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CHAPTER 1

General Introduction



Chapter 1

Salinity stress: an important trait in a changing world

The world population continues to increase rapatiyl is expected to reach 9 billion by 2050
(FAO 2008). Agriculture will have to increase it productivity by 70-110% in 2050 to
feed that world (Tester and Langridge 2010; Tilnearal. 2011). This task is challenging, as
not only we must increase crop yields by a marginseen before but also we have to do this
in a changing climate (Roy et al. 2011). Climataraye associates with increased exposure to
abiotic stress factors such as water scarcity agdelvtemperature, flooding and salinity, all of
which have major impacts on crop yields. Salingtyonsidered to be the most severe among
abiotic stresses (Tuteja 2007). Soils are claskidie saline when elevated levels of soluble
salt are present (EC of 4 ds/m or 40 mM NaCl) (Muramd Tester 2008). There is an
increased demand for new salt tolerant crop vagedis salinization already affects 20% of
the global area of highly productive irrigated laartt 2% of the world’s rainfed areas which
account for over 800 million ha worldwide. This @iie expected to expand significantly with
a rate of 10% annually in the coming decades dushémging climate conditions and poor
cultivation practices (Bennett and Khush 2003). &ienenhancement of crops is one of the
most important strategies to increase productiwitgrops under less then optimal agricultural
conditions.

Plant responses to salinity stress

Salinity above a threshold level of 40 mM NaCl oil svater causes two types of stress in
plants, often referred to as osmotic and ionicssti&ig. 1), which both significantly reduce

crop yield (Munns and Tester 2008). Osmotic stegfects occur immediately after exposure
to saline conditions in the root environment. Osmetress induces stomatal closure and
influences cell growth and metabolism, affectingahgrowth rate, shoot dry matter, and

total leaf area.

lonic effects of salinity stress are manifestedaggr stages following exposure to high salt
levels, often after 2-4 weeks (Flowers et al. 199linns and James 2003; Munns and Tester
2008; Rajendran et al. 2009). The ionic stress” (Idad/or Cl specific effects) is
superimposed on the osmotic effects and showedtegrggnetic variation than osmotic
effects (Munns et al. 2002). Metabolic toxicity N&" is largely a result of its ability to
compete with K for binding sites essential for cellular functiddigh Na/K" ratios can
disrupt various enzymatic processes in the cytopl@Bester and Davenport 2003). lonic
stress is associated with a reduction in chlordpbhghtent and inhibits photosynthesis,
inducing leaf senescence and premature leaf delthic stress thereby reduces
photosynthesis capacity, biomass and yield (Islal.e1998; Tester & Davenport 2003). As
NaCl is a major constituent of saline soil, plaatsumulate Naand Clions up to levels that
are toxic. Shoot Natoxicity is associated with reduction of stomatahductance while high
shoot Cl levels directly affect chlorophyll and inhibit Rlosystem Il (Tavakkoli et al. 2011).
Higher Nd and CI contents in plant cells are seen as the key faa&sponsible for ionic
stress (Munns and Tester 2008; Rajendran et a@;2ZD@in et al. 2009).
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There are numerous studies and reviews that digtesselation of N§ K™ and K/Na’
homeostasis with salt stress tolerance in croptpl@vaathuis et al. 1992; Apse et al. 1999;
Blumwald et al. 2000; Maser et al. 2002; Tester Bagenport 2003; Apse and Blumwald
2007; Horie et al. 2009). The role of @Gbmeostasis in salt tolerance is much less uroatst
(Teakle and Tyerman 2010). The high levels of tGat accumulate in the leaves of plants
grown under saline conditions will have detrimemff&cts on the plants (White and Broadley
2001). Therefore, it is remarkable that little stiic effort has been directed to the effects of
CI" content in relation to crop salt tolerance, anduo knowledge there are no reports on the
genetic control of this trait. Only recently sevestudies demonstrated that handling of Cl
may be very important for salt tolerance in sonmosrincluding barley (Teakle and Tyerman,
2010; Tavakkoli et al. 2010a, b).

Mechanisms of salt tolerance in plants

There is extensive variation in mechanisms thattplatilize to adapt to salinity stress (Maas
1986; Greenway and Munns 1980). Unfortunately nobshe agricultural crops are sensitive
or hypersensitive to salt stress (and are so cagligmbphytes). While halophytic species are
highly salt tolerant and can continue to grow aggloduce at salinity levels even higher than
that of seawater, none of the modern crops aretaliderate more than 25% of the salt stress
levels of seawater without yield and growth losSdse high salt tolerance of halophytes is
attributed to special anatomical and morphologagdptations, or mechanisms of avoidance
(Greenway and Munns 1980). However, halophytesrane among the 250,000 species of
flowering plants (Flowers and Flowers 2005). Thequa characteristics of halophytes are
believed to be difficult to transfer to crop plar(8owers 2004). Previous studies have
classified plants into two categories: salt inchsdand salt excluders. Salt includers take up
Na" and translocate it to the shoot, where it is sstgued and used as vacuolar osmoticum-so
called tissue tolerance. Salt excluders on therdthed adapt to saline stress by avoiding Na
uptake (Mian et al. 2011a).

Halophytic species deploy mechanisms like efficitld sequestration into the vacuole,
which does not only keep cytosolic Ni@w, but also enables these plants to usé a¢aan
osmoticum to maintain cell turgor and growth. There higher Na uptake can even
stimulate the growth of halophytes (Blumwald 200Bhprovement of salt tolerance in
glycophytic crops like rice and durum wheat hasnbaehieved by the development of
cultivars with low N4 in shoot or high K/Na" ratio (Gregorio and Senadhira 1993; Tester
and Davenport 2003; Ren et al. 2005; Munns andef,e2008; Thomson et al. 2010; Munns
et al. 2012).
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Figure 1. An overview of plant adaptive responses to salisitgss. High salt concentration in soil
water causes osmotic stress in root area. longsstis associated with the accumulation of high Na
and CI concentrations in root and more importantly irf kssues. Glycophytes and halophytes adapt
to saline stress by avoiding accumulation of taaitinto roots, restricting ion uptake to the shimit

not always) and synthesis of compatible solutethencytoplasm. Intracellular ion compartmentation
and ion sequestration into vacuole or use of sadfredion to cope with salinity stress are the
mechanisms more often found in halophytes tharoglygtes.

Mechanisms of salt tolerance at molecular level

Plants utilize three common mechanisms of saltdalee in plants (Munns and Tester 2008;
Rajendran et al. 2009):

e osmotic adjustment;
« adequate control of Naiptake by the roots and Nexclusion from sensitive tissue;
« tissue tolerance (Nanclusion; Na compartmentation).

These mechanisms are controlled by integrated plogscal, biochemical and signalling
pathways (Zhu 2001). Osmotic adjustment involves #ynthesis and accumulation of
compatible solutes within the cytoplasm. Compatilsielutes are small water-soluble
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molecules that comprise nitrogen-containing complsusuch as amino acids, amines and
betaines, but also organic acids, sugars and m(@&ien et al. 2007a). The function of the
compatible solutes is not limited to maintainingnagic balance. Compatible solutes are
typically hydrophilic and may be able to replacetevaat the surface of proteins or
membranes, thus acting as low molecular weight etwaqes (Carillo et al. 2011). These
solutes also function to protect cellular strucsutbrough scavenging Reactive Oxygen
Species (ROS) (Hasegawa et al. 2000a).

High concentrations of Naand Cl are toxic to all plant cells. The capacity of ptamo
maintain a high cytosolic ¥Na' ratio is likely to be one of the key determinaotplant salt
tolerance. Several genes and transporters thasplise to maintain a high"Afa’ ratio have
been identified and characterized (Munns and Te2@88; Jamil et al. 2011) (Fig. 2). These
include:

(1) N&/H" antiporters in plasma membranes that removefidan the cytosol as part of the
regulatory SOS pathway (Zhu 2001). Three salt gv&hsitive (SOS) proteins (SOS 1, 2 and
3) play a regulatory role in the expression andvigtof ion transporters to maintain a low
cytoplasmic concentration of Nander salt stress. Zhu (2003) proposed that @iprétnase
complex consisting of the calcium-binding prot&39S3 and the serine/threonine protein
kinaseSOX2 is activated by a salt-stress elicited calciummaigThe protein kinase complex
then phosphorylates and activates various ion paters, such as the plasma membrane
Na'/H" antiporterSOSL.

(2) Vacuolar N¥H" antiporters (NHXs) (Apse et al. 1999; Blumwaldkt2000) and energy
suppliers of these NHXs (like Houmps:HVA/68 andHVP1) (Ligaba and Katsuhara 2010).
NHX proteins sequester N the vacuoles and provide an efficient mechartisravoid the
deleterious effects of Nan the cytosol and maintain osmotic balance (Glehml. 1999;
Apse et al. 1999). Similarly, Cis likely transported into the vacuole by aniocangporters
such as CLC proteins (Teakle and Tyerman 2010rdlfand Pusch 2010).

(3) High-and-low affinity K transporters (HKT) (Shabala and Cuin 2008; Shakalal.
2010). The HKT family consists of two classes whitimction either as specific Na
transporters or Naand K co-transporter (Hauser and Horie 2018KT2;1 was shown to
enhance Nauptake and higher Naconcentration in xylem sap (salt including behavjo
which correlated with increased salt tolerance (iveaal. 2011). Many others suggested that
Na’ exclusion from the shoot is associated with sa#éirance and that genes from tHKT1
subfamily such aglKT1;4 and HKTL;5 are involved (James et al. 2011; Munns et al. 2012
Shabala et al. (2010) pointed out that both satfusion and inclusion are important for
barley salt tolerance. Indeed, barley is a goodnga of a crop that combines halophytic and
glycophytic properties, and thus might be a goodieh@rop to study the both glycophytic
and halophytic mechanisms that can be utilizedopecwith salinity stress (Munns et al.
2002; Munns and Tester 2008; Mian et al. 2011).
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Figure 2. General functions and localization of Nand Cl transporters. Nauptake at the soil-root
boundary occurs via non-selective cation channels like CNGCs. dphyés, K channels such as
AKT1 may also be involved in Naiptake HKT1:1 helps to control the accumulation of Na shoots
and retrieval of Nafrom xylem. HKT2:1 mediates high affinity uptake of Nébut may also
participate in Naxylem loading.HKT1;5 reduces the xylem Naoncentration and shoot Nibad.
Na" efflux into the vacuole and apoplast occurs via antiport sysfehi1 at the tonoplast an8OSL
at the plasma membran80S1 may also mediate xylem loading of Nalong with other antiporters
such as CHXs. Chloride channels (CLCs) may be involved in compagtiom of Cl into the
vacuole and chloride cation co-transporters (CCCs) may teexjdem loading of Clin the plant.
The mechanism and identity of @ptake systems are not known (Mian et al. 2011b).

Barley: a model crop for salt tolerance studies?

Barley Hordeum vulgare L.) is the fourth most important cereal crop wariilde after maize,
rice and wheat in terms of total production andscwnption (Schulte et al. 2009). About two
third of the global barley crop is used for anirfe#d. The remaining one third is used for
malting, brewing and distilling. Besides, barleyais energy source in human diet in many
parts of the world.



General introduction

Barley has been an important model species in igldsf of genetics and mutagenesis, in
particular for cereal species. This was becausts dfiploid self-pollinating crop species with

a low chromosome numbern(2 14) and a relatively short life cycle, which can hativated

in a wide range of climatic conditions and is etsyse in cross-breeding (Saisho and Takeda
2011). It has however a large genome (> 5Gbp) (Beeramd Smith 1976) which in the era of
genomics is a negative point. Over the last centtueye has been a steady increase in barley
production (Schulte et al. 2009) and scientistselel that with the increasing global
temperatures and the challenges posed by climategeh barley cultivation will expand even
more because of its excellent adaptation to halismatc conditions (Maas and Hoffman
1977; Greenway and Munns 1980; Munns and Teste8;206vo and Chen 2010).

Cultivated barley originates from wild barleMdrdeum spontaneum) and was domesticated
within the Fertile Crescent (Kilian et al. 2006 ¢omparison to other wild cereals, wild
barley is widely distributed (Harlan and Zohary @98levo 2007). Both genetic diversity and
the adaptation to a broad spectrum of micro-ecoldgiconditions including water
availability, temperature, soil type and altitudevé strongly influenced the development of
salt tolerance in barley. This has resulted in ch rjenepool with a large variation in
adaptation to abiotic stresses including droughtl @alinity (Nevo and Chen 2010).
Therefore, scientists have advocated barley asueces®f favourable alleles to be used in
cereal salt tolerance improvement by means of adrweal and molecular approaches
(Colmer et al. 2006; Munns et al. 2006). Salt tokrstudies demonstrate that barley exhibits
glycophytic features (a better capacity of exclgdMa from uptake by the roots of salt
tolerant cultivars in comparison with salt sengtmultivars (Chen et al. 2007) while others
report halophytic features (especially barley'samty to sequester Nan the vacuole and
therefore maintaining high'¥Na' levels in the cytosol while reducing damage dusaidium
toxicity (Greenway and Munss 1980; Shabala et@02Mian et al. 2011a).

Recently, barley genomic resources have been des@lGaisho and Tekada 2011) including
a large collection of DNA markers and several Higsity genetic maps (Close et al. 2009;
Schulte et al. 2009). Advanced mapping populatimtuding near-isogenic lines (NIL)
(Marcel et al. 2007) and chromosome segment substit lines (SSSLs) (Fukuoka et al.
2010) were developed to facilitate genetic dissectf quantitative trait loci (QTLs). The
deployment of a novel association mapping techn{¢maakman et al. 2006) combined with
the use of high density maps (Pasam et al. 20135eG3dt al. 2009; Waugh et al. 2009) enables
us to efficiently exploit natural genetic variatiasf the barley genepool. More recent
innovations in sequencing technology and barleyogea sequencing that is expected to
complete in 2012 will greatly facilitate gene digeoy in barley for cereal breeding (Schulte
et al. 2009).

Improvement of salt tolerance in cereals

Over the past decades, various breeding approdehes been undertaken to improve salt
tolerance in crops (Gregorio et al. 2002; Munnale2006). However there has been very
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little success in this field. New salt tolerantieties of crop including rice and wheat were
reported in only few countries around the worlcelik the Philippines, India and Pakistan
(Bennett and Khush 2003). Screening of a largeecttin (~5000 accessions) of bread wheat
in Australia and 400 Iranian wheat varieties inifoahia for salt tolerance has identified
several accessions and lines that produced seéés high salt concentration (50% seawater)
or gave high yields on saline soil. So far no nativar has been developed from the
identified tolerant accessions (Munns et al. 2006).

Classical selection is a laborious task and is aatam with problems in developing
appropriate and reproducible testing environmelany genes control the traits that may
involve in salt tolerance. These genes are expiedgterently during the lifetime of the
plants and in different tissues, and are influengganany environmental factors (Roy et al.
2011). This complexity makes salt tolerance ditti¢a breed for. Improvement of crops for
salt tolerance therefore demands tools that erthbléissection of salt tolerance in traits that
can be resolved in genetic components, which mary tie combined in a salt tolerant variety.
Plant breeders look for more reliable approacheis thie help of molecular markers (Collard
and Mackill 2008) or transgenic approaches (Flov2&@4; Arzani 2008).

Most of the genes that may contribute to salt &zlee still remain to be discovered even in
model crops like Arabidopsis and rice (Colmer et28l05). In addition, salt tolerance is a
multigenic trait, therefore large improvement basedmodification of a single gene is not
likely to occur (Colmer and Munns 2005). Identifioa of new traits contributing to salt
tolerance can be done through direct classicatsefein stressful environments or based on
mapping studies of quantitative trait loci (QTL) dltand 2007). Currently, association
mapping offers an attractive and powerful appra@ctdentify additional genes contributing
to the naturally occurring variation for salt t@ace in varieties, landraces and wild relatives
of crops (Flint-Garcia 2003). Once the moleculasibaof the traits contributing to salt
tolerance has been established, marker-assistectisal (Collard and Mackill 2008; Munns
et al. 2012) can be used to efficiently exploit tiesv traits and genes, or genetic modification
technologies to generate transgenic plants withrehgenes or altered expression levels of
existing genes to improve the degree of salt talera

Suitable selection tools to screen large mappimuilations and produce accurate information
on traits are essential for the identificationraits and genes for salt tolerance breeding. This
will give insight on the presence/magnitude of bieeitable variation for the tolerance traits,
their inheritance and the magnitude of genotypewrenment interactions.

Plant phenotyping

To unravel the genetic basis of complex traits bkt tolerance, it is necessary to associate
genotypic marker information with the correspondatgnotypic data. Precise phenotyping is
a key to finding and introducing new genes for salktrance into crop plants (Munns et al.
2006). Recently, progress in DNA marker and segagntechnologies has enabled high
throughput genotyping of many individual plantsreatively low cost. The development of
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fast and reliable methods to evaluate large numbkgenotypes is important to fully take
advantage of the fast development of biotechnoddgiechniques and to facilitate genetic
dissection of complex traits.

Classical selection for performance and yield uns&line field conditions has various
limitations related to variation induced by varmbénvironmental factors such as soil
heterogeneity and weather conditions (Isla et @81 Chen et al. 2005; Munns et al. 2006).
The useful physiological traits contributing totswlerance and the genes underlying these
traits can be identified more efficiently under lagfined controlled environmental
conditions (Cuin et al. 2008). Successful screemmgghods that were utilized recently to
evaluate the responses of cereals to salinity warged out on hydroponics (Munns and
James 2003; Chen et al. 2005) or on sand and asdebsubstrates (Munns et al. 2002;
Tavakkoli et al. 2010b). The shoot N&I) content and KINa' ratio have been suggested as
reliable traits for salt tolerance selection inpg@Munns et al. 2002; Tester and Davenport
2003; Munns and Tester 2008). Genetic analysisgusaits affecting ion homeostasis has
identified QTLs that are defined by Nand K transporters that contribute to salt tolerance in
rice (Bonilla et al. 2002; Ren et al. 2005) andavimeat (Munns et al. 2012). Similar studies in
barley surprisingly have not yet revealed genessédt tolerance, even though — or maybe
because- it is the most salt tolerant cereal cbyabala et al. (2010) and Mian et al. (2011)
showed that both ion exclusion and inclusion cbote to barley salt tolerance. More
accurate and appropriate screening procedures raagebded that allow multiple-stage
measurements of salt stress during the life cy€lbanley. Moreover, the methods should
enable investigation of the combination and inteoaceffects between different traits and
include CI toxicity as Cl is a “forgotten enemy” for salt tolerance reseaf®tunns and
Tester 2008; Teakle and Tyerman 2010).

QTL mapping

QTL mapping has been a key tool to the study theetye architecture of complex traits in
plants (Kearsey 1998). Most agronomically importaaits such as yield, grain quality and
resistance/tolerance to biotic and/or abiotic sgesare complex traits. Genetic architecture
refers to numerous genome locations with genesatfatt the traits, the magnitude of the
effects, and the relative contribution: additivepdnant and epistatic effects (Holland 2007).
The detection of QTLs of agronomical importance dhe underlying genes has greatly
increased our understanding of the complexity @hitdr (Salvi and Tuberosa 2005).
Understanding and further identifying QTLs that ern@ the traits will significantly
contribute to breeding through marker-assistedctiete (Collard and Mackill 2008) and
pyramiding of multiple favourable alleles (Yanga¢t2012).

Biparental (traditional) QTL mapping based on aykrsegregating population derived from
two homozygous parental genotypes has been the oarapproach for genetic dissection of
salt tolerance in rice (Koyama et al. 2001; Limet2004; Lee et al. 2006), wheat (Dubcovsky
et al. 1996; Genc et al. 2010a) and barley (MartbTaakeda 1997; Ellis et al. 2002b; Xue et
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al. 2009; Witzel et al. 2009b). Several loci wesarfd to encode members of the HKT-family
of ion transporters which significantly improve ts@lerance like th&altol locus (Bonilla et
al. 2002) andKCl1 locus (Ren et al. 2005) in ricknpal locus in bread wheat (Dubcovsky et
al. 1996), andNaxl andNax2 in durum wheat (Byrt et al. 2007; Munns et al. 201At the
same time, biparental QTL mapping has limitatioekted to the poor sampling of allelic
variation present in the genepool for each of te affecting the traits, lack of segregation
for many traits, and poor resolution (Flint-Gar@@03). Biparental QTL mapping detects
genomic regions associated with traits with an exoy ranging on average from 10-30
centiMorgans (cM) (Salvi and Tuberosa 2005; Beroa2008) such chromosomal regions
could harbour a few hundred up to several thouggeres (Ingvarsson et al. 2010). This
explains why only few causal genes underlying majéect QTLs have been identified or
cloned yet (Mackay and Powell 2007). Therefore @atul fine-mapping or other methods to
improve the mapping accuracy are needed to eftigi@xploit the genetic variation for salt
tolerance in barley germplasm.

Association mapping

In recent years, association mapping has been athobcas the method of choice for
identifying loci involved in the inheritance of c@hex traits in human genetics. This method
involves identifying markers associated with theemdtypes of interest found in a set of
unrelated individuals (Pritchard et al. 2000). Asabon mapping or linkage disequilibrium
approach has recently been introduced in planttgeresearch as well (Flint-Garcia 2003;
Kraakman et al. 2006; Cockram et al. 2010; Zhaal.€2007b; Atwell et al. 2010; Kloth et al.
2012) and they have been demonstrated to be praytisiexploit the full potential of novel
molecular marker and sequencing technologies (Zlal 2008).

Association mapping relies on the presence of-&issbciated linkage disequilibria in

collections of widely diverse germplasm (Mackay &avell 2007). It makes efficient use of

all the recombination events that have occurrethduhe long evolutionary history of a crop

species, producing much smaller linkage blocks thase found in biparental QTL mapping

studies (Nordborg and Tavare 2002). In additiospeastion mapping addresses all major
allelic variants of QTLs affecting the traits ofudy when performed with an adequate
association mapping panel representing most ofriy@s genepool.

In association mapping linkage disequilibrium (LBlxys a central role. LD is a population

statistic for non-random association between alefedifferent polymorphic loci. The decay

in LD among neighbouring markers determines thekerafiensity and experimental design
needed to perform association mapping successflilykage, selection, mutation and

admixture all affect the level of LD. LD also depsnon the mating system and therefore
varies from species to species as well as betweenlg@tions within species (Flint-Garcia

2003; Rostoks et al. 2006).

10
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An association mapping panel covering a wide ggagcal area, locations of adaptation with
a good representation of its evolutionary histosyally is not fully random due to familial
relatedness and may show different types of stradfritchard et al. 2000). This may result
in spurious marker-trait associations (Zhao et2807). Therefore it is important to have
proper statistical methods and strategies to civannsuch complications (Patterson et al.
2006). The most popular way is to classify the memlmf an association mapping panel and
incorporate the clustering information in the sti¢al models in which markers are tested
within the identified subpopulations (Pritchardaét2000; Falush et al. 2003; Balding 2006).
Other promising approaches to control populationcstire are the use of mixed models to
account for difference in genetic relatedness betwmanel members (kinship matrix) (Yu et
al. 2006; Malosetti et al. 2007). While estimatipgpulation structure is computational
demanding, Patterson et al. (2006) introduced darnrediate approach using genetic
principle component analysis (PCA) to deal with greblem of spurious associations. The
method by Patterson is fast, simple and works wighl large data sets.

In barley, several association mapping studies baea published that showed differences in
occurrence of LD between markers. Studies withmaidid number of AFLP or SSR markers
showed LD between markers up to 10 cM apart (Kreaket al. 2004; Malysheva-Otto et al.
2006). Zhang et al. (2009) and Comadran et al. Qe@bowed the presence of LD among
markers around 3.5¢cM in a study of a panel with Cadadian and 192 Mediterranean barley
lines using around a thousand DaRT markers. A stdidydiverse worldwide barley (around
200 genotypes) collection with 45 ETS-SSR markeysorted a substantial influence of
population structure on LD due to geographicaliorgf panel members and number of ear
rows showed slow LD decay (Haseneyer et al. 20R@%am et al (2012) reported LD decay
at 7-10cM using the same population and denserenankp.

Association mapping has been successfully useddalite QTLs for traits of agronomical

importance in barley (Kraakman at al. 2004; Waughale 2009; Pasam et al. 2012).
Complementary to biparental QTL mapping, assoalat@pping studies for salt tolerance in
barley would greatly help to unravel the complexitythe genetic architecture of this trait and
help to optimally exploit the genetic variation fop salt tolerance improvement.

This thesis

The research presented in this thesis aims toifgdmits and genes that underlie salinity
tolerance in barley.

The objectives are:

1. To understand key traits determining salt tolerance

2. To provide new tools and strategies to better ekiile available genetic variation for
salt tolerance present in the germplasm of barley;

3. To evaluate genetic variation in available segiaganapping populations as well as
in a worldwide barley collection with regard totdalerance;

11
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4. To determine genetic architecture of salt toleranoel related traits using both
traditional QTL mapping and novel association magpi

5. To characterize QTLs and possibly candidate gehas dontribute to the genetic
variation in salt tolerance in barley and generatidtightly linked molecular markers
that can be used in plant breeding.

In Chapter 2 the response of a set of parentadbrgdines to different levels of salt stress
was evaluated on a hydroponics system, and botht s#ron and longer term effects were
monitored. Measured traits included contents o§igiNd, K*, Mg?*, C&* and Cl) in roots
and shoots. Genotypic differences in ion compasiinod performance over time were used to
get a better insight in key factors influencing osic and ionic stress, the two stages of
salinity tolerance. This study allowed the selectiof barley parental lines that utilize
different mechanisms for salt tolerance for furthezeding studies.

In Chapter 3, genetic analysis of the variationepbsd in various salt tolerance traits of the
Steptoe x Morex doubled haploid (DH) mapping popaorais described. Steptoe and Morex
were selected based on the differences in saltatade between these two lines, which was
found to relate to Naand Cl contents in the shoot (Chapter 2). Major QTLs wutihg Na’,

Cl, K* and C4&" homeostasis in shoots and roots of barley weretifigghthat correlated to
root and shoot growth under salt stress.

The study described in Chapter 4 aimed to furtleracterize and resolve the major QTLs
identified in Chapter 3 through fine-mapping of@mosome 2H and chromosome 3H regions
harbouring two major clusters of QTLSs.

Chapter 5 describes the evaluation of the variatisalt tolerance in a worldwide association
mapping panel representing much of the geneti@tran in cultivated barley. An association
mapping approach is utilized to identify promisiaieles of genes contributing to salt
tolerance to facilitate future breeding for sainiblerance. Different methods were used to
eliminate confounding effects due togulation structure on LD mapping analyses. Several
important QTLs are presented and discussed.

The General Discussion in Chapter 6 discussesrilm§s presented in this thesis in relation
to the current status and the prospects of breddmgglt tolerance in barley and cereals. The
impact of our results on major issues relatedau tliscovery strategies for salt tolerance and
salt tolerance mechanisms in barley and othereglatops are addressed. These include
phenotyping strategies, the importance of ion hatasmis for salt tolerance and the
advantages and disadvantages of traditional QTLpmgpand association mapping in
breeding for salt stress tolerance.
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Chapter 2

Abstract

The variation in the temporal response to diffedenels of salinity stress was studied in
twenty-four barley genotypes. The set of genotypemprises parents of a number of
currently available mapping populations. Seedligigsvn on hydroponics were exposed at 2-
leaf stage to three different salt treatments (P00, and 300 mM NacCl) for a period of three
weeks and compared to a control (0 mM NaCl). Slamok root growth were measured three
times with an interval of one week. The resultinged root and shoot samples were used to
collect data on ion contents. Salinity was showmtluce a strong adverse effect on growth
that increased with salt concentration and duratibthe exposure to the stress. Shoot and
root growth under saline and control conditionsemveinly controlled by genetic factots’(
0.49-0.78). Highest heritability values were obsérfor shoot growth under saline conditions
at final harvesti: 0.70-0.78). Genotypes largely differed in growtider different levels of
salinity stress and showed remarkable stress-celdiféerences in N3 K*, CI and C&"
content in roots and shoots. The results indidzeé high shoot Clcontent might even affect
barley growth more than high shoot Neontent. Salt exclusion is likely to be a stress
tolerance mechanism operating in most of the toteggnotypes (of which genotypes L94
and 116-5 were the most tolerant), while tissuertmice was observed for the cultivar
Steptoe. The three most sensitive genotypes (Mafasta and Rex) had the highest Nad

CI" contents in their shoots. The mechanisms exclutiag from shoots and enhancing
accumulation of this ion in roots were independaithose for Cland both depended on
stress level and duration of exposure to stresis. Sthdy showed interesting contrasts in salt
tolerance in relation to Cland N& contentsbetween parents of mapping populations,
enabling a best choice of mapping populations &regic analysis of salt tolerance. A salinity
level of 200 mM NacCl for three weeks on hydroponias found to be most effective for
screening for salinity tolerance traits relatetbto homeostasis in barley.

Keywords: salt tolerance, screening method, ion homeostaaitey

Introduction

Salt stress interferes with numerous growth andeldgvnent processes in plants. The
response of plants to salt stress is controlledhbyy genes and interacting biochemical and
physiological processes. This complexity hampegsptiogress in genetic improvement of salt
tolerance in crops. Salinity above a thresholdlle¢?@OmM NaCl in soil water causes two
types of stress in plants, often referred to asati€ and ionic stress, which both significantly
reduce crop yields (Munns and Tester 2008). Osnsitgss occurs immediately upon high
NaCl application to the root growing media. Osmaticess induces stomatal closure and
influences plant growth and metabolism. lonic efeaf salinity stress are manifested after
prolonged exposure to high salt levels, often dattdrweeks (Flowers et al. 1991; Munns et
al. 2003; Rajendran et al. 2009). lonic stressssoaated with reduction in chlorophyll
content and it inhibits photosynthesis, induce$ $eaescence and premature leaf death. lonic
stress thereby reduces photosynthetic capacityndse and grain yield (Isla et al. 1998;
Tester and Davenport 2003). Control of Nad Cl contents in plant cells and tissues is most
important for managing both the osmotic and thecistress (Munns and Tester 2008;
Rajendran et al. 2009; Cuin et al. 2009). Studreseyeal cultivation under saline conditions
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Salt stress-induced changes in vegetative growth and mineral composition

indicate that the reduction of photosynthesisyginoand yield is directly linked to high Na
and CIl concentrations in plant cells (Garthwaite et @0% El-Hendawy et al. 2009;
Tavakkoli et al. 2011).

Munns et al. (1995) showed no clear genotypic ckfiees in growth reduction due to osmotic
stress in wheat and barley. In addition, Chen .ef28l07b) pointed out that the accumulation
of known osmotic solutes such as glycine, betaim# @roline in response to a high NacCl
concentration in the soil water are not drivingtéas for salt tolerance. The genetic
differerences in wheat and barley in response na itoxicity are large (Munns et al. 2002;
Munns and James 2003). Barley plants cope withssi@ss using salt tolerance mechanisms
found in glycophytes (highly salt sensitive) as Ivea halophytes (species that can maintain
growth above 350 mM NaCl). Glycophytic speciesglficabidopsis thaliana, durum wheat

or rice) often respond to salinity by excluding'™Nand C1 from the root and shoot cells. lon
exclusion mechanisms involve several ion transp®rteuch asHKT1 which limits N&
loading to shoot cells (Huang et al. 2006; ChealeR007; Byrt et al. 2007; Munns et al.
2012). Other studies have shown the potential ofepaplants to sequester Nan the
vacuoles to maintain a high*#a’ ratio in the cytosol and at the same time avoidomy
toxicity effects in leaf mesophyll cells (Shabataaé 2010; Mian et al. 2011a). Barley thus
has the ability to maintain growth through accurtiataof high amounts of Nan the shoot,
often called tissue tolerance or ion inclusion @reay and Munns 1980; Shabala et al.
2010). N& including behavior and compartmentation are assedi with activities of
vacuolar N&H" exchangers NHX (Blumwald 2000) and cell membrasspeaiatedHKT?2
transporters (Mian et al. 2011). Munns and Jamé¥)3R showed that high biomass
production in wheat under saline conditions is eisged with Na and Cl exclusion, Naand

CI" transport and the ¥Na' ratio. In the past decades research on salt sivkssnce was
mainly focused on the role of Nand K transport and accumulation in relation to ion
homeostasis under salt stress, while the role ofo@t has received little attention (Teakle
and Tyerman 2010; Munns and Tester 2008). A9sChe predominant anion in saline soil,
plants accumulate high levels of Gh the leaves when grown under saline conditions
(Garthwaite et al. 2005). Tavakkoli et al. (201R@11) showed that in barley Gbns are as
toxic as Na ions, and in beans, lotus, citrus and some wodalyt gpecies Clis even more
toxic (Teakle and Tyerman 2010).”@hd N4 seem to have different and additive effects on
salt tolerance of barley and bean plants (Tavakdiodil. 2010 and 2011). Many other studies
(Munns and James 2003; Shabala et al. 2010; LigablaKatsuhara 2010) concluded that
growth reduction and N&aoxicity are associated. However, Genc et al. (2@hd Dang et al.
(2008) pointed out that not only Nhut also Clexclusion is an important mechanism for salt
tolerance in wheat and barley. This clearly denraitess the importance of investigating the
combinatory and interaction effects of @hd N4 toxicity.

New traits and genes contributing to salt toleracen® be discovered by screening genetically
diverse material for salt tolerance properties.e8ging for salinity tolerance under field
conditions is the traditional way for breeders tentify traits and develop salt tolerant
varieties (Isla et al. 1997). This strategy, howeuMeas various limitations related to
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uncontrollable factors such as soil heterogeneaity &weather conditions (Chen et al. 2005).
The complexity of salt tolerance and interactiorthwenvironmental factors complicates
selection under field conditions. Cuin et al. (2Dflerefore concluded that the identification
of useful physiological traits contributing to saétlerance and the genes underlying these
traits under well-defined controlled environmentatreening conditions is preferable.
Successful screening of responses of cereals toitgalvas carried out on hydroponics
(Munns and James 2003, Chen et al. 2005; Rajeredrah 2009) or on sand and soil-based
substrates (Munns et al. 2002). There are stromtgeees that screening of germplasm on
hydroponics is relevant for cultivation under saliield conditions (Tahir et al. 2011). EI-
Hendawy et al. (2009) concluded from greenhouse feahdl studies on salt tolerance with
several wheat genotypes that monitoring ion costémtleaves (N§ CI and C&") was
consistently informative in both environments. Gerier salt tolerance found in rice and
wheat were identified mainly with the help of sereg methods under controlled conditions,
in particular hydroponics (Gregorio et al. 2002yBst al. 2007; Munns et al. 2012). Similar
studies in barley surprisingly have not yet reveajenes for salt tolerance, even though it is
the most salt tolerant cereal crop. The large tditg in the timing and severity of salt stress
and inadequate understanding of its complexity addke challenge of genetic improvement
of salt tolerance in crops. More accurate and gp@ate screening procedures at multiple
stages during salt stress for a large number obtgpas can help to dissect the plant’s
responses to salinity in components and to ideméges influencing salt tolerance during
different stages of the life cycle of the plant.

The current study investigates the temporal resptmslifferent salt stress levels of a diverse
set of barley genotypes during vegetative growttn &ifocus on the role of ion accumulation
in shoots and roots in salt tolerance. A diversea$ebarley genotypes, which comprises
mainly parental lines of mapping populations depetb in Europe and America, was
monitored for several weeks under different lewaissalt stress. We found broad genetic
variation for salt stress tolerance and identifiesits contributing to salt tolerance, which
were dependent on both the severity and the durafithe salt stress. Our results enable the
selection of barley parental lines that utiliz€@liént mechanisms for salt tolerance for further
breeding and breeding studies.

Materials and methods
Plant materials

Twenty-four barley genotypes, including parentsseferal different mapping populations
were used in this study (Table 1). The set consistsoth two row and six row barley lines
from Europe and America. The parental lines diffefa important agronomical traits,
including disease resistance (Marcel et al. 20@Q82 Little is known so far about the
responses of these genotypes to abiotic stresssalmity stress, in particular with the
exception of Steptoe and Morex (Mano and Taked&19ftzel et al. 2009a; Nguyen et al.
2012).
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Table 1L Twenty four barley cultivars used in the currstudy; some are parents of the available
recombinant inbred line (RIL) and doubled hapldiHj mapping populations.

No. Cultivar Population Type No. Cultivar Population Type
1 Gunhild Gei x Gunhild RIL 13 Morex Steptoe x Morex DH
2 Cebada capa gﬁgst? i? capax RIL 14  Poker_14 i

3 Henni Henni x Meltan DH 15 Prisma *

4 Nure Nure x Tremois DH 16  Prestige_56 *

5 L94 L94 X C123 RIL 17 Class_13 *

6 116-5 L94 x 116-5 RIL 18 Tolar_SV *

7  Vada L94 x Vada RIL 19 Dom *

8 Steptoe Steptoe x Morex DH 20 Line_08 *

9 Gei Gei x Gunhild RIL 21 Rec *

10  Susptrit gﬁggg i? capax RIL 22  Poet !

11 Meltan Henni x Meltan DH 23 Apex *

12 Tremois Nure x Tremois DH 24  Barke_33 *

*: mapping population derived from these cultivarsis not available

Hydroponics system and plant growth conditions

The twenty-four barley parental lines were testachgdroponics with three salt treatments
and a control. The experiment had a randomizedkhbdiesign with four plants per genotype
per treatment. Each plant represented one expewmenit. The experiment consisted of
eight randomized blocks, which were allocated tar foydroponics units each with either two
control or two salt-treatment blocks. The nutris@lution was similar to full-strength
modified Hoagland’s solution and maintained at @9.he hydroponics system was located
in a sun-lit greenhouse. The average day/night ¢éeatpres were set at +18/£C4 and the
photoperiod regime was 16 hours light and 8 hoark.dsreenhouse environmental humidity
was 70%. Additional lighting (100 W) was used if the incoming shortwave radiation was
below 200 Writ.

Screening procedure

Seeds from the 24 barley lines were germinatedaiystwith silver sand for one week until
the first seedling leaf emerged. Individual seagilimvere then transferred to the hydroponics
system. After 7 days on the system, salinity trestisi of 100 mM NaCl (mild stress), 200
mM NaCl (moderate stress) and 300 mM NaCl (seveess were stepwise applied to the
containers containing the seedlings. NaCl was gifydadded to those containers with a 50
mM day* (except for the control treatment which is 0 mMQWaincrement to bring the
solution to final concentrations of 100, 200 or 3@ NaCl. The final concentration was
then maintained until harvest. The range in saltceatration was based on various studies on

17



Chapter 2

salt tolerance wittHordeum species (Garthwaite et al. 2005; Munns and TeX168). To
assess the effects of different salt stress lemelsalt tolerance, plants were harvested one,
two and three weeks after final salt concentrativase reached.

Assessment of growth and salt tolerance

At harvest times, all plants from the control amdt stressed treatments were separated into
shoots and roots. Plant shoot fresh weight was unedsmmediately at harvest. Both plant
fractions were dried separately in a forced-airmae 70C until the samples reached stable
weight prior to the determination of the dry weig8alt Tolerance (ST) was assessed as the
percentage of relative shoot biomass productioneurshline and non-saline conditions
according to the definition of Munns and James 800

lon chromatography

For determination of the ion contents in the shcars roots of each barley line, four
replicated samples per line were pooled and graarithe powder using a hammer mill with
1 mm sieve. Dry shoot and root powders were ashB@=®C for 5 hours. Ash samples were
dissolved by shaking for 30 minutes in 1 ml 3M farracid at 95C and then diluted with 9

ml MiliQ water. The samples were shaken again &C7f%r another 30 minutes. A final

1000x dilution was subsequently prepared by mixng ml sample solution with 9.9ml

MiliQ prior to the assessment of the N&*, CI and C&" content of each root and shoot
sample using lon Chromatography (IC) system 85@eBsonal, Metrohm Switzerland.

Satistical analysis of phenotypic data

The data was inspected and the relevance of gemofyml genotype-by-environment
interactions was assessed for shoot and root dighivby variance analyses of the complete
datasets using Genstat 13. The overall analyses dagre with and without control treatment
to differentiate the effects from different treatmtse In these analyses the block was treated as
fixed, and the other sources of variance, beingdsty treatment, genotype and genotype-by-
harvest or genotype-by-treatment as random. Fatigwhe overall analyses, the data from the
three salt and control treatments were analysedratgly to get estimates of the genotypic
and phenotypic variances, SD, LSD as well as thigahdity (h”) based on genotypic means
for shoot and root dry weights under either différstresses or control conditions. The
relationship between the mean shoot and root ioteocts of the lines and their contributions
to the variance of Salt Tolerance was investigagdg correlation analysis.
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Results
Growth responses to salinity stress

Mild salinity stress (100 mM NacCl) already causeduction in biomass of barley genotypes
one week after salt application. This early efi@gcinild stress on growth of barley genotypes
over control condition was more obvious at the rb@in at the shoot level (25% and 10%
reduction in biomass relative to control, respesiiy (Fig. 1). At the mild stress level,
however, no clear extra reduction in root growthswabserved at subsequent harvests;
reduction in root growth in harvests 2 and 3 wa%o22nd 20%, respectively. Additional
effects of prolonged salt stress exposure on ramwip were only found for barley genotypes
grown at higher salt (200 and 300 mM NacCl) concdiuns (Table 2).

Adverse effects on shoot growth were only manitdstr prolonged exposure to mild salt
stress (Fig. 1; 100 mM NacCl), with shoot reducttmmpared to control plants at harvests 1, 2
and 3 of approximately 10, 30 and 40%, respectiv@ignilar but more severe effects were
observed in roots and shoots of plants grown atematd and severe stresses. After three
weeks of salt stress the reduction in shoot wetghtpared to control plants was 30, 60 and
75% and the reduction in root weight 20, 50 and 7@3der mild, moderate and severe
stresses, respectively (Fig. 1). Furthermore, Sagmt genotypic differences for shoot and
root biomass as well as significant genotype xtineat (salt levels or harvest) interactions
were observed. Heritability estimates based orgémotypic means for shoot and root growth
under control and different salt levels were motker high (0.49-0.78). The highest
heritability estimates were generally found for si@@ments made at final harvest (Table 2)
and ranged from 0.58 to 0.78.
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Figure 1. Mean shoot dry weight (a) and root dry weight (b) of barley genotypes after onendwo a
three weeks (H1, H2 and H3) growth in 100 mM NaCl (S1/cr@&) mM NaCl (S2/triangle), 300
mM NacCl (S3/square) and control (circle) conditions.
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Table 2 Summary statistics Max, Min, Mean, SD, L@th and Fp refer to the maximum and
minimum genotype performance, the mean over adlslirstandard deviation, the least significant
difference (P<0.05), heritability and F probabiliyalue for shoot and root DW of 24 genotypes
evaluated after one, two and three weeks unde(3D0 200 (S2), 300 (S3) and 0 (control) mM NacCl.

H 1 Shoot Root
arvest L “Control  s1 S2 S3 Control S1 S2 S3
Mean(g) 0.18 016 013 012  0.04 003  0.03 0.02
Min(g) 005 004 002 003 0.01 0.01  0.005 0.003
Max(g) 029 026 023 021 0.08 0.06 0.055 0.04
SD 005 004 004 003 0.01 001 001 0.01
LSD(0.05) 0.05 0.05 005  0.04 0.02 001 001 0.01
h? 077 049 056  0.63 0.58 057  0.62 0.51
Fp <001 002 001 <001 0.00 0.00  0.00 0.01
Harvest 2 Shoot Root

Control S1 S2 S3 Control S1 S2 S3
Mean(g) 048 035 025 019  0.09 0.07 0.04 0.03
Min(g) 0.19 010 0.08  0.03 0.02 0.02 001 0.003
Max(g) 0.82 062 047  0.35 0.16 0.15  0.09 0.07
SD 013 011 007 0.6 0.03 0.03  0.02 0.01
LSD(0.05) 0.16  0.13  0.09  0.07 0.03 0.03  0.02 0.02
h? 054 059 060  0.63 0.69 0.75  0.69 0.65
Fp 001 000 000 <001 <.001 <001 <.001 <.001
H ‘3 Shoot Root
arvest s “control  s1 S2 S3 Control S1 S2 S3
Mean(g) 131 080 048 032 015 012 0.08 0.04
Min(g) 0.1 018 010 0.7 0.01 0.03 001 0.004
Max (g) 2.4 15 084  0.60 0.34 025 0.19 0.13
SD 044 025 018 0.2 0.06 0.05  0.04 0.02
LSD(0.05) 052 026 021  0.14 0.07 0.05  0.04 0.02
h? 058 076 078  0.70 0.76 078  0.70 0.64
Fp 0.00 <001 002 <001 <.001 <001 <.001 <.001

Salt Tolerance

Large genotypic variatiofor Salt Tolerance (ST) was found between the séiventy four
barley genotypes at each time points. Relativelshimot growth, no clear effect of mild stress
on ST was found one week after salt applicationeB# genotypes even showed better shoot
growth (ST > 100%) under these conditions. Howeweclear linear reduction in ST was
observed as barley genotypes were exposed forgaddime to mild stress (Fig. 2). A similar
relationship between ST and time of stress exposasefound for the moderate and severe
stresses. Severe reduction in ST of barley genstwaes found after 3 three weeks exposure
to severe stress (ST ranging from 10-40%). Segenabtypes showed only around 10% shoot
biomass produced relative to control conditioniaalf harvest (5-weeks old). ST of barley
genotypes found under moderate stress was monegBtroorrelated with ST found under
severe and mild stresses (Fig. 3), implying th#iedint mechanisms may underlie ST at mild
salt stress compared to more severe stress.
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Larger genetic variation for Salt Tolerance - rawggirom 25% (Morex cultivar) to 65% (L94
cultivar) - was found after 3 weeks (5 week-oldnpéx of moderate salt stress (Fig. 4). The
relative performance (mean ST over three salt rireats) of different genotypes was
influenced by the time of harvest. The tolerantajgpes at final harvest, such as L94, 116-5
and Steptoe grew relatively poor in the first pérad study and their salt tolerance compared
to the other genotypes increased gradually in dtlewing periods and vice versa for the
sensitive genotypes Morex, Class 13, Rex and Abgr §1). This may be a reflection of the
different components of salt tolerance (osmotic emic), differentially contributing to the
variation of salt tolerance of genotypes at théed#int harvest time points. Other genotypes

were relatively salt tolerant (Susptrit and Herorisensitive (Vada) at all three harvest points.
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Figure 4. Mean Salt Tolerance (n=4) of twenty four barley genotypes grown under 200 mM
NaCl over control conditions for three weeks.
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Root and shoot Na™ and CI” contents

Na" and Cl accumulation in shoot and root tissues differetiveen the harvest times. Na
and CI contents in plant tissues were substantially higtienigher salt stress levels. Shoot
and root N& contents correlated well with shoot and rodtoBhtents, respectively (P<0.001),
regardless of the salt level and the time of exposa stress. For all stress levels average
shoot N& and Cl contents increased during the first two weeks, stabilized or even
slightly decreased in the third growing period (53 In contrast, root Naand Cl contents
increased continuously until the last harvest adl mnd moderate salt stress. It is remarkable
that there was larger genotypic variation from mddsevere salt stress for shoot €intent
(30-100 mg/g DW) than for shoot Na&ontent (40-65 mg/g DW). Naconcentrations in
response to different salt stress levels were lowevots than in shoots (35-65 mg/g DW) but
CI" concentrations in the root were clearly lower tharse in shoots (20-50mg/g DW).
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Figure 5. Mean shoot, root N&a,b) and Cl(c,d) contents of barley genotypes measured after
one, two and three weeks (harvests 1, 2 and 3) on media with 100a@Mcross), 200 mM
NacCl (triangle), 300 mM NaCl (square) and on control (circle) conditions.
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Root and shoot K™ content and Na*/K*

Shoot and root Kcontents reduced significantly (2-4 fold) over éimnder salt stress. Shoot
K* content decreased over 2.5 fold already after ékved mild stress (from 74 to 29 mg/g
DW), and higher stress levels affectetl dontent similarly. Prolonged exposure to strese al
did not further decrease shoot Kelative to control levels. Root’Kconcentration was more
affected by higher stress levels! Kontents in barley roots decreased from 40, 302hd
mg/g DW in the first week to 30, 20 and 10 mg/g @¥ér three weeks of mild, moderate and
severe salt stress, respectively (Fig. 6).

The root and shoot N&K” ratios increased in response to mild, moderatesamdre stresses,
and increased with exposure time as well. ShodtNaunder severe stress was similar to the
ratio under moderate stress at final harvest. dtsrthe N&K ™ ratio was considerably (2-fold)
higher at severe stress compared to moderate $kigs). This may reflect the ability of
barley to exclude Narom the shoot to retain low N&™ in shoot under severe stress.
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Figure 6. Mean shoot, root Kcontents (a,b) and N&" ratio (c,d) of 24 barley genotypes
measured after one, two and three weeks (harvests 1, 2 and Fdom with 100 mM NacCl
(cross), 200 mM NacCl (triangle), 300 mM NacCl (square) and control (ctoleditions.

23



Chapter 2

Root and shoot Ca®* content

The C&* concentration in shoots of barley plants decreasethrkably over time under salt
stress (2-3 fold) compared to the control treatmémtshoot, C& contents were similarly
reduced at all stress levels already at an eaalyestwith an additional slight decrease after
prolonged exposure. However, substantial effectstiiss levels and stress exposure time
were detected for root €aconcentrations, with similar and slightly highkamn control C&
contents for all stress levels at the first harvastl the largest reduction at the third harvest
for plants grown under severe stress (Fig. 7).dots the C& concentration gradually
declined for all treatments including control, icating that this may be a developmentally
regulated decrease.

9
\/ag b
9
8
g g
[a) [a)
o 1 —S<— 100mM NaCl o 81
g’ —4A—  200mM NaCl g’
= 6 300mM NaCl ~
+ = + 74
‘(\'U —&—  Control %
O 5 ($)
° S 64
3. 5-
1 2 3 1 2 3
Har\est Ha.r\est

Figure 7. Mean shoot (a) and root (b) €aontents of 24 barley genotypes measured after one,
two and three weeks (harvests 1, 2 and 3) on the media ohiOBNacCl (cross), 200 mM NacCl
(triangle), 300 mM NaCl (square) and control (circle) conditions.

Correlation between shoot ion contents, root ion contents and biomass production

To investigate how different ion contents relatdéoley biomass production under different
salt stresses levels and exposure times, correlatialyses were done for shoot (Fig. 8) and
root (Fig. 9) at three stress levels. Significantelations {|>0.4; p<0.05;p<0.05) were more
often observed at the later harvests. Mantent in roots and 'Kcontent in shoots correlated
well with shoot production at 200 mM NaCl (Fig. 8&X higher stress levels, root Gind
root K" contents positively correlated with shoot growtit bnly at the first harvest (Figs. 8 b
and c). Shoot/root ion ratios for Nand Cl, which reflect the amount of Nand Cl loading
from root to shoot and relate to ion exclusion,ategly correlated with shoot production in
all saline treatments. This shows that ion exclusipthe ability to limit the transport of Na
and CI to the shoot is a major mechanism conferringtefdtance in barley.

24



Salt stress-induced changes in vegetative growth and mineral composition
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Figure 8. Relationship of shoot (S), root (R)
ion contents and shoot DW (g) of 24 barley
genotypes under 100 (a); 200 (b) and 300 (c)
mM NaCl for one (H1); two (H2) and three
(H3) weeks, respectivley. Verticle axis is
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correlation coefficientr; r is significant at
P<0.05 when higher than 0.4 or lower than -
0.4. (/) indicates the ratio betweeen ion
contents.

Root Nd and K concentrations positively correlated with rootwgtio (Fig. 9). A consistent
negative correlation with root growth over time wasand with the shoot/root ratios of Na
and Cl contents which suggests that ion exclusion meshaithat keep Naand Cl from
accumulating in the shoots positively affects pbgithetic activity and growth of not only
shoots but also of the roots.
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Mechanisms of salt tolerance in contrasting genotypes

We further investigated the mechanisms of saltraolee in the genotypes that demonstrated
the largest contrast in ST (e.g. sensitive grough \&8T<30% or salt tolerance group with
ST>40%) (Fig. 4). The sensitive group includes &foand Rex with the highest CNa’
concentration, but also other genotypes with loaacentrations (Fig. 10). The highest ClI
and N& concentrations were found in the two most seresitgnotypes. The most tolerant
genotypes were L94, 116-5 and Susptrit, which vedneays in the group of genotypes that
had the lowest Naand Cl accumulation in shoots, the lowest'N@ ratio and the lowest Na
and Cl shoot/root ratios. This demonstrates that miningizNa and Cl uploading to the
shoot is important for salt tolerance. L94 was #icgmtly more tolerant than the other
tolerant genotypes, indicating that L94 utilizesolably an additional mechanism to
counteract the adverse effects of salt stresstelstiagly, L94 and Steptoe were among the
more sensitive lines at the first harvest with 200mMlaCl, but was hardly affected by
prolonged exposure to stress. It suggests thatan@4Steptoe does not rely on early effects
that might be caused by osmotic stress but moaeaptation to prolonged stress (Fig. S1).
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Figure 1C. The relationship between ion accumulation and Salt Tolerartbe ebnstrasting genotypes
grown under 200 mM NacCl for three weeks. (Asterix: sensitive and diamongnioggenotypes).
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Discussion

The current study evaluated twenty four barleydiaé different levels of salt stress and salt
stress exposure times and compared biomass gr&@aih,Tolerance and shoot, root ion
contents. We aimed at gaining more insight into shk tolerance mechanisms, which are
related to ion homeostasis, of barley genotypesvigronder different levels of salinity over

time. An additional objective of the current stusgs to provide information for selections of
parents for establishing or perhaps selection a&&@ on more mapping populations to be
utilized for genetic analysis of salt tolerancdarley.

Screening methods

Both short- and long-term saline stress effectehaeen studied. Short-term salt stress leads
to in small changes in leaf growth and the barlegnis respond by osmotic adjustment.
Fricke et al. (2006) and Rajendran et al. (2009n&d that barley osmotic adjustment found
in short-term experiments could add to salt toleeaat the whole plant level but also agreed
with others (Munns and James 2003; Munns and Te&@8) that studies of both short and
longer-term effects of salt stress are needed éatiky traits that contribute to increased
tolerance to both osmotic and ionic stress. Thidysincorporated both short and long term
effects of stress, and our results showed that gwangh genetic variation in ion contents is
already detected after one week of salt stress(R¢g/) the variation for ST is often only
clearly manifested one and two weeks later (Fig\W¢ found that medium salt stress (200
mM NacCl) for three weeks (5-week old plants of whibree weeks under stress) provided
the most effective screening conditions to distislguhe barley genotypic differences in ST
in relation to ion homeostasis (Figs. 2 and 9).

It is well documented that plant growth and deveiept can be affected differently by
different salinity stresses at different time psimb the life cycle. In rice and wheat, the
seedling stage is the most sensitive to salinsstfielowers 2004; Munns and Tester 2008).
Steptoe and Morex have been studied for theirtglgtance differences. In our study, Steptoe
performed better than Morex after three weeks mafsst(Fig. 4), which is in agreement with
the finding of Mano and Takeda (1997). Witzel et(aD09a) on the other hand reported that
Morex was more salt tolerant than Steptoe in thengoseedling stage (13 days after saline
treatments, which agreed with a time point betwaanfirst and second harvests). Similarly,
we found that the cultivars L94, Class 13 and 11Meése amongst the most salt tolerant
genotypes when tested over a period of three wdmksthey were relatively sensitive to
saline stress at first and second weeks (Figs. d @). The striking difference in salt
tolerance of barley genotypes such as Steptoe, XVidqgex, Class 13 and L94 depending on
time of exposure to the stress (Fig. S1) demorestriitat osmotic adjustment and ionic stress
tolerance contribute to early and late stressdoleg, respectively.
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Different developmental stages, stress levels,t@pacies and cultivars within a crop species
greatly interact with the responses to salt stréss.interaction with environment conditions
makes salt tolerance so complicated to breed flow@r et al. 2004). It is suggested that
genotypes should be tested under field conditions #he confounding effects of
environmental factors that could be important tineste overall performance should be taken
into account (El-Hendawy et al. 2009). Others hgliewn that testing germplasm for salt
tolerance in a greenhouse or other controlled enuiients with reproducible treatments and
avoiding the partial heterogeneity of soil propestiseasonal rainfall and temperatures can be
a good strategy (James and Munns 2003; Cuin 2040; Witzel et al. 2009). Tavakkoli et al.
(2010b and 2012) found fundamental differences éetwmheir hydroponics and soil based
and field conditions in Naand Cl accumulation in barley shoots. Tavakkoli et a01@ and
2012) also failed to show salt exclusion in testistiweir hydroponics system (no correlation
between Naand Cl with salt tolerance) as in their tests under saged and field conditions.
Our experiences with testing for salinity tolerarose hydroponics were strikingly different
from those of Tavakkoli et al. (2010 and 2012). iMend a clear relationship between @hd
Na’ content in shoots as found by Tavakkoli et al1@Qn their soil based and field studies
as well as clear genotypic differences in salt @sion (Fig. 8). This indicates that the result
from salt test in our hydroponics system might teelaetter to the performance of the
genotypes under field conditions. The discrepanii the experiences of Tavakkoli et al.
(2010 and 2012) might be related to the supplerheiit@a* to the hydroponics system, as
we will discuss in the next paragraph. Positive@ations between variation in salt tolerance
found under controlled and field conditions haverbebserved; maintenance of low &hd
Na' in leaves offered the best indicator trait fort salerance in screening under both
controlled and field conditions (El-Hendawy et 2009). Until now, screening and selection
under controlled environmental conditions to idgntiseful physiological traits contributing
to salt tolerance and candidate genes gene(s) stenen to be most effective (Cuin et al.
2010; Munns et al. 2012).

lon exclusion or inclusion mechanismsin barley

We showed that shoot Nand Cl contents increased rapidly in the second weelklbsfess
(Fig.1), which coincided with shoot growth reductidt was surprising to see that after two
weeks of salt stress, shoot™Nand Cl did not further increase while it continued torease

in roots. The strong negative correlation betweboos Nd and Cl with shoot growth
indicates that ion exclusion mechanisms may belwegbin conferring salt tolerance in the
set of barley genotypes and underlines that stovoéxclusion is a dominant determinant for
salt tolerance in cereals (Garthwaite et al. 20@&ie et al. 2009; Shabala et al. 201). The
most salt tolerant genotypes (L94, Susptrit and-3)16 our study are among the best'Na
and Cl excluders, while the most sensitive genotypes karel Rex had high concentrations
of shoot N& and Cland a high shoot/root ratio of Nand Cl. Barley is more salt tolerant
than both bread and durum wheat and different nreshns conferring salt tolerance were
found in barley (Gorham et al. 1990; Munns and 8re2008; Shabala et al. 2010; Mian et al.
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2011a). The mechanism by which wheat and barleytplavoid accumulation of Nan the
shoot mainly involves members of thKT1 gene family (Horie et al. 2009). An ancient
HKT gene HKT1:5) controlling Nd exclusion conferred a yield increase of 25% inudur
wheat (Munns et al. 2012). In our study, shoot/roatio of Nd& and Cl decreased
substantially over time (data not shown). Root Nad Cl increased remarkably with
increased salt concentration and duration of exgogkig. 5). This may suggest that ion
unloading to phloem or recirculation from shootsréots play a role in addition to xylem
unloading of N& (Munns and Testers 2008; Mian et al. 2011). Hipbos N& and CI
contents were only found in the salt sensitive difdorex, Vada and Rex. Some of the
tolerant lines such as Steptoe had relatively héghls of shoot Naand Cl that were as high
as several sensitive lines. These tolerant barleyotypes may exhibit ion including
behaviour or tissue tolerance mechanisms by allpvitansport of Nato the shoots and
sequester Na(Cl") in vacuoles or less sensitive plant tissues siscblder leaves (Munns and
Tester 2008).

Therole of ClI"and Ca*" in barley salt tolerance

Our results demonstrate that controlling intradatCl is as important as handling Néor
salt tolerance in barley. Shoot €Cbntents were strongly negatively correlated stibot and
root growth under saline stress (Figs. 8 and 9, tagh levels of Clin the shoot were only
seen in the most sensitive genotypes (Rex and Nigfeg. 10). This indicates that limiting
CI" loading from root to shoot is an important saletance mechanism in barley. Reduced
photosynthesis capacity and salt tolerance in lsewh barley plants were associated with
toxic leaf CI levels that may induce chlorophyll degradation asdiice the actual quantum
yield of PSII electron transport (Tavakkoli et 2010). Our results indicate that @hd N&
homeostasis are controlled by independent mechan({pwssibly involving ion transport,
exclusion from shoots and compartmentalisation)chkviare differentially responding to salt
stress levels and duration of the stress. Undett sifess (100 mM NacCl), barley plants did
show to maintain for Clin comparison to Narelatively low concentrations in the shoot and
root. In contrast, with higher salt stress (200-80@ NaCl) shoot Claccumulation increased
at a higher rate than shoot N&oot Nd and Cl concentration varied depending of both the
level and duration of the stress (Fig. 5). Unddinsaconditions, Clseemed initially to be
accumulated in the root cells at a slower rate tdanbut CI levels increased after prolonged
stress to levels similar to or even higher thari.Nia salt-stressed bread wheat, shoct Cl
concentration was found to be 5 times higher thmmsN4d concentration, and in wild barley
1.2 times higher (Husain et al. 2003; Garthwaitelet2005). Our shoot @Na'" ratios at
200mM NacCl were similar to those in wild barley t bower at mild stress (0.6 at 200 mM).
These differences may be explained by differencesxperimental setup, which include salt
levels, duration of the exposure to stress andilplgsaiso the testing system, as Tavakkoli et
al. (2010) showed differences in accumulation of Biad Cl between their hydroponics and
soil-based experiments.
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In contrast to Naand K, there is little known about mechanisms or gehes ¢ontrol Cl
uptake and transport. The possible key aspect$ afa@sport that contribute to salt tolerance
in some species include reduced net xylem loadmtgacellular compartmentalization and
efflux of CI from roots (Teakle and Tyerman 2010). Chloridencleds (CLCs) may be
involved in compartmentation of Cinto the vacuole and chloride cation co-transperte
(CCCs) may mediate xylem loading of (lhe mechanism and identity of Qptake systems
into the root are largely unknown (Mian et al. 201L1

In our experiment, accumulation of €ain root was correlated with increased growth
reduction (Figs. 9 and 10). €ds known to act as a signal linking the stressisgnsignal to
the downstream stress response by interactifgkGemse complexesCLB-CIPK gene; Luan
2009). C&" handling is an important factor in salt tolerastedies, but mainly because high
NaCl levels may interfere with Gauptake and nutrition, which may cause Gaeficiency in
salt-stressed plants; it is therefore suggesteatitbsupplemental ato the growing media
when studying the effects of Naand Cl on plants (Munns and Tester 2008; Genc et al.
2010b). In our hydroponics system, we did not additnal C&* to compensate for the
effects of high Naon C&" uptake and utilisation. The concentrations of Gaeasured in the
leaf tissues are above 2.5 miy.gt all time points and all stress levels; well \abdhe
proposed minimum threshold (around 1 mg.g-1) fof*@aficiency in leaf tissue as stated by
Genc et al. (2010). Therefore, it is not likelyttexen at the high salt stress levels (300mM)
growth is influenced by G&deficiency.

Genetic analysis of salt tolerance

Genotypes that differed in salt tolerance or intdrassociated with different mechanisms
controlling Na/K* and Cl uptake are of great interest (Munns et al. 2002g Steptoe X
Morex mapping population is widely used in quatitia genetic studies because of the
availability of high quality genetic maps and itgriability for important agronomical traits
like malting quality, and for tolerance to both tioand abiotic stress (Kaneko et al. 2001;
Han et al. 2003; Choi and Close 2000). The Steptbrex mapping population was used
previously to map salt tolerance traits such asngetion rate and senescence (Mano and
Takeda 1997). Our results showed that Steptoe amr@Xvcontain allelic variation for genes
affecting ST and ion handling mechanisms. Otherpimgppopulations (L94 x Vada; 116-5 x
Vada and Vada x Susptrit) (Jafary et al. 2008; Miaet al. 2007; Aghnoum et al. 2010) have
not yet been used to map QTLs for salt toleranaepbr results indicate that they offer great
potential for detecting genomic regions contribgtto salt tolerance. L94 was shown to be
the best salt excluder and most salt tolerantitinthis study. L94 has been collected from
North Africa (Marcel et al. 2007), what implies thioriginates from an area where drought
and salinization often occur (Badr et al. 2000; N&007). Therefore it is likely that L94
contains favourable alleles conferring drought saltl tolerance. On the other hand European
and American cultivars, such as Morex and Vadajrfstance may hardly have alleles that
confer resistance to salt stress since they wedexted to perform well under relatively
favourable conditions. The three available mapgaogulations derived from L94 (Table 1)
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seem to be attractive to map salt exclusion gengsarticular. The Steptoe x Morex mapping
population is attractive because it offers the fhogy to map both ion exclusion and
compartmentation genes. It has the advantage thdé&runormal conditions the growth
properties of Steptoe and Morex are similar. Thenplypic differences in response to salt
stress therefore will be related to physiologicgher than morphological differences. The
mapping populations derived from the genotypes shaived tolerance upon prolonged salt
stress such as L94 and Steptoe or the genotypssigeninder those conditions such as Vada
and Morex open the possibility to study additiot@érance mechanisms what may lead to
the discovery of novel genes contributing to sakrance.

Conclusions

Our study showed that difference in duration of asype and severity of stress can reveal
different and possibly independent traits and mesmas that contribute to salt stress
tolerance. In our system, screening for salt toleeaon hydroponics with three weeks of 200
mM NaCl salt stress is most effective for identifyisalt tolerant genotypes and traits related
to ion homeostasis. It showed a large heritablétian for salt tolerance among the twenty
four lines tested in this study.

Salt (Nd& and CI) shoot exclusion is a dominant mechanism detengingenotypic
differences in salt tolerance between the barleytyges used in this study; five out of seven
tolerant genotypes did use this mechanism to coartt¢he adverse effects of salinity. Other
tolerant barley genotypes with high levels of N@d Cl in shoots may exhibit mechanisms
causing salt tissue tolerance, what differentigibesn from of the sensitive genotypes. This
study also showed that the way genotypes cope @litaccumulation is as important as the
response to the Naaccumulation. In addition, Naand Cl handling mechanisms may be
independent.

The parents of several mapping populations such9dsx Vada, 116-5 x Vada, Vada x
Susptrit and Steptoe x Morex have shown contrastialj tolerance properties. These
populations are recommended for further genetidistuon salt tolerance.
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Chapter 3

Abstract

lon homeostasis is considered as one of the mgirtant mechanisms underlying salt stress
tolerance. We used the Steptoe x Morex barley égalbaploid (DH) population to screen for
genetic variation in response to salinity stresamaearly development stage in a hydroponics
system, focusing on ion homeostasis. Salinity iedua strong adverse effect on growth of
the parents and their derived population with ®teps the more tolerant parent. Steptoe
maintained higher concentrations fof,Ka" and Cl in the root and a similar shoot/root ion
ratio (<1) under stress conditions compared to robrdonditions. In contrast, Morex had
higher concentrations for these ions in the shoateu stress and a doubled shoot/root ion
ratio relative to control conditions, indicatingttsalt exclusion might contribute to the higher
tolerance of Steptoe. Correlation and path anabysisonstrated that shoot” €bntents most
strongly affected salt tolerance and suggest thtt ba and Cl contents are important for
salinity stress tolerance in barley. We identifietl chromosomal regions involved in the
control of the variation observed for Salt Tolemrand various salt stress response traits,
including N&, CI' and K contents in shoots. Two specific regions on chrsmnees 2H and
3H were found controlling ion contents and saletahce, pointing to genes involved in ion
homeostasis that contribute to salt tolerance.

Keywords: Salt tolerance, QTL, ion homeostasis, path amgliparley

Introduction

Salinity is one of the major global problems in iagiture and it affects 20% of all
agricultural land (FAO 2008). Salinity has causeajoncrop losses worldwide. The problem
is increasing yearly as more and more arable laodrnes salty as a result of inappropriate
irrigation practices and changing climatic condiBoSalinity is a common feature of arid and
semiarid soils and many plant species have evolvexthanisms to cope with the
unfavourable growing conditions caused by salisitgh as the low soil water potential, one
of the important stresses associated with salir8glinity interferes with numerous growth
and development processes in plants (Koyama 208al). In salinized soil, crop plants often
try to avoid salt accumulation through mechanishas effectively exclude Naand Cl from
roots and shoots while water is taken up from thie(Munns and Tester 2008). Plants that
suffer relatively little growth or biomass yield dwction under salinity conditions are
considered salinity tolerant. Enhancing a croplggg tolerance to make it suffer less under
high salt conditions therefore is a challenge smpbreeders. It requires advanced screening
methods, appropriate germplasm, and a combinafi@orventional and molecular breeding
approaches (Flowers 2004).

Barley is one of the most salt tolerant crops (Maad Hoffman 1977) and it is widely used
for genetic studies. As such, barley is an exceheodel crop for studies on the mechanisms
and inheritance of salinity tolerance and for depelg tools to improve salt tolerance in
cereals (Chen et al. 2005 and 2007; Walia et &72Witzel et al. 2009a,b). The relatively
high salt tolerance found in barley compared ta tiaotherGramineae species may partly
originate from its rapid growth and fast phenoladjidevelopment, leading to early ripening
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(Munns et al. 2006). Salinity mostly affects thewth and development of barley during the
vegetative growing stage and significantly decredtsegrowth.

Several traits in wheat, rice, maize and barleyehbgen correlated to salinity tolerance at
different growing stages. These include seedlingt end shoot attributes, degree of leaf
damage, rates of Nar CI accumulation in leaves (Munns and Rawson 1999)immxglem
sap (Ligaba and Katsuhara 2010 and Shabala et0&D)2carbon isotope discrimination
(5°C) (Isla et al. 1998), canopy temperature (Sirauiél. 2009), ion concentration in root and
shoot tissue (Flowers and Hajibagheri 2001), androphyll fluorescence (Shabala et al.
1998). However, major strategies that may conteliaGramineae salinity tolerance are Na
exclusion, tolerance to Nan tissues, and osmotic adjustment (Munns andef&§08 and
Rajendran et al. 2009). To date, several QTLs @ssucwith salt tolerance-related traits in
barley have been detected at different growingestaljlano and Takeda (1997) reported that
salt tolerance in the Steptoe x Morex doubled hdp{DH) population at germination and
seedling stages is controlled by different loci. L@Twere also identified in other barley
mapping populations for other traits suggesteda@$sociated with salt tolerance of barley,
including8™C as a measure for water-use efficiency and othgsiplogical traits (Ellis et al.
1997 and 2002). Recently, in a study on salt-tckatel QTLs for yield and yield components
have also been identified in CM72 x Gairdner maggdopulation at a late growing stage
(Xue et al. 2009).

Although the mechanisms conferring salt toleramcbkarley and their genetic control are not
fully understood, regulation of intracellular catigqNa’, K*, and C4&") and anion (C)
contents and control of ion transport are constl@rgortant. The decrease in growth under
saline conditions is mainly attributed to ionic exffs caused by toxic level of Nand
CI" concentrated in the leaves (Mano and Takeda 1983bala et al. 2010; Storey and Jones
1978). Plant tissue NaK" content and N#@K" ratio regulation in relation to a plant’s salt
response have been studiedrirellungiella halophile - a salt tolerant relative dfrabidopsis
thaliana (Volkov and Amtmann 2006), in wheat (Dubcovskyaet1996 and Gorham et al.
1997) and in barley (Chen et al. 2007). Genetidistiof these traits resulted in discovery of
several QTLs for Naand K contents, and N#&™ ratio using solution culture studies in rice
(Koyama et al. 2001 and Lee et al. 2006), in brehdat (Shavrukov et al. 2010) and durum
wheat seedlings (Lindsay et al. 2004). Xue et 2000) identified QTLs controlling Na
contents and N&" ratio in mature barley plants grown on salt-treageil. CI is the
dominant anion in saline soil and most plants acdate both N& and Cl in their shoot
tissues (Tavakkoli et al. 2011). The high level<bfaccumulation in the leaves and in other
plant tissues have detrimental effects on the plé@@teenway and Munns 1980; White and
Broadley 2001). High Clcontent in leave of barley plant was shown to cedchlorophyll
content and photosynthesis capacity (Tavakkolil.e@l1). Therefore, it is remarkable that
little scientific effort has been directed to thigeets of CI content in relation to crop salt
tolerance (Teakle and Tyerman 2010), and to oumletige there are no reports on the
genetic control of this trait. Similarly, informat on the impacts and genetic control of other
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major ions such as €aMg?*, SO and PQ* under saline conditions and their association
with salt stress tolerance is scarce.

In this study we focus on changes in ion contentsthe genetics underlying these changes in
response to salinity in barley. For this, we eviddahe genetic variation for salt tolerance in
a barley doubled haploids (DH) population at thegetative growing stage using a
hydroponics system, and measured contents of n@jerin root and shoot tissues of young
barley plants. We examined how the concentratiohseveral ions including Clare
associated with salt tolerance and we present @le@arLs for salt tolerance that gives new
insights in the mechanisms controlling ion homesistan barley in saline conditions.

Materials and methods
Mapping population

A population of over 150 double haploid (DH) lineas developed within the North America
Barley Mapping Genome project (http://www.css.edst/barley/nabgmp/nabgmp.htm) by
the Hordeum bulbosum technique as described by Chen and Hayes (1988) @ F1
obtained from a cross between Steptoe and Moretvard. Steptoe is a high yielding,
broadly adapted six-row coast-type feed barleycsetefrom the cross of "WA3564/"Unitan”.
Morex, midwestern six-row Manchurian-type barleythe North American six-row malting
guality standard. It was developed at the Universft Minnesota from the cross of Cree x
Bonanza (Kleinhofs et al. 1993).

Hydroponics system and plant growth conditions

The lines were tested in an experiment on hydragomiith a saline treatment (200 mM
NaCl) and a control (0 mM NacCl). The experiment Badndomized block design with four
plants per line per treatment. Each plant represeahe experimental unit. The experiment
consisted of eight randomized blocks, which wetecated to four hydroponics units each
with either two control or two salt-treatment blscklhe hydroponic nutrient solution was
similar to full-strength modified Hoagland's solui and maintained at pH 5.8. The
hydroponics system was located in a sun-lit grees@oThe average day/night temperatures
were set at +18/+f€, and the photoperiod regime was 16 hours liglt @rhours dark.
Greenhouse environmental humidity was 70%. Additight 100 Wn¥* was used when
incoming shortwave radiation was below 200 Wrhamps were switched off at an incoming
shortwave radiation higher 300 Wm

Screening procedure

Seeds from 139 lines of the Steptoe x Morex DH petmn and the parents were germinated
in trays with silver sand for one week until thesfiseedling leaf emerged. Individual
seedlings were then transferred to the hydroposystem. After 7 days on the system, a
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salinity level of 200 mM NaCl was stepwise appliedhalf of the containers containing
seedlings of the 139 DH lines and parents. NaClgradually added to those containers with
a 50 mM day increment to bring the solution to 200 mM NaCleTmal concentration was
then maintained for three weeks until the plantsewearvested for biomass and ion content
measurements.

Assessment of growth and salt tolerance

To measure growth parameters at harvest, all sggdfrom the control and salt-stressed
treatments were separated into shoots and roaasit Bhoot fresh weight was measured
immediately at harvest. Both plant fractions wetiediseparately in a forced-air oven at@o
until the samples reached stable weight prior ® determination of the dry weight. Salt
Tolerance (ST) was assessed as the percentagéateeshoot biomass production under
saline and non-saline conditions according to géfendion of Munns et al. (2002).

lon chromatography

For determination of the ion contents in the shaotd roots of each barley line, the four
replicated samples obtained per line were pooledgraund to fine powder using a hammer
mill with 1 mm sieve. Dry shoot and root powdersrevashed at 578 for 5 hours. Ash
samples were dissolved by shaking for 30 minutek il 3M formic acid at 9% and then
diluted with 9 ml MiliQ water. The samples were lsbia again at 7& for another 30
minutes. A final 1000x dilution was subsequentlggared by mixing 0.1 ml sample solution
with 9.9ml MiliQ prior to the assessment of the ‘N&*, CI, Mg®*, C&*, SO, and
PO,> content of each root and shoot sample using loroi@atography (IC) system 850
Professional, Metrohm Switzerland.

Satistical analysis of phenotypic data

Variances on root and shoot growth data were aedlysing Genstat 13.0. Estimates of the
genotypic and phenotypic variances were used kg heritability ). The relationships
between the mean ion contents of DH lines and thie#ct and indirect contributions to the
variance of Salt Tolerance between DHs were ingat#d using correlation and path analyses
(Dewey 1959). Path analysis is a straightforwartémsion of a multiple regression analysis
and is used to get insight in the relationshipsvbeh a set of interrelated dependent variates
and a response variate. The output of path analgse set of path coefficientp)( i.e.
standardized partial regression coefficients, wtacdh measures of the direct contribution of
each of the dependent variates to the variandeeafeisponse variate.

QTL analyses and molecular mapping

Residual distribution analysis of the mapping papah was performed to ensure that data
guality was sufficient for QTL analysis. For QTLaysis, we made use of the basic map of
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Steptoe x Morex (Mather 1995), a high quality sta@temap with 223 markers. The average
distance between two consecutive markers was appataly 2-5cM. The software program
MapQTL 6.0 (Van Ooijen 2009) was used to perfornL@hnalysis. An analysis started with
Interval Mapping (IM) to position putative QTLs. Anitial set of markers located in the
vicinity of the QTLs was selected and tested with automatic cofactor selection option of
MapQTL. The final set of cofactors, except for trees on the linkage group that a QTL is
associated with, for each trait was applied in ldtQTL model Mapping (restricted MQM)
to locate QTLs. Permutation tests were used tamgte the LOD thresholds for each trait in
MQM (1,000 permutation tests at 0.05 confidenceellevA LOD value of 2.8 was the
minimum for claiming a QTL. Graphics were made gsiMapChart software (Voorrips
2002).

Results

Phenotyping of salt tolerance

Growth traits and concentrations of seven ions wegasured in shoots and roots of 139 DH
lines and the parents under control and salt stresditions. The traits showed a continuous
and more or less normal frequency distribution Whpoints to quantitative inheritance. The
salinity level of 200 mM NaCl (which equates to eppmately 20 dS/m which is considered
a moderate to high salt stress level for the sédtrdant crop barley) (Chapter 2) significantly
affected shoot dry weight and root dry weight o thH population (P<0.001) (Table 1).
Average shoot dry weight of barley plants grownamshlt and control conditions was 0.44 g
and 1.13 g, respectively. Average root dry weighplants was 0.05g under stressed and
0.11g under control conditions. Significant genetaziation for biomass production under
both control and salt conditions within the popigiatwas observed (Table 1). Overall, Morex
(more sensitive parent) growth traits were cledelys than the population mean under salt
conditions, while Steptoe, the more tolerant parer@s higher than the population mean
except for Shoot Fresh Weight under salt conditions

Substantial variation was observed within the pafioih for Salt Tolerance — defined as the
ratio between dry weight shoot under stress canmditeand dry weight shoot under non-stress
conditions, expressed as percentage (P<0.001)T8karance values of the DH population
ranged from 14.7 to 61.35%. Steptoe was more @gaitaint than Morex but both parents had
a slightly lower value for Salt Tolerance than ffapulation mean (30.83%). The variation
observed for growth-related traits was moderatelyighly heritable i > 0.7), indicating
that environmental or experimental variation wa#lyamildly obscuring the genetic
variation.
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Table 1 Means, ranges, standard deviations (SD) ancabéity (h?) for growth parameters and
Na'/K" ratio of parent and DH lines under different treaits.

' Treatment Parents DH lines ,
Trait Steptoe Morex Mean Max Min SD h®  Fpr
Shoot FW(g) C 10.14 9.64 9.77 18.11 1.26 3.10 0.91 ***

S 1.90 1.62 208 4.08 0.81 0.70 0.92 ***
Shoot DW(g) C 1.69 1.80 133 261 0.7 0.38 0.90 **=*

S 0.43 0.38 0.41 0.74 0.18 0.13 0.92 =**=*
Root DW (g) C 0.11 0.09 0.11 0.21 0.01 0.04 0.88 ***

S 0.05 0.04 0.05 0.11 0.04 0.02 0.91 **=*
Total DW (g) C 1.92 1.80 15 277 0.75 0.19 0.88 ***

S 0.48 0.42 0.47 0.82 0.19 0.08 0.93 ***
Salt Tolerance(%) S/IC 2544 2111 30.83 61.35 14.7 9.88 0.70 ***
Shoot N&K”* C 0.05 0.07 0.06 0.11 0.03 0.02

S 6.07 6.58 545 877 21 0.97
Root Nd/K* C 0.13 0.13 0.14 0.44 0.07 0.05

S 3.94 3.34 4.4 6.89 2.25 0.95

Fresh weight (FW) and dry weight (DW) of shoot and root; and Salt Tolerance (ST) of
Septoe and Morex and DH lines were measured on four replicated samples grown under two
treatments e.g. control (C) and salt stress(S).  significant at P<0.001.

Under control conditions, the parents and the DHupetion mean showed the same trend in
distribution over roots and shoots of the ions meas i.e higher concentrations in the roots
than in the shoot except for GFigs 1a and b). However, under salt stress comditthe
distribution of most of the measured ions over sei@md roots was different for Steptoe and
Morex. Morex had higher concentrations of Ni&*, and Cl ions than Steptoe in shoots, but
lower ones in its roots. Steptoe had a lowef/Karatio than Morex in shoot, and a higher
ratio in root. This may point to a shoot exclusimechanism of Naand Cl contributing to
the higher salt tolerance of Steptoe. Both parantsthe DH population accumulated more
CI" in shoots as compared to NéFig. 1b). The DH population displayed transgnessi
segregation for growth traits and most of the iamntents (Table 1). The differential
distribution of ions, Cland Na& in particular over different plant parts in thegas and DH
lines suggest an involvement of @hd N& homeostasis in salt tolerance differences.

Correlation and path analyses

To understand more about the causal relationshepwden ion uptake, ion allocation and
growth of DH population genotypes under normal salihe conditions, correlation and path
analyses were performed. Significant correlatioesenfound between a number of measured
ion contents and ST (Table 2 and Fig. 2). Low sh@btunder stress conditions was
correlated with increased ST=¢0.32, P<0.001), as well as low shoot'Nad K (r=-0.24,
P<0.01;r=-0.24, P<0.05, respectively). Low shootf €bntent under control conditions was
correlated with control shoot dry weight=¢0.43, P<0.001), which also may be the cause of
the decrease in ST with low shoot QF=0.34, P<0.001). Possibly a GQlontent-regulating
mechanism that already manifests itself under cbotnditions is linked to higher ST.
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Figure 1. lon contents in shoot (a) and in root (b) of SéeptMorex and the mean of the derived DH
population. lon contents were measured from podlachples of four replications grown in two
environments e.g. control (C) and salt stress§Byot and root cation (NaK*, Mg** and C4"), anion
(CI; PQ¥ and S@) and total ion content (sum of all studied catoml anion) ratio of Steptoe (St),
Morex (Mx) and DH population mean (c).
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Table 2 Correlation coefficientsr) of Salt Tolerance and ion contents in shoot aomt of DH
population grown for 3 weeks on hydroponics unddine (S) and control (C) conditions.

Trait Treatment Salt Tolerance
Shoot N& (S: %2152
Root N& g (())1165
Shoot K g %zli
Root K* (S: 882
Shoot CI g g?i%«
Root CI (S: 81162
Shoot Mg* g 888
Root Md™* (S: 002056
Shoot C&' (S: gég
Root C&" g 002%4

*, k% kxk ggnificant at P< 0.05; 0.01; 0.001 respectively.

The observed correlations suggest that the vanigto ST in the DH population is partly
determined by the genotypic differences of maihly €I, Na” and K™ contents in shoots and
roots. Variation in these ion contents may affettil® part directly and in part indirectly; a
change in the concentration of one ion may be ¢daadhe change in another ion, which then
causes growth reduction. We used path analysistim&e the magnitude and significance of
causal relations between ion content differencesSanin the DH population. Path analysis is
an extension of a multiple regression analysis iangsed to get insight in the relationships
between a set of interrelated dependent variatésaaesponse variate. This may give us the
specific ion content differences that are causabait Tolerance, which may be putative
breeding targets for the improvement of salt stredsrance in barley. The output is
schematically represented in Fig. 2, which als@ldis path coefficientspf and highly
significant (P<0.001) correlation coefficient3. (

According to the path analysis, all ion contentit¢ran shoot and in root under control
conditions showed similar but small effects on SdAdicating that there is hardly a

predisposition in ion homeostasis before stregserseived. Nevertheless, control shoot Cl
and K content values seemed to correlate with ST. Cbshoot Cl had a positive effect on

ST while shoot K showed a negative effect with path coefficientueal of 0.3 and -0.21,

respectively, which again may indicate that geniatypfferences in these ion contents in
control conditions are indicative for differencesSalt Tolerance. Similar but smaller effects
were found for control root Cand K contents§= 0.16 and -0.12, respectively).
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Figure 2. Diagram showing correlation and path coefficienit§ ions in shoot (left) and root (right)
with salt tolerance (ST). Double-arrowed lines oadé mutual association as measured by correlation
coefficients ) and the single-arrowed lines represent direcluamices as measured by path
coefficients p).

Path analysis also showed that under saline conditishoot Cland N& content variation
influenced Salt Tolerance differently even thougbkse two ion content traits were highly
positively correlated and had a similar correlatwith Salt Tolerance (Fig. 2). The direct
effect of shoot Nacontent on Salt Tolerance was positiyes(.32) while N& concentrations

in root displayed a negative effept€0.98). Cl concentrations in shoot on the other hand had
a strong negative impact on Salt Toleranpe-@.67) while root CI content correlated
positively to Salt Tolerancg€0.82). Under stress conditions, root lkad no direct effect on
Salt Tolerance while Kin shoot shows an effect on Salt Tolerange §.24). These results
point to regulation of Cltransport and distribution as the driving force &alt Tolerance in
Steptoe and Morex.

QTL mapping

QTL analysis was performed to discover the chrommaoregions contributing to the

variation observed in the population under studygimwth, salt tolerance, ion contents and
Na'/K* content ratio in shoots and roots. Eleven QTLs weuad, scattered over the barley
genome with LOD scores ranging from 2.8 to 20 whidividually explained between 5.36

and 49.6% of the genotypic variance of the corredpw traits (Tables 3, 4 and Fig. 3).
Significant QTLs for ion contents, salt toleranasd egrowth under both conditions were
found to co-localize on specific regions of chromogs 2H and 3H.
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Table 3 Location and statistics of putative QTLs for gtbysalt tolerance, and ion contents identified
in the barley DH population under salt stress

QTL Group Map positiol Locus-nearest markk  LOD % Expl® Additive”
Shoot SO* 1 1.C ABG704, MWGO036E 3.1¢ 9.¢ 0.2
ST (%, 2 38.¢ MWG858, ABG35!  2.81 9.€ 34
F_ST (% 2 39.4 ABG35¢ 3.0t 10.Z 2.6
Shoot C 2 37.4 MWG85¢ 9.8(C 23.¢ -5.9
Root DW(g 2 38.¢ MWG858; ABG35¢{ 5.71 17.¢ -0.C
Shoot K* 2 34.4 ABC156A, MWG85¢ 6.81 18.¢ -0.7
Shoot Ni* 2 36.4 ABC156A, MWG85¢ 9.82 23.¢ -4.€
Shoot C 3 9.8 MWG571C, ABC17. 3.2¢ 6.S -3.5
Shoot Ni*/K* 3 10.¢ MWG571C, ABC17. 5.2¢ 14.7 -0.4
Na'/K* 3 4.8 MWG571C, ABC17. 3.6( 11.2 -0.3
Root SO 4 43.7 TubA1, Dhnt 312 10z 0.2
Shoot C 5 60.€ WG789B, ABR33 3.2¢ 6.7 -3.2
Root K 5 57.€ WG789B, ABR33 3.6¢4 10.1 0.7
Total DW(g' 6 82.¢ MWG820;Nar’ 3.07 10.1 0.1
Shoot DW(g) 6 82.¢ MWG820;Nar’ 3.52 11.5 0.1
Shoot Ni*/K* 6 89.7 Nar7, Amy 3.4: 9.C -0.3
Shoot PO* 7 143.¢ WG90¢ 6.3¢ 17.¢ 1.C

DW: dry weight, F_ST: shoot fresh weight reduction; ST: Salt Tolerance. LOD score threshold is
2.80.% variation explained by putative QTL. * additive effects; a positive or negative value indicates
that the trait score was increased by the allele from Steptoe or Morex, respectively.

QTLsfor growth and salt tolerance

QTLs for growth traits under control conditions he@D scores ranging from 3-20 and
explain 5.3-49.6% of total genotypic variance. gioa at about 40 cM on chromosome 2H
accumulated a large number of QTLs, including QTdrsroot dry weight under both saline
and control conditions and Salt Tolerance. Amdrese, strong QTLs for shoot fresh weight
(LOD: 10.95) and root dry weight (LOD: 20.63) undmntrol conditions had their peak
values at map positions at 40 cM of chromosome Th¢ QTL for root dry weight under

saline conditions on 2H had a LOD value of 5.7 axglained 17.9% of total genotypic
variance, QTLs for salinity tolerance (ST) and shoesh weight reduction (F-ST) were also
detected in the same genomic region. At anotheatime, a QTL at about 78 cM on 6H

contributed to shoot dry weight under both salind eontrol conditions and root dry weight
under stress conditions (Tables 3, 4 and Fig 3)}dddrsaline conditions, the alleles from
Steptoe contributed to the increased shoot dryhteigd Salt Tolerance.

QTLsfor Na*, K*, Na'/K* and ClI” contents

A number of significant QTLs controlling NaK", CI' contents and N&" ratio in shoots,
roots and the whole plant were detected at segeradmic positions (Tables 3, 4 and Fig. 3).
Again, we found the genomic region at 40 cM of 2Hbe an important locus, accumulating
several QTLs for ion contents.
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Table 4.Location and statistics of putative QTLs for grbwdalt tolerance, and ion contents identified

in the barley DH population under control conditon

QTL Group Map position Locus/nearest marker LOD % ExXpl.Additive®
Root SO4 1 141.8 MWG635B 3.09 8.2 0.8
Shoot DW(g) 1 142.9 PSR106B 4.07 11.3 -0.1
DW (g) 1 142.9 PSR106B 3.77 10.2 0.1
Shoot FW(g) 1 142.9 PSR106B 3.74 8.3 -0.9
Root C&’ 2 39.4 MWGS858; ABG358 4.18 14.0 1.2
Shoot C&' 2 31.4 ABC156A 7.23 13.7 -0.6
Root CI 2 37.4 MWG858 3.75 119 0.5
Shoot CI 2 37.4 MWG858 356 9.1 0.3
Root DW (g) 2 38.4 MWGB858; ABG358  20.6319.6 -0.0
DW (g) 2 40.3 ABG358 403 111 -0.1
Shoot FW(g) 2 40.3 ABG358 10.9%8.0 -1.6
Shoot K 2 35.4 ABC156A, MWG858 13.50 37.8 -4.1
Shoot Mg* 2 314 ABC156A 8.39 22.2 -0.2
Shoot N&/K* 2 38.4 MWG858, ABG358 3.79 12.0 0.0
Na'/K* 2 40.3 ABG358 545 17.6 0.0
Root SO4 2 33.4 ABC156A, MWG858 4.84 13.2 1.0
Shoot C&' 3 5.8 MWG571C, ABC171 15.6034.5 -1.1
RootDW (g) 3 0.0 ABA307B 425 7.4 -0.0
Root K 3 128.6 mPub 356 114 -2.3
Shoot Mg* 3 5.8 MWG571C, ABC171 6.89 17.5 -0.2
Shoot SO% 5 0.0 MWGB835A 4.09 129 -0.3
RootDW (g) 6 72.6 ksuD17;ABC175 3.36 5.3 0.0
Shoot DW(g) 6 78.8 MWG820;Nar7 3.13 85 0.1
Total DW(g) 6 78.8 MWG820;Nar7 3.16 84 0.1
Shoot Ci 7 76.4 ABC302 8.45 23.6 -0.5

DW: dry weight, F_ST: shoot fresh weight reduction; ST: Salt Tolerance. LOD score threshold is
2.80.2 variation explained by putative QTL; ®: additive effects; a positive or negative value indicates
that the trait score was increased by the allele from Steptoe or Morex, respectively.

A QTL controlling shoot Nacontent mapped on chromosome 2H under stressetitions
with a high LOD value (9.82) and explaining 23%tatal genotypic variance for this trait.
The Steptoe-derived allele is associated with lav ddntent.

Two QTLs influencing shoot K content under both control and stress conditiomsew
detected in the same region of 2H. These QTLs hamg effects on K content in shoots
with LOD values of 13.5 and 6.8, respectively. Tajanotypic variance for K content
explained by these two QTLs was 37.8% and 18.8%pedively. Steptoe donated the alleles
for low K* content. Two QTLs controlling N& ™ ratio in shoot and in the whole plant under
control conditions were localized on Chr. 2H witBD score 3.8 and 5.5 respectively. These
two QTLs explained 12% and 17.6% of total genotyaigance for this trait, respectively.
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Under salinity stress conditions, two QTLs influggcNa /K™ were found on chromosome
2H and the Steptoe alleles are associated withvalwes for N&K*. The chromosomal
region at 40 cM of 2H also was found to control €intent under both control and saline
conditions. The strongest QTL controlling” €bncentration under saline conditions (LOD:
9.8 on 2H) accounted for 23.8% of the total geniatypriance.

In addition, QTLs for ion contents were found orrathosomes 3H, 5H and 7H. Under
control conditions shoot N&* and Cl contents were influenced by a QTL on Chr. 3H.
QTLs for root K and shoot Clcontents under saline conditions were identifiadCir. 5H.
Under stressed conditions, a QTL affecting shoct#awas found on Chr. 6H (LOD score
5.3). A strong QTL affecting Ckoncentration under control conditions was mappedH
(LOD: 8.45) and explained 23% of the total genatyypariance. Alleles associated with low
CI" concentrations in shoot contribute to growth urg#ine conditions came from Steptoe.

QTLsfor other ion contents

QTLs influencing Mg*, C&* and SG” contents were only detected for plants grown under
control conditions (Table 4 and Fig. 3b). Four QEomtrolling Md*, C&* contents in shoot
co-localized on the QTL hotspots on chromosomes2tH3H. In roots we detected only one
QTL for root C&" which was located on Chr. 2H (Table 4). Undersstreonditions, only a
single QTL on Chr. 4H was found for $Oconcentration in shoot under stress conditions,
and a QTL for PQ' content was detected on 7H with a LOD score of Bt allele for this
QTL associated with low P concentrations in shoot under salt stress canme Steptoe.
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Figure 3. Location of QTLs on the Steptoe x Morex skeleton map. The number on the left side is the genetic distance in centiMorgans (cM), marker names €S
are givel on the right side. QTLs are shown at the right side in vertical bars with trait names: Salt Tolerance (ST), shoot fresh weight reduction (F-ST), T)
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concentation and ratio of ions in roots (R) and shoots (Sh) and total dry weight (DW) of barley lines grown for 3 weeks either on nutrient solution with 200
mM Nacl (a) or under control conditions (b). LOD score threshold is 2.8.
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Discussion

Unravelling the mechanisms underlying salt toleeairc higher plants is a challenging task
for plant scientists worldwide. We evaluated thgregating DH population derived from two
well-known barley cultivars, Steptoe and Morex,ahydroponics system under control and
saline conditions to better understand the genetiche mechanisms contributing to salt
tolerance, in particular the concentrations of mdms in roots and shoots. The DH
population is widely used in quantitative genettadges as it segregates for important
agronomical traits like malting quality, and forrfmgmance under both biotic and abiotic
stress conditions (Mano et al. 1996; Kaneko e@01; Han et al. 2003; Choi and Close
2000; Siahsar and Narouei 2010). Steptoe, Morextlamdlerived DH population have been
deployed previously for salt tolerance studies (Mamd Takeda, 1997). A subset of the
population (72 lines out of 150 DH lines) was usednap physiological traits under salinity
stresses (Siahsar and Narouei, 2010). Morex was tasstudy gene expression under salt
stress (Walia et al, 2006) and Steptoe and More® weed as contrasting genotypes to study
the salt stress-induced changes in the root pratgdiitzel et al, 2009). In our study Steptoe
contributed alleles and major traits that were eissed with salt tolerance such as biomass
production under stress conditions, and decreasecb@ent and N#K" ratio (Tables 3 and
4). The better performance of Steptoe compared @aoekunder salt stress is in agreement
with the findings of Mano and Takeda (1997). Witeehl (2009) on the other hand reported
that Morex was more salt tolerant than Steptoeeat early seedling stage. However, these
studies assessed salt tolerance using criteriaifiat from the ones used in this study. Mano
and Takeda (1997) used leaf injury symptoms a®rait for salt tolerance. Witzel and
colleagues used the delay in appearance of leawwsd23 of young barley seedlings. We
assessed salt tolerance according to the definaidiunns et al (2002) and used the biomass
production under saline relative to production unaen-saline conditions after three weeks
cultivation on hydroponics as criterion. This ralaly long time interval allows salt stress
symptoms to build up over different stress phasemftic and cytotoxic phase Munns and
Tester (2008) and to find associations with tréhtst influence salt tolerance. The genotypic
differences in biomass production under differeotngng conditions between the two parents
and their derived DH population were associatedh whe variation in contents of some ions
in shoots and roots (Table 1 and Fig. 1). Theediffices in cation, anion and total ion
contents in roots, shoots and the differences at/sboot ion ratios imply that the parents
differ in genetic constitution for mechanisms cotling ion homeostasis that contribute to
salt tolerance.

QTL-rich region on chromosome 2H

Plant tissue Naand/or K contents and their ratio have been implicatechftimg time in salt
tolerance. We identified in the Steptoe x Morex [Pdpulation on chromosome 2H a
chromosomal region controlling Salt Tolerance, $hd& content under salt stress and shoot
K* content under both stress and control conditiQ¥Ls controlling N&K™ ratio were also
found on chromosome 2H and 3H but they had smeffects. QTLs controlling NaK" and
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Na'/K* that contributed to salt tolerance were repontedde (Koyama et al. 2001; Lin et al.
2004) and wheat (Dubcovsky et al. 1996; Genc étHlOa).

The strong QTLs for Nacontent under salt stress conditions which magssigthe presence
of one or more genes for regulation of ‘Naptake, transport and/or exclusion in the QTL
region on chromosome 2H. In bread wheat QTLs fof Ware identified on different
chromosomes compared to QTLs fof (Genc et al. 2010). In our study QTLs for shodt K
content were co-localized on chromosome 2H withTa @r salt-stressed shoot Neontent.
This suggests the interdependency between theseotwgo On the other hand, it may also
indicate that in wheat and barley different mechans operate in salt stress-induced biad

K* regulation, which may underlie the differencessait tolerance mechanisms between
wheat and barley. For instance, barley in gendsglays a higher Nacompartmentalization
and exclusion capacity (Munns and Tester, 20083. dirlocalisation of QTLs for Kcontent
under both control and stress conditions on ChrwH QTLs for contents of NaCl ions

as well as Salt Tolerance (Fig. 3) suggests thiaast some genes underlying these traits are
constitutively expressed and are not salinity stinduced.

The co-localization on chromosome 2H of QTLs for ldad K under stress conditions may
be due to one or more genes regulating thé asal/or K transport such as vacuolsHX
antiporter genes which sequester’ Nia vacuoles to maintain a low NK* ratio in the
cytosol, or genes operating in the SOS pathway asgilasma membrane Wd" antiporters.
The activity of these antiport transportation systewas found to be driven by vacuolar
proton pumps (HATPase and Hpyrophosphatase) (Silva and Geros 2009). Genes
belonging to theHKT1 family, which function as specific Naransporters or in Naand K
co-transport (review of Hauser and Horie, 2010y ralso be candidates for these QTLs.
HKT is an important gene controlling cellular Nend K homeostasis.

The traits for which QTLs clustered on chromosonté & our study resemble the
physiological functions ofSNC7 (QTL for shoot N& concentration) an@®KC1 (QTL for
shoot K concentration) (Lin et al. 2004) which controleriseedling shoot N&™ ratio under
salt stress. Th&C1 gene was later found to encode a member of HKE&-typnsporters
(Ren et al. 2005). However, it is unlikely that 8€C1 gene underlies the QTL effect, as the
rice SKC1 gene is located on rice chrosomome 1 which doesmarie syntenic regions with
the barley 2H chromosome (Close et al, 2009Hurum wheat, Linsay et al. (2004) mapped
the Nd exclusion locusNax1 for low N& leaf blade on the long arm of chromosome 2A as
one of the two major loci for this traiNax genes were found to restrict Nmansportation
from roots to the shoots and enhance th&Waratio in the leaf blade (James et al. 2006).
Nax2 was proposed by Byrt et al (2007) to have the sametion as th&Knal gene in wheat
(Dubcovsky et al. 1996). ManylKT gene family members were found strongly associated
with Nax1, Nax2 and Knal including HKT7 in durum wheat (Huang et al. 2006). Genes
similar toHKT 1;4 genes were mapped to the wheat-barley chramsgooups 2 (Huang et
al. 2008), indicating that sontdKT genes may be located in our 2H QTL region. Bé#x
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loci were also strongly associated with cation$porterHKTL; 5 in wheat (Byrt et al. 2007),
and were shown to reduce Naansport to leaves in bread wheat (James e0#l)2

In barley, genetic analysis for salt tolerance wesnly performed at seedling or vegetative
growing stages (Mano and Takeda 1997; Ellis e20®2; Shavrukov et al. 2010; Rivandi et
al. 2010; Zhou et al. 2012) similarly with the ant study. Very limited study has been
conducted under maturing stage (Xue et al. 2000 & al. (2009) identified QTLs for Na
uptake and R/Na’ ratio at plant maturity in a screening study wattbarley DH population
derived from CM72 x Gairdner in salt treated sdhese QTLs mapped on chromosome 2H
but there was not sufficient information to con@utat the QTLs are in the same region as in
this study. The co-localization of our 2H QTL wibther QTLs for salt tolerance (leaf injury
scoring) (Zhou et al. 2012) and shoot dry weightigEet la. 2002) under saline conditions
clearly suggest a gene(s) controlling ion homeastssociate with salt tolerance of barley at
vegetative growing stage. QTLs/genes for' Na K* transportation identified at seedling
stages in wheat such Bax1 andNax2 (Lindsay et al. 2004) & CL1 in rice (Lin et al. 2004)
have been shown to associate with salt toleranogairing stage as well (James et al. 2011,
Ren et al. 2005). Recently Munns and colleagueg Bagessfully used thHdax2 locus from
Triticum monococcum to produce salt tolerant durum wheat which is digantly increased

in salt tolerance and yield on saline soil, and/thave shown that the responsible gene is
HKT1;5 (Munns et al, 2012). The co-localization of stra@@Ls for K" and N& with Salt
Tolerance in this study suggests that the chromatasgion on Chr. 2H of Steptoe may be a
promising target for salt tolerance breeding prowaising marker-aided selection.

Effect of ClI” on Salt Tolerance

Previous studies focused only on*Nand/or K, and N&K" ratios. Our results show that
other ion concentrations are relevant for saltrazlee as well. We have assessed shoot and
root cation (N& K*, Mg®* and C&") and anion (C] PQ*> and SQ@) contents that are the
main constituent ions of total soluble salts présesoils (Tavakkoli et al. 2011). Correlation
analysis (Table 2) showed that increased Salt @aoter was not only associated with
decreased shoot Naontent; an even stronger correlation was detegitdCI content under
stress conditions. Path analysis was used to iparttbrrelation analysis and revealed direct
and indirect negative effects of shoof @d N& contents under stress conditions on Salt
Tolerance. Path analysis is widely used to invagtighe relationships between yield and
other contributing components in cereals (Hui e2808). Several recent studies have used
path analysis for instance to evaluate the inteti@iship of yield variation and yield
components under different water regimes in duruneat (Garcia de Moral 2005 ) and to
assist phenotypic selection in wild barley undéiedent water regimes (Volis et al. 2004) and
nitrogen deficiency (Verhoeven et al. 2004). In study, path analysis of Salt Tolerance
using ion contents in shoots of plants grown ursddir stress showed a striking difference in
effect between Chnd N& contents (Fig. 2), indicating Qo have a stronger effect on Salt
Tolerance and possibly be more toxic even thoughctirrelations of both traits with Salt
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Tolerance were fairly similar. As Cis the most dominant anion in saline soil, plants
accumulate high levels of Tin the leaves when grown under saline conditigvidot of
studies, amongst others in rice and wheat, sugpperimportance of Naas this ion is highly
correlated with salt tolerance. However, other issidemonstrated that handling of @ight

be very important for salt tolerance in some otteps includingHordeum (Teakle and
Tyerman, 2010; Tavakkoli et al. 2010). The reldtivemall direct effect of Naon Salt
Tolerance may be explained by the excellent abilityarley to sequester N vacuoles and
therefore decrease Naoxicity (James et al, 2006b). Oddly enough, theos CI content
observed under control conditions showed a vergngtrpositive correlation with Salt
Tolerance and a negative correlation with shoot d@htent under stress condition. This
implies that already at control conditions a gené&dctor determining Ckontent is operating
that positively affects salinity tolerance, althbuge allelic differences are much smaller than
under salinity stress (compare Tables 3 and 4 timsddeffects). Our results in fact indicate
that CI content under control conditions may be informaiiv relation to salt tolerance. The
finding of the strong QTL for Clcontent under control conditions suggests thaamingene
expressed only under non-saline conditions maybatéd on chromosome 7H. In soybean,
Abel (1969) suggested a single gene controllingd@ding in the plant shoots. Whether the
effect of this QTL is functionally related to thérag effect of shoot Clunder saline
conditions is not clear, although several strong.€Q€ontrolling shoot and root Clere
detected on different chromosomes and shootc@itent QTLs for salt stress and control
conditions co-localized on chromosome 2H (Fig.T)e clustering or co-localization of Cl
and Nd QTLs on chromosome 2H in our study supports thairfig of Tavakkoli et al. (2011)
that under saline conditions, high Nand Cl might create cumulative adverse effects on salt-
stressed barley plants. The relatively high cotregion of Cl compared to that of Nan the
shoot under both stress and non-stress conditimhgha relatively low concentration of @h

the root under control conditions (Figs. 1a andight indicate that independent mechanisms
are controlling the transport of these two ions.

There is not much known about mechanisms or gdrascbntrol Cltransport. The genes
underlying the QTLs for Clcontent may include transporters having eithezaior indirect
effects on Clexclusion or control of a Chloride channel (CLChgdamily was found to
control CI/H* antiporters and Clransport. Another gene controls” @ading/uploading at
the xylem/symplast boundary (CCC) and functions as-transporter of Ne&K™:2Cl (review

of Teakle and Tyerman 2010). Several recent papave indicated that Cluptake and
transport mechanisms may be implicated in salitotgrance (White and Broadley 2001,
Tavakkoli et al. 2010), but its genetic controll $&§ unknown. Our study identified QTLs for
shoot Cl under stress conditions on chromosome 2H thatriboté¢ significantly to salt
tolerance. Our results therefore suggest that &gam, lotus, citrus, grapevine, avocado and
other woody crops (review of Teakle and Tyermanl@OCI plays an important role in
barley salt tolerance and both Nend Cl uptake and transportation mechanisms operating in
different plant parts of barley can contribute atirsty tolerance.
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QTLs for Mg**and Ca** contents

Some important QTLs are found in both conditionsghsas QTLs for root dry weight, shoot
and root K, CI, total Nd/K* ratio and root Sg contents. Other QTLs were only detected
either in control conditions, such as QTLs for shelg®* and C&', or in saline conditions,
like the QTL for shoot Na QTLs for traits detected in both or only one eaniment provide
information of the constitutive or non-constitutiggpression of the gene-related traits (Genc
et al. 2010a). C4 and Md" content were always highly correlated with eadhepin both
stress and non-stress conditions (Fig. 3). Howeguegh analysis did not reveal strong effects
of these two ion contents on Salt Tolerance. Theaith of Mg has until now not been
studied in relation to salt tolerance in highempa but C&' is known to activate salt stress
signalling that controls ion homeostasis and toleea(Liu and Zhu 1998). In addition,
supplemental G4 enhances KINa' selective intracellular accumulation helping pfamo
cope with higher Naconcentrations under stress conditions. MunnsTasder (2008) and
Genc et al. (2010b) pointed out that supplemen#al i@ the hydroponics media is necessary
to discriminate between the effect of Nand C&" deficiency induced by high concentrations
of Na'. As shown in Chapter 2, we did not use extrd'@a give the plants experimental
growing conditions that mimic growing conditions tie soil as much as possible. Ca
contents of the root were not affected in saltsstreonditions, but shoot Eacontent was
significantly decreased. However, this decreasshiot C&" content did not appear to have a
negative effect on shoot growth and salt toleraités indicates that in our experiments, the
decrease in shoot €acontent is not strong enough to induce‘Gieficiency with negative
effects on growth, and that the effects detecte8almity Tolerance and NaK®, or CI were
not influenced by a genetic factor for Naduced C4' deficiency.

Conclusions

QTL mapping has proven itself as a standard praeeftr dissecting the genetic control of
various quantitative traits (Salvi and Tuberosa®00he most prominent QTLs found in our
study agreed with our correlation and path analgessilts in which we found shoot Gind
Na" under salt stress to be strong determinants fortalarance. Co-localization of several
strong QTLs detected at both salt concentratiomsido contents and growth at specific
regions of chromosomes 2H and 3H and path anahgsislts indicate clear and causal
relationships between ion homeostasis and saltatade. The interdependency between ion
content traits suggests that genes underlying thes@Qnay control multiple ion transport
mechanisms and affect ion homeostasis, like fotant® ion channel and proton pump
activities which may be the drivers for specifiersyand antiporter activities. The genomic
regions that harbour strong QTLs for salt toleraacd ion contents on chromosome 2H and
3H in our study can be used for targeting candigatees controlling ion homeostasis and salt
tolerance. Exploration of Salt Tolerance and asdimei mapping in a large set of barley lines
representing more genetic variation for traits dboting to salt tolerance might confirm the
importance of the traits and QTLs in this studybarley salt tolerance.
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Chapter 4

Abstract

The differences between the barley cultivars Stepiod Morex in salt tolerance and related
traits were found to be controlled by several QTHere we focused on the fine-mapping of
the QTL regions on chromosomes 2H and 3H, sparaddogit 13cM and 30cM, respectively.
The regions harbour clusters of QTLs for traite [lkkomass under saline conditions and ion
homeostasis traits including NaCI', K* and C&' contents. The objectives of this study are to
verify the effects of the QTLs and to narrow dove QTL intervals to facilitate marker-
assisted breeding and map-based cloning. To thiste separate salt tolerance evaluations
were performedn hydroponics, using lines recombinant in eitter @TL regions on 2H or
3H. Additional molecular markers located in the Qfidgions under study were used to
support the fine-mapping of QTLs. In this way th&L® on 2H for shoot K content and
plant height were verified and mapped to a regjmmsing 2.2 cM. Steptoe contributed the
QTL allele associated with the increased plant Hteiylorex contributed the QTL allele
associated with a higher'Kcontent in shoots. For the 3H region, QTLs wendfied, but also
new QTLs were found. The QTLs for €aontent in young and old leaf tissues and the QTL
for K™ content in stem tissue from salt-stressed pla®t® wnapped to an interval spanning
0.89 cM. We suggest the members of ad K co-transporteHKT genesNHX and CAX
genes as candidates underlying these QTLs.

Keywords: fine-mapping; QTL,; salt tolerance; ion homeostabarley

Introduction

Barley globally is the fourth arable crop basedaoga under cultivation (Schulte et al. 2009).
It is the most salt-tolerant field crop (Maas andffhhan 1977). Despite this favourable
characteristic its growth is still considerablyeaffed by salt stress (Azadgoleh and Yasari
2007). One of the ways to overcome the limitatibrrop productivity on salinized soils is to
breed new salt-tolerant cereal varieties (Munra.e2012).

It's well known that salinity tolerance is a gewatly and physiologically complex trait,
controlled by polygenes, each having a relativatyalé quantitative contribution to the
phenotypic variation (Flowers et al. 2004; Roy let2@11). Since a few decades such genes
are indirectly mapped with the aid of molecular kess through QTL mapping (Kaersay
1998; Collard et al. 2008). The detection of QTLsderlying traits of agronomical
importance has greatly increased our understangfingenetic complexity of abiotic stress
tolerance (Salvi and Tuberosa 2005; Collin et @08). However, the implementation of the
knowledge on QTLs in plant breeding, for instanwe®agh pyramiding of favourable QTL
alleles, map-based cloning, introgression of QTh® icommercial cultivars or marker-
assisted selection is still a challenging task (@ 2007; Bernardo 2008; Collins et al.
2008). The inaccuracy of mapped QTLs is the maason that only a small proportion of
polygenes controlling the variation for traits ofarest has been identified and used (Mackay
et al. 2009). QTLs are typically localized on chasomes within map intervals spanning 10-
30 cM; intervals that may harbour several hundredgenes which limits the chances of
finding the actual genes of interest (Salvi and éfaba et al. 2005; Ingvarsson and Street
2011).
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In barley, several QTL mapping studies have beefopeed to identify genes contributing to
genetic variation in salt tolerance. This resultethe detection of QTLs for salinity tolerance
at germination (Mano and Takeda. 1997), the segdliage and the vegetative growing stage
under hydroponics (Mano and Takeda 1997; Ellisl.eR@02a; Shavrukov et al. 2010 and
Nguyen et al. 2012) and at the maturity stage ihis@ots (Xue et al. 2009). Only few QTLs
in barley have been fine-mapped and narrowed dovenfew candidate genes. Shavrukov et
al. (2010) and Rivandi et al. (2011) detected ane-mapped two important lodHvNax3 on
chromosome 7H andivNax4 on chromosome 1H. These two loci are associatéol Ma'
exclusion in barley. Candidate genes such as aolarcid -pyrophosphates gendKiX
Na'/H" anti-porter) are associated with the Salt oveglysitive 80S) pathways (Liu and Zhu
1998) have been suggested tdvNax3 (Shavrukov et al. 2010). Another gene that is
homologous withrSOS3 (HVCLB4) was suggested as a candidateHoNax4 (Rivandi et al.
2010). No QTL for growth or salt tolerance was dttd at theHvNax3 and HvNax4
locations (Shavrukov et al. 2010; Rivandi et alL@0

The basis for the current study is described inpB1a3 (Nguyen et al, 2012) in which the
genetic variation in response to salt stress iroabkkd haploid (DH) mapping population
derived from the cultivars Steptoe and Morex (Kheifs et al. 1993was studied. The study
was carried out on hydroponics and resulted indiitection of highly significant differences
among DH lines for various salinity-related traifhe variation was in part controlled by
QTLs for traits such as biomass growth, ion comtesft N&, K*, C£*, and Cl, and the
Na'/K" ratio in shoot and root tissues (Nguyen et al. 20Atriking clustering of QTLs on
2H and 3H was observed, suggesting that in thesendsomal regions genes are located that
play important roles in a number of traits. A totdél18 strong QTLs (LOD score up to 20)
were mapped on chromosome 2H in a region spanidriycM. This region (the so-called 2H
QTL region) contains QTLs for salt tolerance, rdot weight, shoot fresh weight, and QTLs
for ion content in shoots of important cations amibns related to salt tolerance’ (g™,
C&*, Na" and Cl contents). The region of chromosome 3H also shasestering of QTLSs.
This regionspanning about 30 cM is referred to as the 3H Q&gian and contains QTLs for
shoot C&', Mg?*, CI' contents and shoot N& " ratio (Nguyen et al. 2012).

The 2H and 3H QTL regions harbour genes that slyocantribute to the difference in salt
tolerance between cultivars Steptoe and Morex. ¥pamtely evaluated recombinants in the
2H QTL region and in the 3H QTL region, and thegpdal genotypes Steptoe and Morex
were also included. The evaluations were carrigdoouhydroponics with the aim to verify
the presence of QTLs in both regions and a furtharacterization of the QTLs, paving the
way for cloning of genes affecting salt toleransen&ll as for marker-assisted breeding.
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Materials and methods
Molecular maps of the 2H and 3H QTL regions

Markers located on the integrated barley mapAghnoum et al. 2010¢lose to or within the
2H or 3H QTL regions under study were used to mseethe marker density in these regions.
The 2H QTL region is delimited by the markers ABG6A5and ABG 459 and the 3H QTL
region by the markers ABA307B and ABG471 (ChaplerEXtra markers were added to the
skeleton map based on the Steptoe x Morex DH popnlé@Mather 1995) as used by Nguyen
et al. (2012). JoinMap® 3.0 (Van Ooijen and Voasrip001) was subsequently used to
generate linkage maps for both QTL regions.

DH lines used for fine-mapping

The lines used in the two fine-mapping studiessaramarized in Table 1. In each experiment
the performance of 22 DH lineelected out of the Steptoe x Morex DH populatitus phe
parents of the mapping population were studied. Sdtection of lines was made with help of
the software program GGT 2.0 (van Berloo 1988hg the molecular map of either the 2H or
3H QTL region. The target was the identificationlioks having a recombination in the 2H
QTL region or 3H QTL region (S/M haplotype) and tksetablishment of the site of
recombination within recombinant haplotypes.

Testing on hydroponics

The sets of genotypes mentioned in Table 1 werkiata for salinity tolerance in separate
greenhouse experiments on hydroponics similar & streening of the Steptoe x Morex
population (Chapter 3). Seeds of the lines receabdat treatment at %7 for 24 hours prior

to the experiments to improve germination. The seeere then germinated in silver sand for
seven days. Seedlings were then transferred thyith@ponics system. The basic elements of
the system were containers holding 20 L nutriedtuitsm; each having 24 positions for
plants. One unit of the system contained 16 coataifinked in parallel with large reservoirs
and a pump for the circulation of the nutrient ol After transfer to the system the plants
were allowed to adjust for seven days prior todpplication of the salt stress treatments as
described in Chapters 2 and 3.The layout of Expanisil (2H QTL region) and 2 (3H QTL
region) was similar with a randomized block desagm single plants as experimental units.
Each container represented a block. The treatnesretd were 0 and 200 mM of NaCl. The
number of replicates per genotype/treatment contibmavas 12 in the studies concerning the
2H QTL region (Experiment 1) and 4 in those conteythe 3H QTL region (Experiment 2),
respectively.
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Table 1 Composition of the sets of lines used in the-fimegping studies

Number of lines

Haplotype
2H QTL region 3H QTL region
Recombinant lines S/IM 15 22
. . S 3 0
Non-recombinant lines M 4 0
Steptoe S 1 1
Morex M 1 1

S/M: recombinant haplotype for the QTL region; S Steptoe haplotype for the QTL region; M: Morex
haplotype for the QTL region

Assessment of plants

A variety of plant data were collected during theperiments with respect to physiological,
morphological, and plant growth characteristicsvai as the content of various ions in root
and shoot dry matter. Before harvest, data werleated with respect to plant height, root
length and tiller number for all plants grown undmmtrol and saline conditions. Upon
harvest the plants were separated in roots andtsh®be latter fraction was subsequently
separated in Experiments 1 and 2 in two or thredefsactions, respectively. The shoot
fractions of the first experiment consisted of lo@d) and upper (young) parts of all shoot
tillers of plants. The upper part contained allnplaiomass above the three oldest leaves of
the tillers. In Experiment 2 the shoots were ggbibn harvest in stems, old and young leaves.
The young leaves of a plant comprigkd upper three leaves from the main tiller andhtiee
youngest leaves from younger tillers. The remainieaves formed the fraction with old
leaves. The various plant fractions were dried iveatilated oven at 70°C for at least 72
hours prior to weighing to get dry weight daidter collecting the dry matter figures, the dry
samples of the various plant fractions were usedofo analyses as described in Chapters 2.
Prior to ion analysis the number of samples to balysed was reduced by pooling per
combination of genotype, plant fraction, and stitesatment. Pools comprised samples from
4 plants in Experiment 1 (4 pools per genotype) sardples from 2 plants in Experiment 2 (2
pools per genotype).

Satistical analyses

Analyses of variance were done per salt treatmevel Ifor all traits for which data were
collected in the Experiments 1 and 2 with the safewpackage Genstat {18dition). After
fine-mapping and deduction of the origin of QTLetdls in the 2H or 3H QTL regions of the
lines with a recombinant haplotype, the classitargti.e. S (Steptoe) or M (Morex) was used
to test differences between both classes of gemestypith help of analyses of variance
between genotypic means for each trait treatmemibamation and two-sided t-tests with 22
degrees of freedom.
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Graphical fine mapping

The performance of each of the genotypes with amémant haplotype (S/M) of the 2H

QTL region in Experiment 1 is used for fine-mappofgsalinity tolerance traits. To this end
the recombinant lines are classified in two grouyes,SM and MS haplotypes. The grouping
is based on the origin of the border markers of2HHeQTL region. The first group comprises
genotypes that are homozygous for the ABC156Aalfi@m Steptoe and the ABG 459 allele
from Morex. The opposite holds true for the secgnoup. The fine-mapping is done by
plotting the performance of the DH lines against genetic positions in the QTL region.
Fine-mapping was performed in a similar way for @EL region on 3H, using the Steptoe
and Morex alleles of the markers delimiting the QML region for haplotype classification.

Results
Molecular maps of 2H and 3H QTL regions

For the fine-mapping, more markers were mappecéntivo regions of interest (2H QTL
region and 3H QTL region). Fig. 1 depicts the neaskand marker order in both regions on
the skeleton map used in the original mapping sar/the corresponding high density maps
that will be used for the fine-mapping of the QTihgwo regions of interest. The new maps
have a similar size in cM with on average about wagker per cM. The new markers have
filled the gaps present on the skeleton maps rattedy but there still are some gaps in the
novel maps. The novel maps were used to deterrhmeite of recombination for each line
recombinant in the 2H or 3H QTL region.

2H 2H_New 3H 3H_New
0.0 ABA307B
14 MWG571C
30.8 ABC156A 23 ABG316A
. 30.9 GBR0393 29 HV_CEa
31.4 ABC156A 516 " | GBMS002 0.0 ABA307B 3.0 Contig6623
=77 GBMS2 37 Contig11675
_— bPb-242g 19 MWORTIE 45 \; Contig9352
2 |1bPt-8049 46 \_ / JS195F
37.3 ABG002 5.1/~ Contig12999
MWG858 \ / MWG858 1 |Contig9797
37.5 58 378 {HDO1G19w 8.0 Contig5140
1\ /cBm1os2 \_ Contig19508
;i ABG358 384 GBR0479 Contig13476
202 40.0 7=~ GBS0610 - /| \| Contig20916
40.1 /:\ GBMS229 97| | "|Contig13784
405 / —\- ABG358 /_\ Contig11940
414 HVSMEm HUO05116u
446~ ABGASY 1 s /I bPt-3594 10.9 / Contig4632
419 bPt-0048 11.87 | | VHVSME
42.3/ \be-a449 15.3 ARG 15.1 <R HVSMEn
44_2/ ABG005 it 6/_\{ ABCA171
46.9 ABG459 ©7 /N 1ABC171A
16.2 Contig15730
174 rbaal19b08
17.8 Contig20641
18.2 ABG321
18.4 Contig4867
242 MWG798B 54 8-| | - MWG798B
258~ |- MwWG497
26.2 — [~ ABG057
28.0 MWG584  27.8 GBS0497
28.8 ABG460
31.1 ABG4T71 31.1 ABGAT1

Figure 1. Original and new molecular maps of the 2H and 3H. @gions
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Performance of lines used for fine mapping of the 2H QTL region

The results of the study of the set of lines usexperiment 1 are summarized in Table 2.
The lines showed considerable and mostly signifieamiation for all the traits under stress
and/or control conditions. Not surprisingly salress resulted in reduction of growth.
However, this only held true for shoot growth armt for root growth. The plants grown
under stress had less tillers and somewhat moxededhe latter indicates that stress may
have promoted plant development. The salt stressntient resulted in striking differences in
contents of ions in the dry matter of the variolapfractions studied (Table 2). Roots had a
lower CI content than the upper and lower parts of thetpdhoots. In stressed plants the
lower shoot parts had on average the highesta@itents. Salinity influenced both quantity as
well as the distribution of Naover young and old shoots. The lower shoot pasts lzad the
highest N& content. This may indicate that these plants ditaeand Cl in older leaves to
ensure growth of the younger leaves under sakstenditions. Salt stress also resulted in a
large reduction of the contents of i the upper and lower shoot parts as well agdbés.
Salt stressed plant parts also had a consideratilection in C& content in comparison to
corresponding control parts, except for the rodth(e 2).

Table 2 Phenotypic performance of 24 lines chosen foe fimapping of the 2H region for various
plant traits or plant fractions as collected in &xfment 1 under salt vs control conditions. Stiats
Max, Min, Mean and LSEys refer to the maximum and minimum, the mean ovklirses, and the
least significant difference between lines (at BS].

Trait Plant Salt Control
fraction Max Min Mean LSDpo: Max Min Mean LSDoq
Number of tillers 5.08 1.67 2.89 0.60 9.33 3,58 5.26 1.12
Plant height (cm) 43.9511.99 29.39 496 62.42 20.73 41.95 12.15
Number of leaves 7.835.42 6.79 0.47 6.72 4.72 5.75 0.55
Dry weight (g/plant) Sh 1.83 0.72 0.10 0.29 3.69 153 0.23 0.64
R 0.50 0.16 0.29 0.10 0.51 0.15 0.30 0.11
CI content (mg/g DW) us 51.4132.33 40.89 6.23 1194 6.60 8.49 1.28

LS 96.36 67.71 81.11 7.19 17.61 9.94 13.31 2.09
R 38.64 27.64 32.88  5.89 2.11 0.68 1.28 0.67
Na" content (mg/g DW) us 55.7739.69 46.80 6.20 10.49 594 7.65 3.41
LS 86.71 64.76 76.15  6.56 9.92 571 7.38 2.69
R 44.36 37.47 40.75 5.29 6.87 3.94 5.29 2.99
K* content (mg/g DW) us 21.9411.69 1469 3.05 71.99 39.08 56.85 11.52
LS 20.73 9.43 13.40 249 87.48 63.97 75.44 11.29
R 11.95 6.76 9.55 1.98 55.97 27.83 38.69 14.56
cd" content (mg/g DW) us 2.330.75 1.61 0.71 12.29 5.83 9.26 1.14
LS 7.59 3.67 5.48 1.32 20.20 8.26 14.72  3.02
R 5.37 3.48 4.37 1.93 7.16 4.67 5.50 2.35

*: Sh = shoot; R= root; US= upper shoot; LS=Iower shoot
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Fine mapping of 2H QTL

The performance data of lines that were recombimatiie 2H QTL region (Table 1) were
used to map the trait variation graphically by phaf the performance of the SM and MS
lines on the detailed map of the 2H region in HigTo this end, the line-specific sites of
recombination were used. This was done for alt-sess combinations; the four graphs
showing the clearest patterns are presented in Eiglhe graphs clearly indicated the
presence of a locus (or cluster of loci) affectthg K content in shoots and plant height.
The most likely position of this locus is betwedée tmarkers GBR0479 and GBS358 with
map positions 38.4 and 40.0 cM. This informaticasveubsequently used to re-classify the
recombinant S/M lines in a group putatively having M allele of this locus and one with the
S allele. The higher shoot'i€ontent was donated by the Morex allele, largentdi@ight was
donated by the Steptoe allele.
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Figure 2. Performance of lines recombinant in 2H QTL regiorder control and saline conditions
plotted against the genetic distance (cM). Thestrsinown are content of'Kn the whole shoots (a
under control and b under saline, respectively) @ladt height (c under control and d under saline,
respectively). The SM lines are marked with asteri¢) and the MS lines with closed bullets (¢).
Data were taken from Experiment 1.
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Table 3. Mean performance of M and S lines for severahtpi@its under salt stress or control
conditions in Experiment 1.

Salt Control
Trait Plan_t
fracion" M S PEt) M S PG
Number of tillers 3.28 2.24 0.000 5.62 4.67 0.103
Plant height (cm) 22.85 40.29 0.000 34.09 55.0500@
Number of leaves 6.67 7.00 0.148 5.71 5.83 0.555
US 047 062 0.004 099 128 0.020
Dry weight (g/plant) LS 066 047 0.004 1.64 143 0.175
R 031 0.26 0.148 031 0.28 0.328
US 4068 41.24 0.767 811 9.11 0.135
CI" content (mg/g DW) LS 7850 85.47 0.060 12.97 13.88 0.314
R 32.75 3311 0.715 1.04 1.68  0.000
Na" content (mg/g DW) US  47.39 4581 0.323 836 6.45 0.000
LS 7511 77.89 0.271 7.77 674 0.051
R 40.74 40.77 0.968 561 4.76 0.004
US 1592 12.62 0.001 62.22 47.90 0.000
K™ content (mg/g DW) LS 1431 11.89 0.038 78.90 69.69 0.000
R 9.95 8.88 0.047 38.93 3829 0.797
US 155 1.72 0.301 923 931 0921
cd" content (mg/g DW) LS 499 6.30 0.000 1498 14.31 0.657
R 433 443 0.715 552 546 0.851

*: Sh = shoot; R= root; US= upper shoot; LS=lower shoot; P(t,x>t) probability of t value at
22 degree of freedom; significant at P<0.05.

Sgnificance of QTL(s) localized on 2H

The genotypic means from Experiment 1 (Table 2)ewesed to calculate per trait estimates
of the effects of the M and S alleles and theevahce to the traits under study. The results of
the comparative analyses of the two allelic groupder stress and control conditions are
shown in Table 3. Under stress the S allele wasdda be associated with a lower number of
tillers, taller plants, less dry weight in the lavghoot and more dry weight in the upper shoot
fractions, lower K contents in all plant fractions, and highe?Ceontents in the lower shoot
fraction. The two allelic groups also differed sfgrantly for several traits measured in the
same study under control conditions (Table 3)s temarkable that on average the S group of
lines had significantly lower Kcontents in the shoot fractions.
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Performance of lines used for fine-mapping of the 3H QTL region

The lines used in Experiment 2 were tested in alainwvay as in Experiment 1 (Table 4).

Unlike the lines for the 2H QTL region, the linescombinant in the 3H region showed no
difference between growing conditions with resgechumber of leaves. The salt treatment,
however, induced striking changes in contents ofiand in the dry matter of the various
plant fractions studied (Table 4).

Similar to what was found in Experiment 1 roots hader Na and Cl contents than the
different parts of the shoots. The old leaves ahfs grown under stress had the highest Na
and Cl content values. The large reduction of the costehK" in the upper and lower shoot
parts was also similar to Experiment 1. The roetsléd to have relatively highKontents
relative to the shoot fractions under stress carmit The salt stressed plants showed a
considerable reduction in €acontent in comparison to control plants. Underingal
conditions, higher Ga in stems was higher than other fractions (Table 4)

Table 4. Phenotypic performance of 24 lines chosen foe finapping of the 3H QTL region for
various plant traits under salt vs control condisi@s collected in Experiment 2. Statistics Maxp,Mi
Mean and LSPgs refer to the maximum and minimum line performaribe, mean over all lines, and
the least significant difference between lines (P50

Trait Plant Salt Control
fraction Max Min Mean LSDy Max Min Mean LSDg g
Plant height (cm) 53.5086.25 28.41 3.02 81.50 57.5069.13 3.48
Number of tillers 450 1.00 230 0.58 8.75 2.75.265 1.12
Number of leaves 725 6.00 6.45 0.21 7.25 6.0079 6.0.12
Dry weight (g/pl) Sh 1.14 058 0.82 0.16 2.68 1.27 189 0.36
R 0.33 0.14 0.23 0.05 0.51 0.16 0.31 0.11
LL 99.75 58.15 80.84 23.91 3223 9.13 16.78B.09
S 80.04 31.95 56.11 37.92 39.06 15.5023.33 17.22
R 57.14 28.06 45.65 30.10 8.52 271 486 3.34
LL 95.09 64.91 82.84 19.03 8.92 448 7.28 4.43
S 69.32 26.84 51.04 31.41 31.10 455 9.60 21.16
R 87.61 31.10 67.93 52.04 1767 5.41 10.8%.50
UL 22.74 10.08 16.68 9.49 90.96 27.0455.76 25.31

K™ content (mg/gDW)

C&" content (mg/gDW)

18.27 8.65
56.27 14.18

80.09 12.45
469 1.17
9.08 3.73
12.05 0.96

9.11 4.06

13.14 6.86
20.33 27.49

25.28 29.44
2.25 1.16
6.16 2.96
279 5.21

547 3.36

95.32

16.67 3.82
31.70

40.0068.46 27.49
106.1915.09 79.45 41.83

83.47 36.7357.14 35.79

10.21.63

15.182.16 7.17
11.20 293 6.47 4.90

1461 3.78 7.28 4.66

": Sh = shoot; R= root; UL= upper leaves, LS=lower leaves, S= stems
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Fine-mapping of the 3H QTL region

The performance of the SM and MS lines in Experitm2r(Table 4) was plotted on the
detailed map of the 3H QTL region to map the tvaitiation graphically. Fig. 3 shows the
plots for C&" content in lower and upper leaves under salineliions (Fig. 3). The crossing
point at 8.4 cM of the performance for the MS amd I$es indicate that the QTL affecting
Cd" content in shoots is located between the markergig9797 and Contig119480ith map
positions 8.0 and 8.9 cM. This information wasduse re-classify the recombinant SM/MS
lines in a group putatively having the M alleletlois locus and one with S allele.

Sgnificance of QTL(s) localized on 3H

The genotypic trait means collected for Experini(ifable 4) were used to calculate per trait
estimates of the effects of the M and S allelesthait relevance to the traits under study. The
magnitude and the significance of the allelic éBezontributing to the variation observed for
the traits measured under stress and control gondiare shown in Table 5. The S allele was
clearly associated with a higher number of tilléess leaves and lower €aontents in old
leaves and to the lesser extend lowé&irkKstems of plants grown under stress conditi®hs.

S allele of QTLs on 2H and 3H therefore showed sfipoeffects on Ca contents of the
older leaves (Tables 3 and 5). Under both contndl stress conditions, allelic variation for
the fine-mapped 3H QTL region had no influence lomos and root biomass (Table 5).
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Figure 3. Performance of lines recombinant in 3H QTL regimaer saline conditions plotted against
genetic distance (cM) on horizontal axis. The sraihown are contents of €én upper and lower
leaves (a, b, respectively). The SM lines are nthskith asterisks (*) and the MS lines with closed
bullets (¢). Data was taken from Experiment 2.

63



Chapter 4

Table 5. Mean performance of M and S lines for severahipbr plant fraction traits under salt stress
or control conditions in Experiment 2.

Salt Control
Trait Planp
fraction*

M S P(t>1) M S P(t>t)
Plant height (cm) 47.1343.48 0.078 71.10 67.71 0.173
Number of tillers 1.78 268 0.028 450 5.80 0.058
Number of leaves 6.68 6.29 0.044 6.78 6.80 0.874
Dry weight (g/plant) Sh 083 0.81 0813 193 186 0.722
R 0.23 024 0679 033 030 0.467
CI' content (mg/gDW) UL 43.1246.23 0.448 12.86 10.98 0.281
LL 82.63 79.55 0515 19.65 14.60 0.025
S 58.78 54.20 0.389 2450 2250 0.429
R 46.86 44.78 0522 515 465 0.451
Na" content (mg/gDW) LL 84.7881.46 0333 7.15 7.38 0.597
UL 51.09 5299 0551 9.07 7.76 0.619
S 52.43 50.06 0.617 11.44 8.29 0.311
R 67.42 68.30 0.886 11.61 10.37 0.347
K™ content (mg/gDW) UL 16.7416.64 0.933 52.11 58.38 0.230
LL 12.40 13.67 0.215 57.78 76.09 0.001
S 24.44 1740 0.075 76.66 81.45 0.571
R 30.16 21.80 0.196 56.53 57.58 0.814
cd" content (mg/gDW) UL 233 2.19 0.676 9.85 10.47 0.647
LL 735 530 0.000 2594 19.45 0.000
S 338 237 0297 577 697 0.185
R 588 5.18 0.167 7.77 6.93 0.327

"1 Sh= shoot; R= root; UL= upper leaves; LS=lower leaves;, S= stems. P(t,»>t) probability
of t value at 22 degree of freedom; significant at P<0.05.

Discussion

Genetic dissection of a character of interest isssential step towards map-based cloning of
its underlying genes. This study has verified thiespnce of QTLs for traits that may
contribute to salt tolerance on chromosomes 2H 2iddof the Steptoe x Morex barley
population (Chapter 3). The results indicate thatgenes responsible for the QTL effects are
localized on the 2H map between the markers MWGE8%8 GBS0610 and on the 3H map
between Contig9797 and Contig11940, respectively. @sults indicate that the 2H gene(s)
plays an important role in uptake and/or transiocadf K™ and the 3H gene(s) in uptake and
transport of C&. The two alleles of both genes were also showatffect several other plant
characteristics. The gene(s) underlying the 2H @bbtributed to shoot growth and its
components (plant height, number of leaves anersillwhich are correlated with shoot,K
ClI and C&" contents under saline conditions. This verified #ffects of the 2H QTL
(Chapter 3). Shoot growth components such as laight, number of tillers, number of
leaves, shoot Gaand to the lesser extent KKontents were also affected by the 3H alleles
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(Table 5), indicating that the gene(s) at the 3HLQdcation might contribute to growth
characteristics of barley under saline conditior®wever, Shoot dry weight was not
significantly affected.

The 2H gene(s)

The fine-mapped 2H QTL located at or at least tyose several important QTLs found
previously in cereals. It co-localized with the @@Tlfound under saline conditions in
hydroponics-grown barley, including a QTL for sheatight found by Ellis et al. (2002), leaf
injury scoring (Zhou et al. 2012a) and a QTL fooshNd and seedling biomass on
chromosome 2AL of wheat (Genc et al. 2010). Zhoale{2012) and Genc et al. (2010)
found that their loci were in the (syntenic) regmintheNaxl locus in durum wheat (Lindsay
et al. 2004). The functional gene underlying Nax1 locus was found to bidKT1;4 (Huang
et al. 2006 and 2008HKT1;4 belongs to the HKT subfamily 1 which are highlyeséive
Na transporters (Hauser and Horie 2010). James €R@L1) showed that thidaxl gene
(HKTL;4 in wheat) reduced Nacontent in the leaf blade by 40%. Even thoughhimn @TL
mapping presented in Chapter 3 a QTL for shoot &mtent was identified that was not
verified, which would support the suggestion obke for HKT1;4, the phenotype of thdax1
therefore does not match the phenotype of theriepped 2H QTL in this Chapter.

It's striking that the allele from the salt toletgrarent (Steptoe) associated with loweérik
both lower and upper shoots (Table 3) and viceavlasthe sensitive parent allele (Morex).
Indeed, a negative correlation between shobtc&ntents and salt tolerance was found in
Chapter 3. A positive correlation betweehdontent (or high K/Na") and growth traits under
saline conditions is reported more frequently ireaés (Yeo and Flowers 1986; Gorham et al.
1997; Munns and James 2003; Ren et al. 2005; Chah 2007 and Shabala et al. 2010).
However, other studies reported no such correldiietween high shoot *Kcontents and salt
tolerance (Gorham et al. 1990; Isla et al. 1997 dGet al. 2007). Higher ¥Na' content in
shoot was not a clear determinant to differentsaiié tolerance and sensitivity in Steptoe and
Morex (Chapter 2). Shoot’Kcontent correlated positively with shoot growthyomnder mild
(100 mM NacCl) stress at early harvest in the stddgcribed in Chapter 2. The positive
relationship between Kcontent and shoot growth was less obvious witheimged stress
severity and time of exposure to saline stress. Méwative correlation between’ iKontent
and salt tolerance in the current study and Chaptarith 200 mM NaCl and three weeks of
salt stress) agreed with Xue et al. (2009) who émadthe relationship of Kwith salt
tolerance at maturity stage. Possibly the highecéntent in shoot which is associated with
higher N& as well may be the result of a cation co-trangwdidr both K and N4 such as
HKT2;1 or HKT2;4 (Hauser and Horie 2010; Horie et al. 2011a).

Munns and James (2003) mentioned that#&ntent might compensate only for small effects
or secondary effects of Naand therefore QTLs for 'Kunder saline conditions will be
difficult to find. Indeed, there has not been aegart on QTLs for Kin barley (Rivandi et al.
2010; Shavrukov et al. 2010; Xue et al. 2009; Hlisl. 2002). We found that mapping K
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content separately is informative as was shownheat (Genc et al. 2007 and 2010) and in
rice (Koyama et al. 2001; Bonilla et al. 2002; kenal. 2004). The short arm of chromosome
2H is syntenic to chromosomes 4 and 7 of rice (€letsal. 2009). On rice chromosome 7 a
QTL for shoot N& content 8NC7) was found that explained 48% variation for tmastt(Lin

et al. 2004)SNC7 co-localized with a QTL for salt tolerance (seedlsurvival, root growth,
and root K contents) and may be functionally similar to th& QTL found in Chapter 3 and
the fine-mapped one in this Chapter. Lin et al0O@0also detected another QTL for root K
content on rice chromosome 4, which is in part emat with chromosome 2H in barley. It
suggests that these QTLs and our QTL are contrblfesimilar genes.

Parent Steptoe was more salt tolerant than paremexM(Chapters 2 and 3). The Steptoe
allele for the QTL 2H region contributed to betwoot growth under stress conditions
(Chapter 3) which is in part in agreement with thierent study where the Steptoe allele was
associated with better growth of young shoots (@&)! Steptoe has been shown in Chapter 2
to possibly have ion tissue tolerance to rendersd$ tolerance. Under saline stress,” Na
strongly competes with Gauptake to the shoots (Liu and Zhu 1998). Storifiga@d N&
into the lower shoot and at the same time maintgiwi significant amount of €ain these
tissues may be a the fundamental mechanism cotitigoto salt tolerance of Steptoe (Table
3). C&" is known to activate salt stress signalling, whintrols ion homeostasis and
tolerance (Liu and Zhu 1998). In addition, “Canhances KNa' selective intracellular
accumulation helping plants to cope with higher Mancentrations under stress conditions
(Munns and Tester 2008; Genc et al. 2010). Thishtregplain the clear association of higher
Cd”* content and salt tolerance in the cultivar Steplde HKT subfamily 2 was found to
contain co-transporters for both Nand K, or N& selective transporters, depending on the
ionic conditions (Hauser and Horie et al. 2010; itpat al. 2008). Recently, Lan et al. (2010)
found OsHKT2;4 also functions as a &apermeable cation channel that associated with a
wide range of monovalent and divalent catio@sHKT2;4 is localized to the plasma
membrane, thereby providing a mechanism for catiptake and extrusion. (Horie et al.
2011a) showed that rig®@sHKT2;4 and to a lesser degr@aHKT2;1 mediate Chand Md"*
transport.HKT2;1 was suggested to improve tissue tolerance in yodNean et al. 2011).
Therefore, a member of the HKT2 gene family maylmandidate gene underlying the effect
of the 2H QTL region in barley.

The 3H gene(s)

The presence of QTLs on 3H was verified and the €k C&" in leaves were fine-mapped.
QTLs controlling C&" in young and older leaves were narrowed down tmimval of about
1cM (Fig. 3). No clear allelic variation effect tfis QTL on shoot biomass was detected
which agreed with QTL mapping in Chapter 3, that dot identify a growth QTL in salt
stressed plants. However, the QTL alleles did douwte differently to growth related traits
(tiller and numbers of leaves) (Table 5). This ra#sp interact with root growth, as a QTL for
dry weight was localized in the 3H QTL region (Ctea8). The analysis of the allelic effects
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however did not reveal an effect of this regionroot growth (Table 5). This might be partly
due to the low number of lines used in this studg thus less statistical support for weaker
QTL effects (Melchinger et al. 1998; Tuberosale@03).

The new 3H QTL for C4 content might reveal a transporter gene (s) tegtlates Cd
content under both saline and non-saline conditiditee fine-mapped QTL on 3H was
delimited to a region of about 1 cM. Chromosome 8Hbarley is syntenic to rice
chromosome 1 (Close et al. 2009). This rice chramescontains the most important QTLs
for salt tolerance found in cereals suchSakol controlling the K/Na" ratio (Bonilla et la.
2002) andSCK1 (Lin et al. 2004) which explains 40% of the vadatin shoot K content
under saline conditions. TH&K1 gene has been cloned using map-based cloning asd wa
found to be a specific transporter for N®sHKTL;5) in rice. In wheat, Munns et al. (2012)
showed thaTmHKT1;5, encodes a Naselective transporter to withdraw Naom the xylem
and reduce transport of Nt leavesTmHKTZ1;5 significantly reduces leaf Nand increases
in durum wheat grain yield by 25% compared to aarfants. Our fine-mapped 3H region is
not encoding a phenotype that resembles the pheaaiiy the rice QTLs, and the putative
syntenic position of the 3H QTL region does not egipto be near any of these QTLs.
Therefore, the 3H QTL region may represent a nQEL region involved in regulation of
cd* content which may influence salinity toleranceeTihcrease of cytosolic €acontent
under saline condition may contribute to stimulatiof the SOS (salt overly sensitive)
pathways (Liu and Zhu 1998; Zhu et al. 2003). la gathways, a calcium sens&)S3,
senses cytosolic calcium changes elicited by $a$$.S0S3 activates and interacts with the
protein kinaseSOS2. This SOS3/SOS2 complex activates thé/N& antiporter encoded by
OSL gene located in the plasma membrane (Mahajan. €0&8). SOSL locates on the
plasma membrane and is responsible for extrusioNadfout of the cell. MoreoverSO2
may interact with CBL10 (calcineurin B-like 10), ish has been shown to have similar
functions as SOS3 (Guo et al. 2007). The comple€BE10/SOS2 regulates both extrusion
of Na ion from the cytosol and sequestration of Nao the vacuole by activatingHX1
transporters, which pump Nanto the vacuole (Mahajan et al. 2008). In ourorabinant
plants, C&" concentration in the old leaves is significantigher than C& in the young
leaves and the stems. This highef'Gantent in the old leaves may cause activatiothef
vacuolar N& transportersNHX transporters) (Blumwald et al. 2000), facilitatisprage of
Na’ in the old leaves (Tables 4 and BpX genes were mainly found in leaves and stems and
have a function as ion sequestration into the acuio ArabidopsisAtCAX1 andAtCAX3 are
important for C&" homeostasis and might be specific fo'G&higaki et al. 2003; Conn et
al. 2011).AtCAX3 was found induced by Nas important for plant salt tolerance (Zhao et al.
2008). Han et al. (2011) show@&X1 of a halophyte specieS.(salsa) expression levels and
the protein amounts were significantly up-regulaibgdNacCl treatments. Han et al. (2011)
suggested thaBAX1 might be a CH transporter operating at the tonoplast which payey
role in maintaining cytosolic Gahomeostasis under saline condition. Edmond g2aD9)
showed a barlefivCAX2 gene was transcriptionally upregulated by high*@ancentration
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under N4 stress. The high concentration of’Cim old leaves of our barley plants could be
related to a high level of expressiontbfCAX(s) in this tissue.

QTL fine-mapping

Genetic dissection of a character of interest and mapping of quantitative trait locus
depend on three elements: marker density, crosstareity and the accuracy of phenotyping
(Yang et al. 2012). In this study the use of a hdghsity map enabled improved mapping of
the two QTL regions under study what gave rise betser localisation of the QTLs found on
2H (2.2cM) and 3H (about 1cM), respectively. Thentification of markers tightly linked to
QTLs (often <5cM) is useful for further use in MarkAssisted Selection (MAS) (Collard et
al. 2008). Besides making use of a higher densi#p,mwe focused on the phenotyping
accuracy of the recombinants in the QTL region. ngsiselected lines which show
recombination events within the QTL interval, emabkextensive trait phenotyping such as
more technical replications to reduce environmewdaiation. Barley is a species exhibiting
poorer N& exclusion and KINa" selectivity than wheat but possesses a supen@l lef
salinity tolerance (Munns et al. 2002). lon conteaits measured in various plant fractions
allowed us to relate several possible transporiateechanisms such as ion exclusion and
compartmentation to better understand salt tolerandarley (Gorham et al. 1990; Munns
and James 2003; Colmer et al. 2005). In additiatersive phenotyping helped to identify
new traits controlled by QTLs, for instancé &nd C&' contentsn different plant parts. But
in turn, the limitation in the number of lines usedthe current study also showed the
disadvantages caused by a small population sizehwhost likely is the reason why several
QTLs detected in Chapter 3 were not found in thuslys The number of 100 individuals in
the population is close to the critical limit totelet major QTLs (large effects) (Melchinger et
al. 1998; Tuberosa et al. 2003).

In conclusion this fine-mapping study verified tngportance of the 2H and 3H QTLs in the
Steptoe x Morex DH population for salt tolerantdafimg. The fine-mapped 2H QTL suggests
location of genes for Nand K co-transport that are associated with salt tokafihe fine-
mapped QTL region on 3H on the other hand presemsw QTL for C& transport which
might be associated with ion homeostasis underss@ss and indirectly with salt tolerance.
The 2H and 3H QTL were delimited to intervals obabl-2cM which are promising to be
implicated in salt tolerant breeding through mapdaacloning or marker assisted selection.
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Abstract

A spring barley collection of 192 genotypes fronwile geographical range was used to
identify quantitative trait loci (QTLs) for salt levance traits by means of an association
mapping approach using a thousand SNP marker isdtage disequilibrium (LD) decay was
found with marker distances spanning from 2-8 cMpesheling on the methods used to
account for population structure and genetic rdla¢ss between genotypes. The association
panel showed large variation for traits that weighly heritable under salt stress, including
biomass production, chlorophyll content, plant hgigiller number, leaf senescence and
shoot N&, shoot Cl and shoot, root N&* contents. The significant correlations between
these traits and Salt Tolerance (defined as thmdwss produced under salt stress relative to
the biomass produced under control conditions)cetei that these traits contribute to
(components of) Salt Tolerance. Association mappiag performed using several methods
to account for population structure and minimizisdgpositive associations. This resulted in
the identification of a number of genomic regiohattstrongly influenced Salt Tolerance and
ion homeostasis, with a major QTL controlling Sattlerance on chromosome 6H, and a
strong QTL for ion contents on chromosome 4H.

Keywords: barley, salt tolerance, association mapping, Eigenanalysis

Introduction

Salt stress is a major constraint to agricultupaldf production because it decreases crop yield
and restricts the use of agricultural land. It ssireated that of the 280 million hectares of
agricultural land approximately 20% is salinated\@ 2008). The problem is increasing
annually due to climatic change and poor irrigatimanagement. Most cultivated crops are
salt sensitive and therefore salinity is an evesent threat to agriculture (Flowers and
Flowers 2005).

Salt tolerance in crop plants is a genetic and iplggical complex trait and is controlled by
several quantitative trait loci (Flowers 2004). Thknt's response to salinity stress is
composed of two phases (Munns and Tester 2008).fif¢tephase concerns the osmotic
stress that is perceived immediately upon planbsupe to highly saline conditions. Osmotic
stress makes uptake of water by plants difficutt adversely affects shoot and root growth.
To facilitate water uptake under such conditiorentd have to accumulate extra solutes to
maintain the water balance of the cells. The secphdse is manifested when high
concentrations of toxic ions are built up over ager period of time. As NaCl is a major
constituent of saline soil, plants accumulate” Iidad Cl ions up to levels that are toxic,
reducing amongst others their photosynthetic cépa8hoot N4 toxicity is associated with a
reduction of stomatal conductance while high sh@iotlevels affect chlorophyll and inhibit
photosystem 1l (Tavakkoli et al. 2011). Therefobeth shoot Na and Cl contents were
consideredimportant factors for salt-induced damage (Hasegatval. 2000; Munns and
Testers 2008; Teakle and Tyerman 2010) even maraulse the toxicity effects of these ions
appear to be cumulative (Tavakkoli et al. 2011)haligh the mechanisms conferring salt
tolerance and their genetic control in crops arefulty understood, regulation of intracellular
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content of cations (NaK*, Mg?* and C4") and anions (Cl and ion transport mechanisms
are considered important. lon homeostasis undesgaks conditions is controlled by several
ion channels, pathways of transportation, compartatization mechanisms and ion sensing
and signalling (Munns and Testers 2008; Zhu 2003).

Barley Hordeum vulgare) is the fourth most important crop worldwide anchas a long
history as a model for genetic studies (Schultal.e2009). It is the most salt tolerant cereal
(Maas and Hoffman 1977; Munns and Tester 2008)tivat#d barley originates from wild
barley Hordeum spontaneum) and was domesticated within the Fertile Crescprabably
multiple times (Kilian et al. 2006). In comparistmother wild cereals, wild barley has a wide
natural distribution area to which it is well adegt(Harlan and Zohary 1966; Nevo 2007).
Both genetic diversity and the adaptation to a @rg@ectrum of micro-ecological conditions
including water availability, temperature, soil &ypnd altitude have strongly influenced the
development of salt tolerance in barley. This rieslin a rich genepool with a large variation
in adaptation to abiotic stresses including drowgit salinity (Nevo and Chen 2010; Nevo et
al. 2004). Therefore, scientists have advocatelbypas a source of favourable alleles to be
used in crop salt tolerance improvement by mearmoventional and molecular approaches
(Colmer et al. 2005; Munns 2005). However, the giegeof the various salt tolerance
mechanisms found in the genepools of barley ancatvlie still relatively unknown, which
may explain the limited success in exploiting thgaurces in breeding for salt tolerance. Ellis
et al. (2000) and Kilian et al. (2006) pointed thdat modern barley cultivars only contain 15 -
40% of all alleles present in the barley genepdbérefore it is quite likely that only a part of
the barley genetic potential for salt tolerance hasn addressed in salt tolerance genetic
improvement performed so far.

Traditional QTL mapping or bi-parental QTL mappimgsed on a single segregating
population derived from two homozygous parentaloggmes has been the commonly used
approach for genetic dissection of salt tolerancdarley and to identify candidate genes
(Mano and Takeda 1997; Xue et al. 2009; Ellis e@02; Witzel et al. 2009). This approach
provides valuable information on genomic regioret ttontrol quantitative traits but it also

has limitations due to poor sampling of the alletiriation present in the barley genepool for
each of the loci affecting salt tolerance, laclsefregation, and poor resolution of this type of
the mapping of QTLs. Bi-parental QTL mapping deteg¢nomic regions with QTLs for a

trait with an accuracy ranging on average froma fe several tens of centiMorgans (cM)

and such chromosomal regions could harbor a fewddeghup to several thousand genes
(Ingvarsson et al. 2010). Accurate breeding methads therefore needed to efficiently

exploit the genetic variation for salt tolerancdarley germplasm.

Novel association mapping or linkage disequilibriumpproaches have recently been
introduced in plant genetic studies (Van Eeuwijkaét 2004; Mackay and Powell 2007;
Cockram et al. 2010; Zhao et al. 2007; Atwell et28l10). Association mapping studies in a
much broader germplasm are now possible due to dadt affordable genotyping and
sequencing technologies (Zhu et al. 2008). Associatmapping relies on linkage
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disequilibrium between markers and QTLs presentatiections of diverse germplasm
(Pritchard et al. 2000). It exploits the recomhimatevents that have occurred during the long
evolutionary history (Nordborg and Tavare 2002aairop species, producing shorter linkage
blocks than found in bi-parent QTL mapping studi@¥Ls for a salt tolerance trait detected
in this way could be more precisely localized tlianse found through bi-parental QTL
mapping. In addition, association mapping will aadr major allelic variants of QTLs for salt
tolerance when performed with an adequate associatapping panel.

This study aims at the genetic dissection of meshasm underlying salt tolerance in a
worldwide panel of spring barley varieties usingasation mapping. The collection was
chosen to represent a wide range of genetic ditygpsissible in spring barley (Stracke et al.
2009; Haseneyer et al. 2010) and has already hemressfully applied in whole genome
association analysis for several agronomical ti&tsam et al. 2012). The objectives are (1)
to evaluate genetic variation for salt tolerancd #mits contributing to salt tolerance in a
diverse spring barley collection; (2) to estimaémefic properties of the association mapping
panel using a different method to account for thefeunding of population structure; (3) to
establish marker-trait associations for each sd#rance trait, and (4) to identify major
genes/loci affecting salt tolerance in spring batleat can be used for genetic improvement
of salt tolerance. Our association mapping revealatijor locus significantly contributing to
salt tolerance, and other major loci determininggontents and ion homeostasis.

Materials and methods

Barley germplasm collection

The association panel used in this study consistd®2 spring barley accessions originating
from 51 different countries and four geographicagions: Europe (EW)=92), East Asia
(EA, n=33), West Asia and North Africa (WANA,= 40), and America (AMn = 27). The
set of genotypes comprised breeding materials,itivadl and improved cultivars and
landraces, including 105 two-rowed and 87 six-rowadeties. The genotypes were selected
among the Barley Core Collection (BCC) (Knupffedaran Hintum 2003) and the barley
collection maintained at the IPK Genebank Gateesielisermany (Haseneyer et al. 2010).
This world-wide collection was initially investigad by Stracke et al. (2009) using an
association mapping approach to map flowering tiyeees. Haseneyer et al. (2010) studied
this collection for several agronomical traits gsimicrosatellite markers. The same
population was used in a whole genome scan usirfg ®@Brkers in order to identify QTLs
associated with agronomical traits (Pasam et dl2R0

Salt tolerance evaluation

The set of 192 genotypes from the association paaslevaluated at the vegetative stage of
plant growth for salt tolerance traits during twansecutive years (2010 and 2011) using a
hydroponics system. To this end seeds from thecadgm panel genotypes were germinated
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in trays with silver sand for one week until thesfiiseedling leaf had fully emerged.
Individual seedlings were then transferred to therbponics system. The hydroponic
growing media was full-strength modified Hoagland&dution which was maintained at pH
5.8. After seven days on the system NaCl was giydadded to half of the containers with a
50 mM day* increment to bring the solution to a final salnievel of 200 mM NaCl. This
final concentration was maintained for three weektil the plants were harvested for
biomass and ion content measurements.

The hydroponics system used for testing consistewfunits of 16 containers with 24 plant
positions as described in Chapter 4. The expersnenboth years had a randomized block
design, each with four blocks per treatment. Edahtpepresented one experimental unit. So
in all each experiment consisted of eight randothiakocks allocated to two hydroponics
units with the control treatment (0 mM NaCl) andtw units with the salt treatment (200
mM NacCl).

To measure growth parameters, all plants from th&rol and salt stress treatments were
weighed at harvest and then separated into shadtsomts. Both plant fractions were dried
separately in a forced-air oven at’@ountil the samples reached stable weight prictheo
determination of the dry weight. Salt Tolerance )(SWas assessed as the percentage of
relative shoot biomass production under saline amwtsaline conditions according to the
definition of Munns and James (2003).

The shoot and root samples of the plants growrhersame hydroponic unit were pooled per
genotype prior to the determination of contentshef cations N3 K*, C#* and Md*, and
one anion (C). Dry shoot and root samples were ground to posvded ashed at 5% for 5
hours. Ash samples were dissolved by shaking fanButes in 1 ml 3M formic acid at &5
and then diluted with 9 ml MiliQ water. The samplesre shaken again at°@sfor another
30 minutes. A final 1000x dilution was subsequemfgpared by mixing 0.1 ml sample
solution with 9.9 ml MiliQ prior to the assessmefthe N&, K*, Mg?*, C&* and Cl contents

of each root and shoot sample using lon ChromapbgrgIC) system 850 Professional
(Metrohm Switzerland).

Data on plant height, root length (cm) and numbfetillers were collected for all plants
grown under control and saline conditions. Chlogdptontent was measured using a SPAD-
502 meter (Minolta, Osaka, Japan) one day befadittal harvest (three weeks after final
salt concentration was reached). SPAD measurergersan accurate estimation of the total
chlorophyll content (James et al. 2002). The SPA&INgs were taken near the stem (5 cm
from the stem), in the middle and near the tiprfbfrom the end) of the last fully expanded
leaf. The leave was about 15-25 cm long at the tihee SPAD reading was taken. The
measurements were averaged of three per leaf. PA® $neasurements were collected on 4
plants per genotype per treatment. Leaf senesaam@&ach of the three oldest leaves of the
main tiller of each plant was scored one day befi@amesting using a senescence scale from
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1 to 9. The average over the three leaves per plastused for analysis. The upper shoot
leaves did not senescence during the experiment.

Genotyping

The association panel used in this study was geedtyith a customized 1536 SNP lllumina
GoldenGate Oligonucleotide Pool Assay (OPA)(Clasal.e2009). In total 988 mapped SNPs
were polymorphic. The SNPs with rare alleles anor guality (more than 10% missing data)
were excluded. The final set of 954 good qualityPSNhat distribute over the whole barley
genome were used to perform LD investigation asg@@ation mapping. The average spacing
between markers is 1.18cM. Marker profiling hasrbdescribed in details in Pasam et al.
(2012).

Satistical analysis of phenotypic data

The data of the experiments combined over the @arsywere firstly inspected trait by trait

to get insight in the relevance of the genotypigateon within the panel and genotype-by-
environment interactions by means of an overallyaig of variance using Genstat version
14.2, while taking into consideration the experitaémesign with its block structure within
both years. After the preliminary statistical ars&ly, separate analyses of variance were made
using either the salt or control datasets. Thed-gata from the salt treatment were analysed
to get for each trait estimates of the genotypicavee (szg), genotype-by-year interactions
(czgy), and environmental variances’). These estimates were subsequently used to calculate
for each trait the heritabilityhf?) based on genotypic means over two-year data by th
formula: hy? = 6% / (6% + o°gly+ o°dJry) with y is number of years and r is number of
biological replications per year. The dataset aftad treatment was analysed in the same
way to get a similar set of population statistitise relationship between the mean shoot and
root ion contents of the lines and their contribng to the variance for Salt Tolerance was
investigated using correlations. For the salt amatrol dataset separate ANOVAsS were done
to test the relevance of geographical origin and@a number type.

Principle component analysis (Eigenanalysis)

Population structure of an association panel igally assessed using the approach described
by Pritchard et al. (2000) implemented in the STRURE software. Haseneyer et al. (2010)
and Pasam et al. (2012) used this to assess tlatuse information of the association panel
and revealed subgroups existing within the coltexdithat largely correspond to the row
types of the ear and the geographical originshis $tudy we used the Eigenanalysis method
proposed by Price at al. (2006) and Patterson .e(2806) to investigate the population
structure. Eigenanalysis was run with help of tHlQENALYSIS procedure in Genstat 14
(Payne, 2011) using the 954 SNP marker set. Framgular value decomposition of the
genotype by marker matrix, a set of significaneengectors was obtained, which in turn were
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used as covariables in the marker-trait associatiodels to account for population structure
in the association panel.

LD decay investigation

The extent of LD within the current barley popuatiwas studied previously using 45 SSR
markers (Haseneyer et al. 2010) and in a candgate approach for flowering time using 25
SSR markers (Stracke et al. 2009). These studpestesl weak intra-and interchromosomal
LD (Haseneyer et al. 2010) and the extent of LD wasable but on average moderate within
three loci controlling flowering time traits (Stkecet al. 2009). On the other hand, Pasam et
al. (2012) used the same population and SNP maeteand found LD decaying within 5-
10cM.

In our study, 954 biallelic SNPs were used to stodyker-marker associations (LD decay).
Geographical origin and ear row type informatiopasately were first used as predetermined
subgroups in LD analysis models to reduce the impkthe differences in allele frequencies
among subgroups on LD estimation (D'hoop et al.02amsa et al. 2012). As described
before, eigenvectors were used as covariableimtbdel to assess the LD decay to account
for the effects of population structure (Pattersgdral. 2006; Price et al. 2006). The Null
model (i.e. without covariables), which assumes population structure and individual
relatedness in the association panel, was usededsrance. The LD decay per chromosome
was visualized by plotting the —lg@P) value against the genetic distance betweenersaik
centiMorgan (cM). All analyses and LD graphics wenmade with procedure QLDDECAY
Genstat 14.2 edition (Payne et al. 2011).

Association mapping analysis

In the current study, the phenotypic data of theofgpes from the association mapping panel
under saline and control conditions and the maskeres for a set of 954 SNPs were used to
perform marker-trait association analysis. To aatolor effects of the structure of the
mapping panel and relatedness among panel mentherree different association analysis
models that are available in the procedure QSASBOICIN in Genstat 14.2 (Payne et al.
2011) were used: (1) Eigenanalysis (Price at al62@Patterson et al. 2006); (2) kinship
matrix (Yu et al. 2006; Malosetti et al. 2007; Fasat al. 2012); and (3) predetermined
grouping (Zhao et al. 2007; Pasam et al. 2012).Kiihip matrix based on similarities in the
SNP scoring patterns between the genotypes in #melpvas calculated using a simple
matching method present in Genstat. The predetedngrouping approach gives results
similar to those from the software package STRUCEURhich uses molecular marker
information within a Bayesian framework to assigoup membership probabilities to the
genotypes (Falush et al. 2003; Cockram et al. 2010)

We used a marker-trait association model that deduthe treatment as an extra factor to

study marker and marker by treatment interactiofece$. Mean phenotyping data per
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treatment was used in the single trait-single emvitent association analyses performed. In
this study, we present mainly the results obtaibgdising the Eigenanalysis mixed-model
association mapping approach, where eigenvecterassad as covariates in the marker — trait
association model (Price at al. 2006; Patters@h &006).

The QTL effects were fitted as fixed effects ansted using the Wald test statistic (Searle et
al. 1992; Verbeke and Molenberghs 2000). The Wiitistic is asymptotically distributed as

XZ, wherer is the number of parameters being estimated. Thalues from thex” tests are

transformed, using a —legP) transformation. The ratio of humber of effeetitests (total
genome size divided to LD decay which was foundhi& current study at 4cM) over the
significant level ¢ = 0.05) was used to calculate the thresholdz.{0D5/#tests). The

threshold level on a —lgg(P) scale at 3 was used to claim a significant QTL.

Results

Phenotypic variation and heritability

In the barley association panel grown on hydropgnic significant reduction of shoot and
root growth due to salt stress was observed. TlWasesignificant variationR <0.001) for dry
weight shoot and root, and other studied traitdl@4d). Estimates for the heritability?] of
growth traits ranked from 0.42 (root length undieess condition) to 0.86 (leaf chlorophyll
content under stress conditions). Heritability rasties for growth traits such as shoot, root
biomass, leaf chlorophyll content and leaf seneszemder salt stress were generally higher
than for the same traits under control conditioBgynificant variation in genotype by
treatment and genotype by year interaction weresrwkg for most of the studied traits,
except root length and number of leaves on the mam of barley plants grown under stress
conditions (Table 1). Like for growth-related tgisignificant genotypic variation and clear
treatment effects on shoot and root ion contentsevdserved (Table 2). Heritabilities of
shoot Na and K™ content, and shoot and root W&" under salt stress were high (0.8). The
genotypic differences in shoot and root G@ntents were highly heritable under both stress
and normal growth conditions. Small heritable vizoia was observed for €aand Md"*

regardless of tissue type and growing conditions.
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Table 1 Statistics of the association mapping panel dgisg the genotypic variation for various
growth traits determined after three weeks testiitg 200 mM NacCl (S) or 0 mM NacCl (C).

) Range Variance component )
Trait Treatment Mean— —  LSD hm
Max Min 0% o’ gy

Shoot FW (g/plant) 234 439 77 03 009 006 004 0.66

4.8 101 14 0.3 0.10 0.14 0.05 0.80
2.3 4.7 0.8 0.3 0.10 0.06 0.04 0.65
0.8 1.7 0.3 0.3 0.09 0.13 0.04 0.80
0.4 0.8 0.2 0.4 0.17 0.05 0.02 o0.61
0.3 0.5 0.1 0.4 0.14 0.05 0.03 0.63
464 549 282 39 1591 1345 364 0.8
473 584 232 52 2765 4038 597 0.86
717 908 522 6.0 3771 36.90 528 0.83
450 576 309 63 4178 2781 206 0.82
556 73.0 389 89 8183 21.84 490 0.63
298 355 221 47 2251 232 084 042
6.0 100 2.6 1.6 2.60 147 054 0.71
2.9 6.0 1.3 1.0 0.97 041 0.13 0.69
15 3.5 1.0 0.7 0.47 0.12 0.06 0.58
S 54 8.9 1.8 1.3 1.88 114 0.61 0.68

Shoot DW (g/plant)
Root DW (g/plant)
Chlorophyll content
(SPAD reading)
Plant height (cm)

Root length (cm)

Number of tillers

OO noOoOnoOonoOonmoondnmd

Leaf senescence

FW: fresh weight; DW: dry weight; LSD: least significant difference at p<0.05;h,’: heritability of

means; o’ environmental variance; azg: genotypic variance azgy: genotype-by-year interactions; Leaf

senescence (1-9 rating).

Salt tolerance and correlation to other traits

A large variation in Salt Tolerance (ST) - defireeithe ratio of dry weight shoot under stress
conditions and dry weight shoot under non-stresglitions, expressed as percentage — was
observed within the association panel. The six-tb&ast Asia (EA6) and two-rowed West
Asia- North Africa (WANA2) genotype groups showealdest variation for shoot dry weight
under both control and saline conditions. The eiwed American (AM6) and European
(EU6) groups produced less shoot biomass underesatinditions (Fig. 1a). ST ranged from
12.8 to 52.2% with a population average of 33%.iateom in salt tolerance appeared to be at
least partly linked to the geographical origin loé germplasm and ear type. The WANA2 and
EAG6 genotypes had an average ST (34-35%) that \igistlg higher than the population
mean while the groups of AM6 and EU6 genotypes igalyeshowed lower ST (Fig. 1Db).
Taking into account the variation contributed by eaw type within a geographical origin,
two-rowed AM and two-rowed EU genotypes showeddamgenotypic variation as well as
higher means for ST than six-rowed genotypes. 8med EA and two-rowed WANA
genotypes displayed the largest variation for shirgtweight under saline conditions. The
best genotype for salt tolerance over the two-y&eas was collected from North Africa (ST:
52%) and a genotype from America was consisteailysensitive (ST: 12%).
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Figure 1. Box plots showing differences in (a) shoot DW (gper saline and control conditions and
(b) Salt Tolerance (ST) among barleys from foufedént geographical origins and two ear types (2,
tow-rowed and 6, six-rowed) subpopulations; Box esdghow upper and lower quantile and the

median as shown in the middle of the box. Individdalling outside the rank of whisker are shown as
Crosses.

Shoot dry weight under control and saline condgiomas highly positively correlated
(r=0.83; P<0.001) (Table not shown). Most ion corgantder both conditions are negatively
correlated with shoot dry weight, except rodt Kinder control conditions, shoot ffgshoot
ca”, root K" and root N&K* were negatively correlated to relative shoot drygive Under
salinity stress, shoot'KMg?*, C&* and Cl and root K, Na'/K*, C&*, and Clwere inversely
related to shoot dry weight.

ST within the association panel was found to bengftly associated with the amount of
biomass produced (both shoot and root dry weightjeu stressed condition but no clear
relationship was found with control biomass, intiog that the performance of the plants
under control conditions was not indicative for SUnder stress conditions, high
concentrations of both shoot and root @Glere adversely correlated with ST={0.33;
P<0.001) andr=-0.18;P<0.05), respectively (Table 3). Under saline cdndi, Nd contents

in shoots compared to roots showed a clearly differelation with Salt Tolerance. Shoot'Na
(r=-0.23; P<0.01) was negatively correlated with ST, in costtrabot N& content (=0.19;
P<0.01) positive correlated with ST. These resuligjgest that shoot Naexclusion
mechanism is crucial for salt tolerance. Only shdgt* was negatively correlated with ST
(r=-0.29;P<0.001) and this was found under control conditions
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Table 2 Summary of statistics of the association mappiagel for various ion content traits collected
after three weeks testing under 200 mM NacCl (S)anuv NaCl (C) treatments.

_ ange Variance component 5
Trait Treatment Mean————— LSD > > > P
Max  Min G oy G gy
Shoot N&(mg/g) S 38.2 69.6 184 7.1 2574 102.29 37.32 0.80
C 65.2 81.0 483 8.0 3299 2840 12.86 0.66
Shoot K(mg/qg)
S 25.2 51.6 8.1 5.5 1582 57.28 19.37 0.81
. C 2.7 4.4 1.8 0.5 0.11 0.10 0.04 0.65
Shoot M@*(mg/g)
S 1.7 34 0.9 0.6 0.19 0.11 0.06 0.58
. C 8.4 13.0 5.6 1.9 1.79 0.80 0.63 0.51
Shoot C&' (mg/g)
S 3.3 7.1 1.3 1.3 0.93 0.40 1.05 0.34
C 11.6 193 7.0 15 1.11 3.80 161 0.78
Shoot Cl (mg/g)
S 45.5 779 243 8.9 40.75 84.30 18.20 0.81
Shoot N&/K* S 1.9 5.0 0.6 0.6 0.21 1.13 0.19 0.88
Root Nd (mg/g) S 56.5 65.8 465 7.1 25.96 9.45 341 054
C 44.8 629 311 75 29.19 21.18 9.56 0.64
Root K" (mg/g)
S 11.5 195 4.1 3.3 5.69 5.59 150 0.72
. C 3.0 5.5 1.9 1.0 0.52 0.14 0.00 0.52
Root Md™ (mg/g)
S 19 3.3 1.2 0.9 0.39 0.03 0.08 0.17
. C 7.2 120 4.6 29 4.46 0.12 0.00 0.10
Root C&" (mg/g)
S 4.4 6.8 1.7 24 2.89 0.04 0.44 0.04
C 0.7 2.3 0.0 0.5 0.12 0.09 0.01 0.71
Root CI (mg/g)
S 54.8 716 451 7.1 25.86 19.48 455 0.69
. C 0.2 0.4 0.1 0.1 0.00 0.00 0.00 0.08
Root Nd/K
S 54 148 2.9 1.4 1.08 1.99 0.66 0.77

LSD: least significant difference at p<0.05; h: heritability of means; 0%, environmental variance,
azg: genotypic variance azgy: genotype-by-year interactions

Under saline conditions, leaf chlorophyll contert (.46; P<0.001), tiller number (r= 0.36;
P<0.001), plant height (r= 0.47; p<0.001) and sHo¥t (r= 0.63; P<0.001) were positively
correlated with ST (Table not shown). Leaf seneseamowed clear negative correlation with
ST (r= -0.40; P<0.001). Shoot @las inversely correlated with leaf chlorophyll temt (r=-
0.21; P<0.01). In contrast, shoot @las positively correlated with leaf senescence((B82;
P<0.001). This clearly indicates the interdepengebetween shoot Clcontent, leaf
chlorophyll content, leaf senescence and ST. ThHectefof shoot Cl to plant growth
components is the most obvious with respect toataiu of plant height (r=-0.6; P<0.001),
may even be more harmful than shoof Maich showed smaller correlation with plant height
(r=-0.4; P<0.001). A higher shoot Nahowed no correlation with chlorophyll contenttio¢
leaves and the formation of tillers. We observectiear association of growth-related traits
with shoot K under stress conditions. On the other hand thene wegative correlations
between shoot and root ME™ and plant height (r= -0.22; p<0.01) and (r= -0.4€0.001),
respectively.
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Table 3 Coefficients of correlationr) between various compositional traits of the s$hawd root
plant fraction and Salt Tolerance (ST) and shogtwdeight of the association mapping panel after
three weeks testing on hydroponics with 200 mM N&Jlor 0 mM NacCl (C).

Trait Treatment ST S ShOOtg W
Shoot N& S -0.23* ns ns
C ns ns ns
Root Nd S 0.19** ns ns
C ns ns ns
Shoot K S ns -0.27%** -0.27%**
C ns ns ns
Root K" S ns 0.26*** 0.24***
C ns 0.32%** 0.35%**
Root Nd/K* S -0.17* -0.30%** -0.30***
C ns -0.28*** -0.23**
Shoot Mﬁ* S -0.44%** -0.58*** -0.46***
C -0.29%** -0.40%** -0.34%**
Shoot C&' S ns -0.20%* -0.19**
C ns -0.15* -0.18*
Root C&* S ns -0.19%** -0.17*
C ns ns ns
Shoot Cl S -0.33*** -0.42%** -0.30%**
C ns ns ns
Root CI S -0.18* -0.21** ns
C ns ns ns

ns: not significant; *: significant at P< 0.05; **: P< 0.01; ***: P< 0.001

Genetic properties of the association panel

The Eigenanalysis resulted in the 19 axes (PCsgtwhescribe the relationships between
individuals in the association panel (Fig. 2). T™@s 1-6 explain most of the variation and
indicate the presence of major groups in the pdioulgFig. 2). The rest of the axes indicate
the existence of the more cryptic relationshipse @ifferences in variation explained by 19
axes might reflect the differences in relatednesd thhe population structure within the
association panel. The estimates for linkage diibgum (—log;o(P)) between all possible

pairs of SNP markers within each of the sevenelyaihkage groups were plotted against
their genetic distance in cM on the integrated gemaap (Close et al. 2009; Pasam et al.
2012) to determine LD decay. Fig. 3 displays the ddzay plots for chromosome 5H with
and without correction for population structure.
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Including structure information in the analysis ratsdhelps to reduce noise and LD decay
more rapidly (Fig. 3). Without correcting for poptibn structure, the average LD decay was
typically at 10cM (Null model — Fig. 3). The predehined models that included
geographical origin and ear row type informationl lsamilar effects with the mean marker
distance from 7-8cM. The LD estimates obtained withEigenanalysis showed a clear decay
in each linkage group between markers spaced @haat 4 cM on the integrated map. A
similar extent of LD was found across the wholeldgagenome with LD rapidly decaying
with map distance between markers. These resudisate that correction for relatedness is
essential and that Eigenanalysis may give lessnborte likely significant marker-trait
associations, reducing the number of false poséssociations. The LD decay at 4 cM (found
in Eigenanalysis model) was used to calculate tineshold for marker-trait associations in
the next section as described in Materials and oaisth

Association mapping

Three models of accounting for population structweze used in the association mapping
analysis and all three reduced noise and effecpoptilation structure over the Null model.
The number of significant QTLs identified (-le¢P) threshold >3) differed from model to
model. As expected from LD decay analyses, thecestsmn mapping approach using the
Eigenanalysis model found less QTLs than the mottels incorporated either the kinship
matrix or predetermined group (subpopulation or reav type) information (Fig. 4). The
Eigenanalysis association mapping procedure idedtiharkers associated with most of the
studied traits which were scattered over the whaldey genome. An overview of significant
trait-marker associations identified under Eigetyms model with genome positions, -
logio(P) scores and allele effects of the gene-spetifickers for QTLs detected under saline
conditions are given in Table S1, respectively.

Three strong QTLs for ST were detected. These &d8wts were consistently detected
independently of the model that is used to accdonpopulation structure. The strongest
QTL for ST on chromosome 6H was consistently foumdependently from population
structure (Fig. 4). This QTL colocalizes with QTfm other growth-related traits such as
shoot dry weight, chlorophyll content, tiller nunnpplant height and leaf senescence under
stress conditions — located at around 60 cM onmhsomme 6H, with -log(P) scores ranging
from six to fourteen (Fig. 5-right). Another impant region was found at 119 cM on
chromosome 4H with highly significant QTL -lggP) scores (4-28) for the ion homeostasis-
related traits: shoot NaK*, Na'/K™ ratio and C| and root N&K™ (Fig. 5-left). The QTL for
ion contents were mainly detected in salt-streggdadts. QTLs affecting shoot growth and
related traits were found under both stress andstr@ss conditions. However, we observed
significantly higher -logy(P) scores and effects for QTL(s) determining glowaits under
stress conditions than under control conditions.
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Discussion

Unravelling the mechanisms underlying salt toleeairc higher plants is a challenging task
for plant scientists due to the complexity of tleyative mechanisms of the plants in response
to salt stress. In this study we present the gewkgsection of the naturally occurring genetic
variation of salt tolerance in a worldwide collectiof spring barley genotypes, linking traits
that contribute to salt tolerance to specific raegian the barley genome. A number of
genomic regions with genes putatively affecting salerance and related physiological and
ion homeostasis traits were identified. In parteplQTLs for Salt Tolerance, biomass
production, chlorophyll content, leave senescetilber, number and plant height accumulated
on a prominent genomic region located on chromos6kheQTLs for contents of NaK”
and Cl were found on chromosome 4H (Fig. 5). Associanapping has proven to be a
powerful approach to dissect the complexity of datve traits in plants (Flint-Garcia 2003;
Nordborg and Tavare 2002; Mackay and Powell 200fé. current study has shown that this

also holds true for salt stress tolerance in barley
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Figure 5. Association profiles showing significant markess@ciated with Salt Tolerance and related
growth traits (left) and ion contents in shoot armbt under saline conditions (right) using
Eigenanalysis association mapping method. Horizamtes presents seven chromosomes (1-7H) of
barley genome. Vertical axis is the -Jp¢P) values of QTLs according to Wald test. Theizuotal

red line indicates -lag (P) threshold (3). Associations of markers ancatottaits as well as the allele
effects and other statistical parameters for QTarslme found in Table S1.
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Genetic variation for salt tolerance in barley

Association mapping is becoming a common tool dentifying alleles and loci responsible
for traits of agronomical importance. Kraakman le{2004) demonstrated the clear potential
of association mapping to dissect highly compleitdrsuch as yield and yield stability in
barley. Its success, however, depends on the spaoer study, the trait, the association
panel and the way how the peculiarities of thelalte panel are tackled. A first critical step
before initiating an association mapping studytéoget traits is to consider the species and its
available germplasm (Zhu et al. 2008). In the curstudy, we have chosen a worldwide
barley collection to map loci controlling salt ttdace and related growth and ion homeostasis
traits with the ultimate aim to discover usefukfds of candidate genes for crop salt tolerance
improvement. The collection consisted of 192 gepesyoriginating from a wide range of
ecological habitats. The population size shouldsb#icient to detect all relevant genetic
factors determining variation present in the bagepepool for the trait of interest (Zhu et al.
2008; Haseneyer et a2010). The narrowing of genetic diversity due tanpl breeding
activities implies that elite barley germplasm @ necessarily a promising source material
for genetic improvement of tolerance to abiotiessrin crops (Roy et al. 2011). The large
variation in salt tolerance found in the currentdst might attribute by the association panel
that consists of barley genotypes including lanesaand old cultivars that were released
before 1990 (Pasam et al. 2012). Barley materialse tbeen domesticated in environments
where salt and drought stresses often occur wenersko contribute to the genetic diversity
for a salt tolerance study (Nevo et al. 2010, Mueinal. 2006). Barley cultivars from Europe
and America were mainly selected to perform wetlenrelatively favourable conditions and
may hardly have alleles that confer resistancealibssress. Barley, on the other hand, has a
long history of cultivation and adaptation in Norftirica, West Asia and East Asia; in
particular in areas where drought and salinizatiian occur (Badr et al. 2000; Nevo et al.
2007). So it is likely that in areas upon selectiorder arid and semi-arid conditions the
frequencies of favourable alleles for drought aatitelerance have increased.

Population structure and LD

An association mapping panel assembled on bagigfefent geographical origins, location
of adaptation and a long evolution history usualyot fully random (Prichard et al. 2000).
Genotypes originating from the same area may bee rolmsely related than the ones from
different areas. This may result in spurious matkat associations (Zhao et al. 2007).
Malysheva-Otto et al. (2006) reported that a glgimgulation of cultivated barley consisting
of 953 accessions was highly structured due to rggdgcal origins and row types. We
compared LD decay information obtained with theeB@nalysis with other methods. The LD
values observed within the population between nmarllecayed within 4cM (Eigenanalysis)
and 7-8cM (subpopulations). Our LD decay resulbgsiubpopulation methods is similar to
the finding of Pasam et al. (2012) where LD decas viound from 5-10cM in the same
population and the same marker data set. The LDaydg2-4 cM) found using the

Eigenanalysis model in our study on the other hagceed with other studies in barley.
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Comadran et al (2011) reported LD decay within stasice of 5cM between markers for a
panel with 109 elite cultivated barley varietiesdam large set of markers (2132 SNPs).
However, the estimates for LD decay from our stuliffered strikingly from those of
Haseneyer et al (2010) who showed weak intra atetdnromosomal LD, using the same
association panel as in our study but with onlgw markers (45 SSRs). The difference with
our study is likely due to the low number of maskérat were relatively widely spaced. One
further reason might be the marker type. Malysh@tta- et al. (2006) showed for a large
worldwide barley collection and only 48 SSR mark#rat LD can extend over a marker
distance of up to 50 cM, which strongly dependspopulation structure. With a set of 549
DArT markers and a restricted diversity in a Tilmetarley collection, the decay of LD on
chromosome 5H was 8.9cM (Wu et al. 2011). Using ABLP markers, Kraakman et al.
(2006) showed LD decay beyond 10 cM in a 146 spbiadey collection with restriction in
European genotypes. The relatively faster LD dddagM) observed in the current study is
probably due to i) a fairly large and geneticaliyellse population, ii) dense markers coverage
and that iii) the confounding effect of populatistructure has been accounted for using
Eigenanalysis. This more rapid LD decay in barlegnt expected in a selfing species is also
consistent with the study in various barley popateg (Rodriguez et al. 2012; Zhang et al.
2009; Comandran et al. 2009). Even limited inrthember of markers (134 SSRs), Rodriguez
et al. (2012) found that LD steeply decayed witBoM. The higher allele frequency per
locus, the high heritability of the salt toleraniagts together with the LD decay of up to 4 cM
in our association panel facilitates associationdiss with a medium marker density
(approximately 1000 evenly distributed markers) ok et al. 2006 and Comadran et al.
2009). Given our LD decay result from Eigenanalygsid an average marker spacing of 1.18
cM in the population, it is expected that the radoh of QTL detected could be about 2-4cM.

Association mapping and salt tolerance mechanisms

Association mapping is believed to be more poweofedr but also complementary to bi-
parent QTL mapping (Ingvarsson et al. 2010; Br&fil). In barley salt tolerance studies,
biparental QTL mapping has resulted in the detactd several genomic regions with
candidate genes controlling salt tolerance-relataids (Mano and Tekada 1997; Xue et al.
2009; Nguyen et al. 2012). However, the QTLs fowvith biparental mapping strategies
often have not lead to the identification of camdédgenes for crop improvement, mainly
because of low resolution mapping due to genetikalje blocks as a consequence of the
small number of recombination events between the garental genomes (Bernardo 2008).
Our previous bi-parental QTL mapping using the &tepx Morex DH population with a
similar hydroponics experimental setup resultedaweral QTL regions - some of which are
the same locations with QTLs found in the currdntg such as the 6H QTL- controlling
growth, ST, and ion homeostasis, but the QTL regiware 15-30cM in size on average.

In this study, we have identified strong QTLs dfiieg ST and related traits using an
association mapping approach while correcting fgpypation structure and relatedness (Fig.
4). We found a number of trait-marker associationgifferent regions of the barley genome
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controlling salt tolerance and related traits (€aBll). This confirms that salt tolerance is a
complex trait and is controlled by several factgesk(s). Some of these genes/factors may
not be specific for stressed conditions as theyevidentified under both control and stress
conditions which might relate to the developmeritalts or growth vigor. However, the
relatively high heritability values for growth amdlated traits as well as the higher QTL -
logio(P) scores and effects in the studies under stasditions over those under the control
conditions indicate that traits phenotyped undénsaonditions are strong indicators for salt
tolerance selection. The genomic region on chromes6H identified in the current study
strongly influenced ST as well as chlorophyll canteplant height, tiller number and leaf
senescence under salinity stress. This suggesiethtdse related traits might be controlled by
only a single or few gene(s). Our QTL mapping using ®&px Morex DH population
(Chapter 3) also found a QTL on chromosome 6H & dAme region controlling biomass
produced under saline conditions. This QTL hadrgelaonfidence interval (30cM). Xue et
al. (2009), using a DH population derived from CMZBairdner, mapped QTLs for NK*
ratio and plant height on chromosome 6H around@TUL region. In the current study the
QTL affecting Salt Tolerance and growth-relateddravas found in a small interval (2cM) of
chromosome 6H. Taking the advantages of the exgdutger recombination events in the
association mapping panel, additional molecularkerarin the genetic map or in the QTL
region would facilitate the fine mapping of this QT

The QTL for N&, K" and N&/K" ratio identified on chromosome 4H with high -6&)
scores was only detected under saline conditiomsstér et al. (2000) showed that
chromosome 4H in barley harbours several loci wwngl abiotic stress tolerance including
salt and drought. Previous studies showed thatceedse in growth under saline conditions
could be mainly attributed to ionic effects caubgdoxic levels of N&in the leaves (Mano
and Takeda 1997; Shabala et al. 2010; Storey amesJb978). In barley, QTLs for NaK”
and N&/K* were identified using bi-parental mapping but dffedent locations on the
chromosomes 6H, 2H and 1{ue et al. 2009) and in Steptoe x Morex mappingubation

on the chromosomes 2H and 3H (Chapter 3). Seversdggwhich are differentially expressed
under saline conditions may underlie the QTL regimnchromosome 4H controlling ion
contents only under stress conditions. Among p@kembn-transporting genes that may
contribute to salt tolerance in plants, genes lggianto the HKT1 (high affinity potassium
transport) family which function as specific Nl@ansporters or have a function in"Nad K
co-transport (review of Hauser and Horie 2010) amedidates for this QTL. We showed in
our worldwide barley collection that higher Nén both shoot and root are negatively
associated with ST. This suggests that salt exatusit both shoot and root levels are
important. Many studies suggested that Baclusion from the shoot is associated with salt
tolerance which involve$iKT1;4 and HKT1;5 (James et al. 2011). SKKT genes were
mapped to wheat—barley chromosome groups. Amonm,thdKT1:5 was mapped on
chromosome 4H of barley (Huang et al. 2008XT1:5 is a strong candidate fdlax2, a gene
conferring salt exclusion in Durum wheat (Byrt £t2007). There is no available deteails on
the location of HKT1:5 on the barley genome in the study of Huang et(2008) and

87



Chapter 5

therefore our QTL provides valuable information thre possible location ofiKT1:5 on
chromosome 4H. Recently, Munns and colleagues bauessfully used thelKT1:5 gene
from ancestral wheat to produce salt tolearant mumheat which show increased salt
tolerance and an yield increase of 25% on sabildunns et al. 2012).

Previous studies only focused on*Nmd K homeostasis in their salt tolerance studies. Niu
et al. (1995), Zhu (2001) and Munns and Testers0§P0suggested to consider the
interrelationship between other ions such aé" @ad Md" in relation ot ion homeostasis
under saline conditions. Tavakkoli et al. (2010 @0d1) provided evidences to consider the
important role of Clcontent in shoot - as higher contents of thisimoshoot is highly toxic to
many plants (White and Broadley 2001) includingldar(Teakle and Tyreman 2010).
Measuring the five most important ions that areanapnstituents of saline soil (Tavakkoli et
al. 2010), we were able to assess the role of mmdostasis in plants under salt stress
condition in a wider context. In addition to Nend K, a QTL for Cl was found in the same
region which supports the recently made suggestionthers to consider the role of @i
relation to ion homeostasis and salt toleranceantely (Tavakkoli et al. 2010; Chapters 2 and
3). Our results suggested that accumulation ofnboth roots and shoots might be toxic for
barley plants. In addition, shoot "‘Ctontent consistently showed a stronger negative
correlation with salt tolerance than shoot”Nia our Steptoe x Morex bi-parental mapping
study (Chapter 3). In contrast to Nahere is little known about mechanisms or gehes t
control CI transport/uptake and no QTL has been detecte@lfon cereals. In our study, the
QTL on chromosome 4H was found controlling homesistaf Nd/K™ and Cl as well, which
may suggest that the gene that controlddalding/uploading at the xylem/symplast boundary
(CCC) could be a target for further investigation. Rebe the Arabidopsis thaliana AtCCC
gene encoding a cation-chloride-transporter was cloned and shown to control lsbibot
and root Clhomeostasis under saline conditions (ColmenerceElet al. 2007). In rice, the
OsCCC1 gene was shown to play a significant role in iemkostasis and rice development
under saline conditions (Kong et al. 2011). Theegeunderlying the QTLs for Ctontent
may also include transporters having either di@cindirect effects on Clexclusion or
control of a Chloride channel. The CLC gene fammigs found to control QH™ antiporters
and CI (Lv et al. 2009). The CLC subclass | family wasarid to be located on the tonoplast
membrane in Arabidopsis and was suggested to lmdviery in sequestering Gh the vacuole
under salinity stress (Li et al. 2006; Teakle agdrinan 2010).

Conclusions

Our study showed extensive genetic variation fdr derance that can be exploited for
barley improvement. Results obtained by Eigenaisatyst is incorporated in the association
mapping approach defined the linkage disequilibrafrthe barley collection decaying within
4 cM. The current study showed that the mediumitdegsnetic map with a thousand makers
is sufficient for an association study on barlegséciation mapping identified QTLs for salt
tolerance, growth related traits and ion homecostadated traits. We presented more than
100 significant maker-traits associations over Wiele barley genome, among them, 66
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QTLs were detected under control and 58 QTLs wersd under saline conditions. We
showed a strong QTL on 6H independently from pdpara structure controlling salt
tolerance that co-localized with QTL for other tsasuch as biomass growth, chlorophyll
content and leaf senescence. Another strong QT Lideawified on 4H controlling contents of
various ion including N3 K" Na'/K* and Cl. The genomic regions that harbour QTLs for
salt tolerance and ion contents on chromosome 4H6Hh in our study can be used for
targeting candidate gene(s) for salt tolerance uptdke/transportation of both Nand CI,
which are important factors for salt tolerance ioy@ment of barley.
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General discussion

Given the amount of food that needs to be increasethe near future, improving salt
tolerance of crops is an important challenge f@anpbreeders. Many trials in conventional
breeding programs have been performed to develtp \arieties with a high level of salt
tolerance, but till now this endeavour has limisegtcess (Flowers 2004; Munns et al. 2006).
Understanding the genetic mechanisms underlyirtgaatance is of key importance to reach
the desired breeding goals with respect to thit ffae genetic dissection of the quantitative
traits controlling the adaptive response of crapahiotic stress is a prerequisite to allow cost-
effective applications of genomics-based approachebBreeding high vyielding crops for
saline conditions. Barley is the fourth most impattcereal crop in terms of quantity and area
of production in the world. Unlike other importarg¢reals such as wheat and rice that are
moderately- highly salt sensitive, barley is relaly salt tolerant even though saline stress
reduces significantly its growth and yield. Whatkes barley more salt tolerant than wheat
and rice is still unclear. It is widely known thiaarley not only exhibits the common salt
exclusion mechanism to cope with saline stress Wkeat and rice, but also utilizes other
mechanisms such as salt (Nand CI) compartmentation, ion vacuolar sequestration and
osmotic adjustment.

There have been successes in the identificationuaedof QTLs/genes contributing to salt
tolerance in other cereals like wheat and rice. QA¢s/genes such &altol, SCK1 in rice,
HKT1;4 andHKTZ1;5 in wheat and rice mainly reduce salt toxicity éaves. The introduction
of HKTL;5 into a durum wheat variety significantly improwebeat yields on saline fields
(Munns et al. 2012). Similar studies in barley sisipgly have not yet revealed genes that
contribute to salt tolerance, even though it isrtiest salt tolerant cereal crop and it has for a
long time been used as an experimental model spémieggenetics and breeding Roaceae
(grass family). As barley uses various mechanisntope with salinity stress, unravelling the
genetic complexity of salt tolerance in barley wbgteatly facilitate genetic improvement for
salt tolerance in cereals.

We have shown in this thesis that identifying aateitrait information is a vital step to be

able to genetically dissect salt tolerance. Ourat@ptal QTL mapping study revealed
important QTLs associated with salt tolerance. @weepthe way toward map based cloning or
marker assisted breeding a fine-mapping study waged out to verify the QTLs and delimit

the QTL regions on the barley chromosomes. Fintily powerful association mapping

approach was used to efficiently exploit genetiedsity and accurately localize QTLs for

salt tolerance. In the current chapter we will expéhe discussion on our major findings and
their prospects for salt stress tolerance improvenigough breeding.

lon homeostasis and salt tolerance improvement

lon homeostasis is a key process for plants tadtdehigh salt concentrations in the root
environment (Niu et al. 1995; Zhu 2003). Especiatiyacellular N& and K homeostasis
until now were found to be crucial for cell metabol and are considered key components of
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salinity tolerance in plants (Niu et al. 1995; Besiand Davenport 2003; Hasegawa
(Hasegawa et al. 2000b; Chen et al. 2007).

Na" homeostasis

Reduced Naloading into the xylem is one of the main mechasif salinity tolerance and
it is considered one of the most crucial featurésestricting Na accumulation in plant
tissues (Tester and Davenport 2003; Shabala @04D). The important genes found in rice
such asSaltol (Bonilla et al. 2002) and8CK1 (Lin et al. 2004);Knal in bread wheat
(Dubcovsky et al. 1996) aridaxl andNax2 in durum wheat (Munns et al. 2003); Lindsay et
al. 2004; James et al. 2011) are implicated ifi &aclusion or the co-transportation of ‘Na
and K'. The importance of Naexclusion was confirmed in our studies, as we @oarstrong
correlation of N& exclusion with biomass growth and salt tolerancelen salt stress
(Chapters 2, 3 and 5). However, we also found ptssdditional traits in the examined
barley lines, including tissue tolerance such ascoempartmentation in to the older leaves or
sequestration into vacuole (Chapters 2 and 4).oMlgh less common, several other studies
have shown that ion (Naand CI) compartmentation into the vacuole is a mechartisan
contributes more to salt tolerance in barley tmawheat (Greenway and Munns 1980; Munns
and James 2003; Munns and Tester 2008; Shabalaz2f1®; Mian et al. 2011). The QTL
analysis in Chapter 3 detected a salt stress-imdlQdd. on 2H (explaining 23% shoot Nan
coincidence with QTL for biomass growth. The QTls2H were verified and fine-mapped
to a region of 2cM. Exploiting the synteny betwedre and barley and when available
possibly later in 2012 using the barley genome eece, the 2H QTLs can be further
explored and possibly cloned.

We examined the rice-barley synteny in the finepeap2H QTL region using the marker
data set of the Steptoe x Morex DH population (@érag) and the software HarvEST: Barley
(http://harvest.ucr.edu). The similarity betweere tthhap of Close et al. (2009) and the
integrated barley map used for the QTL fine-mappm@hapter 4 is shown in Fig. 1. The
two locus-nearest markers of the QTL fof Bontent in shoots in the Close et al. (2009)
consensus map were POPA1l 0943 (18.3) and POPA2_(@¥18). Nine markers were
present between the locus-nearest markers in theah&lose et al. (2009), however, we
could not fully exploit this information as somecoenbinants with a crossing-over between
the locus nearest markers had no data for those markers. The 2H QTL interval was
syntenic to parts of rice chromosomes 4 and 7. tagsium transporter 2 (OskKUP) and two
calmodulin-like proteins (CaM, regulating catiomrisporters and channels) located in the
vicinity to the syntenic region on chromosome H(Hi). Lin et al. (2004) identified the QTL
SNC?7 for shoot Na content on rice chromosome 7 that explained 48f&atian for this trait.
SNC7 co-localized with salt tolerance (seedling surkivaot growth, and potassium content
in roots) which is comparable to the effects of & QTL region. Therefore 8NC7-like
gene may underlie this barley QTL.
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Figure. 1 Barley-rice synteny of the interval for the QTLrfshoot K concentration on barley
chromosome 2HS and rice chromosomes 4 and 7. Titergyregion in rice was obtained using the
software HarvEST: Barley (http://harvest.ucr.edugft, new map from this study; middle the
consensus map of Close et al. (2009); right, thysiphl map of rice chromosomes 4 and 7 constructed
from the sequence annotations on http://www.phytezoet/cgi-bin/gbrowse/rice/. The lines connect
each barley marker to the position of the best BLA& on the rice genome (Close et al. 2009).

The fine-mapped 2H QTL region was also locatechin game -or close to the- region with
barley QTLs for shoot dry weight (Ellis et al. 20Ghd leaf injury (Zhou et al. 2012) under
saline conditions. The QTL for leaf injury found #hou et al. (2012) was in the syntenic
region as the previously reportédixl locus in wheat which explained 40% of shoot" Na
exclusion (Lindsay et al. 2004). This strongly sesg that gene(s) for shoot Nexclusion
which associate with salt tolerance are preseatimQTL regionNax1l (HVHKTL1;4) removes
Na’ from the xylem in the root, older leaves and k&adath and therefore reduces leaf blade/
leaf sheath ratio (James at al. 2011). In Chaptere4showed that the difference in ion
contents in shoots of Steptoe and Morex foundexarli Chapters 2 and 3 might partly be due
to the difference mainly found in older leaves. J&@henotypes resembled thatNax1,
which may indicate that the 2H QTL for Nand K contents is encoded Max1-like gene.

The 2H fine-mapped region between MWG858 and GBRO4I8o points to a syntenic
interval (LOC_0s049g33340/LOC_0s049g51120) of riceontosome 4 which contains
OsHKT1;4 (0s04g51830).0sHKT1;4 is mainly expressed in shoots, while the barley
HVHKTZL;4 is likely to act in roots and leaf sheaths (Huabgl. 2008). The genBmHKT1;4
was successfully transferred from durum to breaeawtwith the help of marker-assisted
selection and showed in wheat to help in retainkaj in leaf sheaths and therefore
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decreased the leaf blade Nabncentration by 50% (James et al. 2011). In adgitames et
al. (2011) showed thaHKT1;4 conferred an extra advantage under a combination o
waterlogged and saline field conditions. THeHKT1;4 may therefore be a strong candidate
for the fine-mapped 2H QTL. The markers we provideoh be used in marker assisted
breeding for salt tolerance.

A QTL controlling Nd homeostasis under saline conditions identified idivaerse barley
germplasm collection was presented in Chapter & fAbwvel “super-strong” QTL revealed a
single locus on chromosome 4 that co-localized \@ffiLs for K" and Cl homeostasis in
shoots. No QTL for ion content on chromosome 4Hbarfley has been detected before, but
several QTLs for salt tolerance or yield relateaitsrwere found on the same or close to our
4H QTL such as QTLs for spike numbers per planttdied numbers under saline conditions
(Xue et al. 2009) and a major QTL for yield undermal field conditions (Ellis et al. 2002).
The QTL on the long arm of 4H is clearly a candediatr ion transporter(s), a proton pump(s)
or ion channel(s) that control ion exclusion inteoand shoots and the gene might mediate
constitutively shoot K over Nd discrimination under saline conditions. Dubcovskyal.
(1996) mapped thKnal gene on chromosome 4D of wheat which partly erpléne better
Na" exclusion or K/Na" discrimination of bread wheat over durum wheatdidmum wheat
Nax2 was proposed by Byrt et al. (2007) to have theesamction as th&nal gene in bread
wheat.HKTL1;5 is a strong candidate fodax2, a gene conferring salt exclusion in durum
wheat (Byrt et al. 2007; James et al. 2011). Theeh&KT1;5 gene was mapped on the long
arm of chromosome 4H as well (Huang et al. 2008)y. ©sults suggest that the QTL on the
long arm of 4H in barley might relate to bd{inal andNax2 which may explain why barley
in more salt tolerant than both bread and durumaivklunns and Tester 200)KT1;5
therefore is a strong candidate gene for our 4H (Récently Munns and colleagues have
sucessfully used thdKT1;5 gene from ancestral wheat to produce salt toletanim wheat
which showed increased salt tolerance with yieldaases of 25% on saline soil (Munns et
al. 2012). Another association mapping QTL for'N&" and N&/K" ratio locates near the
center of chromosome 7H might be related toHkiax3 locus by Shavrukov et al. (2010).
This locus in our association mapping study howdnaer a small effect compared to the QTL
on 4H (-Logo(P) 3 compared to 20) (Chapter 5).

According to the rice-barley syntenic map, chrormesa!tH is syntenic with rice chromosome
3 (Close et al. 2009). We tried to link the positaf the 4H interval with help of the flanking
SNP markers to the rice genome, but were not abl®dalize it accurately. With more
markers it is likely that we will be able to anrtetanore markers to this QTL, what may
enable us to identify the rice syntenic region &nd possible candidate genes. Otherwise
information on such genes will become available wtiee barley genome sequence comes
available, what is expected soon.
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Cl" homeostasis

Already many years ago it was suggested to considemterrelationship between N&*

and other ions in salt tolerance studies in plédis et al. 1995). However, little attention has
been paid to other ions in favour to™Nend K. Nevertheless, shoot Gixclusion as well as
CI" compartmentation may be important for salt toleeaim crops and tree plants (White and
Broadley 2001; Munns and Tester 2008; Mian et 8092 Teakle and Tyerman 2010).
Recently, Tavakkoli et al. (2010a and 2011) foulmat tN& and Cl had different effects in
plants exposed to salt stress. The presence ofiboghin saline solution had an additive
effect in barley and bean. However, little effoshbeen undertaken to understand the
mechanisms and genetic factors controlling l€@imeostasis in relation to salt tolerance in
cereals.

We considered both Naand Cl as important factors for salt tolerance. In Chaj@eve
showed that the mean shoot @ncentration was dramatically different underdnimoderate
and severe stress treatments (35, 65 and 110 mygwedight, respectively). The
concentrations are far above the critical toxiddyels, which are 4-7 and 15-50 mg/g dry
weight for CI sensitive and tolerant species (Xu et al. 2000)addition, path analysis
revealed a direct negative effect of shootd@htent on salt tolerance in the Steptoe x Morex
barley mapping population (Chapter 3). This agresis (Tavakkoli et al. 2010b and 2012)
who studied several barley genotypes contrastingdti tolerance and showed that Gad
greater negative correlations with salt toleranoe grain yield under saline soil experiments
and field conditions than NaWe showed a consistent stronger negative coioglaif
biomass growth and salt tolerance with @intent than with Nacontent (Chapters 2, 3 and
5). This suggests that Qnay even be more damaging than® Na the barley plant; an
assumption which agrees with findings Tifolium, Medicago, Glycine, Lotus, Pinus
banksiana, Citrus and Vitis (Reviews of Teakle and Tyerman 2010). Understandhe
genetics that control Clptake, transport and storage is therefore impofta salt tolerance
improvement in cereals. Both shoot™Nend Cl content are highly heritabl&?0.8) in our
salt stress experiments (Chapter 5). The impofdiits detected for Naand K were usually

in the same region as CQTLs (Chapters 3 and 5) indicating that the retjuta of
homeostasis for these ions under saline conditimag be functionally linked.

Until now, hardly any QTL for Clrelated salt tolerant traits has been reportedride,
Koyama et al. (2001) detected markers associatéd skioot Cl content on chromosome 6
coincident with other traits like shoot Nand K contents. However, the magnitude of this
QTL and the relationship with growth were not shoWfe found three QTLs for Clvhich in
total explained 40% of the variation for shoot @ider saline conditions (Chapter 3). The
strong QTLs for Clcontents always co-localized with QTLs for'NK" or Na'/K* on 2H, 3H
(Chapter 3) and 4H (Chapter 5). This suggestsGhatccumulation might correlate to cation
homeostasis which in turn contributes to salt tolee. Shoot Clcontent was strongly
correlated with reduction in shoot growth (Chap®r8 and 5) suggesting that QTL may be
important for Cl exclusion from the (young) shoot. The QTL mightaa& a chloride-cation
co-transporter CC) gene. This gene family members mediate movemge@lowhich is
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tightly coupled with N& (NCC) or K" (KCC) transport, and both cationsl{CC) have a
significant role in major plant developmental preges and ion homeostasis (Colmenero-
Flores et al. 2007). This gene can play a sigmificale in K and Cl homeostasis as was
shown in rice by Kong et al. (2010) who recentiynadd theOsCCC1 and studied its effect on
plant development under high salt concentratiorditmms

Ellis et al. (2002) showed the co-localization ofL@ for grain nitrogen contents and grain
yield under field condtions. The QTL of Ellis et #2002) was close to our 4H QTL for
amongst others shoot ‘Glontent. This might suggest the possible involvenoé NO;/CI
transporter genes of the CLC subclass | family (Vea al. 2009; Zifarelli and Pusch 2010).
Several chloride channel (CLC) genes were receswlated fromArabidopsis and associated
with CI' homeostasis (Lv et al. 2009). We have analyze@ gapression oAvCLC-cl and
found it strongly correlated with salt tolerancesefected barley genotypes growing on both
saline sand and hydroponics (unpublished resut$)ch is another indication that Cl
transport may play an important role in salt tahesa It is expected that further investigations
of the role of the QTLs presented in this thesidl wyenerate new insights in the
underestimated role of Gh salt tolerance and the underlying mechanisnisgemes.

K" homeostasis

Intracellular K homeostasis is crucial for cell metabolism anddssidered to be a key
component of salinity tolerance in plants (Niu et1®95; Hasegawa et al. 2000; Tester and
Davenport 2005; Chen et al. 2007). Munns and Jai@@83) argued that changes i K
content may be only small or secondary to chanyéi therefore QTLs for Kunder saline
conditions were hardly found. Indeed, there havenBiited reports on QTLs controlling'K
content, and many more on Nand/or N&/K™ ratio (Xue et al. 2009; Shavrukov et al. 2010
Rivandi et al. 2010). In several reports, shobtckintent was associated with salt tolerance.
Maintaining a sufficient level of Kto be able to still compete with accumulating”Na
apparently is an important trait, expressed agiNaatio.

In contrast, we observed a negative correlatiorwden K-content in shoots and salt
tolerance (Chapter 3), which was contributed bySteptoe allele (that is also associated with
salt tolerance) to lower shoof #€ontents in the fine-mapping study (Chapter 4)céntents
were negatively correlated with shoot dry weighsenved in the association mapping panel
(Chapter 5). As explained in Chapter 4, a negatoreelation between shoot Kontents and
salt tolerance is more obvious with increased steeverity and time of exposure to saline
stress. We detected salt stress-induced QTLs ofegplaining 18% variation for shoot'K
that co-localized with a QTL for biomass growth &pter 3). The confirmation of location
and the effect of the QTL for shoof KChapter 4) showed that it might be as informatise
QTLs found in rice (Koyama et al. 2001; Bonillaagt2002; Lin et al. 2004). In our study, we
found QTLs for K under both control (37% variation explained) ander stress conditions
(18% variation explained) for this trait, which megveal a physiological function similar to
that of theSKC1 locus for shoot Kcontent (Lin et al. 2004). TH&KC1 locus on chromosome

1 of rice explained 40% variation for shoot.KSKC1 is preferentially expressed in the
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parenchyma cells surrounding the xylem vess®{<1 protein functions as a Na&elective
transporter. Physiological analysis suggested 8#E1 is involved in regulating KINa
homeostasis under salt stress, providing a poteathfor improving salt tolerance in crops.

Cc&*and Md* homeostasis

The genetic controlling Gaand Md" in relation to salt tolerance has never been tefor
even though it was suggested more then 30 yeac®risider the interaction of different
cations (N4 K*, Mg and C&") in plant salt tolerance studies (Bansal and Steat8; Liu
and Zhu 1998; Zhu 2001). €ahas at least two roles in salt tolerance. It hasivatal
signaling funtion in the salt response leadingdapdation and a direct inhibitory effect on the
Na' influx (Yokoi et al. 2002 ). We showed that roaCstrongly negatively correlated with
salt tolerance under saline conditions (Chapter VB presented a QTL for €aon
chromosome 3H which explained 34% variation fos tinait. This QTL for C& content in
whole shoot was detected only under control comiétiand was not clearly correlated with
salt tolerance (Chapter 3), but fine-mapping o$ QITL showed the importance of the QTL
for C&* contents in different shoot fractions under satipadtions as well. The QTLs are
also related to the tiller numbers and leaf devalept under saline conditions (Chapter 4).
Shabala et al. (2005) pointed out that in barley*Ga the cytosol is involved in the
ameliorative mechanisms to enhance plant saltaoter by maintaining KNa™ homeostasis
in the cytosol and normal photosynthetic properties

Chromosome 3H in barley is syntenic to chromosonie rice (Close et al. 2009). The rice
chromosome harbours the most important QTLs/geoesdlt tolerance found in the past
such assaltol controlling Nd/K” ratio (Thomson et al. 2010) aTK1 (Lin et al. 2004). The
SCK1 gene has been cloned using map-based cloningtamdsi found to encode a Na
selective transporteHKTL;5) (Ren et al. 2005). In additiommHKTL;5 increased yield of
durum wheat under saline field conditions signifitya (James and Munns 2011; Munns et al.
2012). We often found QTLs for €aco-localized with N&K" ratio on 3H and 4H (Chapters
3 and 5) suggesting the dependency between thatse @ther divalent cations such as?¥g
B&* and Zri* might have similar funtions in barley (Shabalaabt2005) and other crops
(Bansal and Shah 1978). Cand Md" contents were always highly positively correlated
our studies (all Chapters). QTLs for Mgo-localized with C& (Chapter 3) and with salt
tolerance as well (Chapters 5). This suggests aromntransporter of these two ions to be
present in the regions of 3H and 4H (might alsoold) that may positively affect Nand K
homeostasis and salt tolerance

The gene(s) responsible for the 3H QTL which cdst@&* may function in a similar way
as the locus controlling Zh accumulation in barley (Lonergan et al. 2009). Pmé locus
was later found to be strongly associated with &tacumulation and naméti/Nax4 (Rivandi

et al. 2011). This gene was suggested to be idgiiCLB4; a gene homologous t80S3.
The 3H QTL region is not at the same locus HeNax4 but it shares phenotypic
characteristics witlHvNax4 as it strongly controlled § the most important divalent cation
involved in salt stress signalling and salt toleeanWe suggested in Chapter 4 that barley
HVCAX2 gene (Edmond et al. 2009) which is transcriptipnab regulated at high &
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concentrations under Katress might be responsible for the high concgatraf C&* in old
leaves of our barley plants. The increased’ @antent in old leaves may then activate the
SOS pathway (Liu and Zhu 1998); Yokoi et al. 20@#)jch regulates extrusion of N&on
from the cytosol by activating vacuolBivNHX transporters that pump Nanto the vacuole
(Mahajan et al. 2008). This may explain why Steptas more salt tolerant while at the same
time it had a relatively high Nacontent in the leaves (Chapters 2 and 4). Thitigsis may
be further explored and corroborated by expresstadies of CAX, SOS and NHX genes
using recombinants in the 3H QTL region, togethéh urther examination of the 3H QTL
region.

Osmoatic regulation and salt stress tolerance

Osmotic stress is the first stress that plants @meo in saline soil and has an immediate
influence on the growth of plants under salinityess (Munns and Tester 2008). High

concentrations of salts in root growing media causaotic pressure, reduced water uptake or
loss of water in roots (Horie et al. 2011). The ecolar response of barley to the osmotic
phase has been targeted in several transcriptardeest(Ueda et al. 2006; Walia et al. 2007;

Walia et al. 2006) and resulted in the discoveryeafly response genes controlling

osmoprotection under salinity stress.

The 2cM interval of the 6H QTL is in the syntenegion between LOC_0s02g41990 and
LOC_0s02g45820 in rice. Searching on the rice genomdatabase
(http://rice.plantbiology.msu.edu/index.shtmiye found among several hundred genes
locating within these two loci two aquaporin gen@g dehydrin genes, and o@BF gene.
Walia et al. (2006) showed that the expressionaolely dehydrin, aquaporin aifeBF genes
was associated with osmotic stress induced by bkajh concentration in hydroponics. In
plants theCBF gene family was critical in a pathway signallinigoemotic stress caused by
drought and salinity. Th€BF3 gene was associated with drought and cold stresairiley
(Choi et al. 2000). Thre€BF genes partly explained the variation in salt tolemin Tibetan
barley (Wu et al. 2011). On the other hand, Demgirnvere found to play an important
protective role during cellular dehydration, impirmy enzyme functioning under the
conditions of low water availability. Dehydrin gemxpression was strongly induced by
drought and cold stresses in rice and barley (Bagd. 2006). Du et al. (2011) showed that
two dehydrin genes might contribute to improveduditt and salt tolerance of Tibetan and
wild barley.

Recent studies on osmotic stress tolerance in\baeeealed that under saline conditions,
aquaporins - channel proteins that mediate tramsgowater and small neutral molecules
across cellular membrane- relate to salt tolerahtebarley roots, three types of plasma
membrane aquaporin genes (PIP) were expressed osdw®tic stresses (Katsuhara et al.
2002).HVPIP2;1 is most abundant in the plasma membrane and assdavith root water

management and osmotic responses. Katsuhara @08B) showed that overexpression of
HvPIP2;1 makes rice plants more sensitive to mild saltsstr&he activities of aquaporin

genes which relate to root hydraulic conductivitgryed an important role in short term salt
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tolerance mechanisms (Katsuhara et al. 2011). @HeybgeneHvPIP2;1 was down regulated

at moderate to high salt levels in salt toleramtdyagenotypes (Koshio et al. 2002; Horie et
al. 2011b). On the other hand, Zawoznik et al1@30reported for the first time that the
Azospirillum strain which induced up regulation EPIP2;1 expression helped to mitigate
NaCl stress in barley grown on hydroponics at 200 MaCl. This barley aquaporin gene
therefore justifies more investigations to bettaderstand its functions and significance of
the regulation plant stress brought about by majetironmental stresses such as salinity and
drought Horie et al. (2011). This all suggests thahes on our 6H QTL region control
osmotic and ionic stress tolerance.

The salt tolerant QTL on chromosome 6H co-localirath strong QTLs for chlorophyll
content, plant height, tiller numbers and leaf seeace under salinity stress and with smaller
effects under control conditions. This suggests ttiese related traits might be controlled by
a single gene with pleiotropic effects. Several @Tdar shoot, root growth and salt tolerance
(Chapter 3) or related traits such a§N&" ratio and plant height under saline conditions
(Xuet et al. 2009) were mapped at the 6H QTL reginrthe same region Ellis et al. (2002)
also detected in a field trial with barley a QTiLfyrain yield. These may point to candidate
genes controlling growth or growth vigor with stgem expression under saline than control
conditions. The genes on 6H for growth might hgvistatic effects on other ion content traits
which would explain the small QTL for ion contertstected in this location (Chapter 5).
However, it is also possible that there are gehas liave adaptive effects on salt tolerance
(Chen et al. 2007) in the QTL region of 6H. In dno, Huang et al (2008) mapped a barley
HvHKTZ1;3 at the region of our 6H QTL and copies of this egemere found in syntenic
regions of chromosomes 6B and 6D in wheat and gonobsome 2 in rice. No detailed
information is available with respect to cellulacation and funtion of this gene, BdKT1;3
may affect ion vacuolar compartmentation (Huangle2008). We measured ion contents in
the whole shoot which may have limited our abitdydetect ion-related QTLs responsible for
HKT1;3. lon compartmentation or vacuolar sequestratioghtrpartly explain why barley is
more salt tolerant than other cereals (Munns arslef008; Shabala et al. 2010; Mian et al.
2011). We can therefore not exclude that the 6H @¥luence ion tissue tolerance, and
HKT1;3 may be an interesting candidate gene. It is thotlyt further analysis of the 6H
QTL with help of high density marker map and theléy genome sequence will further
elucidate the mechanisms and genes involved inatote for osmotic and ionic stress.

Salt tolerance screening strategies

Genetic analysis in many crops and species (tomma®e, citrus, Arabidopsis and barley)
suggests that QTLs detected for salt tolerancerdifith developmental stage (Flowers and
Flowers 2005). We focused our studies on the végetatage, as it is the most sensitive
stage to salinity in cereals (Munns and Tester ROU®st of the previous studies evaluated
genetic variation for salt tolerance at one singhel of stress and one specific stage of
development (time). In Chapter 2 we evaluated 2dsliat different combinations of levels of
stress and development to identify suitable triotsscreening and contrasting parents for
genetic analysis. Different traits contributing ¢alt tolerance such as osmotic and ionic
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effects may influence the responses of several itappparental lines such as L94, Morex

and Steptoe. The importance of these stress comfsdepends on the duration of exposure
to salinity (Chapter 2). The performance of Ste@nd Morex in our tests after short time of

salt stress is in agreement with the findings ofZ@liet al. (2009). However, two genotypes
showed opposite performance after prolonged exposursalt stress and this result was
similar to those of Mano and Takeda (1997). Theoggres showing salt tolerance after a
short exposure such as Morex, Rex and Class 1&aplphre more tolerant to osmotic stress
(Munns et al. 2002). They are not necessarily dmuniors to tolerance to ionic stresses

operating later in time. lonic tolerance on theeothand might contribute to the better growth
of Steptoe, L94 and 116-5 cultivars after prolongagosure to stress (Munns and Tester
2008). Munns et al. (2002) found no difference loé leaf elongation rate between 20

cultivars of wheat, barley and triticale in thestilO days after salinization. In rice the initial

growth reduction upon salinization is possibly do@smotic stress caused by a limitation of
water supply to the root (Yeo et al. 1991). Theetidependent salt tolerance of L94, Steptoe,
Morex and other parental lines described in Chaptdemonstrates that traits suggested to
improve salt tolerance should be properly defineterms of the stage of crop development
and stress levels.

It is important to consider the specific attributifsthe target environment to which abiotic
stress-tolerant varieties need to be adapted aedinipact of these attributes on yield
(Trethowan and Reynolds 2007). In this thesis weshesed a hydroponics system that allows
us to easily monitor the extent of ion transportiffierent parts of the barley plant, including
roots, while avoiding the interaction of salt talece traits with environmental factors as may
occur under field conditions and complicate setectiOur findings therefore still need to be
translated to the target field environment. In different diverse sets of barley genotypes
examined, shoot growth under saline conditions kigkly controlled by genetic factors*(
0.5-0.9 Chapters 2-5). Similarly shoot™Nand Clare highly heritablehf: 0.8) (Chapter 5).
Salt tolerance was also found highly heritaiié=0.69, Chapter 3). Under saline stress, a
highly significant negative correlation betweenathia and Cl with shoot growth (Chapter
2) and salt tolerance (Chapters 3 and 5) was obded linear relationship between shoot
Na" and CI (r=0.85-0.96) under saline conditions was always doimthe current studies.
The outcome is highly similar to what Tavakkoli &t (2010 and 2012) found in testing
barley genotypes in pot and field experiments usalme soil. However, in the same studies,
Tavakkoli et al. (2012) found low heritability fealt tolerancerf= 0.3), shoot Naand Cl
(h*= 0.3) as well as no significant correlation betwstoot N& and Cl and salt tolerance
under their hydroponics condition. In addition, &kkoli et al. (2012) showed the correlation
between N& and Cl in hydroponics compared to field and pots was loWe0.76 in
hydroponics; 0.94 in pots and 0.84 in the fieldexpents). This observation indicates that
our hydroponics system might be more relevant tovgrg conditions in the field than that of
Tavakkoli et al. (2012). In these studies of Tawdklet al. (2010a,b and 2012) the high
concentrations of NaCl in the soil systems incrdabe concentration of leaf Ghore than
the concentration of Nawhich is opposite to their hydroponic systems. fdiend similar
changes in Naand Cl between our hydroponics and the soil systems ofRikoli et al.
(2010a, b and 2012) when we increased NaCl in theigg solution from 0 mM NaCl to
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moderate and severe stresses (Chapter 1). Morerne@df the relevance of our results using
the hydroponics system comes from evaluation ofo8trasting genotypes selected from

association panel in pots with sand (unpublished)d®Ve observed a good correlation of ion

accumulations in these 8 genotypes under our hpdiop and sand-based experiments. Salt
tolerance was also mostly similar as 6 out of 8ofygyes showed consistency in response to
salinity in these systems. In addition, other sgsadihowed that salinity tolerance evaluated in
hydroponics correlated well with those of soil-lhsereening, for instance in the evaluation

a diverse set of wheat genotypes (El-Hendawy eR@0D9; Genc et al. 2007) or a large

mapping study in wheat (Gorham et al. 1997). Thetrmportant QTLs/genes that have been
shown to significantly contribute to salt tolerannewvheat (Lindsay et al. 2004; Munns and

James 2003; Munns et al. 2012) and rice (Bonilia.€2002; Lin et al. 2004; Ren et al. 2005)

under field conditions have been identified witre thelp of hydroponics systems. This

suggests that the traits and genes identified underydroponics system can be used to
improved salt tolerance in the field.

Biparental QTL mapping and association mapping for salt tolerance

Traditional (biparental) QTL mapping has been comip@mployed to detect quantitative
trait loci (QTLs) because of its high power to @¢t®TLs (Yu and Buckler 2006). The
biparental QTL mapping approach has been succhssfed for the genetic analysis of salt
tolerance in cereals (Mano and Takeda 1997; Eled. 2002; Bonilla et al. 2002; Munns and
James 2003; Lin et al. 2004; Lindsay et al. 200dncet al. 2010; Shavrukov et al. 2010;
Rivandi et al. 2010 and Chapter 3 of this thedis)widen genetic variation in the breeding
programs researchers used wild, primitive and \atéid materials which have been
developed in and adapted to diverse and marginaraamments (Garthwaite et al. 2005;
Colmer et al. 2006; Nevo and Chen 2010). Traditi@iBL mapping studies where one of the
parents was a wheat landrace (Line 149) (Munns Jardes 2003) or a wild barley
(Shavrukov et al. 2010) identified several lodakl, Nax2 in wheat andHvNax3 in barley)
contributing significantly to salt exclusion thatgit be useful for crop improvement (Munns
et al. 2012). However, the difficulties caused bigerspecific crossing between wild relatives
and improved cultivars like linkage drag have haragethe progress of salt tolerance
breeding (Colmer et al. 2006). In addition, bip&aae®@TL mapping is limited by the number
of alleles evaluated and it suffers from mappingcouracy due to the low frequency of
recombination events between the parental genoragagdthe generation of a mapping
population. Recently, association mapping methoalge hbeen introduced to crops (Flint-
Garcia 2003). This approach showed to be powenfuletecting QTLs for complex traits in
barley in terms of mapping resolution and numbeallgles evaluated (Kraakman et al. 2004;
Pasam et al. 2012). We evaluated a barley colledhat included landraces and old and
modern cultivars developed from a wide range oflagoal habitats all around the world
including saline areas like the Fertile Crescemt aibet (Nevo et al. 2004; Qiu et al. 2011).
We showed that a large genetic variation for sdd#rance and related traits was present in
this collection (Chapter 5) and resulted in muchrenQTLs (in total more than 100 trait-
marker associations) associated with salt tolerdinae the biparental QTL mapping (Mano
and Takeda 1997; Ellis et al. 2002; Shavrukov €2@10; Chapter 3). In addition, the dense
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molecular map in combination with the higher recamabon events enabled the detection of
QTLs affecting salt tolerance and growth-relatexdtéras accurate as 2cM (6H QTL). Other
QTLs found with biparental QTL mapping for abioitress including drought and salinity
often span up to 30cM (Chapter 3; review of Coliih al. 2008). QTLs detected with
association mapping thus can verify QTLs found jnestly using different methods, and help
narrow them down to a small genomic region. In\lwnity of the QTL 2H region in our
biparental mapping population (Chapter 3) the aatoa mapping study identified QTLs for
salt tolerance and leaf senescence. More evidemdid contribution of this QTL region to
salt tolerance in barley and its potentials forebitag comes from the co-localization with a
QTL identified by Zhou et al. (2012), which is alsothe syntenic region dflaxl in wheat
(Lindsay et al. 2006). In association mapping saveémportant QTLs were identified
including a new strong QTL for ion homeostasis bhid barley described earlier. This might
reveal that in our worldwide association panel ¢hare barley lines that contribute novel
genes and/or alleles that strongly contribute tbesalusion. In addition, association mapping
can identify new lines for future study and as ptgeén breeding programs.

The success of association mapping however depamgsnuch on the understanding of the
LD in the population and the methods to accounttierconfounding of population structure

and rare marker alleles. This section discussestoategies to deal with these problems. Lam
et al. (2007) showed that rare genotypes and sllate more likely to result in spurious

associations. As a common practice to avoid spsramiections (Comadran et al 2011), rare
SNPs (less than 10% allele frequency) were reméread our dataset (Chapter 5). This might
results in loss of information and limits the alyilto capture variation associated with rare
alleles (Brachi et al. 2011). Ardlie et al. (20@Rpwed that loci with markers having a lower
allele frequency than 5-10% have less power tocti@teak genetic effects. However, there is
strong evidence that rare alleles play an impontalat in complex disease etiology and may
have larger genetic effects than common variantsiman (Manolio et al. 2009). Rare alleles
might partly explain the “missing heritability” dfie plant adaptive traits in the field (Brachi

et al. 2011). We found in our association panet tha extreme and most consistent salt
tolerant genotypes come from North Africa (also ithere salt tolerant group). The worst and
most consistent sensitive genotypes come from Araegfthe more sensitive group). This

genetic variation for salt tolerance therefore @ppdo overlap with patterns of population
structure. Statistically accounting for structu@nfounding can reduce the association
signals around the major stress tolerance genexltiBet al. 2011). However, the extreme
genotypes in the association panel might still beads of the useful alleles. It is expected
that a better understanding of LD decay (Rafal€kd2), the development of dense marker
sets and high power association mapping experinveoidd help researchers to fully explain

the heritable variation underlying stress toleramags (Price et al. 2010; Brachi et al. 2011).

LD is the non-random association of alleles at twanore loci. In contrast to out-crossing
species like maize, barley is a self-fertilizindpieeding species with a narrow genetic basis
and theoretically extensive LD (slow decay) (Fldarcia 2003). This is predicted to result in
a combination of low resolution and a high frequeatspurious associations (Rostoks et al.
2006). In barley, LD has been reported to vary fladn60 cM (Malysheva-Otto et al. 2006;
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Rostoks et al. 2006) down to 10cM (Kraakman eR@04; Zhou et al. 2012b; Pasam et al.
2012) depending on number of markers used, tygmptlation and how the confounding of
population structure is corrected. With sufficienarkers and better tools available to deal
with structural confounding, LD decay in barley wietermined between 1.5 and 10cM in a
highly structured (Comadran et al. 2009; Zhand.e€2@09) or in more diverse landrace barley
populations (Rodriguez et al. 2012; Comadran et2@l1). Using the same set of SNP
markers and the association panel as in ChaptBasam et al. (2012) reported LD decay
from 5 to 10cM. Even 1 cM encompasses an enormbysigal distance and may contain
many genes, which poses a challenge to genetsiftitsy for candidate genes (Hayes 2006).
We therefore used a novel Eigenanalysis (Prinaphlaponent analysis- PCA) method which
efficiently accounts for population structure (Bedbn et al. 2006; Price et al. 2010) to better
understand LD in the world-wide barley populatioithman ultimate aim to incorporate the
LD information and accurately map QTLs for saltetalhce and the related traits. In our
study, Eigenanalysis or PCA performed a greaterection to markers with large differences
in allele frequency (Price at al. 2010) and rewedhlst LD decay (2-4cM). This short LD
decay also can be found in other barley studiestks et al. 2006; Comadran et al. 2009
and 2012). Slower LD decays were found with othedets in our study (5-8 cM) which are
similar with Pasam et al. (2012). Zhou et al. (20fb2nd LD decay ranging from 4-16¢cM in
ten barley breeding populations across the UnitiedeS. The higher the genetic diversity
found within the population, the shorter the LD agcLD decay ranging from 2-4cM in our
population using the Eigenanalysis model pointatge genetic diversity. The success of our
approach in Chapter 5 is evidenced by numerous endirit associations found using
association mapping. We showed earlier that QTlLeatled by association mapping are
mapped as accurately as fine-mapped salt toler@ides identified by biparental QTL
mapping (Chapter 3 and Shavrukov et al. 2010). Bheatly reduces time and efforts to
verify and fine map other published QTLs that ccalze with our QTLs. A strong
population structure-independent QTL controllingf salerance that co-localized with QTLs
for other related traits such as biomass, tillembars, chlorophyll content and leaf
senescence was detected on 6H. Another strongd@M™H controls the contents of various
ions including N4, K* Na'/K* and Cl.

Concluding remarks

Barley is a good model crop to study different naagbms conferring salt tolerance in
cereals. Using traditional QTL mapping in compleimém a new association mapping
methods allowed us efficiently to explore genetivetsity of salt tolerance in barley. The
developments with respect of association mappeogriology highly increased the detection
power and mapping resolution. Traits and QTLs idiedt in this thesis suggested both
osmotic and ionic stress tolerant genes to be pbrtance for salt tolerant breeding. Table 1
summarizes the major QTLs identified in this thesith their putative functions to give plant
breeders tools for marker-assisted introgressiosatif tolerance genes in barley breeding
programs. Some QTLs were found to be syntenic withimportant QTLs/genes for salt
tolerance found in wheat and rice such a$ &tad K transporter gene families. Other QTLs
are newly found suggesting the presence of novekegemportant for homeostasis or
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General discussion

transportation of Cland C4&" and osmotic tolerance. As for other complex traissociation
mapping shows to be a powerful and promising ambrda dissect the complexity of salt
tolerance in barley. Recently the barley reseacchrmounity made available a molecular map
with a seven times higher density of SNP markeas ¢imables further investigation with the
association panel used in this thesis. This in d¢oatlon with large variation present in the
assocation mapping panel and a low LD decay wéhtly facilitate fine-map QTL for gene
cloning. We believe that by comparing diffent geaesl genetic combinations suggested in
this thesis researchers will be able to better tstded the physiological and genetic basis of
salt tolerance and to assist development of daitatot crops.
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Chapter 6

Table 1L Summary of major QTLs detected in Steptoe x Monapping population (SM) and/or association mappagel (AS) and their characteristics that
can be used for salt tolerance improvement.

QTL Chr. Map Mapping Co-localization with barley QTL Synteny with wheatd rice Proposed QTL
position | method QTL/gene region function
2H 38cM SM Shoot dry weight (Ellis et al. 2002) and Nax1; HKT1;4 (Lindsay et al. Salt exclusion
leaf injury (Zhou et al. 2012) under saline coralis; 2004; Huang et al. 2008)
Salt Shoot N3, K* and CI (Chapter 3)
Tolerance | 6H 62cM SM&AS Shoot N&dK™*, plant height (Xue et al. 2009); yieldl HKT1;3 (Huang et al. 2008); | Tissue tolerance,
under normal field (Ellis et al. 2002); rice aquaporin, dehydrin, CBH osmotic tolerance,
Tiller number, plant height, leaf chlorophyll conte genes growth vigor
and senescence (Chapter 5)
2H 38cM SM Shoot dry weight (Ellis et al. 2002); Naxl1; HKT1;4 (Linsay et al. Salt le(cIqusion;
Shoot N4 leaf injury (Zhou et al. 2012) 2004; Huang et al. 2008) ) Na'/K _
K™ and/or : S _ _ omeostasis
Na'/K* 4H 119cM AS Yield and grain nitrogen under nornield (Ellis et HKTL;5 (Huang et al. 2008); Salt exclusion;
al. 2002); spike number per plant and tiller number Nax2 andKnal(Lindsay et al. Na'/K*
under saline conditions (Chapter 5) 2008; Ducosky et al. 1996) homeostasis
7H 61cM AS HvNax3 (Shavrukov et al. 2010); Salt exclusion
shoot C&'", Mg®* (Chapter 5)
2H 38cM SM Shoot dry weight (Ellis et al. 2002)afiénjury (Zhou Nax1; HKT1;4 (Linsay et al. Salt exclusion; ClI
et al. 2012) 2004; Huang et al. 2008) transport
Shoot Ci 4H 119cM AS Yield and grain nitrogen content undemal field WheatHKT1;5 (Huang et al. ClI" (NO3/CI)
(Ellis et al. 2002); spike number per plant anetil | 2008);Nax2 andKnal(Lindsay | transport (CLC);
numbers under saline conditions (Chapter 5) | et al. 2008; Ducosky et al. 1996) CI cation co-
transport (CCC)
3H 8cM SM Localized with QTLs foNa'/K* and CI- (Chapter 5)) HKTL;5in rice (Huang et al. | Cation co-transport;
Shoot 2008);SCK1 (Lin et al. 2004) cd” signalling
ca; Mg* | 6H 62cM AS Salt tolerance QTL (6H) (Chapter 5) HKT1;3 (Huang et al. 2008); Cation co-transport;

aquaporin, dehydrin, CBF gene

s Céa* signalling
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Fig. S1Mean Salt Tolerance of 24 genotypes over threessasses (100, 200 and 300 mM NacCl,
respectively) assessed at first week (H1), secoeékw(H2) and third week (H3) after saline

treatments.
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Table S1. Significant marker-traits associations identifiedder saline condition using
Eigenanalysis association mapping with :iB) score, allele frequency (Fq), allele effects

and standard error (S.E).

Trait Marker | Chr.| cM -logio(P) | Allele Fqg | Allele effects| S.E
SNP518| 4 79.6| 3.67 0.46 -0.506 0.187
ShootFW () "Np779] 6 | 60.2| 1084 | 026 -3.095 0.184
Shoot DW (g) SNP779 6 60.2 | 11.32 | 0.26 -0.485 0.021
SNP395 | 3 111.4| 3.56 0.39 -0.02 0.004
Root DW (g) SNP518 | 4 79.6 | 3.02 0.46 -0.019 0.006
SNP696 | 5 161.6 3.20 0.09 0.031 0.009
SNP14 | 1 31.1| 3.44 0.25 -1.985 0.557
Leaf chlorophyll | SNP548 | 5 6.4 | 3.03 0.26 -1.824 0.551
content SNP742| 6 45.4| 3.39 0.30 2.98 0.843
(SPAD reading) | SNP779| 6 60.2| 14.19 | 0.26 -17.995 0.484
SNP840| 7 49 | 3.33 0.10 -5.896 0.911
SNP164| 2 59.2| 3.27 0.23 -2.284 0.660
Plant height (cm SNP779| 6 60.2| 6.09 0.26 -4.261 0.471
SNP840| 7 49 | 4.81 0.10 -3.49 0.807
SNP871| 7 61.3| 3.32 0.24 1.999 0.572
| SNP643| 5 110.3 3.08 0.12 -1.013 0.303
Rootlength (€M) S pes0 | 7 | 46.2| 3.23 | 0.23 0.737 0.215
SNP518| 4 79.6| 3.50 0.46 -0.226 0.063
Tiller number SNP777| 6 60.2| 6.54 0.35 -1.266 0.056
SNP864 | 7 54.4| 3.08 0.47 0.205 0.061
SNP436| 3 170.13.80 0.09 0.257 0.068
Leaf number SNP543| 4 123.33.61 0.25 -0.189 0.051
SNP639| 5 108.2 4.52 0.38 -0.174 0.042
SNP97 | 1 114.8 3.25 0.25 -0.456 0.132
Leaf senescence SNP160| 2 59.2| 3.54 0.20 -0.853 0.129
(Rating 1-9) SNP236| 2 113.53.24 0.46 1.023 0.12(
SNP779| 6 60.2| 5.80 0.26 0.999 0.111
SNP405| 3 126.3| 4.15 0.27 2.207 0.556
Salt Tolerance
SNP779| 6 60.2 | 10.09 | 0.26 -11.505 0.528
SNP535| 4 103.13.37 0.22 -7.005 1.103
Shoot N& SNP541| 4 119.116.53 | 0.39 6.838 0.809
SNP906 | 7 83.4| 3.24 0.19 4.022 1.169
SNP541| 4 119.121.67 | 0.39 -5.665 0.582
Shoot K SNP776| 6 60.2| 3.13 0.40 5.123 0.880
SNP873| 7 63.7| 3.68 0.38 6.624 0.713
Shoot Md* SNP779| 6 60.2| 7.77 0.26 1.259 0.085
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SNP89 | 1 | 99.2] 337 | 029 0.328 0.063
Shoot C&' SNP779| 6 | 602| 428 | 026 0.735 0.005
SNP949| 7 | 149 | 314 | o0.11 0.458 0.186
SNP23 | 1 | 475| 313 | 044 3.613 1.071

Shoot Cl SNP541| 4 | 1191414 | 0.39 3.198 0.806
SNP840| 7 | 49 | 352 | 010 5215 1.4h4

 |SNPs4a1| 4 | 11912842 | 0.39 1.23 0.074
Shoot Na/K SNP874| 7 | 648| 352 | 0.06 0.728 0.202
Root N& SNP852| 7 | 348 | 321 | 0.42 11.206 0.352
SNP61 | 1 | 66 | 468 | 0.35 0,914 0.215

SNP541| 4 | 1191454 | 0.39 1.011 0.242

Root K* SNP647| 5 | 1294313 | 0.22 0.923 0.274
SNP779| 6 | 60.2| 432 | 026 -1.008 0.248
SNP855| 7 | 38.3| 352 | 039 20.88 0.243
Root Mg SNP164| 2 | 59.2| 420 | 023 0.141 0.085
SNP215| 2 | 86.6| 3.3 | 031 -0.835 0.070

Root C&* SNP422| 3 | 1489310 | 034 20.229 0.068
SNP871| 7 | 61.3| 435 | 024 -0.554 0.074
oot Ol SNP200| 2 | 74.4| 371 | 025 9.403 0.587
SNP921| 7 | 1048302 | 0.36 11.404 0.425

SNP61 | 1 | 66 | 489 | 035 0513 0.118
Root N&/K* | SNP489| 4 | 556| 497 | 0.48 0.472 0.107
SNP770| 6 | 559| 313 | 029 20.419 0.104
SNP855| 7 | 38.3| 3.46 | 0.39 0.462 0.129

FW: fresh weight, DW dry weight
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chromosomes for 192 barley genotypes. The curustilites LD decay trend line based on the
nonlinear regression of —lg@P) on genetic distance. Each plot represents Libinvee chromosome.
LD decay was investigated using Eigenanalysis miod@kenstat 14 edition.
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Summary

Salinity is the most severe abiotic stress perckive plants and is affecting 800 million
hectares of land worldwide, including 20% of therlMdis highly productive irrigated land.
Significant crop yield losses are observed dualinisy. Salinization is increasing because of
poor irrigation management and climate change. dwipg salt tolerance in crops is for these
reasons an important target for plant breedindhertear future. However, salinity tolerance
is not easy to breed for as it interacts in plamth many physiological processes that are
controlled by many genes and that are influencedebyironmental factors. Besides an
important crop barley also is an excellent expent@aemodel species for genetic studies.
Barley is the most salt tolerant among cerealsksligved to utilize both halophytic (highly
salt tolerant) and glycophytic (more sensitiveatggies in nature to cope with salinity stress.
This thesis applies several genetic and experirhdméeding approaches to elucidate the
genetic and physiological mechanisms underlyingunahtvariation for salt tolerance in
barley and to find ways to explore this variatidihe ultimate aim is to find new genes that
can be exploited to improve salt tolerance in dereaps.

Twenty four barley lines that are parents of sevasidey mapping populations were screened
in a hydroponics system in the greenhouse to iiehgritable variation for salt tolerance
traits and suitable populations for genetic analgéisalt tolerance. The changes of shoot and
root growth in relation to the contents of the imtpat cations N3 K*, C&*, Mg®*, and anion
CI" in shoots and roots under mild, moderate and sesteesses were monitored after one,
two and three weeks of saline stress. The studwethdhat shoot growth under saline stress
is mainly controlled by genetic factors and strgngssociates with shoot Nand CI
exclusion from the shoot. The results indicate twh osmotic and ionic tolerance influence
barley growth with the importance depending on shess level applied and duration of
exposure to salinity. The lines Steptoe and Morad bontrasting salt tolerance properties,
which were genetically analyzed in this study.

In total 139 doubled haploid lines derived from tness Steptoe x Morex were used to map
QTLs for ion contents and salt tolerance at vegaajrowing stage under moderate stress for
three weeks. Increased salt tolerance of Steptee blorex was observed and attributed
mostly to a better shoot Neand Cl exclusion. We identified 11 chromosomal regions
involved in the control of the variation observewt &alt tolerance and various salt stress
response traits. A total of 18 strong QTLs (LODrssaoup to 20) for salt tolerance, shoot and
root growth, and shoot NaK" and Cl contents were mapped on a 13cM interval on
chromosome 2H. Another regiaf 30 cM on chromosome 3H contains QTLs for shoat C
CI" contents and shoot NK™ ratio. The striking clustering of QTLs on 2H and 3hggests
that genes are located in these chromosomal redluats have pleiotrophic effects and
influence a number of salt tolerance traits.

A fine-mapping study was subsequently performesetdfy the effects of the QTLs and to
delimit the QTL intervals to facilitate marker-astsidd breeding and map-based cloning. The
fine-mapping strategy included the use of (1) add#l molecular markers at the QTL
intervals, (2) selected recombinants at the 2H3tdegions, and (3) extensive phenotyping
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e.g. monitoring ion contents of various plant fiaaes. The QTL on 2H for shoot kKcontent
associated with salt tolerance was verified andpeadgo a region spanning 2.2 cM. The 3H
QTL region was narrowed down to about 1cM and shawhbe important for Ga contents
affecting ion homeostasis under saline conditidfesmbers of the Naand K co-transporter
HKT gene family, NHX and CAX genes were suggestad patative candidate genes
underlying these QTLSs.

Most quantitative approaches used to dissect thetgecomplexity in salt tolerance have
been conducted in a limited number of biparentappiray populations, similar to the one
used in Chapter 3 of this thesis. These howevaesept only a small part of the existing
genetic variation available in nature. A worldwidellection of 192 spring barley varieties
was used in an association mapping (linkage diibgum mapping) study to maximize the
number of alleles studied that represents a bs#epling of the diversity in the barley gene
pool. This approach efficiently exploits the fastvdlopment of molecular technology and is
able to use all the recombination events accumdildtging the evolution and domestication
of a crop to enable a higher mapping resolutiorhigh density molecular map with one
thousand SNPs (an average distance between markerscM) and the phenotypic data
collected from two consecutive salt stress evadnagixperiments were used to investigate the
extent of linkage disequilibrium and to map QTLsdalt tolerance. Eigenanalysis, one of the
statistical models used in this study to accounttie confounding effects due to population
structure, revealed a fast LD decay (within 2-4cMhich is attributed in part to the large
genetic diversity of the genotype collection ane thuality of the genetic map. The
association mapping incorporating the Eigenanalysidel resulted in detection of numerous
markers scattered over the barley genome that signéicantly associated with various salt
tolerance traits. An important (about 2cM intervedgion on 6H was found to strongly
contribute to the variation in salt tolerance anariaus related traits (shoot growth,
chlorophyll contents, leaf senescence, tiller nuslaed plant height) which were also highly
heritable under saline conditions. Shoot'N@l' exclusion and other ion homeostasis traits
were found to be mainly under the genetic contfohaegion on chromosome 4H. The
advantages and pitfalls of association mapping akertraditional QTL mapping of salt
tolerance are discussed in this thesis.

Saline affected growth and ionic homeostasis QHestified in this thesis point to several
osmotic and ionic stressed tolerance genes thabedarther exploited. Several QTLs were
found in the regions containing the QTLs for saletance identified previously in barley or
in syntenic genome regions of wheat and/or ricdainimg the most important salt tolerance
genes for Naand K transporters and osmotic tolerance. Some QT Léikalg controlled by
novel genes important for transport of 6t C&", interacting with ion homeostasis under
saline stress. The results of this thesis stressntiportance to consider ‘Gh parallel with
Na" and K in salt tolerance studies. The increased insigltaits and mechanisms related to
salt tolerance in barley and the underlying gesetis presented in this thesis is of direct use
to breeders and scientists and will significantiytribute to improvement of salt tolerance in
cereal crops.
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Samenvatting

Van alle abiotische stressfactoren die de planttmeerstaan berokkent verzilting van de
bodem de meeste schade. Over de heel wereld isaaldan 800 miljoen hectare land te zout
geworden, inclusief 20% van de beste geirrigeadddouwgrond. Stress door verzilting van
de grond veroorzaakt grote opbrengstverliezen dndibouwgewassen. Verzilting neemt
bovendien steeds verder toe door de veranderingenhat klimaat en verkeerde
irrigatietechnieken. Het verbeteren van de zouthaolige van gewassen draagt bij tot
terugdringen van het opbrengstverlies als gevolgwazilting, en is daarom een belangrijk
doel voor de plantenveredeling voor nu en in dej@eabekomst. Zouttolerantie is echter niet
eenvoudig te realiseren in gewassen, omdat desmsibap bepaald wordt door meerdere
fysiologische processen die worden aangestuurd @®or groot aantal genen, en die
bovendien worden beinvlioed door andere factorele ileefomgeving van de plant.

Gerst is een belangrijk gewas, met name ook voaoneler marginale landbouwgronden in de
wereld, en is bovendien een uitstekend model veaetische studies. Gerst is beter in staat te
groeien op verzilte grond dan de andere graansgos@arbij gerst strategieén van halofyten
(zeer zouttolerant) en glycofyten (zoutgevoeliginbineert om de nadelige effecten van
verzilte grond te weerstaan.

In dit proefschrift worden verschillende genetis@meexperimentele methoden gebruikt om
de genetica en de fysiologische mechanismen oplteten die ten grondslag liggen aan de
natuurlijke variatie voor zouttolerantie in gef3e ontwikkelde en gebruikte methoden om de
zouttolerantie van gerst te onderzoeken en detedsnl van onze studie zullen leiden tot
nieuwe genen die kunnen worden gebruikt voor vergerbetering van de zouttolerantie van
granen.

Allereerst hebben we een collectie van gerstlijdendienst doen als ouderlijnen voor een
aantal karteringspopulaties op een hydropoon gysteism (watercultuur) in de kas getest bij
verschillende zoutconcentraties. Hiermee zijn derexfbare variatie voor eigenschappen die
bijdragen aan zouttolerantie geidentificeerd. Daarmijn karteringspopulaties geselecteerd
die het meest geschikt zijn om een genetische s@algn zouttolerantie in gerst uit te voeren.
De effecten van milde, matige en ernstige zousst(200, 200 en 300mM NacCl) op groei van
het bovengrondse deel en de wortels zijn gemeteh, fPaen 3 weken van zout stress, en
werden gerelateerd aan de concentraties van békanignen (N4, CI', K*, C&£*, Mg®) in de
plant. De resultaten laten zien dat groei van dstgkant in het hydropone systeem onder zout
stress sterk bepaald wordt genetische factoren;bijamet name de mate waarin de 'Nen

CI" concentratie in het blad laag kan worden geholjeelusie strategie) een belangrijke rol
speelt. Zouttolerantie van deze lijnen wordt bephakdor aanpassing aan zowel osmotische
stress als de toxiciteit van de zout ionen. Niletesl het zoutniveau maar ook de lengte van de
periode waarin de planten worden blootgesteld aamzalit stress zijn van belang voor de
zouttolerantie. Sommige lijnen zijn meer effectigflage concentraties of korte blootstelling
aan stress, terwijl anderen juist relatief betessferen bij langdurige blootstelling aan zout of
aan hoge zoutconcentraties. Deze variatie wordtooreaakt door verschillende
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eigenschappen van die planten met betrekking toernohomeostase en osmotische
aanpassing.

De karteringspopulatie Steptoe x Morex is gesedrdtevoor genetische analyse van
zouttolerantie. In totaal zijn 139 verdubbelde bag# lijnen gebruikt om “Quantitative Trait
Loci” (QTLs) te karteren voor ionengehaltes in danp voor zouttolerantie en voor groei
eigenschappen. De jonge planten zijn gekweekt ih tharopone systeem met een
zoutconcentratie van 200 mM NaCl (matige zoutsjrgedurende 3 weken. De ouder Steptoe
bleek beter bestand tegen zoutstress, en dit wetchame veroorzaakt doordat Steptoe beter
dan Morex de Naen CI concentraties in het blad laag kan houden. ErlZijgebieden in het
genoom geidentificeerd die van belang zijn vooulaie van zouttolerantie en verschillende
eigenschappen betrokken bij de respons van de pfazabut stress. In totaal zijn 18 sterke
QTLs gevonden (LOD scores oplopend tot 20) voortteterantie, blad en wortelgroei, en
Na’, CI en K" gehaltes in een gebied van 18cM op chromosoonir2een gebied van 30cM
op chromosoom 3H zijn verschillende QTLs gelokaisedie bijdragen aan &a CI
gehaltes en de Na/K verhouding in het blad. Dezmeskelijke clustering van QTLs op
chromosomen 2H en 3H suggereert dat er genen imQfét gebied aanwezig zijn die
meerdere zouttolerantie eigenschappen direct lmideh.

Vervolgens is verder ingezoomd op de twee beldtsgejQTL gebieden op chromosoom 2H
en 3H. Met een strategie voor precieze karteringlasgrootte van de QTL gebieden
teruggebracht tot enkele cM zodat kaart-gebaseklai®eering van de genen eenvoudiger
wordt. Hiermee kunnen nauw gekoppelde moleculaiexkers worden ontwikkeld voor
merker-gestuurde verdeling voor zouttolerantie. i&r gebruik gemaakt van 1) extra
moleculaire merkers in de QTL gebieden 2) extraonadingen die recombineren in het QTL
gebied, en 3) uitgebreide fenotyping inclusief bepavan iongehaltes in meerdere
plantenfracties. De QTL op chromosoom 2H vodrgéhaltes in het blad is bevestigd, en
gekarteerd op een gebied van 2,2 cM. Het QTL getyedhromosoom 3 is teruggebracht tot
ongeveer 1 cM, en speelt met name een rol bijdmileren van de Gagehaltes in planten
die zout stress ondervinden, waardoor de ionenhsias® wordt aangepast. Leden van de
Na" en K cotransporter HKT gen familie (NHX en CAX generijnzmogelijk kandidaat
genen die verantwoordelijk kunnen zijn voor de @Ha van deze QTLSs.

De meeste kwantitatieve benaderingen die wordemudeébom de genetische complexiteit
van zouttolerantie te ontrafelen worden uitgevoerdet een beperkt aantal
karteringspopulaties met elk 2 ouderlijnen, zoaksdbreven in Hoofdstuk 3 van dit
proefschrift. Deze lijnen representeren echter meam klein deel van de variatie in
eigenschappen die aanwezig is in een gewas. Daaetwven we in het laatste deel van dit
proefschrift een collectie van 192 zomergerstlijnegebruikt in een associatie-
karteringsbenadering (Linkage Disequilibrium (LD)apping). Hiermee wordt een groot
aantal allelen bestudeerd waardoor een veel bdtensnee van de beschikbare variatie voor
zouttolerantie in gerst wordt onderzocht. Deze Heriag maakt gebruik van de recente
ontwikkeling van moleculaire technieken is in stali¢ recombinaties te gebruiken die zijn
opgetreden gedurende de evolutie en domesticate e@n gewas, waardoor veel
nauwkeuriger kan worden gekarteerd. De 192 lijngn in twee proeven in twee jaar

125



Samenvatting

geévalueerd op het hydropone systeem voor zoutdler De verzamelde fenotypische data
zijn gecombineerd met data van ongeveer 1000 geale SNP merkers (onderlinge afstand
tussen de merkers ongeveer 1cM) in aan “Linkage edusgibrium” (LD)
karteringsbenadering om QTLSs te vinden en te kamtgpor eigenschappen die bijdragen aan
zouttolerantie. Een statistisch model dat rekeriagdt met en corrigeert voor de structuur
van de populatie (Eigen-analyse) liet een snelledfname zien (niet meer dan 2-4cM),
mede veroorzaakt door de grote diversiteit in deectie gerstlijnen en de goede kwaliteit van
de genetische kaart. De LD kartering met behulp darEigen-analyse resulteerde in een
groot aantal merkers verspreid over het gerstgend@mnmsterk geassocieerd waren met
eigenschappen voor zouttolerantie. Een belangejkegl op chromosoom 6H van ongeveer
2cM groot bleek een grote bijdrage te leveren aanvdriatie voor zouttolerantie en
verschillende andere goed overerfbare eigenschajyosengrondse groei, chlorofyl gehalte,
veroudering van het blad, aantal scheuten en plagi#) van planten onder zout stress.
Tevens is een belangrijke QTL geidentificeerd opoeiosoom 4H die een belangrijke
bijdrage levert aan een de uitsluiting van"Ma CI van het blad (Naen CI exclusie) en
andere ion homeostase eigenschappen. De voordaleralkuilen van LD kartering in
vergelijking met traditionele QTL kartering voorutolerantie zijn verder uiteengezet.

De QTLs voor groei en ion homeostase die in diefachrift zijn gepresenteerd wijzen in de
richting van genen betrokken bij osmotische ensimess tolerantie die verder kunnen worden
geéxploiteerd in de veredeling. Verschillende QZlis gevonden in gebieden die in eerdere
studies aan zouttolerantie in gerst zijn geidergdrd, of in overeenkomende gebieden in de
genomen van tarwe en/of rijst waarvan bekend iszdateer belangrijke genen voor Nan

K* transport en osmotische aanpassing bevatten. Symman de in dit proefschrift
gepresenteerde QTLs worden waarschijnlijk geregdldeor nieuwe genen betrokken bij Cl
of C&" transport direct van invloed zijn op ion homeosttiglens zout stress. De resultaten
van dit proefschrift benadrukken het belang vann@hst Naen K voor zouttolerantie en
daarmee de noodzaak om ook €l bestuderen in onderzoek naar zouttolerantgerst en
andere gewassen. Het verbeterde inzicht in de sthappen en mechanismen die bijJdragen
tot zouttolerantie in gerst en de genen en gendteaaaraan ten grondslag liggen kan direct
worden gebruikt door veredelaars en wetenschappersan een belangrijke bijdrage leveren
aan de verbetering van de zouttolerantie van granen
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Tom tit

M3in ladiéu kién méi tnrong khic nghit gay anh hrong ning ré nhit cho cay tbng. Dat
nhiém min hién chiém t6i 800 tricu hecta trén toan éhgidi trong d6 bao gm 20% dén tich
dat c6 wdi la vingdat co héu qua sain xuit néng nghép cao nht. Pat mian gay gaim ning
Ssuit cay tdng nghiém tsng. Qua trinh rin hoadang ting 1én nhanh chéngobtrinh d6 ky
thuat canh tac va dgun ly tudi tiéu yeu kém ding nhr do bién d6i khi hau. Chinh vi gy, cii
thién tinh chiu man cho cay ®ng la mdt muc tiéu quan ting cho 4o gidng trong trong lai
gan. Tuy nhién, 40 gidng cHu min rat khé khin boi trong cay téng kha nang cHu min
tuong tac Wi nhiéu phan tng sinh ly,duoc quydinh byi nhiéu gen vatong tac Wi nhiéu yéu
t6 mai trong.

Cay lta mch (Barley-Hordeum Vulgare L.) bén anh [a ndt trong n cay lrong thrc quan
trong nHit sau lta méc, lGa mi va ngd con la cady mé hinh i§hg cho cac nghiénaa di
truyén hoc. Lua mach chbng chiu tt nhit véi didu kién dit min trong $ cay Ay hat. Bic tinh
naydugc cho 1a do lta mch st dung @ ché chiu min cia @ hai nhém c6 khning cHu min
tréi ngroc trong tr nhién Ia halophyte (siéu ghmin) va glycophyte @t min cam) dé doi
pho Wi nhitng anh hréng do nin gay rabé tai nghién ¢u nay ap dng mdt s phrong phap
di truyén va thi nghim tao gibng dé 1am sangd dic diém di truyén va @ ché sinh Iy quy
dinh nHing bién di di truyén trong tr nhién @a tinh cléng cHu man dong thyi tim cach kham
pha nlitng bién di nay. Muc tiéu céi cling @a nghién Gu nay |a tim ra cac gendincé thé sir
dungdé cai thién tinh chiu man trén cac lai cay ngi coc.

Hai muoi bén dong lta mach 1a I me caa mbt s6 quan thé di truyén duoc nghién @u trén
mét hé thdng thuy canh trong nha kinhitWageningen URié xacdinh bén di di truyén cho
céc tinh tang lién quantén tinh chu man va tim gén thé phu lyp dé tién hanh phan tich di
truyén. Sr bién ddi vé sinh trong, phat tén cia aia than la va& lién quandén ham trong
cac ion quan tng bao gm: cation N4 K*, C&*, Mg?*, va anion Cltrong than 14 vaérdugc
quan ly trongdiéu kién stress min nke, trung binh va nghiémdng trong thyi gian mot, hai va
ba tuin. Nghién ¢u nay ctira ging sr phat trén than 14 th hién qua hamuong chit kho aia
cay lua nach trongdiéu kién stress rin dugc quydinh i cac yeu t6 di truyén va c6 quan &
chit v6i kha nang han ché sy van chuyén va Hip thu vao than 14 hic sr day Na“ va Cl ra
khoi than I& (ion exclusion). & qua nghién ¢u cho thy ca hai thanh phn chbng chu la
chéng chu voi stress thm thiu va stress ion cénh hrong dén ar sinh trong va phéat tdn
cua lta mach Wi tam quan tong phu thusc vao mirc do stress riin va thi gian gay stress
min. Hai dong lGa ach Steptoe va Morex éthién ar twong phin vé cacdic tinh lién quan
dén tinh chu min dugc sr dung dé phan tich di trugn trong Iuin an nay.

Téng $ 139 dongion boi kép (DH) to ra ir tb hop lai gira Steptoe x Moreuoc Sr dung
dé xacdinh QTL quydinh ham #ong ion va tinh clu min tai giai doan sinh torong dinh
dudng aia cay lta mch tong trongdiéu kién man trung binh trong ba dn. Kha ning chiu
min cia Steptoe va Morex cardién hg chit ché véi kha nang han ché hat haic day Na' va
CI ra khoi than 14. Nghién €u xacdinh dugc 11 ving nlim sic thé quy dinh bén di di
truyén vé tinh chiu min va céc tinh ting lién quanbang chd v, c6 18 QTL (¢l LOD dao
dong tr 3-20) quydinh tinh cliu man, sinh terong va phat tdn cia than 1a va hamrbng N4,
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K* va Cltrong than 14 cunduoc xacdinh trong khéng 13cM trén nidim sic thé (NST) 2H
cua cay lua mch. Mot vung NST khang 30cM trén 3Hiuoc xacdinh mang QTL quyinh
ham rong C&", CI' va Nd/K" trong than 14. 8 cling dn tai caa nhém céac QTL trén 2H va
3H chi ra fing cac genam trén nling ving NST nay c6 nkil tAcdong qua i ddng thyi anh
huong dén nhitng tinh tang khac nhau lién quatén tinh chiu man.

Nghién aru 1ap bin dd c6 d6 phan gii cao (fine-mapping) sado duogc tién hanhdé 1am rd

nhitng anh hréng aia QTL vadé 1am gihm d6 16n caa QTL trén NST niim hd tro phat trén

chi thi phan & trong to gidng (MAS) vadé phan ip gen/QTL. Chin lrgc trong fine-
mappingda sr dung bao ém (1) b sung chthi phan & vao ving QTL, (2)® dung cac dong
tai t hop tai ving NST 2H va 3H va (3) extensive phenotypinghan tich kiu hinh sau vi
du nhe quan ly ham {rong ion &i nhidu b phan khac nhaui@ cay lGa mch. QTL trén NST
2H quydinh ham rong K* trong than la c6 lién quatén tinh chu min duoc kiém ching va
thu hep trén khéng 2.2cM. Ving QTL trén 3Kugc thu kep xudng 1cM cé lién quardén

ham lrong C&* vaanh hrong dén ar can king ion (ion homeostasis) trong than |4 traiigy

kien min. Thanh vién ¢a giadinh gen HKT ¢ong) van chuyn Na va K', NHX va CAX

gendugc xem lairng ar vién aia nhirng QTL nay.

Hau hét cac plrong phap & luong st dung dé phan tich tinh di trdn phrc tap cia tinh tang
chiu min duoc tién hanh trén&luong givi han cac géan thé duoc tao ra tr hai b me bandau
(biparental mapping populationydang tr nhe nghién éu trong Chrong 3 @ia ludn an nay.
Nhitng quin thé nay ch dai dién mot phan rat nho caada dang di truyén ton tai trong tr nhién
cua cay lda mch. Tap hop mot quan thé gdm 192 dong va gng lba mach qubc € dugc sr
dung dé 1ap ban d6 t6 hop (Association mapping) hay conida lap ban dd lién két khdng can
bang (linkage disequilibrium (LD) mapping)é lam ting $ lugng alen nghién i va dai
dién tt hon choda dang di truyn cia ngwn gen lda mnh. Phrong phap naydi dung mt
cach héu qua sy phat trén nhanh chongia cong ngh phan & va cho phépisdung it ca
cac s kién tai 6 hop trong qué trinh &n hoa va thén hoa cay ting to radoé chinh xac cao
trong viéc xacdinh QTL. Mot ban d6 phan tr voi khoang 1000 chthi SNP (khéng cach gia
hai cH thi & ~1cM) va & liéu kiéu hinh thu thp tr hai thi nghém danh gia tinh clu man
duoc sr dung dé diéu tra cac lién & khong can bng (LD) vadé xacdinh QTL cho tinh cu
man.

Eigenanalysis, 6t trong nlitng mé hinh thng ké s dung trong nghiénieu naydé khic phuc
nhitng hiéu ung khéng mong min gay ra do @ khac nhau trong 4o trac quén thé
Association mapping, xadinh sr giam lién k&t khéng can #ng (LD decay) nhanh trong
khoang 2-4cM, & giam lién két khéng can ing nhanh trén cay lGaach duoc tim ra trong
nghién &u nayduoc cho 1a do s da cang di truyn I6n tn tai trong quin thé, phrong phap
thdng ké phu bp va chit luong aia bin d6 phan &. Phrong phap association mappinét k
hop v6i mé hinh Eigenanalysis tim ré &rong lon cAc SNP #m rai rac trén toan & gen lién
két chat vai do tin ciy cao i cac tinh tang cHu min. Mot vang quan ting (khaing 2cM)
trén NST 6Hduoc xacdinh anh hrong i bién di di truyén caa tinh chu mian va mét sb cac
tinh trng lién quan (hamrbng chit khd, hamkong diégp luc, sr vang hoa, &nhanh va cliu
cao cay).Pay ding la nhing tinh tang c6 kh nang di truyén cao trongtiéu kién stress rin.
Kha nang tranh hay &n cté hip thu Na' va CI vao than |& va dun ly can lBing céc ion khac
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duoc quydinh byi cac yu t di truyén trén vang NST 4HUU diém va nhiing han ch cua
Association mapping soév phuong phap mapping trépy thong trén tinh ting cHu man
duoc thao luan trong Idin an nay.

QTL quy dinh sinh teong, phat tén va can bng ion trongdiéu kién mian xacdinh duoc
trong cong trinh nghiénia nay ch ra mit s gen quydinh céac thanh gim chbng chu nhr
chéng chu stress thm thiu va stress iored thé dugc sr dung trong 40 gibng. Mot b QTL
duoc tim tHiy trong vang NST a lGa mach quydinh tinh cliu man da dugc xacdinh tnrée
day trén cay lta ach hay trong vang di trén trong dong aia lGa va/hac lda ny cé mang
nhitng gen ciu min quan tong nHit gidp van chuyn Na va/hdic K hay 1a gen quyinh
tinh ckdng chu stress thm thiu. Mot sb QTL chi ra nhitng gen ndi quan tong trong véc vin
chuyén CI hay C4" lién quandén can ling ion trongdiéu kién man. Két qua trong cong trinh
nghién &u nay nkin manh im quan tong aia viéc xem xét hamuong CI song song & Na*
va K' trong nghién ¢u cay tbng chiu man.

Nhirng kién thirc moi vé tinh tang va @ ché sinh Iy lién quantén tinh chu mian aia cay lua
mach va © ché di truyén quydinh dugc trinh bay trong lin &n nay cé thdugc cac nha khoa
hoc va nha o gidng sr dung trrc tiép dé cai thién tinh chu mian cho céc lai cay Ay hat.
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