1996). The application of these
statistical tools in yield trials improves the
variety selection efforts.

Genotypes with high stability and high
yield are the prime products required of any
breeding program. So, analysis of stability of
the genotypes by evaluating across locations
andseasonsisanimportantstepinthe breeding
program, aided by various stability statistical
methods. It is also important to study the
relationships among these statistics in order

to exploit any complementary strengths.
Thus, this study had the following objectives:
(1) to identify genotypes with stable and
superior yield; (2) to study the relationships
among the different stability statistics;
and (3) to identify the environmental and
genetic variables contributing to the GXE
interactions.

Materials and methods

Ten environments (locationxyear
combinations) in Ethiopia were considered
in this study. The locations included Dhera
and Asasa in Arsi, and Arsi Negele in West
Arsi. Data were available for 2001 to 2004
for all locations except Arsi Negele in
2001and Dhera in 2002. The locationxyear
combinations are described in Table 1. In
this study, nine barley genotypes introduced
from ICARDA for low-moisture areas (both
six-row and two-row types) were included,
together with the local variety, Aruso.

The experiments were laid out as an RCBD
design with 3 replications. The plot size was
3 m?2 (6 rows with 20 cm spacing and 2.5 m
length). The central four rows from each plot
were used to determine grain yield, hectolitre
weight and 1000-kernel weight (TKW).

Table 1. Description of the environments (locationxyear combinations).

. . RF RF RF RF (June-

Label Environment Site Year (June) (Sept) (Oct) Oct)
A El Asasa 2001 73.8 53.9 0.0 4455
B E2 Dhera 2001 85.9 88.8 17.2 664.9
C E3 Asasa 2002 38.0 34.7 8.8 329.8
D E4 Arsi Negele 2002 82.6 54.6 10.7 451.0
E E5 Asasa 2003 61.2 95.0 6.7 330.5
F E6 Dhera 2003 54.7 108.9 0.0 425.2
G E7 Arsi Negele 2003 87.5 85.4 13.0 358.9
H E8 Asasa 2004 73.4 30.7 5.3 328.0
| E9 Dhera 2004 22.2 58.8 40.5 356.5
J E10 Arsi Negele 2004 132.3 213.0 82.9 712.5
RF = rainfall in mm.
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Grain yield was adjusted to 12.5% moisture
and converted to t/ha. The data on days to
heading and maturity were recorded on a plot
basis, and plant height was averaged over
five plants randomly selected from each plot.

Analysis of variance was done for each
location and then the combined analysis
of variance for grain yield was done after
testing for homogeneity of error variance
over locations using SAS statistical
software. Parameters such as ecovalence
(W) of Wricke (1962), stability parameters
of Eberhart and Russell (1966), stability
variance (sh-¢°) of Shukla (1972) and
cultivar superiority measure (P) of Lin
and Binns (1988) were estimated to study
stability of the genotypes. AMMI analysis
was carried out using Agrobase 99 statistical
software. In the AMMI analysis, the model
for phenotypic performance of genotype g
tested in environment e can be expressed as

Yo.=p+a,+b +58lg d +r +E
where Yoer is the yield of genotype g in
environment e for replicate r, u is the grand
mean, a is the mean deviation of the genotype
g (genotype mean minus grand mean), and b,
is the mean deviation of environmental mean;
Sl, is the singular value for IPCA axis n; g .
is the genotype g eigenvector value for IPCA
axis n; d_ is the environment e eigenvector
value for the IPCA axis n; r_, is the residual;
and E_, is the error.

The genotypes and environments were
plotted on AMMI biplot using Agrobase 99
statistical software. The YS statistics were
estimated following Kang (1993). Spearman’s
rank correlation coefficients among the
different parameters were estimated to
examine their relationship using SPSS v13.0
for Windows. Correlation coefficients were
estimated for IPCAL1 and mean grain yield
of genotypes with days to heading, days
to maturity, TKW and hectolitre weight.
Similarly, correlation coefficients were

determined for IPCA1 and mean grain yield
for environments with rainfall data.

Results and discussions

The combined analysis of variance indicated
highly significant (P <0.01) differences
among genotypes and environments,
as well as the GxE interaction effect
(Table 2), indicating the contribution of the
environmental factors to the total variability
and the differential response of genotypes in
different environments. The larger the size
of the GxE interaction component relative to
the genotypic component, the more complex
the problem of identifying broadly adapted
genotypes (DeLacy et al., 1996). However,
in this study, the GXE interaction component

Table 2. Analysis of Variance for combined,
experiment-wise and AMMI analyses.

Combined Analysis

Source DF MS
Genotype (G) 9 3.57**
Environment (E) 9 58.07**
GxE 81 0.62**
Error 180 0.15

Variance for genotype = 0.098; Variance
for GxE interaction = 0.152

AMMI Analysis
Total 299
Environments 9 58.1***
Rep(E) 20 0.21
Genotype 9 3.57***
GxE 81 0.62***
IPCA1 17 1.46%**
IPCA2 15 0.71***
IPCA3 13 0.59***
IPCA Residuals 36 0.194
Residual 180 0.15
Grand
Mean = 3.76 CVv=10.35 R?=10.96

*, ** *** indicate significance at 0.05, 0.01
and 0.001 probability levels, respectively.
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was only 1.55 times that of the genotypic
component (Table 2). Thus, it is important to
identify which genotypes and environments
are contributing more to the total GxE
interaction. This leads to further analysis of
GxE interactions using different statistical
tools to identify stable and high yielding
genotypes.

Entries 3 (4.32t/ha), 2 (4.09 t/ha) and 4
(4.08 t/ha) had significantly higher mean
yield than the remaining genotypes (Table 3).
Thus, these genotypes could be selected
for high mean yield. The same genotypes
were also superior according to the cultivar

superiority measure (P,) (smaller P, values
of 0.13, 0.18 and 0.27 for entries 3, 4 and
2, respectively). According to Kang and
Magari (1996), it may be difficult to select
consistently high yielding genotypes based
on mean grain yield alone if GxE exists. It
is therefore essential to assess the stability of
genotypes.

Stability variance (¢°), however, revealed
that the more stable genotypes were 5 (0.14),
6 (0.15) and 2 (0.18). Thus, entry 2 combines
both stability and higher vyield. Based
on stability variance, entry 3 (1.14) was
relatively less stable, but with a high mean
yield and a good cultivar superiority measure.
This genotype performed poorly in low-
yielding environments, which include those

Table 3. Stability parameters for the 10 genotypes tested in 10 environments.

Entry Label Genotype I(\:I/fg)] Pi sh-¢® W, Igg?el I;’gﬁez Sy’ b,
12 OSNIS 565 063 026 082 0059 053 005 0.9
2 b oo 400 021 018 062 0032 0193 001 108
3 o MESNOM 432 013 114 201 0811 0485 015+ 128*
4 a EMSSNOT 408 018 060 162 0360 0744 012 112
5 e MNP 37 033 014 052 0148 0130 001 094
6t o oSN 37 041 015 055 0026 0403 002 100
7 g SO 352 080 051 142 0228 0648 0127 104
8 n OSNY 363 068 056 153 0268 0147 009" 115
o i PSP 328 105 027 084 0136 0085 004 094
10 ]  Localcheck 331 124 237 587 1384 -0.369 0.14** 050

Mean 3.76

LSD (5%) 020

* and ** indicate significance at 0.05 and 0.01 probability levels, respectively.
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labeled as I, C and B. Entry 9 had a relatively
small value for ¢ (0.27) and large value for
P, (1.05), indicating poor performance in all
or most environments. Since ecovalence (W)
is estimated based on GXE values like that
of the stability variance (Lin et al., 1986), it
ranked the genotypes in stability similar to
stability variance (Table 3). Hence, the mean
yield and P, on one side and ¢% and W, on the
other side, measure different characteristics
of the genotypes.

The regression coefficient (b) and
deviation from regression (S,?) must be
non-significant for difference from 1 and
0, respectively, to consider genotypes as
stable (Eberhart and Russell, 1966). For
high stability to be desirable, it should
also complement high mean yield. Entry 2
combined non-significance for b, (1.08)
and S 2 (0.01) with high mean yield of 4.09
(Table 3). This indicates stability and better
yield performance of entry 2. Similarly,
entry 9 was among the most stable genotypes,
but with the lowest grain yield, which was in
line with that discussed for cultivar superiority
measures and stability variance. Entry 3 had
significant value for b, (1.28) and high mean
yield, which was an indication of adaptation
only to the most favorable environments.
For the set of genotypes and environments
considered in this study, entry 2 was best,
based on YS statistic (Table 4). The result of
YS for entry 2 was in line with that discussed
above for other statistical tools considered in
this study.

The AMMI analysis of variance indicated
highly significant (P <0.001) differences
for genotype, environmental and GXE
interaction effects, as well as the first three
IPCAs (Table 2). Post-diction and prediction
accuracies are used to determine the best
fitting AMMI model for the data (Gauch and
Zobel, 1988). The first three IPCAs accounted
for about 86% of the GxE interaction sum
of squares (Table5). The first IPCA alone

contributed 49.4% of the interaction effect.

Based on the IPCAL for genotypes, entry
6 (-0.026), entry 2 (-0.032) and entry 1
(0.056) were the genotypes that contributed
little to the GXE interaction (Table 3).
Entries 9, 5, 8 and 2 contributed less to the
GXxE interaction based on IPCA2 (Table 3).
Entry 2 had also significantly higher grain
yield (4.09 t/ha) compared with the grand
mean yield (3.76 t/ha). The local variety
(Aruso) and entry 3 (with IPCA1=1.384
and -0.811, respectively) contributed
relatively more to the GXE interactions.
These genotypes responded differentially
in the varying environments. Among the
environments, three of them (F, J and G)
were associated with small values for IPCA1
scores (IPCA1=0.055, -0.065 and -0.086,
respectively) and hence contributed less to the
total GxXE interaction (Table 6). In contrast, 3
environments (C, H and A) contributed most
to the total GXE interactions. Entries 6, 2
and 1 (in the biplot indicated with f, b and a,
respectively) were located near the origin of
the biplot together with the environments F
and G (Figure 1), indicating less contribution
of these genotypes and environments to the
GXE interaction.

The absolute value of IPCAl for
environments was negatively correlated with
rainfall data for the environments (Table 7).
However, only the rainfall in September
was significantly correlated with absolute
value of IPCAL scores for environments
(r =-0.716**). Environments with little
contribution to the GXxE interactions (F, J
and G) received more rainfall in September,
while those contributing much to the GXE
interactions (C, H and A) received low
rainfall during this month (Tables 1 and 5).
The rainfall in June was also important in
determining yield (r = 0.605*), while rainfall
in September was also correlated positively
with mean vyield (r=0.222). The rainfall
in June was important for early seedling
growth while that of September was essential
for grain filling. The rainfall in these two
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Table 4. Yield Stability (YS) statistics for the 10 genotypes evaluated.

Mean yield Rank Adjustment Summed ) Stability

Entry  Genotype Wha)  (R) torank(R) R+R "% rating(s) YO

1 EMBSN 37/96- 3.65 5 -1 4 0.26 0 4a
1-1-1
EMBSN  5th

2 2/95.3.3-3 4.09 9 +2 11 0.18 0 11a
EMBSN  5th o

3 36/95.6.0-4 4.32 10 +3 13 1.14 -8 5a
EMBSN  5th N

4 46/95.9-0-5 4.08 8 +2 10  0.60 -4 6a
EMBSN 28/96-

5 17177 3.87 7 +1 8 0.14 0 8a
EMBSN 22/96-

6 24.90.9 3.87 6 +1 7 0.15 0 7a
EMBSN 1/96- N

7 414113 3.52 3 -2 1 0.51 -4 -3
EMBSN 43/96- N

8 294914 3.63 4 -1 3 0.56 -4 -1
EMBSN 9/96-

9 134315 3.28 1 -3 -2 0.27 0 -2

10 Local check 331 2 -3 -1 237 -8 -9
Mean 3.76 2.6
LSD (5%) 0.20

In YS: a=entries selected based on YS statistics > 2.6. * and ** indicate significance of
approximate F test for Sh-¢°, at 0.05 and 0.01 probability levels, respectively. Assignment of
adjustment for rank (R’): +1 for mean yield > overall mean yield (OMY), +2 for mean yield >
1 LSD over OMY, +3 for mean yield >2 LSD over OMY, -1 for mean yield < OMY, -2 for mean
yield <1 LSD over OMY, and -3 for mean yield <2 LSD over OMY.

months is critical for barley production in
low-moisture areas in Ethiopia. However, the
total rainfall during the growing season did

Table 5. Contribution of each IPCA to the
GxE interactions.

IPCA Eigen % GxE  Cumulative
AXis value  Explained %

1 8.247 49.4 49.4

2 3.547 21.3 70.7

3 2.563 15.4 86.1
Other

IPCAS 2.326 13.9 100

not explain the difference in mean yield, nor
the causes of GXE interactions.

Environmental mean yield and IPCAL are
correlated to rainfall data, while genotypic
mean yield and IPCAL are correlated to
genetic factors.

With reference to Table 7, mean yield
for genotypes was negatively correlated
with TKW (r=-0.579*). This negative
correlation coefficient was primarily due to
the composition of the genotypes. Both six-
row and two-row types were included in the
study. Those two-row types possessed heavy
kernels, few kernels and low grain yield. The
opposite was generally true for the six-row
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Table 6. IPCAL scores and mean grain yield for environments.

Label Environment IPCA1 Scores IPCA2 Scores Mean yield (t/ha)
A Asasa in 2001 -0.699 0.518 45
B Dhera in 2001 0.333 0.495 2.3
C Asasa in 2002 1.122 0.391 1.7
D Avrsi Negele in 2002 -0.447 0.327 4.4
E Asasa in 2003 -0.123 0.265 4.8
F Dhera in 2003 0.055 -0.112 35
G Arsi Negele in 2003 -0.086 -0.166 4.7
H Asasa in 2004 -0.670 -0.483 5.4
| Dhera in 2004 0.580 -0.556 1.7
J Arsi Negele in 2004 -0.065 -0.677 4.7
(1.667, 1.384) (3.763, 1.384) (5.397, 1.384)
i
C
I
B
e
=
F b G
E
h
d
D
A H
C
(1.667, -0.811) (3.763, -0.811) (5.397, -0.811)

Figure 1. AMMI BI-PLOT (X-axis mean grain yield and Y-axis IPCA1 for genotypes and
environments). Genotypes are plotted as a, b, ¢, d, e, f, g, h, i and j, and environments are plotted
asA,B,C,D,E,F G, H,landJ. Genotype (g) and environment (J) in place of others with similar
means are not shown.
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Table 7. Correlation of mean yield and IPCA1 for environments and genotypes with environmental

and genetic factors.

Variable type Variable Name Mean yield IPCAl
Environmental Rainfall (June) 0.605* -0.515
Environmental Rainfall (September) 0.222 -0.716**
Environmental Rainfall (October) -0.159 -0.273
Environmental Rainfall (June-October) 0.018 -0.382
Genetic Days to heading -0.400 0.741**
Genetic Days to maturity -0.051 0.723**
Genetic Hectolitre weight -0.513 0.070
Genetic 1000-kernel weight -0.579* 0.747**

* and ** = significant at 0.05 and 0.01 probability levels, respectively.

types. The absolute value of IPCA1 score
for genotypes was positively correlated
with days to heading, days to maturity, and
TKW (r=0.741**, 0.723** and 0.747**,
respectively). According to Ashley (1999),
earliness in genotypes is an important aspect
of adaptation in low-moisture areas. These
results also revealed the importance of
earliness in determining mean grain yield and
the GXE interaction of genotypes.

There was a perfect match between o2 and W,
(r = 1.000**) in ranking genotypes (Table 8).
These two parameters are grouped under
type Il stability concept (Lin et al., 1986).
Lin et al. (1986) and Kang et al. (1987)
have reported that the two parameters are
equivalent in ranking genotypes. Hence, it
is sufficient to use one of these parameters.
Both of these parameters were positively rank
correlated with § 2 (r = 0.927**). Jalaluddin
and Harrison (1993) and Mekbib (2003) have
also reported similar results in wheat and
common bean stability studies, respectively.
The IPCAL and b, values are interpreted
based on their absolute difference from 0
and 1, respectively. As shown in Table 8,
the absolute value of IPCA1 (| IPCA1 |) was
positively correlated with ¢*, W, S;* and

| 1- b, | (r=0.879**, 0.879**, 0.806** and
0.818**, respectively). The | 1- b, |, in turn,
was positively correlated with o and W,
(r =0.794** and 0.794**, respectively). The
positive rank correlation among | IPCA1 |,
o’, W, S,2 and | 1- b, | could indicate that
they measured similar aspect of stability.
AMMI analysis is important in understanding
genotypes, environments and their interaction
(Gauch and Zobel, 1996). It can produce
graphs relevant to selection. The use of
AMMI analysis could be recommended in
combination with other stability statistical
tools.

The regression coefficient (b,) was
positively correlated with all the parameters
except  cultivar  superiority = measure
(r=-0.673*). However, only the rank
correlation coefficient between b, with mean
yield was significant (r = 0.663*), which was
in line with the results of Mekbib (2003).
There was a high negative rank correlation
coefficient between mean yield and cultivar
superiority measure (-0.973**), which
coincides with that reported by Kang and
Pham (1991). This indicates that the two
parameters rank the genotypes differently. In
practice, breeders select for high mean yield,
whereas low values for cultivar superiority
measure and the negative relationship
between these two parameters was desirable.
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Table 8. Spearman’s rank correlation coefficients among stability parameters.

Mean

sh-2 W S2 b 1-b

i di i i

IPCA1 IPCA2 . P.

yield

| IPCAL | 1.000 0.212 -0.079 0.055

| IPCA2 | 1.000 0.310

Mean yield 1.000 -0.973**

P, 1.000

o2

Wi

Sdi2

bi

| 1-b,,

-0.309

0.879** 0.879** 0.806** 0.176 0.818**
0.345 0.345 0539 0382 -0.115

-0.134 -0.134 -0.091 0.663* 0.073

0.139 0.139 0.103 -0.673* -0.042

1.000 1.000** 0.927** 0.248 0.794**
1.000 0.927** 0.248 0.794**

1.000 0.297 0.576
1.000 0.248
1.000

* and ** indicate significance at the 0.05 and 0.01 levels, respectively (2-tailed).

Conclusions

Generally, entry 2 (EMBSN 5th 2/95-3-3-3)
was consistently identified as stable and high
yielding by all the parameters considered
in this study. It was released in 2006 with
the name Bentu for cultivation in the low-
moisture areas of Ethiopia. Bentu is an early
variety in heading and maturity, which are
key factors to escape drought in some years.
However, the variety has small kernels
indicating the need to improve this trait in the
future.

It may be possible to use different
combinations of stability parameters to
identify the most stable variety. Most of
the parameters considered in this study
gave similar information on the stability of
the genotypes tested. The absolute values
of IPCALl and 1-b, were positively rank
correlated with stability variance, deviation
from regression and ecovalence. Thus, it
may be sufficient to use some combinations
of these parameters in the identification
of stable genotypes. The use of AMMI
analysis in combination with other stability
statistical tools could be recommended due
to its importance in understanding genotypes,
environments and their interactions with the
aid of bi-plots.

Inthe low-moisture areas considered in this
study, the rainfall in June and September was
important in explaining yield performance
and was the cause of GxE interactions. The
rainfall during these two months is important
for early seedling establishment and grain
filling, respectively. Earliness was also
important in explaining GxE interactions.
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stress in an international barley collection

H. Schumann, A. Reinders, M. Nem and J. Léon
Institute of Crop Science and Resource Conservation, Plant Breeding, University of Bonn,

Katzenburgweg 5, 53115 Bonn, Germany.

Abstract

Plants use several mechanisms to withstand
drought. Our hypothesis is that with a multi-
trait characterization it must be possible
to describe the ‘whole plant’ reaction of
barley accessions to drought using trials
conducted for QTL analysis or association
mapping. If this whole-plant behavior is
under genetic control, it should be possible to
detect comparably reacting genotypes and to
describe them as reaction types.

A set of 104 barley accessions from an
international barley collection were evaluated
under irrigated and drought conditions, and
phenotypic data were collected on 19 plant
traits of shoots and roots. The dataset was
standardized and analyzed with multivariate
statistic cluster and discriminant analysis
procedures.

With 12 of the 19 traits, we were able
to detect 10 clusters of barley accessions.
Both susceptible and adapted genotypes
could be found. The first 5 clusters contain
only a single genotype, which might be an
indication that these clusters do not represent
a reaction type with a general pattern. These
genotypes could be outliers, but we cannot
prove the existence of their pattern because
in such trials for QTL analysis or association
mapping there are no replications. Clusters 6
to 10 included several genotypes each, and
we postulated that the respective genotypes
show a different reaction pattern, which
could be under genetic control, and we can
characterize them as reaction types.

Introduction

Many plant stress experiments are
described in the literature (Cattivelli et
al., 2008) that investigate the correlation
between single-plant traits and their
molecular basis. However, plants use several
mechanisms to withstand drought. This must
lead to a combination of different reactions
and specific reaction patterns. In this sense,
we postulated that barley genotypes show
different reaction types due to drought stress.
The objective of this study was to identify
these reaction patterns and types using a
population of 104 genotypes.

Material and methods

A set of 104 genotypes (accessions from the
International Barley Core Collection (IBCC),
the German regional Barley Core Collection,
IPK, Gatersleben, and cv. Scarlett) were
grown in spring season 2007 under a
plastic tunnel at the Experimental Station
Bonn-Poppelsdorf, Germany. Seeds were
germinated in Petri dishes and 12 seedlings
were planted in pots with 11.5 L of substrate.
Substrate was a mixture of fine soil, sand,
peat and lava. The two water regimes were
“control”, = well watered, and “stress”, with
a drought-stress-period of 20 days starting
from mid-tillering (Figure 1). Water supply
was through drip irrigation and adjusted to
weather and transpiration conditions.
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Figure 1. Water regimes for “control” (= well watered) and

Table 1. Traits recorded in both treatments

“stress” treatments.

Plant

Trait part Description Unit Source or method

SWC Shoot Relative Water Content in upper two leaves %  Barrs and Weatherly, 1962
SFW Shoot Shoot Fresh Weight per plant g

SDW Shoot Shoot Dry Weight per plant g 48 h @ 80°C

SMC Shoot Shoot Moisture Content per fresh mass %  (SFW-SDW)/SFW x 100
STl Shoot Tiller Number per plant no.

SEA Shoot Ear Number per plant no.

RLE Root Root Length per pot cm

RVO Root Root Volume in water per plant cmd

RFW Root Root Fresh Weight per plant g

RDW Root Root Dry Weight per plant g 48 h @ 80°C

RMC Root Root Moisture Content per fresh mass %  (RFW -RDW)/RFW x 100
RDA Root Root dry Weight 0-10 cm length per plant %  relative to RDW

RDB Root Root dry Weight 0-20 cm length per plant %  relative to RDW

RDC Root Root dry Weight >20 cm length per plant %  relative to RDW

PFW Plant Plant Fresh Weight per plant g

PDW Plant Plant Dry Weight per plant g 48 h @ 80°C

PMC Plant Plant Moisture Content per fresh mass %  (PFW -PDW)/PFW x 100
PSP  Plant Shoot/Plant ratio on dry mass basis %  SDW/PDW x 100

PRP Plant Root/Plant ratio on dry mass basis % RDW/PDW x 100

At the end of this 20-day period we
terminated the experiment and evaluated the
traits, as described in Table 1.

Roots were washed out and root volume
was determined in a glass cylinder with

water, root length was measured with a ruler
and parts of the root system from 0-10 cm
(A), 10-20cm (B) and >20cm (C) depth
were separated (Figure 2), weighed, dried
and re-weighed.
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Figure 2. Washed root system

The data were analyzed with the SAS
Statistical Analysis System Package Version
8.2. For each accession we calculated the
absolute differences between *stress” and
“control” for determining the irrigation effects
with SAS ANOVA (Table 2). Looking for
the reaction types, we calculated the relative
differences between *stress” and “control”
for each trait and standardized them to a scale
from 0% (= biggest negative difference) to
100% (= biggest positive difference), so that
for all the traits the standardized differences
lay in an interval from 0 to 100. With these
standardized differences we conducted
an Average Linkage Cluster Analysis
(Figure 3) and SAS Discriminant Analysis
using the procedure Stepdisc. The potential
reaction types (the resulting clusters) were
characterized by their mean standardized
differences and their distances to the change
point (Figure 4). This point on the scale 0 to
100 is the point where the relative differences
were 0, the differences change from negative
to positive, or, in terms of the plant trial, no

Table 2. Comparison of Control and Stress
with Analysis of Variance and Means.

Mean  Difference

Trait  F-test (control)  (stress) Tukey
SwcC S 92.54 -19.92 S
SFW S 8.82 -2.61 S
SDW 2.50 -0.11

SMC S 72.00 -10.58 S
STI 5.50 -0.06

SEA 0.69 -0.08

RLE S 26.21 4.06 S
RVO S 60.70 -1.94 S
RFW S 7.78 -1.98 S
RDW 1.20 -0.14

RMC S 84.84 -3.28 S
RDA S 74.21 -10.26 S
RDB S 24.17 3.58 S
RDC S 1.62 6.69 S
PFW S 16.60 -4.59 S
PDW S 3.70 -0.25 S
PMC S 77.48 -6.51 S
PSP 67.16 1.32

PRP 32.84 -1.32

F-test ANOVA/Tukey test. s = significant at
alpha=0.05

reaction to the stress treatment was observed
in relation to the control (For example:
Figure 4 cluster 1 trait SDW “63/+14":
the averaged standardized difference of
this cluster 1 is 63 and its distance to the
change point “49” for SDW is +14, so SDW
increased).

Results and discussion

Water stress caused in general a significant
decrease in SWC, SFW, SMC, RVO, RFW,
RMC, RDA, PFW, PDW and PMC (Table 2).
SDW, STI, SEA, RDW, PSP and PRP showed
no significant reaction, while RLE, RDB and
RDC increased.

Using SAS Average Linkage Cluster
Analysis with CCC, PSF and PTS2 criteria for
determining the best number of clusters, we
found 10 clusters with 1/1/1/1/1/15/62/13//5/4
accessions, respectively (Figure 3). With SAS
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Discriminant Analysis procedure Stepdisc
we identified the 12 traits (their standardized
differences) which separated the 10 clusters
best, namely SWC, STI, SEA, SDW, RLE,
RVO, RDW, RDA, RDB, RDC, PMC and
PDW.

The mean standardized differences of the
10 clusters are given in Figure 4. It shows
all the 12 traits combined and gives us an
impression of the reaction of the “whole
plant system” to the stress treatment.

The first 5 clusters contain only a single
genotype, which might be an indication that
these clusters do not represent a reaction
type with a general pattern. These genotypes
could be outliers, but we cannot prove the
existence of their pattern because there are
no replications in such type of trials for QTL-
analysis or association mapping. However,
we found some interesting genotypes, such as
cluster 1, with a larger root system (RLE+51,
RVO+12, RDW+30, RDC+99), clusters 2
and 5 as the most susceptible to stress, and
cluster 4 with strong increases in all traits as
probably good adaptation to stress (SEA+57,
PDW+25, RLE+59, RVO+40). Genotypes in
cluster 4 need to be tested again to confirm its
potential value.

Clusters 6 to 10 include several genotypes
each, so we postulate that the respective
genotypes show a different reaction pattern,
which may result from genetic control, and
we can characterize them as reaction types.

Clusters 6, 7, 8 and 9 do not show noteable
effects on the target trait SDW (shoot dry
weight) due to the induced drought stress;
in cluster 10, SDW actually increases (+28).
So drought tolerance can be supposed. This
reaction could be due to a good osmotic
adaptation (cluster 7 — SWC only -20), a
bigger root system in general (cluster 6 —

RDW +34), in the upper horizon (cluster
8 — RDA +11) or the shifting of the root
architecture to longer and deeper roots
(cluster 9 RDB +52, RDC +13 / cluster 10
RDB +28, RDC +14).

It is shown that the set of plant traits used
and the multivariate statistical procedures
produce a characterization of the barley
accessions related to their susceptibility or
tolerance to drought stress. The methods
of cluster and discriminant analysis allow
a statistically meaningful identification
of groups. Also, extreme reactions can be
detected.

The conclusions about the plant reactions
of the accessions within the clusters seem to
be comprehensible. With an additional set
of physiological traits it should be possible
to investigate which single reactions of
the plants occur together and determine
the “whole plant” behavior of the crop due
to drought stress. In multi-environmental
trials, the question of possible genotype
x environment interactions of the plant
reactions will appear and its integration in the
statistical analysis has to be discussed. With
such multi-trait characterizations it might be
possible to improve knowledge about the
phenotypes of the populations used, helping
to bridge the gap between genotyping and
phenotyping.
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The Barley-Puccinia rust system: a
model to study the genetic factors that
determine the host status of plants for

specialized pathogens
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Abstract

Full non-host resistance can be defined
as immunity, displayed by an entire plant
species against all genotypes of a plant
pathogen. The genetic basis of (non)host-
status of plants is hard to study, since
identification of the responsible genes would
require interspecific crosses that suffer from
sterility and abnormal segregation.

There are some plant+potential pathogen
combinations where only 10% or less of the
accessions are at most moderately susceptible.
These may be regarded as marginal host or
near-non-host, and can provide insights into
the genes that determine whether a plant
species is a host or a non-host to a would-be
pathogen.

Barley (Hordeumvulgare L.) isan example
of a near-non-host to several rusts (Puccinia
spp.) of cereals and grasses. By crosses and
selection, we accumulated susceptibility and
developed an experimental line, SusPtrit,
with high susceptibility to at least nine
different heterologous rust taxa such as the
wheat and Agropyron leaf rusts (P. triticina
and P. persistens, respectively).

On the basis of SusPtrit and several
regular, fully resistant barley accessions,
we developed mapping populations. We
established the polygenic inheritance
(QTLs) of the near-non-host resistance to
heterologous rusts. The QTLs have different
and overlapping specificities. In addition,
an occasional R-gene is involved. In each
population, different sets of loci were

implicated in resistance. Very few genes were
common between the populations, suggesting
a high redundancy in barley for resistance
factors. Selected QTLs are being introduced
into near-isogenic lines to be fine-mapped.
Our results show that the barley-Puccinia
system is ideal to investigate the genetics of
host-status for specialized plant pathogens.

Introduction

Plants are exposed to a huge number of
potential pathogens that represent a very
diverse array of micro-organisms. By far
most plant species are non-host to by far
most would-be pathogens. The term non-
host has been defined as the resistant status
of an entire plant species to all genotypes of
a parasite or pathogen species (Heath, 2000).
This definition is widely agreed upon, but
implies that a non-host-status can never be
proven. All genotypes of a plant species,
even those in the past, present and future,
cannot be tested against all past, present and
future genotypes of a microbe species.

An important motive and justification
for research into non-host resistance is the
obviously high durability of this form of
resistance. This is in contrast to the typically
ephemeral effectiveness of R-genes that
determine hypersensitive resistance. Exciting
new insights are accumulating, and have
been summarized and discussed in recent
review papers (e.g. Jones and Dangl, 2006;
Ingle et al., 2006; Nurnberger and Lipka,
2005; Mysore and Ryu, 2004; O’Connell and
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Panstruga, 2006; Thordal-Christensen, 2003;
Schweizer, 2007). Most advances are in the
understanding of perception of microbial
intruders, and in the genes that play a role
in signal transduction and defence. Many
authors acknowledge that, despite these
advances, still very little is known concerning
the genes that determine the natural variation
between plant species, making one a host,
the other a non-host to a would-be (potential)
pathogen.

In this contribution we will present the
Barley-Puccinia rust system as a model to
help in elucidating the specificity aspects
of (nhon)host-status of a plant to a would-be
pathogen.

The resistance of most plants to most would-
be pathogens is based on a multilayered
defence (Heath, 2001, 2003; da Cunha et al.,
2006), comprising physical and constitutive
chemical features (preformed barriers) and
induced defences. Would-be pathogens
should be able to deal effectively with
the defence that plant species use against
maladapted microbial intruders (Heath,
1981). They may need to locate stomata on
the plant leaf surface, and should tolerate or
break down secondary metabolites. Since
related plant species frequently have similar
preformed barriers, it is reasonable to assume
that, generally, preformed barriers are more
likely to contribute to non-host resistance
to pathogens of other plant families (like
Arabidopsis to the wheat leaf rust), than to
pathogens of plant species that are related
to the non-host (like barley to the wheat
leaf rust). Induced defences are effective
against pathogens of plants of whatever close
relationship with the non-host.

On non-host plant species, resistance
against specialized maladapted fungal
pathogens like rusts and powdery mildews
commonly appears as defective haustorium
formation, termed  pre-haustorial  or

penetration resistance (Heath, 1974; EImhirst
and Heath, 1987; Niks, 1987). This defence
typically leads to the formation of cell
wall reinforcements, also called cell wall
appositions or papillae (O’Connell and
Panstruga, 2006).

Frequently, the pre-haustorial non-host
resistance is backed up by a hypersensitive
post-penetration resistance for those infection
units that still succeed in cell wall penetration
(Heath, 2002; Lipka et al., 2005). The
process of this cell death in non-host plants is
not necessarily the same as in hypersensitive
resistance of the host species (Christopher-
Kozjan and Heath, 2003).

It seems that plants are able to discriminate
between self and non-self, and this ability
is the basis for the activation of induced
defences upon microbial infection. The
perception of the non-self intruder in the
plant tissue is probably mostly mediated
by receptor-like kinases (RLKS). These
recognize directly certain characteristics
of microbe-associated molecular patterns
(MAMPs). So, MAMP detection serves as
an early warning system for the presence of
non-self molecules. Also indirect perception
of microbe-induced molecular patterns
(MIMPs) occurs, where the product of
the intrinsic activity of a microbe-derived
compound will be recognized through the
alteration of the functional state of a host
molecule (Mackey and McFall, 2006). These
recognition factors are also known as PAMPs
(pathogen-associated molecular patterns)
(Ingle et al., 2006).

As a rule, MAMPs seem too much
conserved to explain the difference
between non-host and host pathogens.
Indeed, host pathogens as well as related
non-host pathogens contain very similar
or identical MAMPs. As a consequence,
adapted pathogens also trigger the basal
defence reaction in their host, but are able
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to suppress this reaction within hours (Li
et al., 2005; Truman et al., 2006; Caldo et
al., 2006). Indeed, the failed or successful
suppression of basal defence is presumed to
be the key phenomenon determining a non-
host or a host-status of the interaction (Heath,
1991; Panstruga, 2003; Caldo et al., 2006;
Nomura et al., 2005). The organization of
the plant defence to maladapted pathogens
bears similarity to burglar alarm devices
in buildings. The alarm is triggered by
non-specific factors (motion and MAMPs,
respectively) and should be suppressed in a
very specific way (bypass code for authorized
persons and a specific set of microbial factors,
respectively).

Suppression of basal resistance is assumed
to be mediated by so called effectors that
are delivered into the apoplast or into plant
cells (Kamoun, 2006). These have been
particularly well studied in bacterial diseases
(Pseudomonas spp. and Xanthomonas spp.)
(Li et al., 2005; Truman et al., 2006; Ingle
et al., 2006; Gurlebeck et al., 2006). In other
pathogen classes, like rusts (Catanzariti et
al., 2006), oomycetes (Kamoun 2006) and
other plant pathogenic fungi, effectors also
have been implicated. Up to now, very little
is known about the identity and biochemical
function of effectors delivered by fungal and
oomycete pathogens. Some of these effectors
may act as transcription factors (Lahaye and
Bonas, 2001); others may cleave specific
cytoplasmic host proteins (Shao et al., 2003;
Coaker et al., 2005).

Since related pathogens with different host
ranges contain identical or very similar
MAMPs, they all will activate the basal
defence in any plant. However, the rye
leaf rust fungus (Puccinia recondita), for
example, is able to suppress the defence

in rye but not in barley, and the barley leaf
rust (P. hordei) in barley but not in rye. So,
the effectors of these rusts should differ, as
should the targets of these effectors, making
them only effective in the plant species to
which their effectors have been adapted. This
suggests that the effectors and their targets
are important determinants of the (non)host-
status of a certain plant-microbe combination
(Niks and Marcel, 2009).

The next question is how we can find the
plant targets that determine whether effectors
of a would-be pathogen can or cannot
suppress the basal defence. An obvious
approach would be to study the inheritance of
(non)host-status. This would, by definition,
need an interspecific cross, namely between
a host and a non-host plant species. The
overriding difficulty of this approach is that
in interspecific crosses, classical genetics
are rarely feasible, due to hybrid sterility,
abnormal segregation, lack of chromosome
pairing and artefacts caused by odd plant
morphology. This degree of incompatibility
hampers the identification of individual
genetic factors.

There are several plant species that are only
marginal hosts to a potential pathogen. For
example, those plant species in which less
than 10% of the accessions are, at most,
moderately susceptible, and only at the
seedling stage (Niks, 1987; Mains, 1933).
This phenomenon is obvious in barley. Odd
susceptible barley genotypes have been found
to wheat stripe rust (P. striiformis f.sp. tritici)
(Pahalawatta and Chen, 2005) and to at least
nine other rust fungal species of cereals and
grasses (Atienza et al., 2004). This “near-
non-host” status offers the possibility to
analyze phenotypic segregations if rare
susceptible barley accessions are crossed
with common immune accessions. This
circumvents the need for inter-specific host
x non-host crosses. Still, it seems reasonable
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to presume that genes that are responsible for
the resistance or susceptibility to marginal
pathogens will, by extrapolation, also teach
us about principles that contribute to, or even
determine, the full non-host-status to related
pathogens.

We quantified the level of susceptibility
of barley to several heterologous rust fungal
species, all pathogenic on (other) cereals and
grasses (Atienza et al., 2004, and unpublished
data). Some examples are presented in
Figure 1. The high level of infection by
P. hordei isolate 1.2.1. is as expected, since
barley is the regular host species.

The other, heterologous, rusts were applied
with 3x as much inoculum, but nevertheless
several rusts produced no pustules (for
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example the rye leaf rust P. recondita); others,
like the wheat leaf rust (P. triticina) produced
on fewer than 10% of the accessions more
than 100 pustules per leaf. To the latter
group of rusts, barley can be considered a
“near-non-host”. As far as tested, adult plants
were resistant to all rusts, except to P. hordei
(Atienza et al., 2004). The wheat powdery
mildew (Blumeria graminis f.sp. tritici) did
not produce macroscopically visible colonies
on any of the barley accessions.

Among the barley accessions with

susceptibility to heterologous rusts, relatively
many accessions had naked seeds or black
seeds, and were African and Asian landraces,
while relatively few were modern cultivars
(Atienza et al., 2004).
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Figure 1. Percentage of barley accessions (n = 110) per susceptibility class for 13 heterologous
rust fungi, wheat powdery mildew and barley leaf rust (Puccinia hordei), determined at the

seedling stage. After Atienza et al. (2004).
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None of the barley accessions was as
highly susceptible as the regular host to
the heterologous rusts. Therefore, Atienza
et al., (2004) accumulated susceptibility
alleles by convergent crossing of accessions
identified as fairly susceptible, selecting in
their progeny for higher susceptibility to
wheat leaf rust, P. triticina. This resulted in
an experimental line, called SusPtrit, with,
in the seedling stage, as high a susceptibility
to P. triticina as a typical susceptible wheat
accession. We followed the same procedure,
starting from different parental material, to
develop a line with very high susceptibility to
the heterologous rust P. hordei-murini, called
SusPmur (Atienza et al., 2004).

We developed two mapping populations by
crossing SusPtrit, the susceptible parent,
with the European cultivar Vada and the
South American cultivar Cebada Capa, the
parents that are regularly immune to the
heterologous rust fungi. These mapping
populations consisted of 152 recombinant
inbred lines for Vada x SusPtrit (V x S), and
113 recombinant inbred lines for Cebada
Capa x SusPtrit (C x S). We also found that
the Oregon Wolfe Barley population (OWB;
94 DH lines; Costa et al., 2001) segregated
for susceptibility to the heterologous rusts for
which barley was a near-non-host. Since the
parents of the OWB population have been
generated by convergent crosses of exotic
barley accessions (Costa et al., 2001), it was
not entirely unexpected that this population
would segregate for susceptibility to
heterologous rust fungal species.

Theavailability of boththebarleyresearchlines
with extreme susceptibility to heterologous
rusts and the mapping populations enabled us
to address the following research questions:

« |s host-status based on quantitative genes
or on the stacking of several R-genes?

e Do non-hosts have specific genes for
non-host-status, each effective against a
different pathogen taxon, or do the genes
have a broad spectrum of effectiveness?

« Isthe resistance of members of a non-host
species to a heterologous pathogen due to
shared resistance genes, or are different
members of the non-host species each
resistant due to a different set of genes?

e Is non-host resistance due to variation in
genes that have been identified as playing a
key role in perception, signal transduction
and defence?

e Are the genes that determine the (non)
host-status to a heterologous pathogen
also implicated in basal defence to the
related adapted pathogen?

The barley-rust model indicates clearly
guantitative genes for (non)host-status. The
mapping populations segregated quantitatively
and continuously. Figure2 presents two
examples of such segregation. Typically QTL
mapping led to the discovery of about two to
five QTLs that explain the resistance of the
resistant parent Vada or Cebada Capa to a
particular rust species (Jafary 2006; Figure 3).

The quantitative, polygenic inheritance
is also inferred from the fact that the
accumulation of susceptibility by convergent
crossing to produce SusPtrit and SusPmur
(Atienza et al., 2004) led to a gradual increase
in the level of susceptibility.

It has been proposed that non-host
resistance of plants may be due to R-genes of
the NBS-LRR type that recognize pathogen-
derived Avr factors (Heath, 1981; Schweizer,
2007; Jones and Dangl, 2006; Niks, 1988;
discussed by Lu et al., 2001). If several such
R-genes occur in combination and at high
allele frequency in the plant species, and if the
cognate Avr factors occur also at high allele
frequency in the microbe species, this would
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Figure 2. Frequency distribution of phenotypes for resistance to two heterologous rust fungi in
the barley mapping population Vada x SusPtrit. Values of the two parental lines are shown by
arrows. A. Puccinia triticina isolate Flamingo; F. P. graminis f.sp. lolii.

lead to redundancy, and the resistance would
be complete and durable. The resistance of
barley to wheat stripe rust (P. striiformis f.sp.
tritici) (Pahalawatta and Chen, 2005) and of
wheat to barley stripe rust (P. striiformis f.sp.
hordei) (Johnson and Lovell, 1994; Rodrigues
etal., 2004) seem indeed to be largely due to (a)
major gene(s) for hypersensitivity resistance.
However, in the crosses with SusPtrit and
in the OWB we found only one locus (on
chromosome 1H) carrying (a) major R-gene(s)
for hypersensitive resistance to heterologous
rusts: one contributed by Vada was effective
against P. hordei-secalini (Jafary et al,,
2006), and the other, contributed by the Rec
(the recessive parent of OWB), was effective
against P. hordei-secalini and P. hordei-
murini (Jafary, 2006). However, the R-gene
was backed-up by quantitative resistance. We
conclude that R-genes contribute occasionally
to the resistance to heterologous rusts, but
that quantitative resistance is a much more
prominent mode of inheritance of the trait.

The QTLs found to underlay the near-non-
host status of barley to heterologous rusts
had overlapping rust specificity, i.e. they
were typically effective against only one
or two rusts, and only a few were effective
against at least four heterologous rust species
(Figure 3; Jafary et al., 2006; Jafary 2006).

This combination of specificity and
broader spectrum effectiveness was also
found in the analysis of barley germplasm
and the development of the experimental line
SusPtrit (Atienza et al., 2004). Accessions
that were (moderately) susceptible to one
heterologous rust had a high chance of
also being somewhat susceptible to other
heterologous rusts. The accession Trigo Biasa
(from Indonesia) and L94 (from Ethiopia)
were rather susceptible to most heterologous
rusts to which barley is a near-non-host. The
line SusPtrit, selected for susceptibility to
P. triticina, was also very susceptible to the
other heterologous rusts to which barley is
a near-non-host, again suggesting a broad
spectrum effectiveness of the resistance
alleles that were selected against in SusPtrit.
At the same time, some lines were susceptible
to one heterologous rust pathogen and
immune or completely resistant to others. In
several cases, differential interaction occurred
between barley accessions and heterologous
rusts. This suggests that there are also genes
with high rust species specificity.

Is the resistance of members of a non-host
species to a heterologous pathogen due to
shared resistance genes, or are different
members of the non-host species each
resistant due to a different set of genes? One
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might expect that almost all immune barleys
would carry the common, i.e. resistance,
alleles for almost all loci on which SusPtrit
carries the (probably rare) susceptibility
allele. In that case, almost all susceptibility
alleles should appear in any cross between
SusPtrit with any immune barley. This was
not what we found.

In each population, different sets of
quantitative genes explain the resistance to
a particular heterologous rust (Figure 3). For
example, Vada and Cebada Capa share only
one QTL from nine for resistance to Phm
and Phs (Figure 3). Therefore, immunity
to a heterologous rust may be due to many
different sets of QTLs, indicating a high
redundancy of genes for resistance in the
barley species.

These observations also suggest that even
immune barleys contain some susceptibility
alleles on certain QTLs, and therefore will
not segregate for the same QTLs when
crossed with SusPtrit. This possibility is
consistent with the observation that crossing
exotic barley lines with slight susceptibility
to heterologous rusts, results in transgression
towards increased susceptibility, leading
to the research line SusPtrit with extreme
susceptibility (Atienza et al., 2004).

At first thought, genes involved in plant defence
are not likely candidates to determine the
(non)host status of plants. These genes, such
as peroxidases, MAPKinases, super-oxide
dismutase and BAX inhibitor 1, in general
are quite conserved and should be effective
against a broad spectrum of the same class
of pathogens. The barley lines SusPtrit and
SusPmur (Atienza et al., 2004) are very
susceptible to some heterologous rusts, but
they are fully resistant to several rusts to
which barley is probably a full non-host.
Therefore, it is unlikely that the susceptibility
of these lines to some heterologous rusts is
due to structurally defect key genes for

basal defence. However, an option is that
such basal resistance genes contain minor
sequence differences in promoter or coding
sequences, or both, that would be the point of
action of effectors to specifically reprogram
such genes in order to suppress defence.

The placement of the QTLs that were
found in the three mapping populations on a
consensus map (Marcel et al., 2007a) allowed
us to compare the QTL positions with the
position of EST-markers that have homology
with genes implicated in plant defence. They
were termed Defence Gene Homologues
(DGHs) (Marcel et al., 2007a). The BIN
system of the barley consensus map was
used to test by Chi-square test for a possible
association between the distribution of loci
for non-host resistance and the distribution of
63 mapped DGHSs (Marcel et al., 2007a). The
null hypothesis was rejected (Table 1) with a
very high probability (P < 0.001), suggesting
that there is an association in the distribution
of the QTLs and the DGHs over the consensus
map of barley. We compared the positions of

Table 1. Chi-square values for the probability
of independent distribution of barley QTLs
for partial resistance to leaf rust (QTLpr),
non-host resistance to heterologous cereal
and grass rusts (QTLnh), and defence
gene homologues (DGH), over BINs on a
consensus genetic map of barley.

QTLpr* QTLnh  DGH
Marker nr.? 23 37 63
BIN nr.© 22 27 43
QTLpr - 12.12¢ 9.42
QTLnh - - 10.93

@ mapping data were obtained from Jafary (2006)
for QTLpr and QTLnh; and from Marcel et al.,
(2007a) for QTLpr and DGH. ® number of (peak)
markers mapped on the consensus map of barley
(Marcel et al., 2007a). © number of barley BINs
(5 cM) occupied by the (peak) markers for the
respective class. ¢ in bold are the Chi-square values
for which the null hypothesis of independent
distribution is rejected with a probability P < 0.01
(with 1 df, P = 0.01 for x? = 6.634).
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the DGH-derived markers with the positions
of the QTLs for resistance to heterologous
rusts, and found that 31 of the 63 DHG-
based markers mapped within the LOD-1
confidence interval of the QTLs for non-host
resistance. The DGHs that associated with
the QTLs for non-host resistance include
peroxidases, MAPKinases, superoxide
dismutase and BAX inhibitor 1.

We conclude that indeed, QTLs for non-
host resistance may represent allelic forms of
certain defence-related genes.

In almost all plant-pathosystems there is
variation within the susceptible class of
plant accessions, ranging from moderately
to extremely susceptible. Such variation is
known as quantitative basal resistance. There
is evidence that this type of resistance is part
of the same system as non-host resistance:

e at least in powdery mildews and rust
fungi, the quantitative basal resistance is
typically predominantly pre-haustorial
and associated with formation of cell
wall reinforcements, also called cell wall
appositions or papillae (O’Connell and
Panstruga 2006), as in non-host resistance
to these pathogen classes; and

* genetic segregation for resistance to rusts
to which barley has a near-non-host status
tends to be associated with segregation for
levels of quantitative basal resistance to
P. hordei in barley, indicating that in part
the same genes are involved (Zhang et al.,
1994).

It would also make sense that non-host
resistance to heterologous pathogens and
quantitative basal resistance are associated.
Assuming genetic factors that determine
differences between plant species in (non)
host status to a would-be pathogen, it may
also be expected that such genetic factors
differ within a host plant species to that

micro-organism, making one host plant
genotype a more suitable host individual than
an other genotype of the same species.
Indeed, mapping of the QTLs for resistance
to heterologous rust fungi (Figure 3) confirms
that many of those QTLs map to positions
where in the same or different mapping
populations QTLs for basal resistance to
P. hordei are located. The chi-square test
indicates that this association is statistically
significant (probability P < 0.01) (Table 1).

The near-non-host status of barley to several
rust fungi that are adapted to grasses and
other cereals (Atienza et al., 2004) offers
great prospects for understanding the genetics
and specificity of resistance to unadapted
specialized pathogens. Tools that have been
developed are:

» hypersusceptible lines in which alleles for
susceptibility to heterologous rusts have
been accumulated (Atienza et al., 2004);

e a large collection of rusts of different
grasses and cereals;

e a large number of mapping populations
segregating for their level of (non)host
resistance to rust fungi of cereals and
grasses;

e BAC libraries of Vada, SusPtrit (Marcel
et al., these proceedings), Cebada Capa
(Isodore et al., 2005) and Morex (Yu et
al., 2000);

e advances in the development of barley
physical maps (Kinzel et al., 2000;
Stephens et al., 2004) and very dense
marker linkage maps (e.g. Marcel et al.,
2007a; Stein et al., 2007); and

e NIL-QTL lines for basal resistance have
been developed in susceptible barley
and barley with a high level of basal
resistance (Marcel et al., 2007b, 2008)
that demonstrate that the QTLs are robust
and most of them not obviously dependent
on genetic background.

In this contribution, we presented data on
the genetics of (near-)non-host resistance of
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barley to heterologous rusts. These rusts enter
through stomata to infect mainly the barley
mesophyll cells. That infection style does not
allow testing of candidate genes by reverse
genetics through transient transformation
by biolistics (Schweizer et al., 1999), since
that method only transforms epidermal
cells. Such epidermal cells are relevant for
powdery mildew fungi. Recently, we have
started to accumulate genes in barley for
unusual but natural susceptibility to wheat
powdery mildew (Blumeria graminis f.sp.
tritici), and lines with very high and very
low levels of quantitative basal resistance
to the barley powdery mildew (B. graminis
f.sp. hordei) (R. Aghnoum and R.E. Niks,
unpublished data). That material will allow
similar studies and comparisons to those
reported here for rust fungi, but with the
additional advantage of the amenability to
reverse genetics approaches.
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Abstract

Three foliar fungal diseases—net form of net
blotch (caused by Pyrenophora teres f. teres),
covered smut (Ustilago hordei (Pers.) Lagerh)
and spot blotch (Bipolaris sorokiniana)—
commonly occur in the northern production
regions of Australia and significantly reduce
yields and quality of harvested grain.
Many Australian commercial varieties are
susceptible to one or more of these diseases.
We have investigated quantitative trait loci
(QTLs) associated with resistance to these
diseases in a number of Australian doubled-
haploid (DH) barley populations. The three
DH populations, Alexis x Sloop, WI12875-
1 x Alexis and Arapiles x Franklin were
inoculated with P.teres f. teres to identify
QTL associated with NFNB field (adult plant)
resistance. The most significant QTL were
identified on chromosomes 2H and 3H in
both Alexis x Sloop and WI2875-1 x Alexis,
and on chromosomes 1H and 2H in Arapiles
x Franklin. The resistance was contributed by
Sloop, WI2875-1 and Arapiles, respectively.
The Alexis x Sloop population was also
inoculated with U. hordei to investigate
covered smut resistance. A resistance locus
from Sloop was identified on chromosome
7HS and explained 50% of the phenotypic
variance (LOD score of 19.7). A major QTL
conferring spot blotch seedling resistance
against all Australian isolates tested was
identified on chromosome 7HS in the

North Dakota line ND11231-12. This QTL
explained 60% of the phenotypic variance
in a ND11231-12 x VB9524 DH population.
Adult plant resistance to spot blotch was
mapped to this same region, where the QTL
explained up to 44% of the phenotypic
variance. A second QTL on chromosome
3HS was also detected, explaining up to 19%
of the phenotypic variance. These loci were
confirmed in the closely related population
ND11231-11 x WI2875*17.

Introduction

Three foliar fungal diseases—net form of
net blotch (NFNB; caused by Pyrenophora
teres f. teres), covered smut (Ustilago hordei
(Pers.) Lagerh) and spot blotch (Bipolaris
sorokiniana)—commonly occur in the
northeastern barley production regions of
Australia and significantly reduce yields and
quality of harvested grain. Many Australian
commercial barley (Hordeum vulgare L.)
varieties are susceptible to one or more of
these diseases.

P.teres f. teres is a highly variable
pathogen and at least thirteen different
pathotypes have been identified in Australia
(Platz et al., 2000). This variability, combined
with the adoption of reduced- or zero-tillage
practices, has increased the incidence of
NFNB significantly in recent years. A major
objective of the Australian barley breeding
program is to increase resistance to this
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disease in new barley varieties. Cultivated
barley lines that are resistant to NFNB at
both the seedling and adult growth stages
have been identified (Gupta et al., 2003).
Since seedling assays fail to detect adult
plant resistance (APR, i.e. resistance that is
manifested in mature plants but not in the
younger, seedling stages), trials to assess
adult plant resistance (APR) are sown in
the field with ratings taken after heading.
We have investigated the genetic control of
APR to NFNB in three Australian barley
populations. The same three populations
had previously been investigated for NFNB
seedling resistance (Raman et al., 2003). Our
goal was to determine which quantitative trait
loci (QTLs) were the major contributors to
APR in order to discover which independent
genetic regions might be combined with
seedling resistance (SLR) loci in a marker
assisted selection program, seeking to provide
stable resistance against the NFNB pathogen.

Growers  with  covered-smut-infected
grain face both yield loss and marketing
problems since grain contaminated with
covered smut is unacceptable for malting
and there is a nil tolerance imposed by
handling authorities. Fortunately, this disease
can be effectively controlled by fungicidal
seed treatments (Wildermuth, 1988) and
resistant lines are available. Nevertheless,
molecular marker-assisted selection for
covered smut is desirable, as screening for
this disease is space-, labour- and time-
consuming, with affected plants usually
not showing symptoms until ear emergence
(Willits and Sherwood, 1999; Grewal et al.,
2008). We have identified a major gene for
covered smut resistance in an Alexis x Sloop
doubled-haploid (DH) population. Expressed
sequence tag (EST) markers closely
linked to this gene have been identified by
successful application of the high resolution
melting (HRM) technique to map single
nucleotide polymorphisms (SNPs). HRM
is a post-polymerase chain reaction (PCR)
technique, which involves a standard PCR

reaction and the use of a double stranded
DNA binding dye. When melted, each PCR
product will exhibit a characteristic melting
or disassociation behavior (Montgomery et
al., 2007). Specialized HRM instruments can
plot the change in fluorescence that occurs
when double-stranded DNA amplicons melt
to form single-stranded DNA.

Bipolaris sorokiniana is found worldwide
in nearly every region where barley is grown,
but is especially prevalent in more humid
and higher rainfall areas. Work conducted in
the USA by Steffenson et al. (1996) on the
DH population Steptoe x Morex revealed
that SLR to spot blotch was monogenetically
inherited and was governed by the gene Rcs5
on the short arm of chromosome 7HS, and
resistance in adult stages by two QTLS: one
with major effect on chromosome 1HC and
another with minor effect on 7HS (Rcs5).
The SLR gene on 7HS was confirmed in a
Harrington x Morex population, although
the APR gene on 1HC could not be detected
and the gene on 7HS explained a major
percentage of the phenotypic variance
(Bilgic et al., 2005). Bilgic et al. (2005)
also studied spot blotch resistance in the
Dicktoo x Morex population and identified
three regions conferring seedling resistance;
a major QTL was identified near Rcs5 and
two minor QTLs on chromosomes 7HC and
3HS, respectively. APR QTL were identified
on 3HS, 3HL and 7HS (Rcs5). In Australia,
spot blotch predominantly occurs in sub-
tropical northern New South Wales (NSW)
and Queensland (QLD), where localized
yield losses of up to 70% have been reported
(G Platz, pers. comm.). The genetics of
resistance to spot blotch in barley, particularly
in Australia, is not well understood. Malting
cultivars bred in the upper mid-west of the
USA from the breeding line NDB112 have
provided durable spot blotch resistance for
over 4 decades (Bilgic et al., 2005; Steffenson
etal., 1996). We have tested the robustness of
this resistance to spot blotch under Australian
environmental conditions.
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Materials and methods

Two DH populations—Alexis x Sloop
(N=111) and Arapiles x Franklin
(N=225—and one population of
recombinant inbred lines established by
single seed descent, WI2875-1 x Alexis
(N = 153), were screened for resistance in
field plots for reaction to NFNB. The Alexis
x Sloop and WI12875-1 x Alexis populations
were also used for the identification and
validation of the covered smut resistance
locus, respectively. All three populations were
developed by the Australian National Barley
Molecular Marker program (NBMMP; Barr
et al., 2003; D.B. Moody et al., unpublished
data). Sloop (breeding line WI2875-22) and
WI2875-1 were reselected in the F, from the
F,-derived breeders’ line WI2875 (Barr et al.,
2003). Linkage maps for all three populations
had previously been constructed (Barr et al.,
2003; Willsmore et al., 2006).

The population ND11231-12 x VB9524
consisting of 180 DH lines was used to
identify the spot blotch QTL. A molecular
map of this population was produced by
Emebiri et al. (2005). The spot blotch
resistant parent ND11231-12 originated
from the two-row breeding program at North
Dakota University, Fargo, USA, and VB9524
from the Dept of Primary Industries, Victoria,
Australia. QTLs were validated in the DH
population ND11231-11 x WI2875*17.
ND11231-12 and ND11231-11 are sister
lines.

All parents were assessed for seedling
resistance (SLR) by inoculating them with
isolate NB330 when they were 23-24 days
old. This indicated that all parents were
susceptible at the seedling stage. APR
screening of the three populations was
conducted in the field at the Hermitage

Research Station, QLD. Spreader rows were
inoculated with field-collected conidia of
isolates NB329 (2003), NB329 and NB333
(2004) and diseased straw of NB330 (2005).
These isolates were of the same pathotype.
For further details of the methodology see
Lehmensiek et al. (2007).

Each line was inoculated using the spore
suspension method (Tapke and Bever,
1942). Race 5 spores were obtained from
the previous year’s smutted heads. Fungus-
inoculated seeds of 81 and 50 lines of the
Alexis x Sloop population were planted in
the field at Wellcamp, QLD, and screened for
covered smut in 2001 and 2002, respectively.
A further 20 lines of this population (which
had not been rated in previous years) were
screened in 2003 and again in 2004, together
with 28 lines of the WI2875-1 x Alexis
population. After harvest, plants were rated
for percentage incidence of plants with
smutted heads per experimental plot.

The population ND11231-12 x VB9524 was
screened for resistance in seedling glasshouse
trials (2005, 2006) at the Hermitage Research
Station, QLD, and in the field at Redlands
Research Station, QLD (2004, 2006). The
ND11231-11 x WI2875*17 population was
screened in 2006 in seedling glasshouse trials
and in the field at Redlands Research Station
using isolate SB61. The seedlings were rated
13 days post-inoculation, based on a 1-9
scale for increasing susceptibility (Fetch and
Steffenson, 1999). In the field trials, infection
response was determined at growth stage Z75
(Zadoks et al., 1974) on a similar scale.

Cartographer Version 2.5 (Wang et al., 2006)
was used for the QTL analyses. QTL effects
were considered to be significant if the log-
likelihood (LOD) score was > 3.
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Development of EST markers
and HRM analysis

EST markers were added to the region
containing the covered smut gene. Thirteen
loci on the distal end of 7HS with potential
to contain single nucleotide polymorphisms
(SNPs) were identified by applying a
comparative genomics approach using rice
sequence data. For further details of the
methodology see Lehmensiek et al. (2008).
EST amplification and HRM analysis
was performed with a Rotor-Gene6000 ™
(Corbett Life Science, Sydney, Australia). A
standard PCR protocol was used to amplify
the ESTs, detailed in Lehmensiek et al.
(2008). The melt analysis was performed once
amplification was completed by ramping the
temperature from 75°C to 95°C, raising by
0.1°C each step with continuous acquisition
of fluorescence. For the HRM analysis the
fluorescence versus temperature graphs were
normalized to 100 to allow all the curves to
be compared, thus having the same starting
and ending fluorescent signal level. The raw
data graph was used to adjust the regions of
normalization. This was done according to
the protocol provided by the supplier (Corbett
Life Science, Sydney, Australia).

Results

The three populations—Alexis x Sloop,
WI2875-1 x Alexis and Arapiles x
Franklin—were inoculated with P. teres f.
teres to identify QTLs associated with NFNB
field (adult plant) resistance (Figure 1). The
most significant QTLs were identified on
chromosomes 2HC and 3HL in both Alexis
x Sloop and WI2875-1 x Alexis, and on
chromosomes 1HS and 2HS in Arapiles x
Franklin. The resistance was contributed by
Sloop, WI2875-1 and Arapiles, respectively.
Only the QTL on 7HS was contributed by
Alexis. Detailed results can be obtained from
Lehmensiek et al. (2007).

The Alexis x Sloop population was also
inoculated with U. hordei to investigate
covered smut resistance. A single region,

contributed by Sloop, was located on
chromosome 7HS (LOD score 16.7) and
explained 51% of the phenotypic variance
(Figure 1). This major locus for covered smut
resistance was confirmed in the validation
population WI2875-1 x Alexis and was
designated CS.A/S-7HS. The QTL peak was
located at the most distal marker on the
map (abg704) and it was therefore possible
that CS.A/S-7HS was located closer to the
telomere. Polymorphic microsatellites or
other PCR-based markers known to map to
this region could not be found. The colinearity
of the barley and rice genomes was therefore
investigated to identify potential EST markers
from this region. Sequences of twelve barley
EST markers in the telomeric 7H region were
obtained and primers designed. A derived
cleaved amplified polymorphic sequence
(dCAPS) marker (BV078160) obtained from
Bulgarelli et al. (2004) was also tested. Seven
of the 13 EST markers produced a single
fragment of the same size in both parents,
while one marker (AV836787) was co-
dominant. The 7 non-polymorphic markers
were amplified with the Rotor-Gene™
6000 and HRM analysis was subsequently
performed. A difference in T _ indicating a
SNP could be identified in 2 of the 7 ESTSs,
CK123008 and BV078160. The normalized
HRM graphs for both markers are illustrated
in Figure 2.

The SNP markers CK123008 and
BV078160 and the co-dominant marker
AV836787 were mapped onthe Alexis x Sloop
map. Marker AV836787 was located 2.7 cM
distal to marker abg704 and CK123008 was
located 4.6 cM distal to AV836787 (Figure 3).
Marker BV078160 mapped 4.2 cM proximal
to abg704. Re-analysis of the covered smut
data indicated that CS.A/S-7HS was located
closest to marker AV836787 with an increase
in the LOD score from 16.7 to 23.6 (Figures
1 and 3). The average phenotypic variance
explained increased from 51% to 57.2%.

A highly significant single major QTL
conferring spot blotch seedling resistance
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Figure 1. Approximate chromosomal locations of NFNB, covered smut (CS) and spot blotch
(SB) QTLs. Map construction was based on segregating markers across the three populations,
Alexis x Sloop (Al/S), WI2875-1 x Alexis (W/AI) and Arapiles x Franklin (Ar/F). QTL locations
for the ND11231-12 x VB9524 (ND/VB) population were estimated based on common markers.
Map distances are not given as marker positions are approximations. The naming convention for
the identified QTL uses the format ‘QNFNBAPR.AL/S-2H’ indicating a QTL for resistance to
NFNB, followed by ‘APR’ or ‘SLR’ indicating whether it is an adult plant or seedling resistance
QTL. This is followed by the cross in which the QTL was identified and the chromosome on
which the QTL was mapped. The lowest and highest LOD scores and phenotypic variances
explained across years are given in brackets. The underlined EST markers on chromosome 7H
were added to the map.

against all Australian isolates tested confirmed in the closely related population
was identified on chromosome 7HS in ND11231-11 x WI12875*17.

the ND11231-12 x VB9524 population
(Figure 1). While field trial results confirmed

: Discussion
the major QTL on chromosome 7HS,
they identified a second major QTL on We have investigated the location of resistance
chromosome 3HS, also inherited from genes for three important Australian barley

ND11231-12 (Figure 1). These loci were foliar diseases and have identified markers
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Figure 2. Normalized HRM curves for marker CK123008 (left) and marker BV078160 (right);
two independent samples of parent Alexis (black solid lines) and Sloop (black dashed lines) and

8 progeny (gray) are shown.

CK123008
46 AVB36787 -
27 ABGT704
1.3 P13/IM50-272
gg BVO7 8180
29 P14/MB1-138
' Ebmac713 BCD128

Ebmagi94 Bmag206

Figure 3. Location of the covered smut (CS) gene on chromosome 7H of the barley cross Alexis
x Sloop showing the result for the average taken across four years. Map distances (cM) are given
on the left and the EST markers have been underlined.

that could be used in breeding programs.
Differences were observed between APR
QTL for NFNB and SLR QTL previously
published by Raman et al. (2003). Even
though some genomic regions involved in
APR were similar to those for SLR, the
resistance was contributed by the other
parent. These differences almost certainly
result from the use of isolates from different
pathotypes in the two studies. For example,
isolate NB34 in the SLR study (Raman et al.,
2003) isavirulenton Franklin (rating = 3) and
moderately virulent on Alexis (rating = 6.5),

while isolate NB330, used in this study, is
virulent on seedlings of both these lines
(rating = 10). Pathogen variability and the
use of different pathogen isolates by different
research groups make the comparison of
independent studies difficult. Given that
a race structure is recognized but poorly
characterized in P.teres, thorough testing
of promising resistant materials against a
wide range of isolates is essential. Attempts
are underway to establish an international
differential set of host lines for determination
of NFNB pathogenic races, coupled with an
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international naming convention for each race
identified. Such a differential set would aid in
the identification of individual isolates and
enable researchers to identify race-specific
and race-non-specific (if they exist) QTLs for
both seedling and adult plant resistance.

The NFNB QTL contributed by Alexis on
7HS was located in the same region as the
major covered smut gene, CS.A/S-7HS. The
addition of two EST markers distal to marker
abg704 indicated that the covered smut gene
was located closest to EST AV836787. Re-
analysis of the NFNB data, after the addition
of the two EST markers, indicated that
abg704 is still the closest marker to the NFNB
gene, suggesting that this locus is located a
few cM proximal to CS.A/S-THS. The SLR
and APR spot blotch QTL identified on 7HS
in the ND11231-12 x VB9524 population
are located a few cM proximal to the NFNB
QTL. The spot blotch QTLs are in the region
of the spot blotch gene, Rcsb5, identified
in other studies (Steffenson et al., 1996;
Bilgic et al., 2005). The APR spot blotch
QTL identified on 3HS in the ND11231-12
x VVB9524 population is in a similar region
to the APR QTL identified in the Dicktoo x
Morex population (Bilgic et al., 2005).

HRM analysis provides a quick way of
mapping SNPs without sequence knowledge
or electrophoresis and is also useful as an
alternative method for scoring known CAPS
markers. The dCAPS marker BV078160,
mapped by Bulgarelli et al. (2004), was
examined in our study. dCAPS markers are
normally amplified by standard PCR, the
product digested with a restriction enzyme
overnight and the fragments compared
on an agarose gel. Use of HRM analysis
immediately after the PCR step eliminates
the need for restriction enzyme digestion and
gel electrophoresis, and results are obtained
within two hours of commencing PCR. The
BV078160 marker was mapped 4.2cM
proximal to marker abg704 in our study,
which is similar to the estimate of 5.6 cM
for this interval indicated by Bulgarelli et

al. (2004) using 93 recombinant lines of
a Thibaut x Micro population. The HRM
technique clearly has applications for trait
mapping across a wide range of crops.

From this study it is clear that a cluster
of resistance genes is present on the 7HS
chromosome. Other disease resistance
genes have been mapped to this 7HS region,
including the leaf and stem rust resistance
genes, R