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1 Introduction

1.1 Barley — general introduction

Barley (Hordeum vulgare L. subsp. vulgare) was one of the first ancient crops to be domesticated
(Helbaek 1959; Zohary et al. 2012) from its wild progenitor H. vulgare subsp. spontaneum
(Harlan and Zohary 1966). The importance of barley can be understood from the interpretation of
genus name, Hordeum, which derives from the word by which Roman gladiators were known,
“hordearii” or “barley men” for eating barley gave the gladiators the strength and stamina
(Grando and Macpherson 2005). Barley, like its progenitor, is a diploid (2n = 14 chromosomes)
crop species and is predominantly self-pollinated (von Bothmer 1992) with a large haploid
genome of 5.1 (Gb) (Dolez"el et al. 1998). Barely has ability to grow and sustain in varied
climatic conditions. It has been growing on fertile as well as marginal areas under extreme
conditions including high altitudes of up to 4,500 m in the Himalayas mountains, in seasonally
flooded areas in South-East Asia, arid regions in Mediterranean regions and hence shows wide

variation and diversity for several traits (von Bothmer et al. 2003b; Zohary et al. 2012).

1.2 Barley — taxonomy and domestication

Carl Linnaeus was the first person to provide a botanical description of barley in his book
‘Species Plantarum’ (Linnaeus 1753). Barley belongs to the family Poaceae, tribe Triticeae and
genus Hordeum. The genus Hordeum consists of a total of 45 taxa consisting of 32 species, that
are further separated into 4 sections: Hordeum, Anisolepis, Critesion and Stenostachys (von
Bothmer 1992). The basic chromosome number of x = 7 is represented across the 45 taxa as
diploid (2n = 2x = 14), tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 42). Auto polyploidy is
found in two species, H. bulbosum and H. brevisubulatum. Six species are listed in the section
Hordeum; H. bulbosum, H. murinum ssp. glaucum, H. murinum ssp. leporinum, H. murinum ssp.
murinum L., H. vulgare ssp. vulgare (cultivated barely) and H. vulgare ssp. spontaneum (wild
barley). Genetic relatedness between cultivated barley and wild barley is higher (Fedak 1985),

followed by H. bulbosum and H. murinum species group (Jgrgensen 1982).





According to the genepool concept of Harlan and de Wet (1971) to classify the genepool in
barley, a total of three classes can be differentiated viz., (i) Primary genepool, (ii) Secondary
genepool and (iii) Tertiary genepool. Primary genepool encompasses elite material, varieties,
landraces and H. vulgare ssp. spontaneum (wild barley). Wild barley doesn’t exhibit
incompatibility barriers with cultivated barley and hence can be easily crossed to produce fertile
progenies. Hordeum bulbosum singly forms the secondary genepool. It can be crossed with
cultivated barley but, with some difficulty (Pickering 2000). All the remaining species of
Hordeum are classified into the tertiary genepool. They intercross with great difficulty with H.

vulgare (von Bothmer et al. 1983).

The Near East Fertile Crescent (present day Israel, northern Syria, southern Turkey, eastern Iraq
and western Iraq) is one of the earliest sites in terms of world crop domestication, and it is well
recognized as the primary center of origin and diversity of some valuable cereals, e.g., wheat and
barley, forming the basis for transition of humans from hunter-gatherer to agriculture-based
civilization (Harlan and Zohary 1966; Zohary et al. 2012). There are several evidences gathered
and presented in the past suggesting more than one center of origin of domesticated barley
(Allaby 2015; Dai et al. 2012; Kilian et al. 2006; Molina-Cano et al. 2002; Vavilov 1951). The
proposed centers of origin of barley are within Fertile Crescent region (Badr et al. 2000), 1500-
3000 km east of the Fertile Crescent, spanning Central Asia to the Far East (Kilian et al. 2006;
Morrell and Clegg 2007), Ethiopia (Orabi et al. 2007), and Tibet (Briicher and Abeng 1950). The
latest evidences, based on the genetic analysis of brittle rachis genes, by Pourkheirandish et al.
(2015) suggest the Levant region as the center of domestication of cultivated barley, while Dai et
al. (2012), based on the analysis of genome-wide DArT markers in wild and cultivated barley,
suggested the polyphyletic domestication of cultivated barley, with Tibetan Plateau region being

one of them.

Domestication took several thousands of years during which, barley has accumulated the traits
that assisted agricultural production with more harvestable grains. Selection towards these traits
may have been from environment (natural selection) or from deliberate choice of humans (von
Bothmer et al. 2003a). Few of the key traits involved in transition of wild barley to domesticated
barely were (i) non-brittle rachis, (ii) six-rowed spike and (iii) naked caryopsis (Salamini et al.
2002). Spread of barley out of the place of origin was promoted by the occurrence and

accumulation of mutations for reduced vernalization and photoperiod insensitivity (von Bothmer
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et al. 2003a). Since these traits were important in the process of domestication, many researchers

have investigated them in detail and isolated some of the responsible major genes.

Brittleness of rachis is controlled by 2 tightly linked genes on chromosome 3HS, ~43 cM, Non-
brittle rachis 1 (btrl) and Non-brittle rachis 2 (btr2). Mutations in either of these two genes
converts the brittle rachis into non-brittle type (Pourkheirandish et al. 2015). Another important
domestication trait affects spike morphology. There are many genes known to control row-type in
barley viz., Vrsl (2HL, ~80 cM) (Komatsuda et al. 2007), Vrs2 (5HL, ~60 cM) (Cuesta-Marcos et
al. 2010), Vrs3 (1HL, ~51 cM) (Cuesta-Marcos et al. 2010), Vrs4 (3HS, ~40 cM) (Koppolu et al.
2013), int-C (4HS, ~26 cM) (Ramsay et al. 2011). Naked caryopsis is known to be controlled by
nud gene reported on 7HL, (~80 cM) by Taketa et al. (2004). Variation for vernalization
requirement in barley is controlled by 2 major loci viz., Vrn-H1 and Vrn-H2 that have been
localized to 5HL and 4HL (Laurie et al. 1995; Takahashi and Yasuda 1971; von Zitzewitz et al.
2005).

1.3 Barley use and economic importance

Cultivation of barley for human consumption began approximately 10,000 years ago and the crop
eventually became a staple food for a diverse set of cultures around the world, each developing
unique preparations processes, recipes and methods of consuming the grain. Barely was an
superfood in ancient times but eventually it’s been majorly used as animal feed, malting, brewing
and distilling because of the rise in the prominence of wheat and rice as human food. Presently
major portion (55-60%) of barley crop is used as animal feed, 30-40% for malting, 2-3% for
human consumption and ~5% as seed for growing crops (Ullrich 2011). Nevertheless, the
increasing health awareness and growing number of scientific reports on barley’s health benefits
as part of human diet, has renewed the interest for this ancient food grain to be included diets for
healthy life (Sullivan et al. 2013). Barley is known to offer several beneficial effects for human
health in three important physiological and metabolic areas - lipid metabolism, glycemic control
and intestinal health. Consumption of barley is known to reduce cholesterol levels, attributed to
its B-glucan (dietary fiber) content and this in turn is beneficial in reducing heart related diseases.
When consumed by diabetic patients, barley is reported to lower blood glucose levels. This health
benefit to diabetic patients comes from the B-glucan content and starch composition ratio of

amylose to amylopectin of the barley grains. Barley is easily digestible due to its low gluten
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content. It has high amounts of lysine (essential amino acid), thiamin (Vitamin B;) and riboflavin
(Vitamin B,. With all these health benefits, its use as food in human nutrition is increasing
(Brockman et al. 2013; Marwat et al. 2012; Newman and Newman 2008).

Barley, though originally domesticated and cultivated for human consumption, has gained
importance for other uses over the millennia. It is the fourth most important cereal crop after
maize (Zea mays L.), rice (Oryza sativa L.), and wheat (Triticum spp.) in terms of global
production (http://faostat.fao.org/site/567/default.aspx#ancor) in the world (Fig. 1.7.1.1 and Fig.
1.7.1.2). As per the latest FAO statistics, barley is cultivated over 49.6 million hectares (Mha)
with production of 133.5 million tones (Mt) (FAO STAT, 2012). Europe is ahead of other
continents in barely cultivation backing 49.2% (24.4 Mha) of total area, followed by Asia
(21.3%), America (11.8%), Africa (10.1%) and Oceania (7.6%). Europe is also leading in barley
production with 59.3% (79.1 Mt) of total world production followed by Asia (14.88%), America
(14.86%), Oceania (6.5%) and Africa (4.5%). Within Europe, for the year 2012, Russian
federation occupied first position with respect to area of barley cultivation (7.6 Mha) followed by
Ukraine (3.3 Mha), Spain (2.7 Mha), France (1.684 Mha) and Germany stands in fifth position
with 1.683 Mha. Russian federation is first in barley production with 13.9 Mt followed by France
(11.3 Mt) and Germany (10.4 Mt). Though Germany is only fifth in barley area, it is the third in

production.

1.4 Diversity in barley

Genetic diversity of any crop species is defined as genetic variation within and between
populations, landraces and cultivars, arising due to recombination, mutations and introgressions.
Globally, more than 466,531 barley accessions are available for research and breeding purposes
at 199 different genebanks worldwide. Of the total genebank collections landraces occupy major
portion (44%) followed by breeding lines (17%), crop wild relatives (15%), commercial cultivars
(15%) and other genetic stocks (9%) (Knlpffer 2009; Singh and Upadhyaya 2015). Genetic
diversity is one of the main resources sustaining human life on this planet. Diversity provides the
opportunity for the crop to be able to adapt to the changing biotic and abiotic conditions, more so

in the present scenario of global climate change.
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Barley consists of different morphological and adaptational forms encompassing diversities for
row type (two-rowed and six-rowed), awn (awned and awnless), caryopsis (naked and hulled),
growth habit (spring, winter and facultative types), photoperiod sensitivity, seed dormancy etc.
Based on its end use it can be classified as feed, malting and food barley (Ullrich 2011). Barely is
the most widely adapted cereal crop species across different continents, spanning wide variation
of production systems. The morphological, physiological and functional variation in barley is a
reflection of the underlying large genetic diversity which eases the environmental adaptation of
barley (Graner et al. 2003). There is a popular saying “You cannot manage what you cannot
measure”. This has relevance in plant genetic resources (PGR) management. Measurement,
quantification and documentation of diversity are important for PGR management and most
importantly to identify genotypes with unique characteristics for subsequent utilization in
breeding programs. Prior to the advent of molecular markers, diversity studies were mainly based
on morphological traits and cytogenetic characteristics. First report on diversity analysis in barley
with DNA marker technology was that of restriction fragment length polymorphism (RFLP) in
the year 1984 (Saghai-Maroof et al. 1984). Initially, restriction fragment length polymorphism
(RFLP) became popular among barley geneticists for gene and genome mapping (Graner 1996;
Graner and Bauer 1993; Graner et al. 1996), diversity studies (Graner et al. 1994; Melchinger et
al. 1994; Schut et al. 1997). With the technological advancements, high-throughput (HT)
genotyping and phenotyping platforms have been developed which allow more accurate analysis

of large collection of accessions (Kilian and Graner 2012).

1.5 Barley breeding

Plant breeding is the art and science of changing the traits of plants in order to produce desired
characteristics (Poehlman and Sleper 1995). It began undirected as early as 10,000 — 12,000 years
ago when the plants were first brought into cultivation for human use. History of plant breeding
is intimately associated with bringing land into cultivation to increase food production, a process
that has continued to the present day. In contrast, it is only in the last 100 years that there has
been noticeable increase in productivity, with the aim of feeding the rapidly growing human
population. The pressure on crop (yield) improvement is further burdened by ever shrinking
arable fertile land coupled with biotic and abiotic stress and, not the least, global climate change

(Bradshaw 2016). As and when the new improved cultivars (performing better in terms of

6





productivity) get released for cultivation, existing cultivars and landraces (evolved with better
adaptability), get replaced and eventually are lost. This kind of genetic erosion has to be curbed
as the landraces and primitive varieties are potential sources of yield stability under unfavorable

climatic conditions (McCouch et al. 2013).

Traditional plant breeding involved approaches relying on generating and screening large number
of segregating populations for the trait of interest (e.g. yield). These methods have contributed
significantly to increase in yields over past century (Austin et al. 1980; Khush 1987). Several
studies were carried out to investigate the genetic advancement made as a result of breeding in
barley, in several countries, covering long time period (50-160 years) of breeding efforts. In
general, the relative genetic gain was 10-15% in 2-row barley and 30-35% in 6-row barley and
most of the improvements in yield were only after 1960 (Ekman 1981; Grausgruber et al. 2002;
Gymer 1981; Ortiz et al. 2002). In recent decades, the productivity of barley cultivars has
increased by an annual rate of 1-2%. This increase is attributed to breeding goals targeting crop
ideotype, resistance against biotic and abiotic stresses, coupled with improved cultivation
practices (Friedt et al. 2011). But now the yields seem to be stagnating with not much
improvements and the harvest index has come close to the possible upper limit of 0.6 (Austin
1980; Evans 1993). Any further yield improvements have to be achieved by putting into use, the
genetic and genomic resources that have been developed till date.

Barley breeders have mainly focused on agronomic traits (yield, height, lodging), disease
resistance (barley yellow mosaic virus, fusarium head blight, stem rust, leaf rust, strip rust, spot
blotch, powdery mildew, root rot etc) and abiotic stress tolerance (drought, salinity, heat, frost) ,
to mention the most important, for barely improvement (Slafer et al. 2002; Ullrich 2011). Some
breeding goal traits are also considered based on the end use (hull/hull-less, B-glucan content,
malting quality, malt flavor) (Newman and Newman 2008; Slafer et al. 2002; Vivar and McNab
2001) .

1.6 Barley genomic resources

Genetic studies and molecular breeding approaches require genomic resources, such as molecular
markers, genetic maps, physical map, genetic resources and sequence information. Barley, owing

to its importance, has witnessed successful efforts from barley research community towards
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development of several genomic resources (Varshney et al. 2010). The prominence of barley in
genetics is attributed to its diploid nature, low chromosome number, large chromosomes, self
pollinating, large florets, high degree of natural and easily inducible variation, easy hybridization,
wide adaptability and relatively low space requirements (Bockelman and Valkoun 2010; Qi et al.
1996).

Notwithstanding the limitations of the large and complex repeat-rich genome exceeding 5 Gb
(Dolez™el et al. 1998) extensive resources were developed including (i) microsatellite/simple
sequence repeat (SSR) markers (Becker and Heun 1995; Thiel et al. 2003), (ii) single nucleotide
polymorphism (SNP) markers (Close et al. 2004; Comadran et al. 2012), (iii) diversity arrays
technology (DArT) markers (Kilian et al. 2005), (iv) consensus maps (Silvar et al. 2015), (v)
genome zipper (Mayer et al. 2011), (vi) whole genome sequence and physical map (IBSC 2012),
(vii) POPSEQ (population sequencing) (Mascher et al. 2013a), (viii) reduced representation via
exome capture (Mascher et al. 2013b) and (ix) several bi-parental mapping populations and
association mapping panels also have been established.

There are several online web-based portals where ample amount of information pertaining to
barley are systematically piled. Few to mention here are (i) Gramene
(http://archive.gramene.org/), (ii) Barley CAP (http://www.triticeaecap.org/), (iii) ICARDA

(http://www.icarda.org/), (iv) Nordic Barley Genebank (http://www.nordgen.org/), (v) barely

sequence databases at IPK-Gatersleben (http://webblast.ipk-gatersleben.de/barley/ and
http://apex.ipk-gatersleben.de/apex/f?p=284:10:4975689410536), (vi) Barleymap
(http://floresta.eead.csic.es/barleymap/), (vii) Barley world (http://barleyworld.org/), (viii) Barley
DB (http://shigen.nig.ac.jp/barley/), (ix) PlantGDB (http://www.plantgdb.org/HvVGDB/), (X)

PGSB barley genome database at Helmholtz Muinchen (http://pgsb.helmholtz-

muenchen.de/plant/barley/index.jsp), (xi) International barley sequencing consortium (IBSC |,

http://barleygenome.org), (xii) Barley TILLING

(http://www.scri.ac.uk/research/genetics/platformtechnologies/barleytilling), (xiir) Barley

genomics (http://barleygenomics.wsu.edu/) and many more. All these genetic and genomic

resources present excellent opportunities to further accelerate research towards barley

improvement.
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1.7 QTL mapping

QTL mapping is based on the principle of detecting association between phenotype and the
genotype (e.g. to molecular markers). Molecular markers are used to group the members of the
mapping population into different genotypic classes based on the allele status of a particular
marker locus and to determine whether significant differences exist between groups with respect
to the trait being investigated (Tanksley 1993; Young 1996). There are two broad approaches
which are commonly used for QTL mapping viz., (a) Linkage mapping (b) Association mapping.
Both the approaches exploit the fact that recombination breaks up the genome into smaller
recombined segments that can be correlated with the segregating phenotype (Gupta 2002; Gupta
et al. 2005; Myles et al. 2009).

1.7.1 Linkage mapping or bi-parental QTL mapping

Linkage mapping is the widely used approach in plants to map the quantitative trait loci (QTL)
controlling the traits. For this approach, parents who differ for one or more multiple traits of
interest are crossed and segregating population(s) are established (doubled haploid, F,, Back
cross populations (BC). recombinant inbred lines (RIL), near isogenic lines (NIL) etc). Markers
are screened for their polymorphism between the chosen parents and the polymorphic markers
are used to genotype their progenies. Population size for preliminary genetic mapping usually
ranges from 50 to 250 individuals (Mohan et al. 1997). However, larger populations are essential
for high-resolution mapping. The population(s), along with their parents, are phenotyped for the
traits of interest. Phenotypic and genotypic data can then be analyzed together to map the QTL
with different software available. There are 3 widely-used methods for detecting QTLs viz.,
single-marker analysis, simple interval mapping and composite interval mapping (Gupta 2002;
Liu 1997; Tanksley 1993). There are certain limitations of linkage mapping eg: (a) limited
number of meiotic events that occur during the development of the population result in poor
resolution often ranging between 10-20 cM (Zhu et al. 2008), (b) In a given population only 2
alleles per locus (marker/gene) can be investigated simultaneously, hence necessitating the
validation of results in broader germplasm, (c) Development of mapping populations demands
for time and resources, (d) There is a limitation to the number of traits that can be polymorphic
between any two parents, (e) Desired crosses cannot be made in all plant species (e.g. in tree

species).





1.7.2 Association mapping

Association mapping (AM), sometimes also termed as linkage disequilibrium (LD) mapping is a
common and routine approach for genetic/QTL mapping studies in human and other animal
systems where there is a limitation of availability of large families for genetics studies. First
notable study in humans has been reported as early as 1989 (Kerem et al. 1989). Association
mapping commonly assess the statistical significance of the association between quantitative
differences of a phenotype and certain genetic polymorphisms in a set of genetically distinct
individuals (Ogura and Busch 2015; Rafalski 2010). The distinct advantages of AM over linkage
mapping are (i) increased mapping resolution, via utilization of historical meiotic events, (ii)
reduced genetic analysis time (as AM can make use of existing germplasm and no time
demanding crosses over several generations are needed) (iii) assessment of multiple alleles per
locus, (iv) multi-trial phenotypic data stored in databases can be used (Yu and Buckler 2006; Zhu
et al. 2008).

The concept of Linkage disequilibrium (LD) was first described in early years of the 20" century
(Jennings 1917). LD, in simple terms, is defined as a nonrandom association of alleles at distinct
loci (Hill and R. 1968; Mackay and Powell 2007). It is one of the important parameters in
association genetics as its value determines number of markers required and the mapping
resolution achievable. There are different measures for estimation of LD which include D, D', r%,
R, D2, D*, Q*, F', X (2), 5 etc (Gupta et al. 2005; Hedrick 1987; Soto-Cerda 2012), each with its
own advantages and disadvantages (Devlin and Risch 1995; Jorde 2000). Among different
indices r* is the most commonly used as it takes into consideration the recombination and
mutational history (Flint-Garcia et al. 2003; Gupta et al. 2005). The values for r? range from 0 to
1. When r? approaches zero, alleles at two loci do not occur together more frequently than would
be expected under random sampling. When r? approaches value of 1, the alleles at 2 loci co-occur
more frequently in the population being studied. Mating system of the species (selfing or out
crossing), mutation, population bottlenecks, founder effects, genetic drift, selection, migration
and population admixture, recombination hotspots are among the important factors shaping LD in
the given species. Distance over which LD persists will determine the density of markers required
for AM. Hence, rapid LD decay demands dense markers and long range LD would be sufficed
with comparatively less number of markers (Flint-Garcia et al. 2003; Gupta et al. 2005; Mackay

and Powell 2007).
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Presence of population structure and complex genetic relatedness (kinship) in the association
mapping panel leads to spurious trait associations/false positives. A complex breeding history of
crop species and limited gene flow in most wild plants have created complex stratification
(structure) within populations. Presence of structure brings in the systematic differences between
allelic distributions among the sub-populations in the panel and the correlations of the phenotype
of interest to the subsequent population stratification might lead to false positive associations
(Flint-Garcia et al. 2003; Knowler et al. 1988; Myles et al. 2009; Pritchard et al. 2000). There are
several software programs available to detect presence of population structure (Alvarez et al.
2014). Population structure can be determined via Q matrix and principle component analysis
(PCA) methods. Q matrix stratifies and allots each of the individual of the population into a
subpopulation with subpopulation membership coefficients (Q) determined by the software
STRUCTURE (Pritchard et al. 2000). These coefficients are incorporated into a general linear
model (GLM) for correcting the structure. The method of Pritchard et al. (2000) is
computationally intensive, especially when using large number of markers, and sometimes the
subpopulations are not clearly demarcated. PCA has the advantage over Q matrix method in
handling large number of markers and being computationally less demanding. The power of
correction for population structure by a GLM is not sufficient as still too higher number of false
positives remains. Therefore, a mixed linear model (MLM) approach has become state of the art
which combines Q matrix information with the kinship information of the individuals (K matrix).
The MLM method treats Q as a fixed effect while the K matrix is treated as random effect (Yu et
al. 2006). In GWAS analysis, multiple testing leads to false positives. Two of the ways to address
this issue are (i) Bonferroni correction and (ii) False discovery rate (FDR). Bonferroni correction
is considered to be too strict as compared to FDR. The idea of considering the FDR is to see what
fraction of false positives might be among all those that appear to be true and it is a desirable
control against the errors originating from multiple testing (Benjamini and Hochberg 1995;
Benjamini and Yekutieli 2001).

Association mapping can be broadly classified into two categories: (i) Candidate gene-based
association mapping, where selected candidate gene(s) are sequenced and the sequence
polymorphism is correlated to the phenotype variation of the trait under investigation, and (ii)
Genome-Wide Association Studies (GWAS) mapping, which associates polymorphisms of

markers distributed across the whole genome to the phenotype. After witnessing the success and
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advantages of GWAS approach in human and animal genetics, in the last few years, there has
been tremendous interest of plant geneticists in using AM approach for genetic mapping of
complex traits (Gupta et al. 2005; Zhu et al. 2008).

In plants, a very first attempt to associate variation in quantitative traits with random amplified
polymorphic DNA (RAPD) markers was made in a set of diverse rice germplasm (Virk et al.
1996) followed by a study in maize (Thornsberry et al. 2001) and since then many studies have
been reported. Some of the candidate gene association studies in various crops include flowering
time genes in barley (Stracke et al. 2009), Psyl-Al locus in wheat (Singh et al. 2009), frost
tolerance genes in rye (Li et al. 2011), Dwarf8 associated with flowering time in maize
(Thornsberry et al. 2001) and the phytoene synthase locus in maize (Palaisa et al. 2003). In
addition, photoperiodic flowering time genes in sorghum (Bhosale et al. 2012), the rhg-1 gene in
soybean (Li et al. 2009), flowering time genes in Arabidopsis (Ehrenreich et al. 2009) and
HaCOIl1-1 and HaCOI1-2 associated with sclerotinia stalk rot resistance in sunflower (Talukder
et al. 2014) have been investigated.

GWAS are usually conducted with the objective to elucidate QTL, for genotype-based selection
of superior individuals in plant breeding or as a step towards positional cloning (Rafalski 2010).
The identified potential markers that are closely linked to the QTL can be used for marker-
assisted selection (MAS) in crop breeding schemes to accelerate breeding cycles. The validation
of GWAS results is crucial before integrating them, via MAS, into breeding programs. Due to the
ever-increasing GWA studies, there is an accumulation of information about marker-trait
associations for several traits, and hence it is recommended to validate the results by replicating
the studies in target germplasm. Joint linkage and linkage disequilibrium mapping approaches
can also help in simultaneously validating the results and also in overcoming the inherent
limitations of linkage mapping and LD mapping (Bardol et al. 2013; Jung et al. 2005; Li et al.
2014; Lu et al. 2010). Since AM is new in plant genetics research, several new types of
populations are evolving for example NAM (nested association mapping) and MAGIC (multi-
parent advanced generation inter-cross). These populations can efficiently capture the genetic
diversity and also avoid the problems associate with population structure (Bandillo et al. 2011;
Huang et al. 2012; Yu et al. 2008). Genotyping techniques have evolved starting from RFLP,
AFLP, RAPD, SSR, SNP, DArT etc. (Mohan et al. 1997; Schlétterer 2004; Thanh 2015). With

SNP markers having become very common since recent years, due to the advent of various cost-
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effective high-throughput genotyping platforms, GWAS has become an increasingly popular
approach for dissecting genetic basis of simple as well as complex traits in various crops.

1.7.3 Prospects of Association mapping in crop plants

The shifting paradigm in plant breeding research in recent years is undoubtedly benefiting from
the population genetics framework analyzed using linkage mapping, association mapping and
comparative genomic approaches. Domestication (in general) and plant breeding (in particular)
have resulted in narrowing of the genetic basis of modern crops and consequently reducing the
genetic variation (Tanksley and McCouch 1997). For further improving and/or stabilizing the
crop productivity in the scenario of changing climate, utilization of biodiversity stored in the
available genepool of a given crop species is one of the viable options which gaining importance
(Hoffmann et al. 2012; Honsdorf et al. 2014; Von Korff et al. 2004; Wang et al. 2010; Wendler et
al. 2014; Xu et al. 2012). With growing world population and associated demand for food,
stabilization of crop yields under harsh and unpredicted unfavorable climatic conditions is
essential (Field et al. 2014). The sources for genetic materials are the national and international
gene-banks established in different countries. Since AM is a population-based survey it paves the
avenues to augment the use of genetic diversity (breeding material, cultivars, landraces and wild
relatives), which otherwise are majorly left underutilized in the genebanks, thus aiding the
identification and deployment of novel trait(s) and/or allele(s) for crop improvement (Hamblin et
al. 2011; McCouch et al. 2013).

The identification and introgression of superior alleles of QTL for economically important traits
into breeding germplasm from exotic materials was proposed as a potential approach for further
crop improvement (Prada 2009). Molecular plant breeding relies on the precision of QTL
detection for their efficient utilization. There are some successful examples of fine mapping,
cloning and characterizing QTL/genes (Salvi and Tuberosa 2005) and most of these studies

demonstrate the importance of broader diversity towards improvement of cultivated germplasm.

Since GWAS has potential not only to narrow down the QTL regions but also has potential to
pin-point the causal polymorphisms (Cockram et al. 2010; Comadran et al. 2012; Soto-Cerda
2012; Thornsberry et al. 2001). The efficient utilization of GWAS results can aid in enhancing

the genetic basis of the current crop breeding germplasm. Due to the existing and evolving low-
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cost genotyping and NGS technologies, GWAS with thousands of markers and large populations
are already a reality. Whole-genome re-sequencing (genotyping by sequencing (GBS)) which
provides uncompromised genomic polymorphism information is already in use for mapping in
crops like barley (Liu et al. 2014; Poland 2013), rice, wheat and maize (Crossa et al. 2013; Huang
et al. 2010; Poland et al. 2012) and will extend to other crops in the near future. Plants with
complex genomes encompass a lot of repetitive regions in the genome, and in such situations,
reduction representation sequencing or genome enrichment approaches are recommended
(Mamanova et al. 2010) and has been accomplished in barley (Mascher et al. 2013b), wheat
(Phillips 2016; Vasquez-Gross 2015), switchgrass (Buell 2016) and pine (Neves et al. 2011).
With the fast-declining sequencing costs, it will be possible to genotype by sequence large
number of accessions in several crops. The advancement of high-throughput gene expression
profiling technologies like microarray and RNA-seq in plants now allow for genome-wide
expression quantitative trait locus (eQTL) studies in plants (Holloway et al. 2011). The advent of
new ‘omics technologies’ like metabolomics and proteomics will concede in new genome-wide
profiling and provide platforms for new GWA studies at a different level. The ensuing ‘omics’
technologies allow global understanding to pathways and intriguing insights into the networks
resulting in final quantitative nature of the phenotypes (Adamski and Suhre 2013; Baerenfaller et
al. 2008). These studies in combination with traditional GWA studies will allow a detailed
understanding of the gene effects and interactions. Nonetheless, the costs of GBS and GWAS are
still high and are beyond the reach of several common breeders and researchers in developing
countries. This restricts the use of GWAS to its full potential in various crop improvement
programs for regional adaptation and in poor resource crops. Today’s plant research is not
confined to a single problem or purpose but has moved on to cross-border and multidisciplinary
approaches. Apparently immense benefits can be harvested by incorporating data warehousing
approaches and establishing data integration platforms. The huge data available from various
research projects including information about accessions, phenotypic data, omics profiling data,
genomics data, sequencing and genotyping data can be integrated into public databases with free
accessibility. This also facilitates in easy data sharing and availability of expensive resources
across all the plant research communities. As an example, integrated databases including
accessions information, phenotype and genotype data along with GWAS methods were made
available in public databases for Arabidopsis research community (Atwell et al. 2010; Huang et

al. 2011). Similar public databases with integrated information for the crops could enhance the
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utilization of these emerging technologies and realize the complete potential of GWAS in crop

improvement.

1.8 High throughput phenotyping

A phenotype results from the expression of the genes of an organism as well as the influence of
environmental factors and random variation. Plant phenotyping is the process of measuring the
phenotype. In genetic studies, measuring the phenotype is an essential step to associate the
observed variation in the phenotype to the variation in the genotype (sequence variation)
(O'Malley and Ecker 2010). Precision and robustness coupled with automation and high
throughput generation of phenotypic and genotypic data are essential inputs for genetic analysis.
While considerable progress has been made in the field of genotyping, phenotyping technologies
have fallen behind progress, causing it to be a bottleneck (Furbank and Tester 2011).
Phenotyping has been a rate limiting step especially when a large collection needs to be
phenotyped. In order to take the advantage of recent progress made in DNA marker assays and
sequencing technologies enabling high throughput genotyping at relatively low cost, plant
breeders are aggressively pursuing more accurate and efficient phenotyping methods. In recent
years there have been efforts towards development of several high throughput phenotyping
platforms, reviewed and reported elsewhere (Araus and Cairns 2014; Montes et al. 2007),
allowing plant scientists to have insights into different aspects of plants. Although many large-
scale studies involving phenotyping have been accomplished over the last decades, the
development of automated or semi-automated phenotyping approaches could enable studies that
have previously been not possible (de Souza 2010; Houle et al. 2010; McCouch et al. 2013;
Montes et al. 2007; Peleman and van der Voort 2003). Hence there have been considerable
efforts towards developing and refining HTP methods to generate robust and reliable phenotypic
data.

High throughput automated imaging is the ideal tool for phenomics studies. Chen et al. (2014a)
has reviewed the noninvasive, automated or semi-automated HTP plant phenotyping systems that
are presently available and are being utilized in plant studies to overcome the ‘phenotypic
bottleneck’. Some of them are PHENOPSIS (Fabre et al. 2011), TraitMill (Reuzeau 2007),
GROWSCREEN (Nagel et al. 2012), HYPOTrace (Wang et al. 2009), HTPheno (Hartmann et al.

2011), LeafAnalyser (Weight et al. 2008) etc. Most of these platforms have been designed to
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address only specific questions. Whereas the commercial phenotyping platform developed by
LemnaTec (http://www.lemnatec.com/) is an automated greenhouse-installed system that is

imaging-based and monitors plant growth over a period of time (Campbell et al. 2015a; Chen et
al. 2014b; Dornbusch et al. 2014; Muscolo et al. 2015; Parent et al. 2015). The advantage of this
method especially over the conventional manual phenotyping is that it is non-intrusive and allows
for controlled automated watering highly needed for instance, for drought experiments. Hence,
the same plant can be phenotyped for the same trait over a continuous time period. This provides
the unique opportunity to study a trait of interest over time and hence to investigate its
dynamism. It aids in discovering the dynamism of marker-trait associations over time. The HTP-
system comprises different imaging cameras such as visible, infrared, near-infrared and
fluorescence imaging to phenotype physical (geometric properties, pigment content etc.) and
physiological status (canopy temperature, tissue water content etc.) of plants. The phenotypic
data collected on daily basis on these HTP platforms provides an opportunity to model and
predict plant growth (Chen et al. 2014b; Golzarian et al. 2011; Neumann et al. 2015; Tardieu and
Tuberosa 2010). The correlations between estimated trait values e.g. digital biomass extracted
from images, and the actual trait value measured by destructive phenotyping (fresh biomass) are
high and indicate the practical potential of HTP in phenotyping (Chen et al. 2014b; Neumann et
al. 2015; Rajendran et al. 2009). Field phenotyping is generally cumbersome process, especially
when it has to be done on large number of plants and genotypes. Open field situation is
characterized by high spatial and temporal heterogeneities requiring multi-location trials. Since
biomass is a complex and dynamic trait, estimation under sub-optimal conditions (abiotic or
biotic stresses) becomes difficult under field conditions also affecting the heritability and
impairing genetic analysis. Such difficulties could be overcome if a HTP is carried out in

controlled conditions in a greenhouse.

1.9 Biomass

Biomass production is important in improving grain yield, not only for food but also for bio-fuel
production. During Green Revolution of the 1960s the first semi-dwarf cultivars were released in
the small-grain cereals. Since then, deliberate selection for high yield and short stature has
resulted in increase in HI (Abeledo et al. 2002; Reynolds et al. 1999) without much change in
total biomass (Austin et al. 1980; Gifford et al. 1984; Horie et al. 2005) and increase in leaf area
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without increase in the rate of CO, exchange per unit leaf area (Evans and Dunstone 1970). High
yield and short stature may be physiologically linked through competition between the stem and

the developing ear for assimilates (Siddique et al. 1989).

Future yield improvements in modern semi-dwarf varieties through HI is less promising
(Schittenhelm 1996), as the HI of modern cultivars is considered to be already close to a
theoretical maximum (Austin 1980; Evans and Fischer 1999; Mann 1999). Possible alternatives
could be to breed for larger source (biomass) and also to further improve the source-sink
relationship, i.e., efficient partitioning of dry matter of shoot biomass to panicles (Fischer and
Edmeades 2010). There have been reports of strong positive correlation between grain yield and
biomass in different crops (Bueno and Lafarge 2009; Cheng et al. 2007; Fischer 2007; Foulkes et
al. 2015; Katsura et al. 2007; Solis-Moya et al. 2015; Specht et al. 1999; Tollenaar 1991; Yang et
al. 2007). In barley too there have been reports indicating the importance of higher biomass for
grain yield improvements (Abeledo et al. 2003; Boukerrou and Rasmusson 1990). Richards et al.
(2002) opined that it is appropriate to focus on methods of increasing biomass and thereby crop
photosynthesis genetically after observing that during the 20th century biomass remained stable
in cereal crops. Hence, studying and exploring the variability for biomass and related traits in the
available germplasm, identification of valuable accessions and further utilization in breeding
programs appears to be one of the ways forward for yield improvements.

Biomass, as a trait, is complex and is influenced by different factors (biotic or abiotic) during
crop production. Non-optimal levels of any of the associated factor(s) induce stress, thus

affecting the biomass development/accumulation.

1.10 Drought stress

Crop production is affected by many abiotic stresses, with drought being one of them. Drought
stress is one of the important factors affecting plant growth and hence biomass, and causes yield
losses world-wide (Boyer and Westgate 2004; Jones and Corlett 1992). It can reduce cereal
production on an average up to 10% on global scale. Effects of drought vary across the
geographical regions with ~20% in North America, Europe and Australasia, ~12% in Asia and
~9% in Africa, indicating that technically developed agricultural systems seem to suffer most
from the extreme weather disasters (Lesk et al. 2016). The magnitude of effects of recent
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droughts on cereal production are larger when compared to earlier ones, suggesting increasing
effect of drought stress on cereal food production (Lesk et al. 2016). In the scenario of climate
changes, development of drought-tolerant cultivars is one of the possibilities for cost-effective

strategies to attain better food security.

Drought stress affects a range of characteristics ranging from morphological to molecular levels.
The most sensitive being the cell (and hence organ) growth and expansion, due to the reduction in
turgor pressure and cell division. This results in reduced plant stature and leaf area. Drought
stress decreases leaf water potential, relative water content, stomatal conductance and
transpiration rate coupled with increase in the leaf temperature. The major effect of drought is
manifested by the reduction in photosynthesis, caused by reduced conductance of stomata,
decrease in leaf expansion, impaired photosynthetic apparatus, premature leaf senescence and
hence reduced production of photosynthates. This is manifested in terms of reduced dry matter
production (Jedmowski et al. 2014). Drought also causes imbalance between the production of
reactive oxygen species (ROS) and the antioxidant activity, leading to the accumulation of ROS.
This induces oxidative stress in membrane and cellular components hindering their functioning
(Farooq et al. 2009; Hsiao et al. 1976; Muller et al. 2011).

Drought stress can occur at any growth stage and can affect the productivity to variable degrees
depending on the onset time, duration, and intensity of drought stress resulting in decrease in leaf
area and final biomass (Jamieson et al. 1994; Legg et al. 1979; Monteith and Moss 1977) and
consequently reducing the grain yield (Jamieson et al. 1995a; Lawlor et al. 1981; Legg et al.
1979; Samarah et al. 2009). Based on the time/period when drought occurs under field
conditions, the drought is classified into (i) early seasonal drought, (ii) seasonal drought and (iii)
terminal drought. Early seasonal drought coincides with period after sowing, affecting mainly the
crop stand (plant population), while seasonal drought affects the crop during vegetative growth
period by influencing the amount of biomass production and the terminal drought affects the
grain filling and hence grain yield (Araus et al. 2002; Araus et al. 2004). Biomass acts as a

reservoir (source) of photosynthates that will be later on translocated to grains (sink).

In Germany, seasonal drought events are becoming more common, thus affecting crop yields.
Hence, studying as to how and to what extent the biomass production is affected by seasonal
drought stress and to what extent it is reflected on grain yield, becomes important. Though barley
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is relatively well adapted to water deficit conditions and is known to thrive in a wide range of
climatic conditions (Ceccarelli and Grando 1996), attaining genetic improvement in yield under
such environments has been recognized to be challenging for plant breeders while progress in

yield has been much higher in favorable environments (Richards et al. 2002).

Drought tolerance in crop plants is a complex trait. Hence, it cannot be analyzed genetically in
the same way as monogenic traits. Because of its complex and dynamic nature, it requires
dissection of the responses into a series of component traits using non-destructive imaging
techniques (Berger et al. 2010). There is evidence that selection for individual traits contributing
to drought tolerance can improve grain yield (Richards, 2006) (Edmeades et al. 1999). Since
drought is a complex trait, there have been numerous QTL studies (Fan et al. 2015; Forster et al.
2004; Honsdorf et al. 2014; Mehravaran et al. 2014; Teulat et al. 2001) and some GWAS studies
(Abou-Elwafa 2016b; Fettkother et al. 2012; Neumann et al. 2011a; Varshney et al. 2012)
reported in barley. It has also been was shown that drought tolerance at different developmental
stages within the same mapping population is composed of entirely different loci (Szira et al.
2008).
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1.11 Research objectives

The main objective of the present study was to perform genome-wide association study (GWAS)
to map QTLs associated with biomass accumulation under influence of seasonal drought stress in
a diverse collection of spring barley. High-throughput image-based phenotyping was applied
daily together with automated watering to mimic a seasonal drought period followed by re-
watering to test additionally the recovery ability. The work included:

1) Phenotypic evaluation of the association mapping panel of 100 two-row spring barley
accessions for biomass accumulation under seasonal drought stress, on a high throughput

phenotyping (HTP) platform, at IPK-Gatersleben.
2) Determination of the heritability of HTP traits and additional manually measured traits.

3) Determining the extent of population structure and genome-wide linkage disequilibrium

in this association mapping panel.

4) Performing association mapping for the HTP data and manually measured traits to map
QTLs/genomic regions associated with the traits.

5) Map the dynamics of the QTLs over time.

6) Quantifying the effect of seasonal drought on harvest traits, in a set of 26 two-row spring

barley accessions (a subset of 100 accessions).
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2 Material and Methods

2.1 Association mapping panel

A panel of 100 diverse two-rowed spring barley accessions, out of which 97 are a sub-set of the
Barley Core Collection (BCC) Knupffer and van Hintum (2003) and 3 cultivars (Arta, Barke and
Tadmor), was used in this study (Supp Table 2.1). Out of 100 accessions, 77 accessions
originate from European Union (EU), 15 from West Asia and North Africa (WANA), 6 from the
Americas (AM) and 2 from East Asia (EA). Most of the accessions are advanced-improved
cultivars (76), some accessions are traditional cultivar-landraces (14) and rest is breeding-
research material (10). Further information on the germplasm can be obtained from the European

Barley Database (EBDB, http://barley.ipk-gatersleben.de/ebdb.php3). This panel has been a part

of a larger panel that has been studied and reported in detail by Haseneyer et al. (2010), Pasam et
al. (2012), Long et al. (2013), (Alqudah et al. 2014), Abdel-Ghani et al. (2015), (Alqudah et al.
2016). Based on the previous knowledge of phenotypic data of the 100 accessions, a set of 26
genotypes were selected for validation experiments. These represent contrasts mainly for shoot
biomass (Supp Table 2.1). Two validation experiments were planned to see the effect of
seasonal drought stress on final maturity traits and correlations among different traits scored in

the course of experiment on HTP platform and manually measured traits.

2.2 Experimental setup and Phenotyping.

2.2.1 Analysis of vegetative biomass development under seasonal drought conditions

The panel of 100 accessions was screened for vegetative shoot biomass accumulation, under
seasonal drought stress, in a non-destructive, imaging-based high-throughput phenotyping
platform (LemnaTec-129 Scanalyzer 3D) located in a greenhouse, at IPK Gatersleben (51°49"23"
N, 11°17'13" E, altitude 112 m). Three independent experiments with identical setup were
performed consecutively between March 2013 to September 2013 (Table 2.2.1.1), for a period of
58 days each. In each experiment all the 100 accessions were repeated 5 times, (received drought
stress treatment). Additionally 4 of the accessions were repeated 5 times each, under control

conditions (well-watered treatment). This work is complementary to the study of Neumann et al.
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(submitted) who studied the same barley collection for biomass development under well-watered

conditions in the year 2012.

These 4 accessions, receiving both control and stress treatments, represent a link to merge these 2
data sets for comparative assessment in the near future. Greenhouse conditions were set to 15 h
light per day, and air temperature to 18°C during the day and 16°C during night time. Watering,
imaging and randomization was performed on daily basis. Images were captured by 3 different
cameras systems visible (viz.), near-infrared and fluorescence, each setup in a discrete imaging
chamber. At each camera system images were captured in 4 different angles — 1 top view [from
1% day after sowing (DAS) to 58 DAS], 3 side views viz., 0°, 45° & 90° angles (from 12 DAS to
58 DAS). Side view images were taken only after 12 DAS as plants first had to reach the
respective height to be fully visible in the images. Drought stress was imposed by withholding
the watering from 27 DAS and continued until 45 DAS. During the stress period a minimum
watering level corresponding to 20% field capacity (FC) based on the target weight of the pot
was set. On 45" DAS, once the imaging was finished, all stressed plants were re-watered with
300 ml each. In a second run that day applying only watering, all plants of the stress treatment
were watered to a target weight corresponding to 70% FC. From DAS 46 all plants of both
treatments were watered to 90% FC until experiment end (58 DAS) (Fig. 2.2.1.1). Determination
of FC was done by filling 10 pots with 970 g of substrate and watering to saturation and weighing
2 days later. Substrate of each pot was then dried for 1 week at 80°C and weighed again, thus
representing the weight of soil alone. Field capacity was calculated as the difference in weight
between dry and saturated/soaked soil. Detailed description of experimental setup and
methodology is as described by Neumann et al. (2015).

Though the images were captured using 3 different cameras, the images obtained from the visible
light spectrum were used to extract the traits, as they were most promising and heritable (Chen et
al. 2014b) (Neumann et al. 2015). The resolution of the digital camera (Basler AG, Germany)
capturing images in visible light range was 1628 x 1236 pixels, with a pixel size of 4.4 x 4.4 um.
Images were analyzed by the barley analysis pipeline in IAP (Klukas et al. 2014). The image

processing pipeline, the 1AP software, is available at http://iapg2p.sourceforge.net/ for detailed

trait definition, refer the IAP online documentation (http://www.iap.ipk-

gatersleben.de/documentation.pdf).

22



http://iapg2p.sourceforge.net/

http://www.iap.ipk-gatersleben.de/documentation.pdf

http://www.iap.ipk-gatersleben.de/documentation.pdf



Table 2.2.1.1 Experimental schedule for greenhouse experiments. In parentheses, month of harvest after
the plants had attained full maturity is indicated.

Experiment Date of sowing End of time on HTP system
Stress experiment 1 05.03.2013 02.05.2013
Stress experiment 2 14.05.2013 11.07.2013
Stress experiment 3 23.07.2013 19.09.2013
HTP experi;r;aei?;slfor maturity 08.10.2013 18.12.2(|):1e4t1) (Zf(i)nlzzl)harvest:
HTP experiments for maturity 08.05.2014 17.07.2014 (final harvest:

traits 2 Sept 2014)

The following traits were extracted from the images: digital biomass (DB), yellow-to-green ratio
(YtoG ratio), plant height (PHT), plant width (PW) and plant compactness (PC). The trait digital
biomass was estimated from side and top view images and was used as a proxy of fresh weight.
Traits estimated only from side view images were PH and PW, while PC was calculated as the
square of plant border length divided by the projected side or top area. Color classification value
YtoG ratio was estimated from side and top view images. The formula for estimation of digital

biomass is mentioned below.

Digital biomass = \/average pixel side area? = pixel top area

Plant growth pattern in stress conditions could be bifurcated into two parts describing the stress
period (bell-shaped growth curve) and the recovery phase (linear growth pattern) (Chen et al.
2014b). Different models were tested for bell-shaped curve. A bell-shaped model (y = Aebf‘“tz)
fit well to the curve of DB for the stress phase of the growth period. From this model two

parameters were extracted: wilting time (TA = %) and digital biomass at TA (DBA). For the

time of recovery phase a simple linear model (y = a + bt) was fitted to the development of DB.
The re-growth rate (k) was determined from this linear model to quantify the speed of recovery
from 46 to 58 DAS. More detailed description of these parameters is reported by Chen et al.
(2014b) and Neumann et al. (2015).
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Fig. 2.2.1.2 Growth models for patterns of biomass development in drought stress treatment.
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Apart from image-based HTP-traits some traits were measured manually: tillers were counted at
different time points; number of tillers at 27 DAS (TN27), number of tillers at 45 DAS (TN45)
and number of tillers at the end of experiment at 58 DAS (TN58). In the morning of 59 DAS the
above-ground parts of individual plants were cut above the soil surface and fresh weight (FW)
was measured on an electronic weighing balance, then the samples were dried in a hot air oven

for few days and then the weight of dry shoot biomass (DW) was determined.

2.2.2 Quantification of the influence of seasonal drought on final yield parameters

The two experiments were carried out from October 2013 until September 2014 as shown in the
Table 2.2.1.1. All the selected 26 genotypes (Supplementary Table 2.1) received control and
stress treatments with 10 plants in each treatment. All plants were kept on the HTP system for as
long as they could stay without causing much mechanical problems, owing to plant height. Once
the frequency of mechanical problems increased, the plants were moved to another greenhouse
(1% experiment — 72 DAS, 2" experiment — 70 DAS) and were kept stationary with regular

watering and fertilizing, until maturity.

The experimental-setup for these two experiments was similar as described in 2.2.1 but since they
were performed at different time periods of year, there were some differences during the stress
phase (see Table 2.2.1.1). The first experiment was carried out in the darkest period (Oct to Dec
2013) of the year while the second experiment lasted from May to July 2014. Though the
experiments were carried out in greenhouse with artificial illumination, there was no complete
control over light conditions from outer environment. This influenced the extent of severity of
drought stress on the plants between these two experiments. In the first experiment, which was in
the darkest period of the year, the plants didn’t show visible wilting symptoms by 45 DAS. As a
consequence, the stress phase was prolonged until 49 DAS. The plants could grow on the system
until 71 DAS and were then moved to a regular greenhouse. In the second experiment the end of
the stress phase was at 46 DAS. The plants could stay on the system until 69 DAS and were then
moved to a regular greenhouse. In both the experiments, once the plants were fully matured, they
were harvested. Plants from the first experiment were harvested in February 2014 and from the
second experiment in September 2014.
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At maturity, total tiller number (Final TN) was counted manually, final plant height (PH_final)
was measured from the base of shoot to the ear tip (excluding awns) then plants were individually
harvested from base of the shoot and total dry shoot biomass (biomass) was recorded. The spikes
were threshed and grain yield was recorded. Subtracting the grain yield (weight) from total shoot
biomass provided the values for ‘straw biomass’. Harvest Index (HI) was calculated as mentioned

below.

] Economical yield
Harvest index =

Biological yield x 100
Where economical yield is the grain weight and the biological yield is the total shoot biomass

yield.

Since these experiments consisted of plants receiving both control and stress treatments, apart
from the HTP traits and stress modeled parameters, three modeled parameters for plants receiving
control treatment were computed from the DB logistic growth curve : inflection point (IP),
maximum final vegetative biomass (Kma) and intrinsic growth rate (IGR)]. More detailed

description of the logistic modeled parameters is reported by Neumann et al. (2015).

2.3 Phenotypic analysis

Phenotypic analysis was performed in R software (R 2010). An outlier test, as described below,
was performed on the dataset from each experiment of 2.2.1 and 2.2.2. This was followed by
BLUEs estimation for each experiment. Further, BLUEs from all the 3 experiments (2.2.1) and 2
experiments (2.2.2) were put together and another outlier test was performed. Once all the
outliers were filtered out, BLUEs across the 3 experiments (2.2.1) and across 2 experiments

(2.2.2) were calculated.

The phenotyping platform, though it is automated, experienced unexpected interruptions in its
functioning. Such interruptions led to incomplete or no data for such characteristic days. Hence,
for 2.2.1, in 1% experiment, the data are incomplete/missing for 14 DAS and 35 DAS. Similarly
in 2" experiment for 24 DAS and in 3" experiment the data on 52 DAS and 53 DAS are
incomplete/missing. Hence data from these days were excluded from the analysis. For 2.2.2, the
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data is incomplete/missing for 12 DAS, 16 DAS, 19 DAS and 66 DAS. Hence data for these days

were excluded from the analysis.

As mentioned above, for 2.2.2, there were differences for the duration of the stress phase, as a
consequence only the common days between the 2 experiments were considered for BLUES
estimation across experiments. There was no difference for pre-stress phase (1 DAS until 26
DAS). In the stress phase, only first 20 days were common (27 DAS until 46 DAS). For post-
stress phase, though the timing of re-watering day was different between the 2 experiments, the
1% day of re-watering was considered as 1% day after stress. As a result there was a total of 22

days in recovery phase for both the experiments.

The model for outlier detection is as mentioned below.

Outlier test Model: yij = P + ¢ + &jj
yij: observed phenotypic value

W: overall mean

ai: effect of i™ genotype

j: the j™ replication

gij: error

a; Was treated as fixed effect for outlier test
According to Tukey’s method, a threshold for standardized residuals was calculated.
Alpha =100 * n/v * Gau(-N)%
Alpha =0.01; v = (Nr.Rep-1)*(Nr.Gen-1); n = Nr.Rep*Nr.Gen
Gau(u) stands for the unit normal cumulative
K =1.40 + 0.85N

_ K2-2
Threshold = K * (1 — - Y*J/v/n

4

Observation whose residual is greater than the threshold is defined as outlier.

BLUESs (Best Linear Unbiased Estimates) were estimated taking into account the GXE variance.

BLUEs were first estimated for each experiment and then across all the 3 experiments and then
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the BLUEs across the 3 experiments were used for association studies. Model BLUEs

estimation of single experiment
Model: yjj = 1 + ai + &j

yij: observed phenotypic value

H: intercept

ai: effect of i™ genotype

j: the j™ replication

gij-error

a; Was treated as fixed effect for BLUES estimation

Model BLUES estimation across experiments
Model: Yijm= U+ a; + ﬁm + &ijm

Yiim: observed phenotypic value
: intercept

ai: effect of i™ Genotype

B effect of m™ experiment

j: the j™ replication

Eijm: €rror

o; was treated as fixed effect and the other effects were treated as random effects.

Heritabilities were calculated using the variance components of the BLUEs from all the three

single experiments of 2.2.1.
Model of variance components
Yijm= U+ @i + B + Oim + &ijm

Yiim: observed phenotypic value
: intercept

ai: effect of i Genotype

Bu: effect of m™ experiment

Oim: interaction between i genotype and m™ experiment

28





j: the j" replication

&ijm: €rror
All the effects were treated as random effects.

Heritability (broad sense) was estimated for all the traits considering the percentages of genotypic
variance (Vg), over the total phenotypic variance (Vp) including genotype by environment (Vgxe)
variance and error variance (V¢) components. Nr. Env is the number of environments and Nr. Rep

is the number of replications. The model for heritability estimation is given below.

Formula for broad sense heritability

2 'V 1%
H?=Z8= G

- V. Ve
v GE
P Vet g pnt NrEnws Nr.Rep

2.4 Genotyping — SNP genotyping by iSelect

The association mapping panel was genotyped using the 9k iSelect SNP chip from Illumina. This
assay consists of a total of 7,864 SNPs, developed by polymorphisms identified by RNA
sequencing of 10 diverse cultivated spring barley accessions viz., Barke, Betzes, Bowman,
Derkado, Intro, Morex, Optic, Quench, Sergeant and Tocada (Comadran et al. 2012). Genotyping
was performed by a service provider TraitGenetics (TraitGenetics GmbH, Gatersleben,

http://www.traitgenetics.com/en/). The genotypic data was transcribed into a binary matrix. For

estimation of genetic positions, information from previous reports of Comadran et al. (2012)
Mascher et al. (2013a) and Maurer et al. (2015) was used.

2.5 Genotypic data analysis, population structure.

Polymorphic information content (PIC) values, major allele frequency and minor allele frequency
(MAF) were calculated for each SNP using the software Powermarker 3.25. (Liu and Muse
2005). After the quality check (data cleaning from monomorphic markers, missing data (< 5%)
and minor allele frequency (MAF) (> 5%) ) of the 7,864 SNPs, only 4,866 were left usable for
further use in genetic investigation. This final set of SNP markers comprising 4,866 SNPs with

MAF larger than 0.05 was used for analysis of population structure, LD and marker trait
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associations. Polymorphism Information Content (PIC) values were estimated using the formula
(Botstein et al. 1980):

n
PIC =1 —Z. 1piz - 2{1;11 jn=i+1 Zpiz sz
1=

Where n is the total number of alleles, p; and pj are the frequencies of alleles i and j respectively.

Population structure was estimated by kinship matrix based on modified Rogers Distance (Reif et
al. 2005) that was obtained from subtracting Rogers Distance (RD) matrix (Rogers 1972) from 1,
i.e., 1-RD and a heat map was plotted.

2.6 Linkage disequilibrium analysis

Genome-wide LD analysis was performed among the panel by pair wise comparisons among the
4,128 mapped SNP markers using GenStat (Payne 2006). LD was estimated by using squared
allele frequency correlations (r?) between the pairs of loci (Weir 1996). The loci were considered
to be in significant LD when P < 0.001, the remaining r? values were not considered as
informative. The pattern and distribution of intra-chromosomal LD was visualized and studied
from LD plots generated for each chromosome. To investigate the average LD decay in the whole
genome among the panel, significant intra-chromosomal r® values were plotted against the
genetic distance (cM) between markers. The smothering second degree LOESS curve was fitted
using GENSTAT (Payne 2006). A critical value for r* was estimated by square root transforming
of unlinked r? values to obtain a normally distributed random variable, and the parametric 95th
percentile of that distribution was taken as a critical r? value (Breseghello and Sorrells 2006).
Unlinked r? refers to marker loci with a map distance greater than 50 ¢cM or on independent

linkage groups.

2.7 Association analysis

The SNP markers with minor allele frequency (MAF) > 5% were used for association analysis.
For GWAS, all the SNP markers (4,866) which passed quality check were used. Associations
were calculated using RD kinship matrix (for population correction) in Mixed Linear Model with
4,866 SNP markers using R software (R 2010). The model used was Y = X+ Ss+ Kk + e
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where X stands for the adjusted entry means of all the genotypes within environments (BLUESs of
single environments), S is a vector of environment effects, s is a vector of SNP effects, k is a
vector of polygene background effects, e is a vector of residual effects. X, S and K are incidence
matrices of 1s and Os relating Y to £, s and k. # and k were treated as random effects and s fixed
effects (Yu et al. 2006). The critical P-values for assessing the significance of marker-trait
associations (MTAs) were calculated based on a false discovery rate (FDR) with a-level of 0.1,
for each trait and separately for all days where the traits values were available (Benjamini and
Hochberg 1995).
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3 Results

3.1 Genome wide association studies.

An association mapping panel of 100 barley accessions was screened for vegetative biomass
accumulation, under seasonal drought stress, in a non-destructive imaging-based high-throughput
phenotyping platform in a greenhouse. HTP data and SNP genotypic data was used to perform

association analysis to map associated genomic regions/loci.

3.1.1 Phenotypic data

All the traits under consideration including traits extracted from Image analysis (DB, PHT, PW,
PC and YtoG ratio), modeled traits (TA, DBA & k) and manually measure traits (TN27, TN45,
TN58, FW & DW) showed wide phenotypic variation. Though the traits obtained from image
analysis have trait values for each day, descriptives for only few selected days viz., 27 DAS (1%
day of stress treatment), 46 DAS (1% day after end of stress), 58 DAS (last day of the experiment)
are presented in Table 3.1.1.1 as this work pertains to drought stress treatment which starts at 27
DAS and ends on 45 DAS and the experiment terminats by 58 DAS. The time point 46 DAS is
considered instead of 45 DAS because quantification of the DB is better after the plants have
regained their turgidity. Standard deviation (SD) and coefficient of variation (CV) presented in
the aforementioned table correspond to the BLUE values overall the three experiments.
Coefficient of variation for 23 traits presented in the table ranged from 0.03 (TA) to 0.29 (k).
Heritability for all these traits was above 0.69 (ranging from 0.69 to 0.95) which reflects the
robustness of the phenotypic data.

Digital biomass: The correlation (R?) estimated between the DB at 58 DAS (DB58) and

destructively measured fresh weight (FW) at morning of 59 DAS was high and sufficient for

using DB as a proxy for plant biomass. Correlation was estimated using the 500 single plants of
each experiment and using the estimated BLUEs of the 100 genotypes within each experiment
(Fig. 3.1.1.1). Coefficient of determination R?with single plant values was 0.74 and only slightly
higher (0.77) when estimated using the BLUEs. This high correlation provided opportunity to
estimate the biomass of each plant of 100 accessions, on each day of the experiment, in a non-

destructive method.
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Fig. 3.1.1.1 Correlation of estimated DB (58 DAS) against fresh weight (FW) of shoot biomass (59 DAS) among 100 genotypes withir
stress treatment. (a) based on 500 single plants in three experiments, (b) based on BLUES for 100 accessions estimated for each of the 3
experiments. Exp 1 is in blue, Exp 2 in green and Exp 3 in orange color and R? across all the 3 experiments is showed in red color.
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Table 3.1.1.1 Summary statistics - Minimum (Min), maximum (Max) mean estimated for BLUEs of single experiments and for the BLUEs across all
3 experiments. Heritability (H?), standard deviation (SD) and coefficient of variation (CV) were estimated only with BLUES across all 3 experiments.
DB and DBA in 10° Voxel, PHT (mm), PW (mm), YtoG ratio (ratio), PC (unitless), TA (DAS), k (px*day) TN (number), FW & DW (g).

) Experiment 1 Experiment 2 Experiment 3 Overall experiments

et Min Max Mean Min Max Mean Min Max Mean Min Max Mean SD CcVv H?

DB27 25.91 93.71 54.09 43.32 103.41 76.41 41.81 102.58 77.67 37.01 89.33 69.39 9.83 0.14 | 0.72

DB46 103.84 246.60 182.68 94.89 265.01 204.03 149.82 315.18 246.51 116.18 258.84 211.07 22.12 0.10 | 0.78

DB58 138.23 885.30 584.10 112.93 713.10 461.34 | 204.40 835.28 604.92 158.27 792.36 550.12 11393 | 0.21 | 0.92

PHT 27DAS 365.40 519.40 428.07 | 410.66 633.88 | 489.92 | 385.33 580.93 465.98 | 39554 566.69 461.32 3439 | 0.07 | 0.76
PHT 46DAS 383.60 787.00 587.25 | 431.73 965.07 688.52 | 409.93 937.00 658.73 | 408.42 886.36 644.83 77.72 | 0.12 | 0.93
PHT 58DAS 631.93 | 1079.20 | 861.62 | 616.93 | 1102.33 | 86245 | 613.80 | 1068.33 | 846.65 | 620.89 | 1063.87 | 856.91 89.89 | 0.10 | 0.95
PW 27DAS 202.47 438.53 372.87 | 280.94 530.00 | 449.31 | 209.40 464.13 377.26 | 230.94 471.07 399.81 3524 | 0.09 | 0.80
PW 46DAS 365.25 577.58 510.94 | 351.87 584.13 | 494.61 | 362.60 554.00 476.22 | 359.91 565.20 493.93 3290 | 0.07 | 0.83
PW 58DAS 406.07 681.20 586.19 | 336.20 646.00 530.37 | 375.67 680.20 544.47 | 382.98 643.51 553.68 4832 | 0.09 | 0.89
YtoG ratio 27DAS 0.30 0.73 0.48 0.33 0.73 0.51 0.43 0.87 0.62 0.39 0.75 0.54 0.08 0.14 | 0.91
YtoG ratio 46DAS 0.36 0.79 0.54 0.38 0.88 0.62 0.42 1.06 0.60 0.40 0.88 0.58 0.08 0.15 | 0.85
YtoG ratio 58DAS 0.27 1.47 0.56 0.39 1.32 0.79 0.39 1.10 0.62 0.36 1.30 0.66 0.15 0.23 | 0.89
PC 27DAS 64.77 168.48 120.75 75.24 198.25 146.17 50.65 110.03 87.06 63.56 157.48 117.99 14.51 0.12 | 0.83
PC 46DAS 118.58 316.61 230.51 | 143.05 342.33 249.60 68.69 200.83 135.90 | 110.11 275.13 205.34 30.08 | 0.15 | 0.92
PC 58DAS 180.63 442.27 331.32 162.11 441.31 315.51 94.01 248.88 158.53 153.91 370.24 268.46 45.28 0.17 | 0.88
TA 34.27 4191 36.57 34.65 41.93 36.34 3541 44.26 37.96 35.42 4172 36.96 1.02 0.03 | 0.79
DBA 84.92 177.72 127.85 87.36 197.59 158.42 137.29 241.30 192.88 104.16 195.42 159.78 14.19 0.09 | 0.78
k 25.16 584.46 333.03 12.96 445.24 242.73 42.69 513.59 327.01 34.27 509.18 300.92 85.99 | 0.29 | 0.93
TN27 4.20 13.20 8.32 3.20 11.00 7.13 3.60 8.60 6.08 3.67 10.47 7.18 1.02 0.14 | 0.69
TN45 5.60 23.20 11.50 4.20 17.80 9.16 4.60 16.20 9.22 4.80 19.07 9.96 1.90 0.19 | 0.89
TN58 11.60 49.25 24.00 8.80 41.60 2151 11.20 47.20 22.26 10.53 46.02 22.59 4.94 0.22 | 0.95
FW 33.17 113.92 87.98 271.75 95.03 73.34 36.04 101.61 80.94 32.32 99.72 80.75 11.64 0.14 | 0.92
DW 6.61 14.57 10.82 6.02 12.05 9.81 6.59 11.95 9.86 6.51 12.58 10.16 1.01 0.10 | 0.86
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The DB development over time for all the 3 experiments is shown in Fig. 3.1.1.2. The graph
shows that the plants incrementally accumulated biomass from the start of the experiment. In
stress phase, when the plants sensed the drought stress they slowed down biomass accumulation
and at a certain time point stopped biomass accumulation and started wilting. In terms of
estimated DB therefore a virtual decrease in biomass was observed but in actuality the leaves
were wilting and laying over one another and hence the estimation showed decrease in DB. After
the stress phase (27-45 DAS) when the plants were re-watered to attain re-growth, the plants
formed new biomass and hence DB regained incremental accumulation. Though the three
experiments were carried out in 3 different time periods of the year, their DB accumulation

patterns were similar.
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Fig. 3.1.1.2 Accumulation of image-based estimated ‘digital biomass’ (in 10° Voxel) in three
experiments (Exp 1 in blue, Exp 2 in violet and Exp 3 in green) under vegetative-drought stress treatment
is shown from 12 to 58 days after sowing (DAS). Error bars represent the 95% confidence interval (Cl).
The period without water supply (stress phase) between DAS 27 and 45 is indicated by vertical dashed
lines.
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Correlations (R) of DB between the three experiments were plotted from 12 DAS until 58 DAS.
In general, correlations between Exp.2 and Exp.3 were higher followed by Exp.1 and Exp.3,
followed by Exp.1 and Exp.2 (Fig. 3.1.1.3). Correlation was much higher in recovery phase in

comparison to pre-stress of stress phase.
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Fig. 3.1.1.3 Correlation of estimated digital biomass among the three experiments.
Correlations are plotted from 12 DAS until 58 DAS. The vertical dashed black lines represent the stress
phase (27 DAS to 45 DAS).

A heat map was developed to visualize the correlation of the DB among different DAS starting
from 12 DAS until 58 DAS (Fig. 3.1.1.4). In general, correlations were good between adjacent
days but with increasing time differences it became comparatively weaker. There was poor
correlation between initial DB (12, 13 & 14 DAS) to DB after stress. Correlation of DB before
stress showed no good correlation with the DB during late stress phase. Early stress phase DB
biomass (DB27 to DB38) showed good correlation to final DB (DB58).

36





Heatmap of Digital Biomass

Color Key

0 0.4 0.8
Correlation coefficient

DAS

ONDDO =ML DON D
AR

DAS

Fig. 3.1.1.4 Heat map of correlation coefficient for image-based estimated ‘digital biomass’

DB (in voxel) is based on BLUES estimated across the three experiments, shown from 12 to 58 DAS.

Trait distributions of all the traits under consideration were plotted as histogram graphs. All the
traits showed visually a near-normal to normal distribution. lllustrations in Fig. 3.1.1.5 are
histogram graph showing distribution of DB58 and fresh weight (FW) in experiment-1, -2, -3 and
across all the 3 experiments. The distributions of other traits are depicted in the Supp Fig. 3.3 to
3.12.

Other HTP traits: Like DB, other HTP traits (PH, PW, PC and YtoG ratio) also showed

discontinuous pattern as a result of drought stress. The progression of each of the fore-mentioned

traits in each of the 3 experiments over-time is shown in Supp Fig. 3.1 and 3.2.

Correlations were estimated for the traits DB (at three time points DB27, DB46, DB58), tiller
number at three time points (TN 27, TN45, TN58) and three modeled parameters are outlined in
the Table 3.1.1.2. Most of the correlations were highly significant (p <0.001). Since DB27,
DB46 and DB58 are same traits at different time points, they exhibited moderate to high
correlation with each other (0.52 to 0.76). Tiller numbers TN27, TN45, TN58 were highly

correlated amongst each other (0.70 to 0.92). The trait DB58 was moderately correlated to TN at
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Distribution of Digital Biomass in 58th day after sowing Distribution of Fresh Weight in 58th day after sowing
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Fig. 3.1.1.5 Histogram for the distribution of (a) DB58 and (b) FW in Exp-1, -2 -3 & over all the 3
experiments.

all time points (0.42 to 0.55). Trait TA was negatively correlated to all other traits. It exhibited
strong negative correlation with DB27 (-0.80) but was weakly positively correlated to DB58
followed by DB46. Trait DBA exhibited moderate correlation to tiller number (0.40 to 0.58) and
was highly correlated to DB 27, 46 and 58 (0.7 to 0.83). Trait k was strongly correlated to DB58
(0.99) and showed least correlation to TA (-0.4).

Table 3.1.1.2 Correlations among DB, modeled traits and TN.

TN 27 TN 45 TN 58 TA DBA k DB27 DB46

TN 27
TN 45 | 0.82 ***
TN 58 | 0.70 *** 0.92 ***
TA -0.62 *** | -0.44*** | -0.31 **
DBA | 0.58 *** 0.47 *** 0.40 *** | -0.38 ***
k 0.48 *** 0.57 *** 0.44 *** | -0.40 *** | 0.62 ***
DB27 | 0.67 *** 0.45 *** 0.31 ** -0.80 *** | 0.74 *** | 0.47 ***
DB46 | 0.46 *** 0.32 ** 0.23 * -0.28 ** 0.83 *** | 0.67 *** | 0.54 ***
DB58 | 0.50 *** 0.55 *** 0.42*** | -040*** | 0.70*** | 0.99 *** | 0.52*** | 0.76 ***

* ¥* ***indicate P < 0.05, P < 0.01 and P < 0.001 respectively

Since the trait values for DB (and other HT traits) were available for each day, heritability was

estimated for each day of the experiment using BLUES over all the 3 experiments. Heritability for
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DB was medium to very high ranging from 0.59 (45 DAS) to 0.92 (55-58 DAS) as shown in the
Fig. 3.1.1.8. The values showed a decreasing trend from 38 DAS until 45 DAS during the late
stress phase where all the plants were severely wilting with leaves hanging down and overlapping
on one another and hence the DB estimation via images may not be accurate. From 1% day after
stress phase (46 DAS), where plants were already re-watered, the plants had regained turgidity
showing most of its shoot biomass in the images and hence the heritability values showed

improvement then onwards.

Variance components were estimated for DB over time from 12 DAS to 58 DAS (Fig. 3.1.1.6).
Initially, the unexplained variance was highest, followed by genotypic variance and lowest was
GXE but with progressive growth genotypic variance increased and error variance decreased,
while GXE was highest during the initial drought stress phase (28.3% of total variance).
Similarly, variance components over-time for other HTP traits are illustrated in Supp Fig.3.14
(a-d). Variance components were estimated for modeled traits and manually measured traits (Fig.
3.1.1.7). Among modeled traits, k had the highest genetic variance (74.9%) followed by DBA
(42.9%) and TA (40.3%). Among manually measured traits TN58 had highest genetic variance
(75.3%) followed by FW (69.9%), TN45 (55.9%, DW (53.2%) and TN27 (27.2%). The GxE
variance for TA, DBA and TN27 were high with 24.5%, 31.2% and 27.3% of total variance,
respectively (Fig. 3.1.1.7).

The heritability values were good for the remaining HT traits too: PHT (0.45 to 0.95), PW (0.46
to 0.92), PC (0.58 to 0.92) & YtoG ratio (0.70 to 0.94) as illustrated in the Supp Fig.3.13. The
heritability values for the modeled traits and manually measured traits were high (0.78 to 0.93
and 0.69 to 0.95 respectively) as illustrated in the Fig. 3.1.1.9. These heritability values indicate
the robustness of the data and hence suitable for further genetic/ GWAS analysis.
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Fig. 3.1.1.6 Variance components for estimated DB from 12 DAS until 58 DAS. The vertical dashed
black lines represent the stress phase (27 DAS to 45 DAS). Var.G — Genotypic variance, Var.GE —
Genotype X Environment variance, Var.e — Error variance.
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Fig. 3.1.1.7 Variance components for modeled traits (TA, DBA & k) and manually measured traits
(TN27. TN45, TN58, FW & DW). Var.G — Genotypic variance, Var.GE — Genotype x Environment
variance, Var.e — Error variance.
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Fig. 3.1.1.8 Broad sense heritability values (H?) of the trait digital biomass
H? was calculated based on the BLUESs from across the 3 experiments from 12 DAS until 58 DAS. The
vertical dashed black lines represent the stress phase (27 DAS to 45 DAS).
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Fig. 3.1.1.9 Broad sense heritability values (H?) of the modeled traits and manually measured traits.
Modeled trait: Time A (TA), estimated digital biomass at Time A (DBA) and re-growth rate (k) and
Manually measured traits: tiller number at 27 DAS (TN27), tiller number at 45 DAS (TN45), tiller number
at 58 DAS (TN58), fresh weight of shoot biomass at 58 DAS (FW), dry weight of shoot biomass at 58
DAS (DW). H®was calculated based on the BLUES from across the 3 experiments.
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3.1.2 iSelect SNP summary statistics

Single nucleotide polymorphism genotyping platform (9k iSelect) assayed a total of 7,864 SNPs.
During genotypic data analysis it was realized that there was a mismatch between marker data
and the genotype BCC1367. Hence for GWAS, BCC1367 was excluded and only 99 genotypes
were considered. After filtering out the monomorphic markers, SNPs having MAF < 0.05 and
missing data of < 5%, the number of SNPs reduced to 4,866 which were useful for GWAS.
Among the 4,866 SNPs the distribution of MAF (Fig. 3.1.2.1 (a)) and PIC (Fig. 3.1.2.1 (b)) were
plotted as histograms. Around 40% of the markers have PIC values above 0.35 and in total 90%
of the markers have PIC values above 0.2. Among all 4,866 SNPs only ~1% had MAF between
0.05 to 0.1 and the rest of the markers had values >0.1. From the Fig. 3.1.2.1 it is evident that the
markers are highly polymorphic with evenly distributed allelic frequencies. Of 4,866 SNPs, 4,128
have the map position information available. Marker distribution for these 4,128 SNPs were
plotted over the 7 linkage groups. The distribution map showed good coverage over all the

chromosomes (Fig. 3.1.3.1).
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Fig. 3.1.2.1 Frequency distribution for MAF and PIC of 4,866 SNP markers in two-rowed spring
barley panel of 99 accessions.
Markers with MAF < 0.05 were excluded from the analysis. a) Minor allele frequency (MAF) - the range of
MAF is indicated on the X-axis, and the percentage of markers falling in that range is represented on Y-
axis. b) Polymorphic information content (PIC) - The range of PIC is shown on X-axis, and the percentages
of markers falling in that range are represented on Y-axis.
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Total length of the genetic map covered by 4,128 mapped SNPs was 989.26 cM with average
marker coverage of 4.2 SNPs per cM distance, although the length of the linkage group and

marker coverage varied among different chromosomes (Table 3.1.2.1).

Table 3.1.2.1 Marker coverage and distribution of 4,128 SNP markers across 7 chromosomes.

Chromosome cM Markers Markers / cM
1H 132.86 393 2.96
2H 149.36 624 4.18
3H 154.89 680 4.39
4H 114.94 440 3.83
5H 169.65 877 5.17
6H 126.63 622 491
7H 140.93 492 3.49
unmapped - 738
Total 989.26 4,866 0.20

Chromosome 4H was the shortest (114.94 cM) while 5H was the longest (169.65 cM). Sparse
marker coverage was on chromosome 1H (3 SNPs/cM) while 5H had dense coverage with 5.2
SNPs/cM. Number of gaps with distance > 2 cM were 124, > 5 cM were 10 and there was only

one gap spanning > 10 cM (11.8 cM) on 2HL.

3.1.3 Evaluation of association panel — population structure and linkage disequlibrium

The population structure in the panel of 99 two-rowed spring barley genotypes was assessed
using 4,866 SNP markers. Principle component analysis (PCA) was performed to realize if there
is any population structure. Analysis revealed that there was no strong population structure in this
panel, as a very little (15.8%) variance was explained by the first two PCs (PC1 — 9.7%, PC2 —
6.1%) as shown in the Fig. 3.1.3.2. As a result, only a kinship matrix based on Rogers distance
was included in the association model for GWA analysis. Rogers Distance (RD) Kinship matrix
was calculated and a heat map was developed from 1-RD. There was no apparent structure
detected in this panel (Fig. 3.1.3.3).
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Fig. 3.1.3.1 Distribution of SNP marker across 7 chromosomes of barley.
The map consists of mapped 4128 SNPs spanning over 989.26 cM covering all the 7 barley chromosomes
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Fig. 3.1.3.2 PCA analysis. Scatter plot of 99 accessions from PCA calculated from 4,866 SNP marker
data, showing PC1 and PC2. Different colors & shapes correspond to accessions from different
geographical origin. AM-America, EA-East Asia, EU-Europe and WANA-West Asia and North Africa.
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Heatmap of Barley by 1-RD (99 Genos, 4866 SNPs)
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Fig. 3.1.3.3 Relatedness among 99 accessions. 1-Rogers Distance kinship matrix was used to generate the similarity matrix and further the heat map.
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Linkage Disequilibrium (LD) was calculated in 99 two-rowed spring barley accessions using
4,128 mapped SNPs. Pair-wise LD was estimated using the squared allele frequency correlations
(r?). It decayed rapidly with the genetic distance. The 95" percentile distribution of r* values of
unlinked marker pairs (distance > 50 cM) was estimated to be 0.084 and the point at which
LOESS curve intercepts this threshold is determined as the average LD decay of the population
under consideration. Based on these criteria the LD decay for the whole genome was observed to
be at ~8 cM (Fig. 3.1.3.4)
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Fig. 3.1.3.4 Genome-wide intra-chromosomal LD decay
LD decay of marker pairs over all chromosomes as a function of genetic distance (cM). The horizontal

line indicates the 95th percentile distribution of unlinked r? The LOESS fitting curve (red line) illustrates
the LD decay.
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3.1.4 Genome Wide Association Scan results

Genome-wide association scans for all the traits resulted in a total of 147 SNP markers
significantly associated with one or more traits (passing FDR and/or with —log10(p) values > 3).
All the 147 markers have genetic map position information. In total 225 significant marker-trait-
associations (MTAs) were detected for these 147 SNPs (Supp Table 3.1). Percent genetic
variance explained by each of these MTAs is presented in Supp Table 3.3.1 to 3.3.13, provided
in a compact disc (CD).

Since, biomass was the main trait of interest, DB and YtoG ratio (which is associated with
drought stress associated symptom) results are presented in detail while for other HTP traits the
results are presented as short summary coupled with supplemental figures (Supp Fig. 3.15 to
3.17).

For convenience of depicting the GWAS results over time, the growth period from 12 to 58 DAS
is divided into 3 phases: pre-stress phase (12-26 DAS), stress phase (27-45 DAS), post-stress
phase/recovery phase (46-58 DAS). The markers which passed FDR for at least one day are listed
here with their frequency of occurrence in the three different phases. Fig. 3.1.4.1 shows the
results of GWAS for the trait DB.

A total of 26 such markers were detected. No MTAs passing FDR were detected for pre-stress
phase. Ten markers were detected for stress phase with 9 being specific to this phase. Markers
SCRI_RS 153798 (2H, 18.91 cM), SCRI_RS 233272 (2H, 18.91 cM), SCRI_RS 167617 (7H,
140.9 cM), SCRI_RS_140819 (2H, 27.7 cM) and SCRI_RS_232575 (5H, 168.9 cM) passed FDR
with higher frequency (across different DAS) than rest of the 17 markers which were detected for
post-stress/recovery phase, with 16 being specific to post-stress phase. Positions of these
markers/MTA regions are illustrated in the Fig. 3.1.4.6. Only one marker (SCRI_RS_167617,
7HL, 140.9 cM) was associated with DB in stress as well as post-stress phase. The dynamics of
association of these 26 markers associated with biomass (DB) from 12 DAS to 58 DAS are
shown in the Fig. 3.1.4.2.

Since the trait DB58 is a proxy for biomass, DB, FW and DW are highly related traits, so GWAS
results for these three traits were plotted together in single Manhattan plot to visualize if these
traits revealed similar MTAs (Fig. 3.1.4.3). As expected, many of the regions/markers significant
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for one trait were also significant for one or both the other traits. For example, on 2H, 3H, 5H 6H

and 7H.
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Fig. 3.1.4.1 Frequency of 26 SNP markers significantly associated with DB.
These SNP markers had crossed the FDR on at least one day between 12 DAS to 58 DAS. Each of the

diagrams comprises 13 SNPs for a better visual representation.
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Temporal dynamics of SNP markers, significantly associated with Digital Biomass,
from 12 DAS to 58 DAS

——3H-88.00 cM, SCRI_RS_174067
——3H-45.8cM, SCRI_RS_11338
——2H-40.8 cM, SCRI_RS_135619
——1H-119.0 cM, SCRI_RS_165588
——2H-50.4 cM, SCRI_RS_239231
——3H-45.9 cM, SCRI_RS_235603
——3H-46.0 cM, SCRI_RS_200297
——7H-47.7 cM, SCRI_RS_141629
——7H-48.3 cM, SCRI_RS_7797
——7H-140.9 cM, SCRI_RS_167617
——2H-18.9 cM, SCRI_RS_233272
——2H-18.9 cM, SCRI_RS_153798
——5H-168.9 cM, SCRI_RS_232575
——3H-98.7 cM, SCRI_RS_142438
——2H-27.6 cM, SCRI_RS_140819
——5H-157.6 cM, BOPA1_3007_1337
——2H-24.5 cM, SCRI_RS_143250
——2H-25.2 cM, SCRI_RS_12516
——5H-99.9 cM, SCRI_RS_198617
——5H-99.9 cM, BOPA2_12_10752
——2H-19.9cM, BK_12
——2H-19.9cM, BK_16
——2H-19.9¢M, BK_14
——2H-19.9cM, BOPA2_12_30871
——2H-19.9 cM, BOPA2_12_30872
——2H-19.9¢M, BK_15

-log10 (p)
w

10 15 20 25 30 35 40 45 50 55 60
Days After Sowing (DAS)

Fig. 3.1.4.2 Time dynamics of association of SNP markers significantly associated with digital biomass (DB), from 12 DAS until 58 DAS. The SNPs
significantly associated for DB in stress phase are represented in blue colour and those for post-stress phase are in green color. The SNP significant in
more than one phase is presented in light blue colour. Stress phase (27 DAS to 45 DAS) is demarked by black vertical lines. In the legend are the
chromosomes number, cM position and marker name.
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Fig. 3.1.4.3 GWAS scans for DB58, FW & DW.
Y-axis represents —log10(p) values of the marker. X-axis represents 7 chromosomes of barley (left to right
- 1H to 7H, short arm to long arm). A common threshold level of 3 —log10(p) (dashed-line) is demarcated.

Time A

Time A (TA) represents the time of maximum biomass during the stress phase after that plants
stop growing. Five markers representing 4 loci were significantly associated and passing the FDR
(Fig. 3.1.4.4 a) with one locus each on 2H (135.8 cM) and 6H (55 cM) and 2 loci on 7H (13.9 &
140.9 cM).

Digital Biomass at Time A (DBA)

For the trait DBA, none of the MTAs passed FDR. But a total of eight markers had —log10(p)
values > 3 (Fig. 3.1.4.4 b) which represented 6 loci. One locus each on 1H (~119 cM), 3H (87.9
cM), 5H (139.1 cM) and 6H (105.1 cM). On 7H there were 2 loci, one at 49.7 cM and another at
140.9 cM.
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Re-growth rate (k)

This trait represents the ability to re-grow after the drought stress phase. As for DBA, for k none
of the MTAs  passed FDR. But a total of 15 markers had
—log10(p) values > 3 (Fig. 3.1.4.4 c). These 15 markers represented nine different loci. Two loci
on 2HS (18.9 & 27.7 cM), 1 on 3H (98.7 cM), 3 on 5H (~114, 157.6 & 168.9 cM), 2 on 6H (24.5
& 44.1 cM) and 1 on 7H (140.9 cM). None of these regions co-localized with the loci for any of

the traits.
Tiller number at 27 DAS (TN27)

Twenty markers were found to be significantly associated and also passed the FDR for TN27 at
the start of stress representing 4 loci: two each on 5H — 43.7-45.7 ¢cM & 120.1 cM, one each on
6HS —30.2 cM and 7HL — 140.9 cM (Fig. 3.1.4.4 d).

Tiller number at 45 DAS (TN45)

Twenty two markers were found to be significantly associated and also passed the FDR for TN45
at the end of drought stress representing 3 loci: One on 5H — 43.7-45.7 ctM and two on 6HS —
30.2cM & 55 cM (Fig. 3.1.4.4 ¢).

Tiller number at 58 DAS (TN58)

Twenty five markers were found to be significantly associated and also passed the FDR for TN58
representing 3 loci (Fig. 3.1.4.4 f). One locus each on 2HL (74.4 cM), 5H (43.7-45.7 cM) and
6HS (30.2 cM) were noticed.
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Fig. 3.1.4.4 GWAS Manhattan plots for modeled traits and tiller number. (a) TA, (b) DBA, (c) k, (d)
TN27, (e) TN45 and (f) TN58 using 4128 SNPs. Y-axis represents —log10(p) values of the marker p
values. X-axis represents 7 chromosomes of barley (1H to 7H) each represented with different colors. The
horizontal solid line is the FDR threshold level, SNPs above which are declared as significantly associated
with the trait. A common threshold level at-1og10(p) 3 (dashed-line) is also demarcated for each trait.
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The Fig. 3.1.4.5 shows the frequency of detection of the SNPs associated with the trait YtoG
ratio. A total of 28 MTAs were detected. Twenty markers were significantly associated during
the pre-stress phase, with 12 being specific to this phase. Ten markers were significant for stress
phase with only one marker being specific for this phase. For the post-stress phase seven markers
were significantly associated with the trait with six of them being specific to this phase. Positions

of these markers/regions are illustrated in the Fig. 3.1.4.6
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Fig. 3.1.4.5 Frequency of 28 SNP markers significantly associated with YtoG ratio.
These SNP markers had crossed the FDR on at least one of the days between 12 DAS to 58 DAS.

For the trait PHT, 42 markers were significantly associated throughout the growth period. For
PW 15 MTAs and for PC 8 MTAs were observed. The detection power of significant markers
associated with these traits (PHT, PW & PC) are illustrated in Supp. Fig.3.15 to 3.17. Positions
of all of the markers with highest —log10(p) in each of the region are illustrated in the Fig. 3.1.4.6
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In the genetic map Fig. 3.1.4.6, summarizes significant MTAs for all traits under investigation. If
there were more than one marker in the same/close position or genomic region, associated with
one or more traits then the marker with highest —logl0(p) value is represented. Black
chromosomal areas indicate the centromeric regions. Numbers on the left side of the
chromosomes reflect cM positions of SNP markers adapted from Comadran et al. (2012),
Mascher et al. (2013a) and Maurer et al. (2015). On the right side are the respective marker
names. Italicized gene names indicate genetic positions of known barley genes in or around the
region previously reported in studies deploying 9k iSelect marker platform. On the extreme right
of each chromosome are the names of the associated traits investigated in the present study.

Individual traits are illustrated by different colour codes (figure legend).

The 147 associated SNPs, [based on the FDR, with a-level of 0.1 or had —logl10(p) >3] were
comprised into 49 loci. An overview of them is given in the Table 3.1.4.1. The table also
comprises information on the previously reported candidate genes and/or QTLs in these MTA
regions reported by studies which used iSelect and/or BOPA marker platforms (Alqudah et al.
2014; del Blanco et al. 2014; Gawenda et al. 2015; Houston et al. 2014; Ingvordsen et al. 2015;
Long et al. 2013; Mamo et al. 2014; Maurer et al. 2015; Mohammadi et al. 2015; Pasam et al.
2012; Sannemann et al. 2015; Shu and Rasmussen 2014; Tondelli et al. 2013; Visioni et al. 2013;
Wehner et al. 2016; Wehner et al. 2015).
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Fig. 3.1.4.6 Genome-wide association of all traits in two-rowed spring barley.
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the number of DAS.

55





7H

5H 6H
0,0 Start 0,0 Start 0,0 Start
HVYWAXY
SCRI_RS_240014 —~2M_TA, |
14,0 I PW 27-45
245 SCRI_RS_231372 FW, k, PW 27-58
299 BOPA2_12_30697
302 —T T BOPAZ_12_31308 — TN 27, 45, 58, 328 BOPA1_12701_485 YtoG 12-26
413 SCRI_RS_163973 | HvcPD 42,0~ | — SCRI_RS_149501 HvCO8
429’ BOPA2_12_31390| (84 _ TN 27, 45, 58 441~ | —SCRI_Rs_115036 k, PW 27-58 477~ [~ SCRIRS 141629 LEL)
43,7%38&3_;%20:?? YtoG 12-45, 489 BOPA2_12_30665 483 N SCRIRS_7797 lioe 27-45, DBA
45,7 1+ _2168_ 49,1 SCRI_RS_128460 '_H cmFs Pl 497 —1 =~ BOPA1_12239_662
49:8—"| [ SCRI_RS_156324 498 jl: BOPA2 13, 30317 | (#9:20M) i
55,0 SCRI_RS_206796 <
TN 45, TA, PW 27-45 61,5 BOPA1_2669_1012 YtoG 12-26
705 BOPA2_12_30449 e
710 — T BOPA1 5480826 Tranies
74,9 SCRI_RS_196566 YtoG 46-58
HVPRR95
989~ | —SCRI_RS_13549 | (973¢M) DB 46-58,
99,9 — |~ SCRI_RS_198617 PW 46-58
105,1 BOPA1_3433_1087 DBA
1135~ | — SCRI_RS_165273
114.8—1 |~ SCRI_RS_186538 F—o=
120,1 SCRI_RS_150232 TN 27 0B
= green
126,6 End 9
o FW & DW - dark green
v DB 27-58, FW, DW,
(140.7 cM) ’ ’ ’ -
139,0 SCRI_RS_13262 DBA 1407 ggg:-zg_;gggg?'_ TA, DBA, k, TN 27, TN - purple )
' - ‘ Modeled traits - dark blue
YtoG - light green
1576 BOPA1_3007_1337 ——— 23166‘55‘; K, gre)
' PW - blue
168,9~| |_— SCRI_RS_232575 DB 46-58, k
1697 — O — End HVGA200x1

(168.9 cM)

Fig. 3.1.4.6 Genome-wide association of all traits in two-rowed spring barley.

Genetically anchored positions of SNP markers in genomics regions of significant MTAs on 7 barley chromosomes (1H to 7H). Black solid chromosomal areas
indicate the centromeric regions. Numbers on left side of the chromosomes are the cM positions of the markers and on the right side are the respective marker
names. ltalicized gene names indicate genetic positions of known barley genes in the QTL region (Alqudah et al. 2014). On the extreme right of each chromosome
are the trait names illustrated with different colors. (DB-digital biomass, FW-fresh weight, DW dry-weight, TN-tiller number, TA-time A, DBA-digital biomass at
Time A, k-regrowth rate, YtoG-yellow-to-green ratio, PHT-plant height, PW-plant width, PC-plant compactness). Numbers suffixed to a trait is the number of DAS.
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Table 3.1.4.1 Summary table of GWAS results for all traits. The table consists of the genomic regions significantly associated with one or more traits, the
highest —log10(p) value of the marker in the region, candidate genes and traits reported to be associated with these regions from the literature where
iSelect marker platform was deployed.

ch M_a_p No. of . Highest — | Reported candidate | References of reported QTLs/genes (iSelect & BOPA markers), as of
r. position Trait - .
(cM) SNPs log(p) genes in the region March 2016.
Mohammadi et al (2015): malting quality — grain protein content &
1H 50 ! PC 46-58 4.42 kernel plumpness; Wehner et al. (2015): biomass yield (control) (8.6 cM)
Alqudah et al. (2014): pre-anthesis development; Shu and Rasmussen
1H 134 1 PC12-26 4.2 (2014): amylopectin content in grains (16.4- cM)
Wehner et al. (2015): osmolality (stress) (116.8 cM); Maurer et al.
tH 116.3 1 PHT 12-26 5.38 (2016): Shoot elongation phase.
DB 27-45 (1) 4.65 Alqudah et al. (2014): pre-anthesis development; Mohammadi et al
1H 118.9-1194 | 3 DBA (3) 382 (2015): malting quality — malt extract; Wehner et al. (2015): biomass
' yield (control) (118.1 cM)
YtoG 27-45 (1), 4.70
YtoG 46-58 (2) 4.70 Alqudah et al. (2014): pre-anthesis development (6.6 cM); Pasam et al
2H 7.2-10.4 4 PC 27-45 (1) 507 (2012): plant height; Mohammadi et al (2015): malting quality — malt
! : extract; Wehner et al. (2015): biomass yield (control) (9.2-10.4 cM)
PC 46-58 (2) 5.07
2H 135 1 PHT 12-26 3.73 Wehner et al. (2015): biomass yield (control) (15.4 cM)
E|_8|T4g752é8) 543 Alqudah et al. (2014): pre-anthesis development, Maurer et al. (2015)
-45 (2) 4.43 AP s : )
oH 18.9-19.9 8 K@) 374 PpdH1 (19.9 cM) flovyermg time; Wehner etal. (2015_). biomass yield (control) (16.8 cM);
FW () 466 Munoz-_Amatrlam et al (2014) heading date; Maurer et al. (2016): Shoot
DW (6) 176 elongation phase.
DB 46-58 (3) 5.43 Ingvordsen et al. (2015): grain yield (23.2 25.3 cM); Maurer et al. (2015)
PW 46-58 (1) 4.45 flowering time; Pasam et al (2012): heading time; Sannemann et al.
2H 24.5-27.7 3 K (1) 3.17 (2015): heading time; Mohammadi et al (2015): malting quality — malt
DW (1) 450 extract; Wehner et al. (2015): biomass yield (DSI) (23.2, 26.6 cM);
' Amatriain et al (2014) heading date.
PW 46-58 (1) 4.45 Alqudah et al. (2014) pre-anthesis development; Ingvordsen et al.
2H 40.1-40.8 2 HvCO18 (41.2 cM) (2015): shoot vegetative biomass; Wehner et al. (2015): biomass yield
DB 27-45 (1) 4.49 (DSI) (40.8 cM)
HVFT4 (50cM) Mohammadi et al (2015): malting quality — grain protein content, malt
2H 50.4 1 DB 27-45 4.66 extract; Wehner et al. (2015): biomass yield (control) (50.9 cM),
osmolality (stress) (51.8 cM), SPAD (stress) (49.2)
oH 48.4-55.5 2 Yt0G 46-58 (2) 481 Mohammadi et al (2015): malting quality — grain protein content, malt

extract; Shu and Rasmussen (2014): amylopectin content in grains (53.8
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cM); Wehner et al. (2015): SPAD (leaf color) in drought stress
treatment.

Alqudah et al. (2014): pre-anthesis development; Long et al. (2013):
height, leaf senescence, root Mg®* content; Maurer et al. (2015)

eps2/HvCEN/eam6 flowering time; Pasam et al. (2012): Heading, plant height, TKW, starch
2H 58.01 YtoG 12-26 (1) 3.77 HvCO4, HD6-2H content, crude protein content; Tondelli et al. (2013): plant height;
(58.7-59.4 cM) Mohammadi et al (2015): malting quality — malt extract; Wehner et al.
(2015): osmolality (stress) (60.8 cM); Mufioz-Amatriain et al (2014)
heading date
Abdel-Ghani et al. (submitted): shoot dry weight, seedling length;
Alqudah et al. (2014): pre-anthesis development; Long et al. (2013): root
CI" content; Pasam et al. (2012): TKW, crude protein content; Gawenda
2H 744 TN58 4.07 et al (2015): grains/spike (75-80cM); Mohammadi et al (2015): malting
quality — malt extract, a-amylase. Ingvordsen et al. (2015): number of
ears with grains (67.9 cM); Wehner et al. (2015): biomass yield (control)
(68.6 cM)
Gawenda et al (2015): grains/spike (75-80cM); Mohammadi et al (2015):
malting quality — malt extract, a-amylase; Wehner et al. (2015):
2H 73 Y10G 27-45 4.62 Osmolality (stress) (81.5 cM); Mamo et al (2014): row-type, 50Swt.:
Mufoz-Amatriain et al (2014) row type
2H 92.2 PHT 46-58 4.29 Maurer et al. (2016): Plant height
oH 195.4 YtoG 12-26 4.92 Wehner et al. (2015): SPAD (control) (120.8 cM), SPAD DSI (127.1
' PC 12-26 4.54 cM); Houston et al. (2013): HvAP2 spike density [-log10(p) >37];
PW 27-45 5.22 Pasam et al. (2012): height, TKW, crude protein content ; Tondelli et al.
2H 135.8 TA 479 (2013): height; Wehner et al. (2015): biomass yield (control, DSI) (129.7
' - 133 cM), osmolality (stress) (135.8 cM)
HVGI (45.8 cM) Alqudah et al. (2014) pre-anthesis development; Wehner et al. (2015):
3H 45.8-46 DB 27-45 4.99 EiBil (45'9 cM) biomass yield (control) (40.6 — 46.2 cM), SPAD (control) (51.2 cM);
' Pauli et al. (2014): Plant height (51.8 cM)
DB 27-45 4.28 Mohammadi et al (2015): malting quality — kernel plumpness; Wehner et
3H 88 DBA 413 al. (2015): biomass yield (control) & osmolality (stress) (89.5-90 cM);
' Maurer et al. (2016): Shoot elongation phase, flowering (88.2-97.8 cM)
DB 46-58 4.23 Alqudah et al. (2014) pre-anthesis development; Abdel-Ghani et al.
PW 46-58 4.14 (submitted): root shoot ratio; Ingvordsen et al. (2015): grain yield (100.3
k 4.06 cM); Wehner et al. (2015): biomass yield (conrol & DSI) (100.3 — 106
3H 98.7 HvCMF1 (98.2 cM) cM), osmolality (stress) (100.3 cM) Sannemann et al. (2015): heading
W 472 time; Mohammadi et al (2015): malting quality — grain protein content;
: Houston et al. (2013): spike density; Maurer et al. (2016): Shoot
elongation phase, flowering (88.2-97.8 cM)
3H 1355 PHT 12-26 (2) 4.57 Mohammadi et al (2015): malting quality — a-amylase. Ingvordsen et al.
' PW 46-58 (1) 4.40 (2015): grain yield, number of grains, HI (135.5 cM); Wehner et al.
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YtoG 12-26 (1)

3.75

(2015): biomass yield (conrol & stress) (135.5 cM);

3H

154.2

PHT 12-26

5.25

Maurer et al. (2016): Shoot elongation phase, plant height.

4H

14.9

YtoG 46-58

4.70

Mohammadi et al (2015): malting quality — diastatic power.

4H

26.3

PHT 12-26

4.04

Int-C (26 cM),

HVCO10 (26.3 cM)

Alqudah et al. (2014): pre-anthesis development; Pasam et al. (2012):
row-type; Mamo et al (2014): row-type; Mufioz-Amatriain et al (2014)
row type; Maurer et al. (2016): Shooting (early development).

4H

51.1-61.8

26

PW 46-58 (1)

4.80

PHT 12-26 (26)

4.70

HVDWF4 (59.6 cM)

Alqudah et al. (2014): pre-anthesis development; Long et al. (2013): root
Na*/K* content; Mohammadi et al (2015): malting quality — grain protein
content; Wehner et al. (2015): osmolality (stress) (52.3 cM), biomass
yield (conrol & DSI) (57.5 - 61.4 cM); Mufioz-Amatriain et al (2014)
heading date; Sannemann et al. (2015): flowering time QTL-
QHea.S42IL-4H.a (60.1cM); Dockter et al. (2014): HYDWF4 (59.6 cM);
Maurer et al. (2016): plant height.

4H

80.7-81.6

PW 27-45

4.31

Long et al (2013): shoot dry weight, root dry weight, tiller number.;
Mohammadi et al (2015): malting quality — a-amylase: Wehner et al.
(2015): biomass yield (conrol & DSI) (78.5 —80.7 c¢M); Shu and
Rasmussen (2014): B-glucan content in grains (78.7 — 81.6 cM)

4H

111.9

YtoG 46-58

4.58

Mohammadi et al (2015): malting quality — grain protein content;
Wehner et al. (2015): biomass yield (control, DSI) (110.2 — 113.7 cM),
osmolality (stress) (110.5 cM); Maurer et al. (2016): maturity

SH

41.3-45.7

25

YtoG 12-26 (8)

4.42

YtoG 27-45 (1)

4.42

TN58 (21)

4.25

TN27 (16)

3.44

TN45 (17)

4.40

HvCO3 (43.7 cM),
HVTFL1 (44.1 cM),
HvCPD (44.03 cM),
HvVCMF13 (46.4 cM)

Mohammadi et al (2015): malting quality — grain protein content, malt
extract; Pauli et al. (2014): grain protein content.

Abdel-Ghani et al. (submitted):maximum root length, total root length,
shoot length;

Alqudah et al. (2014): pre-anthesis development; Pasam et al (2012):
plant height; Wehner et al. (2015): biomass yield (control & stress) (44-
46.7 cM), osmolality (stress) (46.5 cM), SPAD (stress) (43 —44.2 cM);
Mohammadi et al (2015): malting quality — grain protein content, malt
extract; Mufioz-Amatriain et al (2014) heading date

Dockter et al (2014) HVCPD (44.03 cM); Maurer et al. (2016): Shoot
elongation phase.

SH

49.9

PC 12-26

4.71

Mohammadi et al (2015): malting quality — grain protein content, malt
extract; Wehner et al. (2015): biomass yield (DSI) (51.1 cM); Pauli et al.
(2014): kernel plumpness (51 cM)

SH

74.9

YtoG 46-58

4.78

Alqudah et al. (2014): pre-anthesis development; Wehner et al. (2015):
biomass yield (control) (74.7 cM); Maurer et al. (2016): thousand grain
weight.

SH

98.9-99.9

PW 46-58 (1)

4.33

DB 46-58 (2)

3.69

HVPRR95(97.3cM)

Alqudah et al. (2014) pre-anthesis development;, Sannemann et al.
(2015) flowering time; Wehner et al. (2015): osmolality (stress) (95 cM);
Pauli et al. (2014): kernel plumpness (95 cM); Maurer et al. (2016):
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Shoot elongation phase.

Ingvordsen et al. (2015): HI (113.9 cM); Wehner et al. (2015): biomass

5H 113.5-114.8 k 3.37 yield (control, stress & DSI) (110.1 — 115.3 cM); Maurer et al. (2016):
Shoot elongation phase, flowering, maturity, plant height.
5H 1201 TN27 347 Sann_emann et al. (2015): flowering time; Mohammadi et al (2015):
malting quality — kernel plumpness
Mohammadi et al (2015): malting quality — malt extract. Ingvordsen et
al. (2015): number of ears with grains (144.5 cM); Wehner et al. (2015):
5H 139.1 DBA 3.90 biomass yield (control, stress & DSI) (134.7 - 142 cM), osmolality
(stress) (137.9 cM); Maurer et al. (2016): Shoot elongation phase (136-
137 cM)
5N 1576 53125588 222 Mohammadi et al (2015): malting qu_ality - malt extract; Shu and
' K 3.56 Rasmussen (2014): amylose content in grains (155.56 cM)
DB 46-58 4.33 Alqudah et al. (2014): pre-anthesis development (169.4 cM);
5H 168.9 HvGA200x1 Mohammadi et al (2015): malting quality — a-amylase; Wehner et al.
' k 3.84 (168.9 cM) (2015): biomass yield (DSI) (167.9 cM); Maurer et al. (2016): Shoot
elongation phase.
PW 27-45 9.97
6H 245 PW 46-58 9.97 Pasam et al (2012): starch content; Wehner et al. (2015): biomass yield
' k 3.27 (control) (24.8 cM)
FW 3.85
TN27 3.59 Abdel-Ghani et al. (submitted): shoot dry weight, total seedling biomass;
6H 29.9-30.2 TN45 5.80 Shu and Rasmussen (2014): -glucan content in grains (29.9-30.2 cM)
TN58 5.62 and amylopectin (37.4 cM)
6H 241 Ew iggg ggg Mohammadi et al (2015_): maltin_g quality — grain protein content;
' K 3'73 Wehner et al. (2015): biomass yield (control & DSI) (44.1 cM)
PC 46-58 (1) 4.74 Mohammadi et al (2015): malting quality — grain protein content; Shu
and Rasmussen (2014): B-glucan content in grains.
Alqgudah et al. (2014): pre-anthesis development, Long et al. (2013): leaf
6H 48.9-49.8 PHT 46-58 (5) 4.16 HVCMF3 (49.2 cM) cholophyll; Wehner et al. (2015): biomass yield (control) (50.6 cM),
osmolality (stress) (47.5 —52.2 cM); Visioni et al. (2013) increased cold
tolerance; Maurer et al. (2016): plant height.
PW 27-45 (2) 5.72 HvCO5/HvCryla/ Long et al. (2013): root Na"/K" content; Pasam et al (2012): height,
6H 55.0 TA (2) 4.15 HvCry2/HVPRR1/Hv | TKW; Tondelli et al. (2013): lodging; Mohammadi et al (2015): malting
TN45 (2) 3.53 TOC1 (55 cM) quality — grain protein content.
Alqudah et al. (2014): pre-anthesis development; Mohammadi et al
6H 105.1 DBA 3.19 (2015): malting quality — a-amylase. Ingvordsen et al. (2015): HI (100.4

cM), number of ears with grains (100.8 cM); Wehner et al. (2015):
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biomass yield (control & DSI) (103.8 cM); Maurer et al. (2016):
flowering and thousand grain weight.

PHT 12-26 3.98 Abdel-Ghani et al. (submitted): total seedling biomass, shoot dry weight,
7H 14.0 PW 27-45 5.38 HVWAXY (13.9 cM) shoot length, root dry weight, ART, maximum root length; Alqudah et
TA 4.30 al. (2014): pre-anthesis development;
Sannemann et al. (2015): flowering time , Long et al. (2013): Root Na+;
7H 32.8 YtoG 12-26 4.92 Pauli et al. (2014): plant height (34.2 cM); Maurer et al. (2016): Shoot
elongation phase.
Alqudah et al. (2014) pre-anthesis development; Long et al. (2013): root
length; Mohammadi et al (2015): malting quality — a-amylase; Wehner
7H 42.0 PC 12-26 4.42 HvCO8 (41.9 cM) et al. (2015): biomass yield (control & DSI) (42.5 cM); Shu and
Rasmussen (2014): amylose content in grains; Maurer et al. (2016):
Shooting.
DB 27-45 (2) 5.04 Wehner et al. (2015): biomass yield (control, stress & DSI) (48 —50 cM)
7H 47.7-49.7 DBA (1) 318 Long et al. (2013): tiller number; Mohammadi et al (2015): malting
' quality — malt extract. Ingvordsen et al. (2015): grain yield (54.8 cM);
Alqudah et al. (2014) pre-anthesis development; Long et al. (2013): plant
height, root Ca+; Mohammadi et al (2015): malting quality - kernel
H 615 Y10G 12-26 4.55 plumpness; Pauli et al. (2014); kernel plumpness and grain test weight
(at 64 cM)
YtoG 12-26 (7) 6.81 Alqudah et al. (2014) pre-anthesis development; Mohammadi et al
(2015): malting quality — kernel plumpness, diastatic power; Wehner et
7H 70.5-71.0 al. (2015): biomass yield (control & stress) (70.2 — 73.2 ¢cM); Shu and
Y10G 27-45 (7) 6.81 Ras(mussin (2014): )[g—gluéan content in gr;igs(70.5—71 cM) )and amylase
content (67.6 cM); Pauli et al. (2014); grain protein content (76.7 cM)
DB 27-45 (1) 5.32
DB 46-58 (1) 5.32
PHT 12-26 (1) 4,15
TA (1) 4.21 Abdel-Ghani et al. (submitted): maximum root length, shoot dry weight;
7H 140.7-140.9 DBA (1) 3.63 HvDIM (140.7 cM) Dockter et al. (2014): HDIM (140.7 cM).
k(1) 4.09
FW (1) 4.67
DW (1) 4.59
TN27 (1) 3.62
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3.2 Quantification of the influence of seasonal drought on final yield parameters

A panel of selected 26 genotypes differing for biomass (subset of the association mapping panel)
was screened on HTP platform for biomass development under both control and drought stress
(seasonal drought) with extended imaging period in the recovery phase (as compared to
experiments pertaining to association mapping) and further allowed to attain maturity in a normal
greenhouse after the time on the HTP system, to quantify the effect of the stress treatment on

final yield parameters. The results are presented below.

3.2.1 Phenotypic data

Two experiments were performed (see Supplementary Table 2.1) to quantify the effect of
seasonal drought stress on maturity traits including grain yield hence all the 26 genotypes
received control and stress treatment with 10 plants in each treatment. It was tested how long it is
possible to run the plants on the HTP system before too many mechanical problems, owing to
ripening tillers of especially tall plants preventing movement of the pots over the conveyer belt.
We were able to image the plants until 71 and 69 DAS, in experiment 1 and 2, respectively.

The summary statistics of phenotypic variation (min, max, mean, SD, CV and H?) observed for
all the traits extracted from Image analysis (DB, PHT, PW, PC and YtoG ratio); three modeled
parameters for control treatment (IP, Knax, & IGR obtained from logistic modeling of DB growth
curve) and three modeled parameters for stress treatment (TA, DBA & k obtained from bell-
shaped modeling during stress phase and linear growth during recovery phase), and manually
measured and maturity traits (tiller number at 27 DAS (TN27), tiller number at maturity (final
TN), final plant height (final PH), final biomass, straw biomass, grain yield & HI) are presented
in Table 3.2.2.1. Though the traits obtained from image analysis have trait values for each day,
descriptives for only few selected days viz., 27 DAS (start of stress), 47 DAS (1* day after end of
stress), 69 DAS (last day of the experiment) are presented. As shown in the Table 3.2.2.1, in
control treatment the CV ranged from 0.03 (IP) to 0.31 (straw biomass) while in stress treatment
it ranged from 0.03 (TA) to 0.38 (k). In the Table 3.2.2.1, the values for plant height as measured
from the images (PHT) at 69 DAS is greater than the final plant height (final PH) measured at
maturity because in the images the highest greenest pixel is considered which includes awns
while at maturity the plant height is manually measured by excluding the awns.
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Compared to the experiments pertaining to association mapping, these experiments had increased
number of replications (10 replications) and extended period (further from 58 DAS + 11 more
days = 69 DAS) of phenotyping on the HTP platform. Many traits, including DB, showed
comparable heritability values, suggesting that 5 replications suffice to achieve high heritability
values. All traits measured at maturity showed H*>0.5, indicating, once more, the repeatability in
such standardized experiments. The seasonal drought treatment did influence the final parameters
measured at maturity. In terms of percent reduction in the trait value, grain yield was the most
affected, while plant height was least affected. Only final tiller number showed an increase in
percent change (Fig. 3.2.3.1 and Fig. 3.2.3.2). Also, biomass development in stress treatment, in
comparison with control treatment, was affected. The trend of biomass development between the
two treatments is presented in the Supp. Fig. 3.18

3.2.2 Correlations and associations among traits.

The last common day for which DB could be estimated for both the experiments was 69 DAS
(DB69). Hence, correlations among DB69, maturity traits (final TN, final PH, final biomass,
straw biomass, grain yield, HI) and modeled parameters (control — IP, Kmax, IGR; stress — TA,
DBA, k) were estimated based on the BLUES computed across both the experiments (Fig.
3.2.2.1).

Correlations in control treatment:

Both, DB69 and K., sShowed strong positive correlation to final biomass, straw biomass and to
a lower extent to grain yield, underlining the importance of vegetative biomass development for
the final grain yield (Fig. 3.2.2.1 (a)). Plant height at maturity is only little correlated with
vegetative or final biomass and even slightly negatively with harvest index. The time of
maximum vegetative growth (IP) was strongly correlated with DB69, moderately with final
biomass and straw biomass and showed no correlation with grain yield. IP was negatively
correlated with HI. Further, also DB69, K. IGR, final biomass, straw biomass and final plant
height were negatively correlated with HI. Final tiller number was only weakly correlated with

late vegetative and final biomass and only minimally higher with grain yield (Fig. 3.2.2.1 (a)).
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Correlations in stress treatment:

In stress treatment, the relationships between DB69, final biomass, straw biomass, grain yield,
plant height, final TN and HI did not change substantially as compared to well-watered treatment
(Fig. 3.2.2.1 (b)). Correlation with grain yield increased in magnitude for DB69, final biomass
and straw biomass. Interestingly, time A was correlated negatively with all other traits and may
serve as a negative selection factor. Nevertheless, biomass at time A (DBA) was positively
correlated with most traits except HI and TA. The same is true for the re-growth rate k (Fig.
3.2.2.1 (b)).
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Table 3.2.2.1 Summary statistics for traits in control and stress treatment. Minimum (Min), maximum (Max)
mean, heritability (H?), standard deviation (SD) and coefficient of variation (CV) of traits for both the treatments
(control and stress) separately, using BLUES across the two experiments. DB and DBA in 10° Voxel, PHT &
Final PH (cm), PW (cm), YtoG ratio (ratio), PC (unitless), TA (DAS), k (px®/day), IP (DAS) TN & Final TN
(number), final biomass (g), straw biomass (g) and grain yield (g).

Control Stress

Trait Min Max | Mean SD CV | H? Min Max | Mean SD CV | H?
DB 27 871 | 2734 | 1948 | 425 | 022|077 | 891 | 2552 | 1935 | 421 | 022|073
DB 47 120.66 | 328.46 | 249.69 | 63.26 | 0.25 | 0.78 | 58.60 | 127.96 | 102.22 | 18.16 | 0.18 | 0.80
DB 69 218.54 | 749.12 | 558.86 | 145.74 | 0.26 | 0.75 | 120.35 | 550.83 | 363.86 | 120.84 | 0.33 | 0.92
PHT 27 3981 | 5154 | 4524 | 332 | 007 | 063 | 39.17 | 5212 | 4496 | 3.12 | 0.07 | 0.59
PHT 47 67.93 | 110.70 | 8829 | 926 | 0.10 | 0.75 | 58.14 | 90.33 | 72,70 | 815 | 0.11 | 0.81
PHT 69 89.68 | 143.99 | 113.90 | 1360 | 0.12 | 0.69 | 76.12 | 122.75 | 97.33 | 12.01 | 0.12 | 0.86
PW 27 1958 | 46.37 | 3885 | 537 | 0.14 | 085 | 2069 | 4504 | 3841 | 477 | 0.2 | 0.90
PW 47 4270 | 6789 | 5517 | 6.18 | 011 | 0.62 | 37.91 | 5430 | 47.75 | 3.93 | 0.08 | 0.77
PW 69 50.50 | 76.66 | 6182 | 6.86 | 0.11 | 0.73 | 39.36 | 71.68 | 57.95 | 7.80 | 0.13 | 0.84
PC 27 720 | 1559 | 1264 | 208 | 016 | 092 | 7.39 | 1540 | 1258 | 1.96 | 0.16 | 0.93
PC 47 17.69 | 3960 | 3221 | 542 | 017 | 064 | 1562 | 3258 | 2499 | 3.62 | 0.14 | 0.84
PC 69 2841 | 9021 | 59.27 | 1479 | 0.25 | 0.49 | 2748 | 66.74 | 4516 | 9.06 | 0.20 | 0.91
YtoG ratio 27 0.61 1.09 0.81 010 | 0.12 | 0.74 | 0.64 1.14 0.82 011 | 0.14 | 0.82
YtoG ratio 47 0.44 0.85 0.63 009 | 014|038 | 053 0.98 0.77 011 | 0.4 | 0.75
YtoG ratio 69 0.83 1.96 1.25 036 | 029 | 0.70 | 0.64 1.64 1.09 0.25 | 0.23 | 0.69
IP 4535 | 51.01 | 47.92 | 142 | 003|075 - - - - - -

Kmax 346 | 1081 | 833 201 | 024|075 - - - - - -

IGR 0.14 0.18 0.17 0.01 | 0.05 | 0.33 - - - - - -

TA - - - - - - 39.82 | 4444 | 4145 | 1.23 | 0.03 | 0.80
DBA - - - - - - 97.97 | 17047 | 135.97 | 16.34 | 0.12 | 0.76
Kk - - - - - - 4270 | 264.17 | 173.22 | 6548 | 0.38 | 0.91
TN27 2.94 7.60 5.84 1.01 | 017 | 0.74 | 3.15 6.95 5.83 0.84 | 0.14 | 0.64
Final TN 10.22 | 24.02 | 2004 | 327 | 0.16 | 069 | 1065 | 3396 | 2390 | 472 | 0.20 | 0.59
Final PH 7050 | 124.05 | 100.58 | 14.63 | 0.15 | 0.91 | 67.60 | 110.88 | 90.89 | 12.15 | 0.13 | 0.92
Final biomass 3053 | 7460 | 51.89 | 11.66 | 0.22 | 0.61 | 22.54 | 64.03 | 4065 | 9.93 | 0.24 | 0.56
Straw biomass 17.45 | 6335 | 3365 | 1050 | 0.31 | 0.53 | 14.43 | 4682 | 2752 | 7.69 | 0.28 | 0.55
Grain yield 12.82 | 2367 | 1839 | 279 | 015 | 050 | 810 | 1892 | 1315 | 3.05 | 0.23 | 0.57
HI 0.29 0.49 0.39 0.06 | 0.15 | 083 | 025 0.44 0.34 0.05 | 0.16 | 0.74
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Correlations Correlations

1 DB_69.S
2 Biomass_S

3 Straw_biomass_S
4 PHS

5 TN_final_S

1 DB69_C 3
2 Biomass_C

3 Straw_Biomass_C
4 PHC

5 TN_Final_C

6 Grain_yield_S
7 HLS

8 TA

9 DBA

10 k

6 Grain_yield_C
7 HLC

8 IP

9 k_max

10 IGR
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Fig. 3.2.2.1 Correlations among maturity traits in (a) control and (b) stress treatment.

Estimated digital biomass at 69 DAS (DB69), biomass at maturity (final biomass), straw biomass at maturity
(straw biomass), plant height at maturity (final PH), tiller number at maturity (final TN), Grain yield, Harvest
Index (HI), maximum final biomass (Knax), Inflection Point (IP), Intrinsic growth rate (IGR), Time A (TA),
estimated biomass at Time A (DBA) and re-growth rate (K).

Correlations between the treatments — Final maturity traits

Coefficient of determination (R? linear) for each trait at maturity between the treatments were
computed and plotted (Supplementary fig. 3.19). The six maturity traits in the order of being
least affected to most affected by seasonal drought stress were: 0.94 (final plant height), 0.79
(final biomass), 0.71 (grain yield), 0.69 (straw biomass), 0.64 (harvest index) and 0.63 (final tiller

number).
Overtime-correlations

Overtime-correlation coefficient (R) between DB and manually measured traits at maturity &
modeled traits during the vegetative development were estimated. The R values were plotted
against DAS to visualize the trend starting from 13 DAS until 69 DAS. In both treatments final

biomass, straw biomass and grain yield were positively correlated to DB, whereas, HI was
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initially positively correlated but R-values continuously decreased and turned into negative
magnitudes after 35 DAS (Fig. 3.2.2.2). All correlations were significant.

The correlations observed in control treatment demonstrate that the estimation of the final
biomass and straw biomass benefited from the extended imaging period as correlations were still
increasing. The correlation coefficients for final biomass, straw biomass and HI with DB did not
plateau until 69 DAS, when they reached 0.82, 0.78 and -0.67 respectively. On the other hand,
for the most important trait, grain yield, this was not the case. Correlations of DB58 and DB69 to
grain yield were very similar (0.52 & 0.46 respectively). While early biomass is little correlated
with grain yield, a correlation plateau around R=0.5 was establishing from DAS 40 on, about
eight days before the average IP. As DAS 40 is within the later drought stress period it was
expected that this correlation pattern may be stronger altered in the stress treatment. But in fact
also here a similar plateau was reached around DAS 40, only afterwards R values dropped in the
late drought phase. But immediately after re-watering the R-values re-established and remained
around 0.6 until DAS 69.

In general, in stress treatment the correlations look similar to the control treatment in the pre-
stress phase, early-stress phase and recovery phase. During the late-stress phase the correlations
dropped and tend towards zero. Once the plants enter the recovery/re-growth phase the
correlations start increasing and in late post-stress phase the correlations match with that of the

control treatment, being slightly higher.

In contrast to control, in the stress treatment all the four traits viz., final biomass, straw biomass,
grain yield and HI reached a plateau in correlation to DB before 69 DAS. For biomass and straw
biomass the correlations with DB57 (0.87 and 0.91 respectively) were comparable with DB69
(0.89 and 0.91 respectively). As mentioned already, for grain yield the correlation to DB40 (0.57)
was similar to that of DB69 (0.58). In opposite to control, for HI the correlation reached a plateau
by 55 DAS (-0.58).

Overtime-correlations between DB and TN27, final TN and PH in control and stress treatments
are illustrated the Fig. 3.2.2.3 (a) & (b) respectively.
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Fig. 3.2.2.2 Time course of correlation coefficient of DB with maturity traits (Biomass, straw biomass,
grain yield and HI) from 13 DAS until 69 DAS; (a) Control treatment, (b) Stress treatment.

In control treatment, all the three traits showed varying degrees of positive correlations with DB
over time, though for the first three days final TN was negatively correlated. Among the three
traits, at the end of imaging, final plant height at maturity (PH) showed highest correlation to
DB69 (0.55), followed by TN27 (0.45) and final TN (0.25). Earliest high correlation of TN27 to
DB was with DB36 (0.80), final TN to DB was with DB41 (0.38) and for PH was with DB49
(0.57).

As seen already for the other traits, in stress treatment the overall trend of correlations were
similar to that of control treatment except in late-stress phase, where the correlations started
dropping down and even went from positive to negative for TN27 and PH the correlations. Once
the plants entered recovery phase, the correlations increased. At the end, among the three traits,
again PH showed strongest correlation to DB69 (0.59) followed by TN27 (0.55) and final TN
(0.16).

Earliest high correlation of TN27 to DB was with DB36 (0.67), final TN to DB was with DB38
(0.34) and for PH was with DB49 (0.57) and therefore very similar to the results from control
treatment.
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Fig. 3.2.2.3 Time course of correlation coefficient of DB with Tiller number at 27 DAS (TN27), final
tiller number (TN_Final) and final plant height (PH), from 13 DAS until 69 DAS. (a) Control
treatment, (b) Stress treatment.

As shown in the Fig. 3.2.2.4 (a) modeled traits of control treatment showed low to very low
correlations to early DB but over time the R values increased. Correlation values for K. and
IGR reached plateau by 50 DAS (with R values of 0.95 & 0.72 respectively) and were 0.97 &
0.78 respectively on 69 DAS. Unlike Kmax, IP and IGR were negatively correlated with early DB
but at later stages the correlations were positive

IP was moderately negatively correlated (R -0.62 to -0.51) with early DB (between 14 DAS to 33
DAS) and was moderately positively correlated (0.50) until the last day (69 DAS) of the
experiments. Unlike Knax, and IGR, correlation values of IP for DB did not attain plateau.

Also correlation of DB over time to the traits obtained from the growth models of DB
development were tested and visualized. As shown in the Fig. 3.2.2.4 (b), correlations of 2 the
modeled traits of stress treatment, viz., DBA and k to early DB were very weak. Later on the
correlations increased until the late-stress phase and dropping thereof until the last day of stress.
In the recovery phase the correlation of k re-gained the increment but also soon reached the
plateau by 52 DAS (R >0.97) with R=0.98 on the last day of the experiment (69 DAS). On the
contrary, correlation of DBA with DB in recovery phase decreased continuously and attained R =
0.66 on 69 DAS.
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Fig. 3.2.2.4 Time course of correlation coefficient of DB with modeled traits, from 13 DAS until 69
DAS. (a) Control treatment with IP, K.« & IGR, (b) Stress treatment with TA, DBA & k.

Interestingly, TA was always negatively correlated to DB except for last few days of late stress
phase (44, 45 & 46 DAS) where it was very weakly positively correlated. It was strongly
negatively correlated to DB between 17 DAS to 39 DAS (R values ranging from -0.75 to -0.90).
In the recovery phase TA showed a weak correlation (R values ranging from -0.38 to -0.23) to
DB reflecting that the time taken by plants to reach wilting stage is more dependent on early
biomass.

Correlations of modeled traits namely Inflection point (IP, control treatment) and Time A (TA,
stress treatment) with final maturity traits of their respective treatments were computed (Table
3.2.2.2). IP was significantly associated with biomass (-0.434) and straw biomass (0.446) and
highly significantly associated with harvest index (-0.551). Whereas, TA was significantly
associated with biomass (-0.435) and grain yield (-0.478). TA didn’t show correlation with final
biomass but showed significant correlation with % reduction in final biomass (-0.435, not shown
in the table).
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Table 3.2.2.2 Correlations of IP (inflection point) and TA (Time A) with final maturity traits. HI (harvest
index), Final PH (final plant height)

Trait Biomass | Straw biomass | Grainyield | HI Final PH | Final TN
IP (Control) -0.434* | 0.446* n.s. -0.551** | n.s. n.s.
Time A (Stress) | n.s. n.s. -0.478* n.s. n.s. n.s.

*, ** = Correlation is significant at the 0.05 & 0.01 level (2-tailed) respectively.

n.s. = not significant.

3.2.3 Effect of drought stress on yield traits.

Descriptive statistics of the effect of seasonal drought stress on maturity and yield related traits
based on 26 spring barley accesions was presented in Table 3.2.2.1. Seasonal drought stress
affected all the maturity traits negatively except final TN.

Biomass:

As a result of drought stress, all the accessions showed a reduction in the final biomass yield
(Fig. 3.2.3.1 a). Highest biomass reduction was observed in the landrace BCC192 (WANA-SYR,
37.9% reduction) while the landrace BCC1480 was least affected (EU-RUS, 2.8% reduction).

Straw biomass:

Here, not all accessions were affected negatively (Fig. 3.2.3.1 b). Straw biomass was strongly
affected by drought stress in the cultivar BCC1394 (EU-NLD, 41.6% reduction) while cultivar
BCC1367 was least affected (EU-DEU, 0.8% reduction). However, the Turkish landrace

HORB8050 showed even a slight increase in straw biomass (1% increase).
Grain yield:

Grain yield was the most affected trait. It showed reduction in all accessions (Fig. 3.2.3.1 c).
Highest reduction of 45.8% was recorded in the landrace HOR8113 (WANA-TUR) while the
lowest reduction of 11.7% was recorded in the cultivar BCC1394 (EU-NLD). That was
interesting as this cultivar was the one with the highest reduction in straw biomass indicating a
potential better transfer of assimilates to the developing grains instead of using it to recover green

biomass.
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Harvest Index:

For harvest index, except three accessions (BCC1394, Barke and BCC192 from EU-NLD, EU-
DEU and WANA-SYR respectively), all other accessions showed a decrease in HI as a response
to stress treatment (Fig. 3.2.3.1 d). Among the three accessions which showed increase in HI in
spite of drought stress, BCC1394 recorded increase of HI by 14.6%, cultivar Barke by 5.2% and
landrace BCC192 by 0.1%. Highest reduction of 28.8% was recorded for the cultivar Golden
Promise (BCC1382, EU-GBR) and lowest reduction of 3.7% was seen in cultivar BCC1405 (EU-
GBR).

Final tiller number:

For the trait final tiller number, unlike other traits, seasonal drought stress increased the trait
value in all the accessions (Fig. 3.2.3.2 a). The highest increase was noticed in the cultivar
BCC869 (from AM-MEX, 82% increase) while least increase was seen in the cultivar BCC1394
(from EU-NLD, 2.3% increase).

Final plant height:

In comparison with other traits, final plant height was least affected (Fig. 3.2.3.2 b). Highest
influence was observed for the cultivar BCC847 (AM-USA) with 16.3% reduction in final height
while Golden Promise (BCC1382, EU-GBR) was least affected with a reduction of height by
4.1%.
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Fig. 3.2.3.1 Effect of seasonal drought stress on final maturity traits: final biomass, straw biomass, grain yield and harvest index.

Trait values for control & stress treatments and effect of stress treatment depicted as percent change for (a) final biomass, (b) straw biomass (c) grain

yield, (d) harvest index.
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(a) Effect of drought stress on Final Tiller Number (b) Effect of drought stress on Final Plant Height
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Fig. 3.2.3.2 Effect of seasonal drought stress on final maturity traits: final tiller number and final plant height.

Trait values for control & stress treatments and effect of stress treatment depicted as percent change for (a) final tiller number and (b) final plant
height.
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4 Discussion

In the present study a panel of 100 diverse two-rowed spring barleys was investigated for
biomass accumulation under seasonal drought stress in greenhouse conditions using non-
destructive imaging technology. The same panel was evaluated for biomass accumulation under
well-watered conditions (Neumann et al. submitted). The panel was genotyped with 9k iSelect
genotyping platform which generated high quality bi-allelic SNP data. Imaging-based
phenotyping on a daily basis, enabled the detailed investigation of drought tolerance and recovery
after drought within one experimental setup. The obtained high heritabilties of HT traits,
throughout the whole time period, opened the avenue to perform GWAS for each day and to
evaluate the time dynamics of the underlying genetics. A series of different loci were identified in
stress and non-stress phases, shedding light into the genetic architecture of biomass development
under stress conditions. These results, will form the basis to identify and clone interesting genes
related to biomass development. In addition, marker information can be deployed in barley

breeding programs to improve performance under seasonal drought stress.

4.1 Phenotypic observations

The phenotyping platform used in this investigation was previously deployed and demonstrated
to be useful for plant biomass estimation under well-watered and drought stress conditions in
barley and the established phenotyping protocol resulted in high heritabilities, despite a strong
seasonal influence on biomass accumulation as observed (Chen et al. 2014b; Honsdorf et al.
2014; Neumann et al. 2015). For further optimization, to minimize the seasonal influence on
biomass accumulation, the setup was modified in this study by increasing the artificial light
supply per day to 15h instead of 13h applied by Neumann et al. (2015) and further by defining a
minimal drought watering level corresponding to 20% FC. As compared to Neumann et al.
(submitted), because of optimization biomass accumulation in this study among the three
experiments was very similar, especially during stress phase and recovery phase albeit
experiments were executed at different seasons of the year and no complete control over the
natural light from outer environment. Therefore, the increase of the light period to 15h was
sufficient to diminish this influence. In the present investigation, the coefficient of determination

(R?) between estimated DB58 to FW (harvested on the morning hours of 59 DAS) across all the
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experiments was 0.77 (Fig. 3.1.1.1) and therefore DB was used as a quantitative estimator for
plant fresh weight. This high correlation is in line with other studies conducted on such systems
(Campbell et al. 2015b; Chen et al. 2014b; Hairmansis et al. 2014; Honsdorf et al. 2014;
Rajendran et al. 2009). All the traits extracted from images and modeled parameters exhibited a
wide variability showing a normal to near normal distribution and resulted in medium to high
heritability (Table 3.1.1.1, Fig. 3.1.1.5, and Fig. 3.1.1.8), the pre-requisite for conducting
GWAS studies. In the earlier study with 13h artificial light, the high seasonal influence on
biomass development prevented the analysis of heritability for time A (Neumann et al. 2015) but
our adjusted setup revealed a high heritability under standardized conditions. Notably, during the
late stress phase a higher proportion of error variance and lower genetic variance was observed
for all HTP traits (Fig. 3.1.1.6). Heritability under stress is often reported to be lower than in non-
stress conditions (Fukai and Cooper 1995; Kumar et al. 2007; Rosielle and Hamblin 1981).
Heritability of DB on 46 DAS (1% day of recovery phase) in the present stress experiments was
lower than that in the well-watered experiments (Neumann et al. submitted). However, for all

traits and time points, heritability was still sufficient to perform GWAS (H*>0.5).

Correlations among biomass across different DAS revealed that, under seasonal drought stress
condition, early biomass is only weakly correlated to biomass at later stages, suggesting that the
former has no greater influence on the latter and may be regulated by different genetic loci.
Biomass in the late-stress phase showed no or very weak correlation to early biomass (in pre-
stress phase and in the beginning of the stress phase) and a medium correlation to late biomass in
the recovery phase. Late biomass had high correlation to biomass directly after stress and a good
correlation to biomass in early-stress phase indicating that the amount of biomass at early-stress
phase (before the plants started wilting) has a strong influence on the amount of biomass
accumulated in recovery phase (Fig. 3.1.1.4). The probable explanation for this could be that
there is no further biomass accumulation in the late-stress phase as the plants are wilted and
deprived of sufficient water. When the plants enter recovery phase the amount of biomass which
was accumulated before the plants wilted, acts as the starting point for further biomass
accumulation. This is also supported by the higher correlation of DBA with DB46 (Table
3.1.1.2). Hence the biomass at early-stress phase can be, to certain extent, used as an estimator of
biomass in recovery phase. The trait “time A” (‘wilting time’) exhibited a high negative
correlation (-0.80, Table 3.1.1.2) with biomass at drought stress initiation indicating that higher
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the biomass at start of the stress, the earlier the plant will start wilting. Further, it showed also
minor negative correlations to biomass during the recovery phase, while the re-growth rate (k)
showed very high correlation (Table 3.1.1.2) to biomass at experiment end. These results show
that the recovery ability is much more important for biomass accumulation after a drought event
compared to how early or late the plant stops growing. Therefore time A may be only of
relevance for longer lasting drought events where bigger plants risk death, and so this trait is
more related with tolerance in terms of survival than with “agronomical” tolerance. The
advantage of staying small in severe drought conditions is known (Paul et al. 2016; Yamada

1958), but may not be of importance for German spring drought conditions.

4.2  Genetic diversity and population structure.

A panel of genotypes which is high in phenotypic and molecular diversity, coupled with
availability of densely mapped marker coverage, is ideal and for reliable GWAS results.
Regarding two-rowed barley and six-rowed barley, the former has been reported to be
comparatively more diverse than the latter (Hamblin et al. 2010; Zhang et al. 2009). The two-
rowed spring barley panel investigated in the present study has an average SNP marker density of
4.2 SNP markers per cM with ~65% of the marker having PIC value above 0.3 and ~99% of the

markers having MAF >0.1, reflecting the high polymorphism levels in the panel.

Presence of population structure is a common feature in most of the domesticated and cultivated
crop plant species. It is moderated by selection, genetic bottlenecks, genetic drift and migration
events. During the course of domestication and later with plant breeding activities, many crops
have undergone severe bottlenecks. Presence of population structure in the panel of genotypes
used for GWAS acts as a source of false positives (Rafalski 2010). In cultivated barley, the major
factors contributing to population structure/stratification are the inflorescence type — tow-rowed
vs. six-rowed and growth habit — spring vs. winter (Malysheva-Otto et al. 2006; Pasam et al.
2012; Rostoks et al. 2006; Sharma 2013). In this study, since only a two-rowed diverse spring
barley collection, originating mainly from one geographic region (Europe) was used, major
factors of population structure were therefore avoided. This is exemplified by the first two PCs
which accounted for only 15.8% of the variation. Similar observations are reported by Beattie et
al. (2010) in a set 91 two-rowed spring barley collection and Kraakman et al. (2004) in a set of

146 modern European two-row spring barley.
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4.3 Linkage disequilibrium

LD is defined as a nonrandom association of alleles at distinct loci located on a same
chromosome (Mackay and Powell 2007). It is one of the important parameters in association
genetics as its value determines number of markers required and the mapping resolution
achievable. Extent of LD varies across species and within species across different populations
(Abdurakhmonov and Abdukarimov 2008; Flint-Garcia et al. 2003; Gupta et al. 2005). Typically,
r? values of 0.1 or 0.2 are often considered as the minimum threshold to describe the LD decay
(Whitt and Buckler 2003; Zhu et al. 2008). In the present study the intra-chromosomal LD decay
across the whole genome was ~8 cM at the threshold of r? = 0.084 (95" percentile of unlinked
markers). This is in agreement with Pasam et al. (2012) where a set of 224 accessions was
investigated (including the panel of this study). Similar extent of LD decay (varying from 5 to 10
cM) has been reported in barley in several publications (Berger et al. 2013; Houston et al. 2015;
Kraakman et al. 2004; Lex et al. 2014; Malysheva-Otto et al. 2006; Rostoks et al. 2006; Tamang
et al. 2015). The minor differences of LD decay across these studies could be due to the use of
different populations/gene pools and marker type and density. Pasam (2012) compared the effects
of marker density on QTL detection in the full set of accessions and reported that increasing the
marker density 918 SNPs (BOPS, 0.85 SNP/cM) to 6467 SNPs (9k iSelect, 6 SNPs/cM) (from
BOPA marker system to 9k iSelect) resulted in detection of more QTL with higher significance.
Based on the previous reports, marker coverage in the present population (4.2 SNP markers per
cM) and LD decay (~8 cM) across the whole genome in the present study seem to well suffice
QTL detection.

4.4 Genome-wide association studies

In association genetics, the population size is one of the factors that are important for reliable
results, because it influences the power and precision of QTL detection (Flint-Garcia et al. 2005;
Wang et al. 2012). Generally, in most of the GWAS studies the number of accessions
investigated is between 100 and 500 (Ogura and Busch 2015; Rafalski 2010). In this study we
used 99 diverse accessions with dense SNP marker data for GWAS. The number of accessions is
on lower side, but there have been many studies with number of genotypes in similar range, yet
sufficed the identification of meaningful QTLs in barley (Abou-Elwafa 2016a; Beattie et al.
2010; Cai et al. 2016; Gawenda et al. 2015; Ingvordsen et al. 2015; Lex et al. 2014; Mitterbauer
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et al. 2015; Neumann et al. submitted; Turuspekov et al. 2016), wheat (Arif et al. 2012; Bellucci
et al. 2015; Edae et al. 2013; Liu et al. 2015b; Navakode et al. 2014; Neumann et al. 2011b;
Tadesse et al. 2015; Zhang et al. 2014), rice (Agrama et al. 2007; Emon et al. 2015; Liu et al.
2015a; Rebolledo et al. 2015) and Arabidopsis (Atwell et al. 2010; Chan et al. 2010; Gifford et
al. 2013; Morrison and Linder 2014; Motte et al. 2014; Sajjad et al. 2014; Yano et al. 2013; Zhao
et al. 2007). Nevertheless, in a small population, the QTL must have a large effect and must be in
high LD with tested markers in order to be effectively detected. In the present study, we used a
subset (100, two-rowed accessions) of a larger set (224 accessions), owing to two reasons (i)
limitation of the carrying capacity of phenotyping platform (ii) larger set had more (127) two-
rowed barley accessions as compared to (only 97) six-rowed, hence there was flexibility in
selection of genetypes in tow-rowed set. Since no strong population structure was observed, a
MLM model with kinship (RD kinship matrix) was used (as a control over population
relatedness) to perform GWAS. In many of the recent reports of association studies, kinship
matrix was used in controlling population structure and was reported to be superior in
comparison to other models (Kang et al. 2008; Pasam et al. 2012; Sharma 2013; Stich and
Melchinger 2009; Stich et al. 2008; Yu et al. 2006).

In an earlier study, the same set of genotypes and SNP data was evaluated for biomass
development under well-watered conditions in three consecutive experiments (Neumann et al.
submitted). This study serves as a reference to compare the here identified genetic loci for
biomass under seasonal drought stress conditions with non-stress condition to determine what are
stress specific loci. Further the results are put into context with other studies using an extended
set of genotypes and / or deployed barley 9k-iSelect SNP marker platform. This is mainly
because of two reasons: (a) iSelect is the most dense marker system presently available to barley

research community and (b) it becomes possible to compare the results across different studies.

Digital biomass

Biomass development/accumulation being a dynamic trait, scoring it on a daily-basis in a non-
intrusive way, on the same plant over different/regular time-points, provides an opportunity to
analyze the temporal dynamics of marker-trait associations. A total of 26 markers representing 13
QTLs were identified for biomass development during the experimental period. No significant

QTLs were detected for early biomass in the pre-stress phase although in the three experiments of
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the well-watered treatment three loci were detected (Neumann et al. submitted). Two of these
QTLs (3H-105.9 cM & 4H-43.6 cM) didn’t even show a tendency for significance in the present
study, while for one QTL (7H 14 cM) the—log10(p) values detected here were similar to that of
the well-watered treatment but failed to pass the FDR criteria in this study. The experimental
times in the current study (March-September) differed from those conducted earlier for well-
watered conditions (May-November) and it was shown in both studies that early biomass is
slightly less heritable and has a higher amount of unexplained variance. Therefore, the previously
detected early biomass loci on 3H and 4H may not have been detected due to genotype x year
interaction as compared to the 7H locus. The data of both treatments should be combined until
the start of stress to investigate again early biomass across six experiments over two years to

obtain more robust early biomass loci.

The QTLs for biomass in the stress-phase were different from the QTLs in the re-growth phase,
except for one located on 7HL (~140.9 cM). Similar results/observations regarding phase-specific
QTLs are reported in barley (Neumann et al. submitted), rice (Campbell et al. 2015b) and maize
(Busemeyer et al. 2013) where the biomass development was genetically dissected using HTP
platforms in the greenhouse (barley & rice) and field (maize). In the present investigation, many
of the biomass QTLs co-localized with previously reported genes/loci known to control flowering
time, suggesting the influence of flowering time on biomass of the plant. Similar observations are

also reported by Neumann et al. (submitted).

QTLs for stress-phase
A total of 7 QTLs were identified for biomass in stress-phase (27-45 DAS).

The QTL on 1HL (119 cM) has been reported to be associated with the duration of awn-
primordium-tipping (AP-TIP) and biomass yield under well-watered conditions in different
studies (Table 3.1.4.1) but not in the present collection under well-watered conditions (Neumann
et al. submitted). Nevertheless, the locus had a tendency of significance on the level —log(p) ~2.
Alqudah et al. (2014) dissected the photoperiod response of the full spring barley collection into
different sub phases. There, a close by SNP (119.1 cM) for the phase ‘awn-primordia to tipping’
(AP-TIP) coincides with DB during stress-phase in the present study, indicating that the AP—TIP
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phase duration is connected with biomass development and that this may be more pronounced

under water-limiting conditions.

Two QTLs on 2HS (40.8 cM & 50 cM) overlapped with the genomic region harboring flowering
time genes HvCO18 and HvFT4 respectively (Algudah et al. 2014), indicating the influence of

flowering time on biomass development.

The QTL on 3HS (46 cM) with the third highest significance during the late stress phase (-log(p)
= 5.0) overlapped with the known flowering time gene HvGI (Dunford et al. 2005) which is, in
addition to flowering, reported to have pleiotropic effect on other traits like plant height, grain
yield, harvest index etc. (Wang et al. 2010). This region also harbors another potential candidate
gene, EiBil, responsible for cuticle formation and hence providing protection to plants from
evapotranspiration (Chen et al. 2011; Nevo 2014). Variation in the promoter sequence of this
gene was responsible for the variation in trait expression making the plants more tolerant to
drought stress conditions (Ma et al. 2012).

The QTL on 3HL (88 cM) coincides with the previously reported QTL for quality traits
(Mohammadi et al. 2015), physiological and agronomic traits including biomass (Wehner et al.
2015)

Interestingly, the QTL with the second highest significance (-log(p)=5.04) on 7HS (48.3 cM) was
not identified under well-watered conditions (not even showed a tendency of significance) but
has been reported by Wehner et al. (2015) too for biomass yield under control, drought stress and
for drought susceptibility index parameter, in a winter barley collection. Thus, indicating that this

QTL could be of interest for further investigation.

The most significant QTL (-log(p)=5.32) located on 7HL (~140.9 cM) has been reported by
Neumann et al. (submitted) to be highly associated with medium (coinciding with stress phase) to
late biomass development and FW under well-watered conditions. This indicates that the locus is
persistently associated with the trait in drought-stress as well as non-stress conditions. Dockter et
al. (2014) reported this region to be harboring a gene DIMINITU (HvDIM) involved in
brassinosteroid biosynthesis. Mutations in this gene results in deficiency or reduced levels of
castasterone, suggested end product of brassinosteroid biosynthesis pathway in cereal grasses

(Kim et al. 2008), which generally results in reduced plant stature and sturdiness.
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QTLs for re-growth phase
A total of 7 QTLs were identified for DB in the re-growth phase (DB46-58).

Most interesting QTLs were located on 2HS, representing 2 QTLs (18.9-19.9 cM and 24.5-27.7
cM). The region spanning 18.9-19.9 c¢M is known to harbor one of the major flowering time
genes Ppd-H1 (at 19.9 cM) and two SNPs in this region (18.9-19.9 cM) were yielding the most
significant associations during the re-growth period (-log(p)=5.43). This region has been reported
to be associated with many agronomic traits including biomass and flowering time (Alqudah et
al. 2014; Maurer et al. 2015; Munoz-Amatriain et al. 2014; Wehner et al. 2015). The SNP
markers coming directly from Ppd-H1 were also associated with the trait but with a lower level
of significance (-log(p)=4.57) as compared to the SNPs located at 18.9 cM. Since this is a short
distance (1 ¢cM) and because of LD in this region (average r* between 18 to 20 cM = 0.39) or
other genes could be present in this region apart from Ppd-H1 which are involved in biomass
development in the re-growth/later developmental phase. Association of Ppd-H1 with DB was
observed [-log(p) values >3] also for biomass development under well-watered conditions
(Neumann et al. submitted) although with lower significance (max —log(p)=3.51) and not passing
the FDR. Obviously, the role of Ppd-H1 has increased under seasonal drought conditions.
Sharma (2013) studied heading date in winter and spring barley gene pool and found association
of Ppd-H1 only in winter gene pool. While, Stracke et al. (2009) reported this gene as explaining
a major component of variation for flowering time in a spring barley panel (an extended panel of
the set used in the present study). These differences in results, in terms of identifying the
associations, may be due to the fixation of alleles at the locus under question in one panel
(Sharma 2013) in comparison with the other (Stracke et al. 2009).

The QTL on 3HL at 98.7 cM co-localized with the region of where the gene HYCMF1 is located.
This is in agreement with (Neumann et al. submitted) where late biomass QTL was mapped
under well-watered conditions. Under stress conditions the QTL was significant in the recovery
phase but compared to control conditions it was less significant. This gene is one of the CCT-

domain containing genes involved in regulation of flowering time.

Three QTLs on 5HL (99.9, 157.6 and 168.9 cM) were associated with DB. The QTL at 99.9 cM
overlaps with the genomic region harboring the flowering time gene HYPRR95 belonging to the

gene family containing CCT domain. The QTL at 168.9 cM co-localizes with the position of the
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gene HvGA200x1 (GA200x - Gibberellin 20 oxidase), which is involved in gibberellin
biosynthesis and has been reported to have role in barley seed germination (Bahin et al. 2011,
Hoang et al. 2013a; Hoang et al. 2013b). GA200x is a key enzyme that normally catalyzes the
penultimate (last-but-one) steps in GA biosynthesis. In wheat, TaGA200x1 a supposedly ortholog
of HVGA200x1, is expressed mainly in the nodes and ears of the elongating stem and also in
developing and germinating embryos (Appleford et al. 2006). While in rice OsGA200x1, the
ortholog of HYGA200x1, has been reported to have a role in seedling vigor (Abe et al. 2012) and
plant stature and hence biomass (Oikawa et al. 2004). Further investigation is necessary to
establish the role of this QTL in biomass production, specifically under post-stress re-growth
phase as this QTL was only showing weak significances on few days (max -log(p)=3.04) and was
not passing the FDR in well-watered conditions (Neumann et al. submitted). The QTL at 157.6
cM co-incides with the QTLs reported for malting quality (Mohammadi et al. 2015) and amylose
content in barley grains (Shu and Rasmussen 2014). Not much is known about the relationship
between shoot biomass, malting quality and amylose content, so this could be a mere coincidence
too. In well-watered conditions (Neumann et al. submitted) this QTL was detected in a similar
time range and significance levels but did not pass the FDR there. Nevertheless, it can be
regarded as in involved in general accumulation of biomass under stress and non-stress

conditions.

The QTL on 7HL (~140.9 cM) which was highly associated with biomass in stress phase was
also associated in re-growth phase, as well as in well-watered conditions (Neumann et al.
submitted), indicating that this QTL is constitutively controlling the biomass development even

in the later developmental stages.

Comparison of QTLs for DB under well-watered and drought stress treatments.

The QTLs detected for biomass from the present study were compared with the QTLs for the trait
in well-watered conditions (Neumann et al. submitted). The —logl0(p) values of the highly
associated SNP of each of the DB QTL in drought stress treatment were compared to that in the

well-watered treatment, by plotting them together (Fig. 4.4.1).
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Fig. 3.2.3.3 Comparison of the associations of SNPs detected for biomass QTLs in drought stress in the present study with their association
patterns in well-watered conditions (Neumann et al. submitted). (a) to (m) are the graphs for the 13 SNP markers associated with biomass in the
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indicate the beginning and end of the drought treatment.
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The following four patterns could be differentiated:

(i)

(ii)

(iii)

(iv)

Markers showed similar or near similar patterns of associations in pre-stress and post-
stress phase but the associations became stronger (higher —log10(p) values) only in the
stress phase. Four such QTLs were detected: 2H — 40.8 cM, 2H — 50.4 cM, 3H — 46 cM
and 7H — 48.3 cM. These results are indicative of such DB QTLSs being specific in

response to drought stress.

Markers showed similar patterns of association until end of stress phase and then the
associations became stronger (higher —log10(p) values) in post-stress phase compared to
well-watered conditions. Five such QTLs were detected: 2H — 18.9 -19.9 cM, 2H — 24.5-
27.7 cM, 5H — 99.9 cM, 5H - 157.6 cM and 5H — 168.9 cM (Fig. 4.4.1). These QTLs

harbor genes promoting biomass development during stress recovery phase.

Markers showed similar patterns of associations in pre-stress and post-stress phase but
the associations became weaker (lower —log10(p) values) compared to well-watered
conditions only in stress phase. Two such QTLs were detected, with both being
significantly associated with medium to late biomass development: 3H — 98.7 ¢cM and
7H — 140.9 cM. Their patterns of associations reveal that their role in biomass
development diminishes under progressive drought stress while it regains its strength
(with higher —log10(p) values) once the plants recover from stress and re-grow.

Marker associations which may have shown a GxE effect, as the well-watered and stress
experiments were carried out in 2 different years. Two such QTLs were detected: 1H —
119 ¢cM and 3H — 88 cM. The QTL on 1H looks like it is a combination of GXE and
drought effect as the —log10(p) values tend to be weaker in late stress phase (like those
above in (iii)) but the values in pre-stress phase (where the plants had no stress in both
the set of experiments) tend to be different. The significance of the QTL on 3H — 88 cM
though had —log10(p) values >3 on 12 and 13 DAS, it didn’t pass the FDR.

Likewise, the —log10(p) values of the highly associated SNPs of each of the DB QTLs which

were detected only in well-watered treatment but not in the drought stress treatment were also
compared (Fig. 3.2.3.4) and five such QTLs were detected. Two of them (3H — 105.9 cM & 4H —

43.6 cM) were clearly because of GxE effect. While remaining three has similar patterns of
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association but in stress experiments they failed to pass FDR. The QTL on 7H (14 cM, for early
biomass) the association pattern was very similar throughout the experiment with similar p values
in pre-stress phase but failed to pass FDR. Another QTL from well-watered conditions (6H —
24.5 cM) showed a very similar trend of assocaition in the pre-stress, early stress and recovery
phase but association dropped down during the late drought stress phase. Suggesting that this
QTL loses its effect on biomass under more severe drought stress. For both the —log10(p) values
were >3 in stress experiments but they failed to pass the FDR. Two QTLs associated with early
biomass in the well-watered experiments were not showing tendency of significance in the
current study, indicating those two QTL are highly influenced by the slightly different

environmental conditions as mentioned earlier.

From these GWAS results it can be concluded that the QTLs controlling biomass development
act in temporal manner, with some being specific to certain stage of development, some acting
across more than one phases of development. These results when compared with well-watered
condition show that some of the identified QTLs are very specific to seasonal drought stress

treatment.

Modelled traits obtained from biomass growth curves

The modeled traits investigated in this study are comparatively novel and hence not well studied.
When the trait(s) are not yet well studied, with no much understanding of their genetics, then
GWAS is proposed to be a better choice for genetic dissection in comparison to candidate gene

association mapping (Rafalski 2010)

Wilting time (TA) showed strong negative correlation with biomass in the present investigation
and therefore a delay in wilting may be of advantage only under severe and/or longer lasting
drought periods. Four QTLs were detected for TA. As this is a novel trait derived from image
analysis no QTL reports exist for this trait to compare the results from the present study.
Interestingly, three out of four QTLs overlapped with QTL for plant width (PW) in stress phase
indicating that these two traits could be associated or the QTL has a pleiotropic effect on both
traits. When plants start wilting, the width of a plant will decrease due to hanging leaves. A
highly associated QTL positioned on 2HL (135.8 cM) coincided with QTLs reported for
agronomic traits including plant height and biomass yield (Tondelli et al. 2013; Wehner et al.
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2015) and also with a QTL for osmolality under drought stress (Wehner et al. 2015). Therefore
this QTL indicates an interesting region to search for candidate genes that delay wilting of plants.
For example very close by located is a basic region/leucine zipper motif (bZIP) transcription
factor (135.3 cM) (Colmsee et al. 2015). Those genes regulate many plant processes including
stress signaling in Arabidopsis (Jakoby et al. 2002). The QTL on 6H at 55 cM (centromeric
region) is located in the wvicinity of flowering time genes such as
HvCO5/HvCryla/HvCry2/HVPRR1/HVTOC1 and QTLs for agronomic traits including heading
and height. Here, no QTL for biomass in well-watered or drought stress conditions was
identified, therefore it may represent an locus independent of biomass per se. Nevertheless, the
centromeric region contains many potential candidate genes. Another QTL mapped to 7HS (14
cM) where in the three experiments for well-watered conditions a significant QTL was identified
for early biomass (Neumann et al. submitted) and showed associations —log(p)>3 but was not
passing the FDR for biomass in the present study. Therefore the QTL can be regarded mainly as a
biomass locus and the association also to wilting time can be directly attributed to the effect that
plants with higher biomass at the start of drought stress tend to wilt earlier. This QTL co-
localizes with the gene location of HYWAXY coding for starch synthase which in turn catalyzes
the synthesis of amylose synthesis in developing grains (Rohde et al. 1988) but it cannot be a
candidate as it is not expressed in early stages of development (Colmsee et al. 2015). This gene is
also known to impart cold tolerance (Hasanuzzaman et al. 2015) A QTL close by was reported to
be associated with seedling vigor traits (Cui et al. 2002) in rice. It would be an interesting region
to look for the underlying gene involved in seedling biomass and vigor as in the surrounding
region only 44 high confidence candidate genes are located (Colmsee et al. 2015).

The QTL on 7HL (140.9 cM) is the QTL that has association with several other traits in this
study including biomass, number of tillers, TA, plant height etc (Table 3.1.4.1). It was also one

main locus of biomass under well-watered conditions (see QTL discussion for digital biomass).

For the re-growth rate (k) none of the associations passed FDR but there were a total of 9 QTLs
that had —log (p) values > 3. Only one of them was exclusively associated with this trait and is
located on 5HL (113.5-114.8cM). This QTL’s association is in agreement with the previous
QTLs reported for biomass yield under control as well as drought stress (Wehner et al. 2015) in
winter barley. This region is also associated with harvest index under elevated temperatures in

spring barley (Ingvordsen et al. 2015). While 6 QTLs for k overlapped with QTLs which were
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detected for the DB in re-growth phase (Table 3.1.4.1), suggesting the possibility that these
QTLs not only play role in the extent of biomass accumulation in later stages (post-stress phase)
but also modulate the rate at which the plants re-grow to put forth the new biomass. One of these
QTLs on 6HS (24.5 cM) has been reported by Neumann et al. (submitted) to be associated with
late biomass. This supports the detection of this QTL, along with k, and was also associated with
FW (essentially the late biomass), plant width from 27 DAS to 58 DAS and TN27, TN45 and
TN58. The remaining QTL (6HS, 44.1 cM) detected for k overlapped with QTLs for plant width
(PW) at later stages (recovery phase).

As for k, no associations were detected for DBA that passed the FDR. But there were a total of 6
QTLs that had —log(p) values > 3 (Table 3.1.4.1). Two among these (5SHL — 139 cM & 6HL —
105 cM) were interesting as these were exclusive for the trait. The QTL on 5HL coincides with
previously reported QTLs for drought stress parameter osmolalitiy, biomass under drought stress
and other traits in winter barley (Wehner et al. 2015). While the 6HL QTL region is reported to
be involved in determining the drought susceptibility index of the plant and biomass yield under
control conditions in the same study. All remaining four QTLs were overlapping with the QTLs
associated with DB during stress phase (DB27-DB45). This is expected as DBA is essentially a

biomass at one time point in stress phase.

Yellow-to-Green ratio

In green plants, photosynthesis is carried out by chloroplasts, containing green pigments called
chlorophyll. Hence degradation of chlorophyll affects photosynthesis and therefore growth and
development of plants. Chlorophyll degradation by senescence is a natural phenomenon in plants,
occurring in older leaves and in whole shoot as the plants attains maturity (Buchanan-Wollaston
et al. 2003). Abiotic stresses (salinity, drought etc) can affect photosynthesis by degradation of
chlorophyll (Mascher et al. 2005; Shehadi et al.), hence green photosynthetically active areas turn
yellowish (Emebiri 2013). Measuring and documenting the chlorophyll content or yellowing of
leaves can be attained either by visual observation or by using a chlorophyll meter (Peng et al.
1995), both of which are tedious process (Abdelkhalik et al. 2005), especially when need to be
done on high throughput scale. In the present study the ratio of yellow to green (YtoG) color ratio
of the barley shoots, extracted from images was used to quantify chlorophyll degradation during
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and after the drought period. GWAS resulted in detection of a total of 16 QTLs (Table 3.1.4.1).

Interestingly none of these overlapped with QTLs identified for biomass in the present study.

The QTLs for the trait were detected for pre-stress, stress and recover phases with few being
persistent across more than one phase. The possible explanation for associations (8 QTLS)
detected for pre-stress phase could be attributed to the differences in the extent of greenness in
the seedling stage (Lundqvist and Franckowiak 2003) in this association panel as it consists of
diverse accessions. Associations detected during the recovery phase (7 QTLs) could be due to
already stressed and yellow leaves (carryover effect of drought stress) that are still intact with the
plants, coupled with yellowing associated with advancing physiological maturity of the plants

causing an increase of YtoG ratio towards end of the experiments (Supp Fig. S3.2).

For yellow-to-Green ratio during drought stress period a total of 4 QTLs (2HS, 2HL, 5H and 7H
centromeric region) were detected. The QTL on 2HS (7.44 cM) was associated with YtoG in the
stress as well as in the recovery phase. This may correspond to the QTL previously reported by
Guo et al. (2008) where sparsely spaced AFLP markers (~1 cM position on 2HS) were associated
with chlorophyll fluorescence of the flag leaf during drought stress. The QTL on 2HL (77.3 cM)
overlaps with a previously reported QTL for loss of chlorophyll pigment of leaves during grain
maturation in a two-rowed barley DH population (Emebiri 2013), suggesting that this region
might be housing a gene modulating leaf senescence not only related to physiological maturity
but also as a response to drought stress. The QTL on 5H (41-44 cM, centromeric region) co-
localizes with one of the major loci consistently linked to loss of green color of leaves during
grain-filling reported by Emebiri (2013) across two different DH populations. Hence this locus
also seems to be promising for further investigation. The most significant QTL was identified on
7H (70-71 cM) in the centromeric region. Many QTLs for agronomic traits have been reported in
this region. Moreover, this region is also reported to harbor many flowering time genes viz.,
HvCO12, HvCO13, HvCO1, HvCO15, HvLHY, HVCCAl (Alqudah et al. 2014). Since the
centromeric region is characterized by reduced recombination, it needs further detailed

investigation to find the candidate/causal gene.
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Tiller Number

In many cases, higher number of tiller reflects higher biomass (Jaradat et al. 2005). In the present
study, five QTLs were identified for the trait. TN was counted at three time points (TN27, TN45
and TN58). Two QTLs viz., 6HS (~30 cM) and 5H (43.7-45.7 cM, centromeric region) were
consistently associated with the trait at all time points. These two QTLs were also detected by
Neumann et al. (submitted) for the same trait under well-watered conditions, suggesting that
these two loci might have important role in determining the number of tillers per plant
persistently across different stages of development and growth conditions. The QTL on 6HS has
been reported also to influence shoot dry weight and total biomass in juvenile barley (Abdel-
Ghani et al personal communication). The QTL on 5H (centromeric region) harbors a gene
MLOC_61451.6 (Colmsee et al. 2015), a paralogue of Cul4 (Uniculm 4) (Tavakol et al. 2015).
Gene Cul4 is known to control tillering in barley. Though publicly available expression data
indicates that the expression of MLOC _61451.6 is highest in developing inflorescence (Tavakol
et al. 2015), further investigation might shed more light if it has any role in tiller development.
This region is also known to harbor a gene HYCPD (encoding C-23a-hydroxylase cytochrome
P450 90A1) which is known to be involved in Brassinosteroid biosynthesis, modulating plant
stature (Dockter et al. 2014). Since this is a centromeric region a more thorough genetic analysis

would be necessary, as the centromeric regions are characterized by reduced recombination.

Growth stage-specific QTLs for the three time points were detected with one each for TN27
(5HL—-120.1 cM), TN45 (6H-55 cM) and TN58 (2HL-74.4 cM). Out of these 3, the QTLs for
TN45 and TN58 were also detected in the same association panel by Neumann et al. (submitted)
under well-watered conditions. Early tiller number (27 DAS) was also more influenced by
environment and less heritable as later tiller number, explaining why the early tiller number locus
was not detected in the three previous experiments of Neumann et al. (submitted). This indicates
that along with the consistently associated QTLS, stage-specific QTLs are also involved in
determining the number of tillers per plant. From a breeding perspective, combining the
consistent QTLs with stage specific QTLs might provide opportunities for genetic manipulation

of the trait to maximize the number of tillers.
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Plant height, Plant width, Plant compactness

Nine out of 12 PHT QTLs were specific for pre-stress phase, suggesting that many genes are
involved in determining plant height in early developmental stage as compared to later stages, as
the plant approaches reproductive phase. Though sdwl gene (3HL, 106 cM), encoding gibberellic
acid 20 oxidase enzyme, is one of the major gene controlling plant height in barley (Jia et al.
2009), it didn’t associate with the trait in the present study. One possible reason for this could be
that this gene may not be polymorphic in the present panel of genotypes. One of the QTLs
mapped to the region of Ppd-H1, a flowering time gene, known to have pleiotropic effects on
other traits including plant height (Laurie et al. 1994; Wang et al. 2010). The QTL on 4HL co-
located with position of HYDWF4 (4HL, 60 cM), a gene known to control plant height. In rice
knockout of its homologue, OsSDWARF4, is known to cause mild dwarfism (Sakamoto et al.
2006). All other QTLs identified for plant height in the present study overlapped with QTLs
reported for different agronomic traits (Table 3.1.4.1).

Most interesting QTLs for plant compactness were on chromosome 1HS which was associated
with the trait in pre-stress (at 5 cM) and post stress phase (13.4 cM). Another QTL specific for
the trait in pre-stress phase on 2HS is closely placed to a gene HvBRD (Brassinosteroid-6-
oxidase) which is involved in brassinosteroid biosynthesis, in turn controlling plant stature.
Nevertheless, the agronomic relevance of width and compactness remain unclear and need further

investigation.

From these results it can be concluded that the biomass development (and other HT traits) can be
tracked and phenotyped non-invasively, in a high throughput manner, on daily basis, under
seasonal drought stress. The heritability values for different HTP traits including biomass (DB)
ranged from medium to high. For DB the values ranged from 0.59 to 0.92 across different days of
experiments, which were sufficient to perform GWAS. Biomass development is affected by
drought stress and when the plants are allowed to recover from the stress and they re-grow
building up fresh biomass. The amount of biomass put forth during re-growth phase is genotype-
dependent and is measured by the parameter ‘k>. GWAS results show that the QTLs controlling
biomass development act in temporal manner, with some being specific to certain stage of
development, some acting across more than one developmental phase. These results when

compared with well-watered condition show that some of the identified QTLs are very specific to
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seasonal drought stress treatment. These experiments lasted only for 58 DAS, well before the
plants were fully developed and matured. Hence it becomes interesting to know as to how and to
what extent seasonal drought stress influences the final biomass and other maturity traits,
including grain yield. Hence another set of experiments were performed which are discussed

below.

4.5 Trait correlations over time for selected accessions in drought and well-watered
conditions with extended imaging period

The experiments of biomass development in well-watered (Neumann et al. submitted) and
drought stress conditions (present study) used for GWAS were conducted separately and lasted
for only 58 days aster sowing. We wanted to investigate in two follow-up experiments i) how
long plants can be kept at maximum on the system, ii) how much more information is gained
when extending the imaging period for the well-watered and seasonal drought treatment, iii) the
effect of the seasonal drought treatment on the traits at maturity time and iv) the effect of traits
during vegetative development on traits at maturity. To this end, two experiments (2.2.2) were
performed with 26 extreme genotypes showing either low or high biomass out of the 99

accessions involved in the GWAS analysis (2.2.1).

Little importance of extending the imaging period

The extension of the imaging period from 58 DAS onwards was possible for almost two more
weeks (11 days, 69 DAS), before the mechanical interruptions became more frequent thereafter
for transportation of pots on conveyer belts, because the tall tillers with ripening spikes were
falling apart out of plant-supports. Hence the plants had to be moved to a normal greenhouse to
mature. To our knowledge, no other study was imaging cereals over such a long period of time
on similar HT imaging systems. Collections consisting of shorter genotypes may be imaged
longer as most of their plant stature is protected by the plant support. If taller accessions should
be imaged over a longer time period, higher plants supports will be needed to prevent the

observed mechanical problems.

Does longer observation of biomass formation provide substantially more information in respect

to the correlation of vegetative image-based estimated biomass to traits (final biomass, straw
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biomas, final plant height, final tiller number, grain yield and harvest index) at maturity time? In
the seasonal drought stress treatment the answer is a clear no. There was no difference in the
strength of correlation of digital biomass at 58 DAS or at 69 DAS to maturity traits. In fact, most
of the correlations of digital biomass to maturity traits were already showing a plateau shortly
after re-watering, despite an increasing biomass in that time. Also, associations to biomass over
time in the GWAS study did not reveal a continuous increase in significance for the detected loci
in the recovery period as seen in the well-watered treatment for the associations to later
vegetative biomass (Neumann et al. submitted). From both, associations to vegetative biomass
development and correlations to maturity traits, stress treatment experiments could have ended
imaging just a few days after re-watering. Thereby a higher throughput per year could be

achieved if only experiments with a drought treatment would be performed.

However, in the well-watered treatment the strength of correlation of digital biomass to final total
biomass and especially to final straw biomass was still increasing from 58 to 69 DAS.
Nevertheless, also here the correlation of digital biomass to grain yield, final plant height and
final tiller number was equal or even minimal lower at 69 DAS compared to 58 DAS. Therefore,
the extended imaging period was not required to determine the relations of vegetative biomass to
those traits. If the general interest was the correlation of vegetative biomass to grain yield solely,
imaging could even stop around 45 DAS because the highest correlation between these two traits
was around 45 DAS (Fig. 3.2.2.2). On the other hand correlation of inflection point (IP) to DB
over time in control treatment was significant (from 27-36 DAS, 43-45 DAS and from 61-69
DAS, Supplementary Fig. 3.20) and correlation was increasing even until the last day of imaging.

Hence if IP is the trait of interest then imaging the plants beyond 69 DAS would be useful.

Harvest index is known to be negatively correlated with areal/shoot biomass (Bouzerzour et al.
1998). Correlations of HI to vegetative biomass were in general strong negative at the end of
imaging. In well-watered conditions the negative correlation was deepening with time and
therefore correlation of DB at 69 DAS was more negative than at 58 DAS. By contrast, in

drought stress conditions a negative plateau was attained at 55 DAS.

Thus it can be concluded that imaging periods lasting until day 50-58 are sufficient to estimate
relations of vegetative biomass formation to final maturity traits in both well-watered and

drought conditions. There is no substantial gain of additional information from an extended
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imaging period and as time on the HT imaging systems is precious and further a large amount of
accessory data is accumulated, that is not needed.

Importance of vegetative biomass for grain yield

Grain vyield in barley is known to be positively correlated with aboveground biomass
(Benmahammed et al. 2008). There have been some notable studies where field dry matter before
heading showed strong positive correlation to grain yield, investigated in three spring barley
cultivars (Kren et al. 2014), while weak but significant positive correlation was reported for grain
yield and dry matter weight at anthesis in a set of 20 spring barley cultivars (Przulj and
Momcilovic 2001). In wheat, strong relationship has been demonstrated between biomass at
anthesis and grain yield (Boogaard et al. 1996; Villegas et al. 2001). The present study provides
further evidence for the importance of vegetative biomass formation for grain yield in both well-
watered (Neumann et al. submitted) and drought conditions. Correlation of vegetative biomass to
grain yield in the drought stress treatment was even slightly higher (~0.58 on 69 DAS) than in the
well-watered treatment (0.46 on 69 DAS).

As vegetative biomass formation is reduced and stopped by a seasonal drought event and
continuous forming after re-watering, it was expected that the re-growth phase after the drought
may be of higher importance on final grain yield. But the correlations of digital biomass shortly
before wilting (40 DAS) and during the whole recovery period were almost identical. During the
late stress phase the correlation trend was disturbed/disrupted as the stress caused wilting of
leaves. On the other hand, this is not true for the relation of vegetative biomass to final straw
biomass. Here, the positive correlation was higher in the re-growth phase as shortly before

wilting. The results demonstrate that vegetative biomass is important for grain yield in barley.

Correlations of IP and Time A with biomass and grain yield

In well-watered conditions logistic modeling of biomass growth curve reveals the time point of
highest growth rate, the inflection point (IP). Its agronomic importance is unknown as it is only
poorly correlated with later vegetative biomass (Neumann et al. 2015; Neumann et al. submitted).
There was a hint from positive correlations to the field data that it may be of relevance for grain

yield (Neumann et al. 2015). This positive correlation could not be confirmed in this study as it
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was almost zero. In contrast, IP was negatively correlated with HI and positively with final straw
biomass and total biomass (Table 3.2.2.2). Therefore our results indicate that the inflection point

is not of agronomic relevance in respect to grain yield but may be of importance for straw yield.

From this study it can be concluded that vegetative biomass formation has a connection to grain
yield and further that this relation is even more relevant under seasonal drought conditions. As
long as plants survive the drought period, time A is negative factor for grain yield. It can be a
relevant factor for environments where the drought is so severe that taller plants risks death.

Importance of vegetative biomass for final tiller number and plant height

The number of tillers is known to be positively correlated with total biomass in barley (Jaradat et
al. 2005). Tiller number at 27 DAS showed highest correlations to DB around 35 DAS in both
the treatments, after which the strength of correlation dropped. Whereas, total number of tillers at
maturity showed highest correlations to DB at 40 DAS in control and 35 DAS (around wilting
time) in stress treated plants.

Unexpectedly, correlations for final plant height to DB attained plateau in both the treatments
around the same time (45-50 DAS) reaching similar values. Suggesting that the relation of final
height of the plant to its biomass is not much affected both under controlled and stress conditions.
In general, taller plants produced more vegetative biomass. Nevertheless, in well-watered
conditions the observed positive correlation between final plant height and grain yield was only
low (0.32), while it was much higher in the seasonal drought treatment (0.53) (Fig. 3.2.2.1)

Correlations of maturity traits between the treatments

The high correlations of maturity traits between the treatments show that after the drought period,
the accessions will rank mainly according to their potential under well-watered conditions.
Among the 6 maturity traits (final biomass, straw biomass, grain yield, HT, final plant height and
final tiller number), final plant height showed the highest correlation (R? linear = 0.94) between
the treatments while the lowest correlation was seen for HI and final tiller number (0.63) (Supp
fig. 3.19). The lowest correlation observed for final tiller number could be attributed to the higher

number of unproductive tillers produced during the recovery phase. Grain yield, which is the
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most important economical trait, had a correlation of 0.71 between treatments, suggesting that for
this trait the data obtained from well-watered treatment could be relied to certain extent to predict
yields under seasonal drought conditions. In case the drought period would be longer or more
severe, it can be expected that the correlation diminishes and a direct selection under drought

conditions would be more useful as already opined by (Ceccarelli 1989).

4.6 Effect of drought stress on plant maturity traits in selected accessions

Drought stress affects plant growth and development. The effect is visible in terms of reduction
of final biomass which in turn affects grain yield (Jamieson et al. 1995b; Teulat et al. 1997;
Wehner et al. 2015). The extent of yield reduction is also related to the timing of occurrence of
drought, with early drought affecting more in comparison to terminal drought (Jamieson et al.
1995b). Therefore we tested, 26 two-rowed spring barley accessions contrasting for biomass, to
investigate the effect of seasonal drought stress on final maturity parameters: total final biomass,

straw biomass, grain yield, harvest index, final tiller number and final plant height.

In the present investigation, drought stress affected all the traits under investigation negatively,
except tiller number. However, not all accessions showed the same trend, demonstrating the wide

diversity.

In general, total final biomass, straw biomass, grain yield and final plant height at maturity were
negatively affected. Similar observations have been reported by Rajala et al. (2011) who studied
effect of drought on yield parameters in a spring barley cultivar. It is known that drought stress
reduces biomass yield through effects on respiration rates (Vassileva et al. 2011), radiation
interception and radiation use efficiency as the severely dehydrated leaves senesce (Jamieson et
al. 1994). Regarding grain yield, all accessions were substantially negatively affected by the
stress with reductions from 11.7 to 45.8 %. Straw biomass, however, showed a different picture.
Here, some accessions were strongly affected, while three showed only very little reduction and
one landrace accession (HOR_8050) even had a minimal higher straw biomass as in well-watered
conditions. Interestingly, accessions with a lower reduction of grain yield showed mainly a high
reduction in straw biomass, indicating that a higher proportion of assimilates is translocated to
the developing grains.
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Effect of drought stress on HI in the panel was interesting as three accessions showed
improvement in HI while 23 others were negatively affected. Most of the studies report negative
effect of drought on HI (Amini and Soleymani 2012; Araus et al. 2002; Giunta et al. 1993; Khalil
et al. 2015; Sinclair et al. 1990). In investigations involving diverse germplasm, different
accessions respond differently, owing to their diversity (Schmid et al. 2015), which might be
worth to investigate further as the breeders constantly venture to broaden and strengthen their
genetic base (Kissoudis et al. 2016; McCouch et al. 2013).

Number of tillers per plant was in general greatly increased (up to 82% in comparison to control
treatment) as a result of drought stress followed by re-watering after the stress phase. The
increase was observed in all 26 accessions, although the level differed strongly from 2.3 to 82 %,
showing once more a huge phenotypic diversity within in this small collection subset. Similar
observations have been reported in a collection of spring barley cultivars in field conditions
(Boukerrou and Rasmusson 1990; Jamieson et al. 1994) and other cereals like rice (Kondhia et al.
2015). Though the number of tillers was increased, most of them were unproductive, as the grain
yield per plant was always lower than their counterpart (control plants). For example, the
accession (BCC_869) with the highest increase in tillers due by seasonal drought, showed also

one of the highest yield reductions.

Plant height was in general the trait that was least affected, although all accessions showed a
small reduction. But the level ranged only between 4.1 and 16.3 %, showing no huge phenotypic

variation in the drought response as observed for all other traits.
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5 Outlook

The purpose of this greenhouse-based study was to perform GWAS to map QTLs associated with
biomass development under seasonal drought stress and to quantify the effect of seasonal drought

on maturity traits.

The results from these experiments show that the heritabilties were high with 5 replicates per
genotype. Hence the number of biological replications could be reduced, thereby increasing the
number of genotypes in the association panel, on this phenotyping platform. This would add to
the strength of detection of QTLs which otherwise might have been missed out/weakly associated
with the trait. Response of plants to drought stress is complex. One of the responses is
degradation of chlorophyll molecules, which in turn affects photosynthesis. Hence, measurement
of chlorophyll fluorescence (photosynthetic activity) is one of the important parameters in
drought stress experiments. During the time of these experiments the phenotyping system was
not equipped to measure chlorophyll fluorescence but recently it has been done. This should
assist in further phenotyping and dissect the drought stress response of the plants to map the
relevant QTLs. Some of the interesting QTLs identified via GWAS in this study e.g., on 7HL-
140.9 cM (multiple traits), 2HS-27 cM & 3HL-98.7 cM (biomass in recovery phase), 4H-60 cM
(early plant height), and 5H-44 cM & 6HS-30 cM (tiller number) could be validated via bi-
parental mapping population(s) and promising QTLs could be investigated in depth for further
identification, cloning and characterization of the underling genes.

Since the results of quantification of the effect of seasonal drought stress on maturity traits were
from pots under greenhouse conditions, the results need to be verified and validated under field
conditions by e.g. rain-out shelter experiments. Doing so will provide knowledge about the

relevance of pot-based greenhouse experiment results with that of the field conditions.

Abiotic stresses (salinity, drought etc) can affect photosynthesis by degradation of chlorophyll
(Mascher et al. 2005; Shehadi et al.), hence green photosynthetically active areas turn yellowish
(Emebiri 2013). Hence degradation of chlorophyll affects photosynthesis and therefore growth
and development of plants.
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6 Summary

Biomass, especially that of shoot, is one of the important traits in crops plants. It acts as a source
of photosynthates for grain filling and hence influences grain yields. Biomass production is in
turn influenced by different biotic and abiotic factors. Drought stress is one of the important
abiotic stresses that might occur and affect barley (Hordeum vulgare L.) crop production at
different stages of development. Utilizing the present state-of-the-art resources in marker
technology, phenotyping techniques and association genetics, an effort was made to map QTLS
associated with biomass accumulation under seasonal drought stress. In a series of three
greenhouse experiments in the year 2013, a diverse set of 100 two-rowed spring barley
accessions was phenotyped for biomass accumulation under drought stress, on an imaging-based
high throughput phenotyping (HTP) platform. Duration of the experiments was 58 days from
sowing and plants were daily imaged using a VIS-camera. Drought stress was imposed starting
from 27 days after sowing (DAS) until 45 DAS, to mimic seasonal drought occurring during
vegetative phase of crop development in the open field conditions. Afterwards, plants were re-
watered. Image analysis could extract digital biomass (DB), plant height, plant width, yellow-to-
green ratio of the canopy and plant compactness. Additional traits were manually measured: tiller
number at 27 DAS, 45 DAS and 58 DAS, fresh weight of shoot biomass on 59 DAS and its dry
weight. Phenotypic analysis revealed wide variation for all the traits under consideration. There
was a high correlation (R* = 0.77) between DB and plant fresh weight, hence, suggesting the
suitability of using DB as a proxy for actual biomass. DB (as well as other HTP and manually
measured traits) exhibited moderate to high heritability over the course of the experiment.
Dynamics of the temporal resolution of biomass accumulation were affected by drought stress.
Genome-wide average linkage disequilibrium (LD) decay estimated in this panel was ~8 cM.
Genome-wide association studies (GWAS) was performed using mixed-linear model, employing
4,128 mapped SNP (single nucleotide polymorphism) markers and all the phenotypic data. A
total of 147 SNP markers representing 49 QTLs were associated with one or more traits. For DB,
a total of 26 SNPs representing 13 QTLs were identified. GWAS results showed that different
QTLs influence biomass accumulation at different stages of plant development, with some QTLs
being persistently associated across different growth stages. Many DB-QTLs co-localized with

known flowering time QTLs/genes, while some were novel.
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Another set of two experiments with 26 genotypes (a subset of above mentioned set) was
performed, applying the same drought protocol, to quantify the effect of seasonal drought stress
on maturity traits. These experiments had an extended period (58 DAS + 11 more days) on
phenotyping on HTP system. The plants were then allowed to mature in a normal greenhouse to
manually measure final maturity traits (final biomass, straw biomass, grain yield, harvest index,
final plant height and final tiller number). The results show that the seasonal drought does affect
all the final maturity traits. Except final tiller number, all other maturity traits were affected
negatively. Grain yield was most affected while final plant height was least affected, with %
reduction ranging from 11.7 to 45.8 % and 4.1 to 16.3 % respectively. Significant positive
correlation of vegetative biomass to grain yield was observed (0.54 in well-watered and 0.59 in
stress treatment), implying the importance of vegetative biomass both under well-watered and
stress treatment. Comparison of maturity traits between the two treatments revealed that plant
height is highly correlated (R*= 0.94), while lowest correlation was observed for harvest index
and final tiller number (0.63). Grain yield, which is an economically important trait, had a
correlation of 0.71, suggesting the accessions will rank mainly according to their performance

under well-watered conditions.

The present study provides insights into the natural variation for ‘biomass development’ and
associated traits under seasonal drought stress by successfully utilizing a HTP system. The
heritability of all the traits was high, implying that with even further decrease of replicates per
genotype, this HTP system could be used for screening a larger number of accessions and hence
increasing the QTL detection power in genetic studies. GWAS results show that biomass
development is a dynamic trait being influenced by different QTLs at different developmental
phases and specific for drought stress conditions. The resulted QTL information could be a
starting point for fine-mapping, cloning and characterization of genes underlying the most
interesting QTLs (e.g., stress responsive DB QTLs: 2H — 40.8 cM, 2H — 50.4 cM, 3H — 46 cM
and 7H — 48.3 cM). The markers associates with these QTLs can be further verified and then

integrated in barley breeding programs via marker-assisted selection.
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7 Zusammenfassung

Biomasse und insbesondere oberirdische Biomasse ist eines der wichtigen Merkmale in
Nutzpflanzen. Sie agiert als Quelle fur Photosynthate fir die Kornflllung und beeinflusst somit
den Kornertrag. Die Biomasseproduktion wird wiederum von biotischen und abiotischen
Faktoren beeinflusst. Davon ist Trockenstress einer der wichtigsten abiotischen Stressfaktoren,
der auftreten und die die Produktiviat in verschiedenen Lebenszyklusphasen bei Gerste (Hordeum
vulgare L.) beeintrachtigen kann. Durch die Nutzung der neuesten ,State of the Art*
Markertechnolgien, Phéanotypisierungstechniken und von Assoziationsgenetik, wurde in der
vorliegenden Studie die Anstrengung unternommen QTL zu Kartieren, die mit der
Biomasseakkumulation unter saisonalen Trockenstressbedingungen gekoppelt sind. Im Jahr 2013
wurde, in einer Serie von drei Gewé&chshausexperimenten, ein diverses Set von 100 zweizeiligen
Sommergersten flr Biomassewachstum unter Nutzung einer
Hochdurchsatzphanotypisierungsplatform (HTP) unter Trockenstressbedingungen phanotypisiert.
Die Experimentdauer betrug 58 Tage ab demTag der Aussat und die Pflanzen wurden taglich mit
einer visuellen Kamera aufgenommen. Die Trockenstressbehandlung wurde ab dem Tag 27 nach
der Aussaat (DAS) bis DAS 45 durchgefiihrt um saisonale Trockenstressbedingungen zu
simulieren, die wahrend der vegetativen Pflanzenentwicklung unter naturliche Feldbedingungen
auftreten kénnen. AnschlieBend wurden die Pflanzen wiederbewéssert. Die Bildanalyse konnte
digitale Biomasse (DB), Pflanzenhthe, Pflanzenbreite, das Gelb-zu-Grunverhéltnis sowie die
Kompaktheit der Pflanzen aus den Bildern extrahieren. Weitere Merkmale wurden manuell
erfasst: die Halmanzahl am DAS 27, 45 und 58 sowie das Frisch- undTrockengewicht der
Pflanzen, geerntet am DAS 59. Die phénotpische Auswertung ergab eine breite Variation fir alle
untersuchten Merkmale. Es gab eine hohe Korrelation (R?> = 0.77) zwischen DB und dem
Frischgewicht der Pflanze und somit eine gute Eignung der DB als Schéatzwert fir die wirkliche
Biomasse. DB (und alle anderen Merkmale) zeigten eine moderate bis hohe Vererblichkeit Gber
den gesamten Verlauf der experimentellen Zeit. Die Dynamik der Biomasseakkumulation wurde
durch den Trockenstress beeinflusst. Der genomweite durchschnittliche Abfall des
Kopplungsungleichgewichtes (LD) lag in dieser Kollektion bei rund 8 cM. Genomweite
Assoziationsstudien (GWAS) wurden mit einem gemischt linearen Modell anhand von 4.128
kartierten SNP-Markern (single nucleotide polymorphism) und allen phanotypischen Daten

durchgefuhrt. Insgesamt 147 SNPs, die 49 verschiedene QTL reprasentieren, waren mit einem
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oder mehreren Merkmalen assoziiert. Fir DB wurden insgesamt 26 SNPs, die 13 QTL
reprasentieren, identifiziert. Die GWAS-Ergebnisse zeigten, dass verschiedene QTL die
Biomasseakkumulation in den verschiedenen Entwicklungsphasen der Pflanze beeiflussen, nur
einige der QTL waren Uber mehrere Phasen mit Biomasse gekoppelt. Viele der Biomasse-QTL

co-lokalisierten mit bekannten Bluhzeitpunktgenen oder QTL wahrend andere neu waren.

Weiterhin wurden zwei Experimente mit demselben Trockenstressprotokoll mit einer Auswahl
von 26 Genotypen durchgefihrt (ein Subset der 100) um den saisonalen Trockenstresseffekt auf
die Reifemerkmale zu untersuchen. Diese Experimente hatten eine verlangerte
Phénotypisierungsperiode (58 DAS +11 weitere Tage) auf dem HTP-System. AnschlieRend
reiften die Pflanzen in einem normalen Gewéchshaus ab und die Reifemerkmale wurden erfasst
(finale Biomasse, Strohbiomasse, Kornertrag, Ernteindex, finale Pflanzenh6he und die finale
Halmanzahl). Die Ergebnisse zeigen, dass der saisonale Trockenstress alle Erntemerkmale
beeinflusste. Ausser der finalen Halmanzahl, wurden alle anderen Merkmale negativ beeinflusst.
Der Kornertrag war am meisten betroffen, die finale Pflanzenhéhe dagegen am geringsten, mit
Reduktionen von 11.7 bis 45.8 % beziehungsweise von 4.1 bis 16.3%. Es wurde eine signifikante
positive Korrealtion von vegetativer Biomasse zum Kornertrag beobachtet (0.54 in der normal
bewasserten Variante und 0.59 in der Stressvariante), welche die Bedeutung der vegetativen
Biomasse in beiden Bewaésserungsvarianten unterstreicht. Ein Vergleich der Erntemerkmale
zwischen beiden Bewasserungsvarianten ergab eine hohe Korrelation fiir die Pflanzenhohe
(R?=0.94), wahrend die geringste Korrelation fiir den Ernteindex und die finale Halmanzahl
beobachtet wurde (0.63). Der 6konomisch sehr bedeutsame Kornertrag zeigte eine Korrelation
von 0.71, was darauf schliessen lasst, dass die Akzessionsrangfolge in der Trockenstressvariante

ahnlich der unter normal bewésserten Bedingungen ist.

Die vorliegende Studie ermoglicht einen Einblick in die natirliche Variation des
Biomassewachstums und damit gekoppelte Merkmale unter Trockenstressbedingungen durch die
Nutzung eines HTP-Systems. Die Vererblichkeit der Merkmale war hoch, so dass zukunftige die
Anzahl der Replikate pro Genotyp reduziert werden und dieses HTP-System zur Untersuchung
einer groBeren Anzahl von Akzessionen genutzt werden kann, wodurch sich die
Detektierungsstarke von QTL in genetischen Studien verbessert. Die GWAS-Ergebnisse zeigten,
dass Biomassewachstum ein dynamisches Merkmal ist, dass von unterschiedlichen QTL in den

verschiedenen Entwicklungsstadien bestimmt wird und dass trockenstressspezifische QTL
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existieren. Die daraus resultierenden Informationen kénnen der Startpunkt sein fur die zukdnftige
Feinkartierung, Klonierung und Charakterisierung von Kandidatengenen sein, die hinter den
interessantesten QTL stehen (z.B. stressspezifische DB QTLs: 2H — 40.8 cM, 2H - 50.4 cM, 3H
— 46 cM and 7H - 48.3 cM). Die damit assozierten Marker konnen weiterhin in

Gerstenzuchtprogrammen zur markergestitzten Selektion eingesetzt werden.
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10 Supplementary material.

2. Material and methods.

Supplementary Table 2.1: A panel of 100 diverse two-rowed spring barley accessions used for GWAS studies (2.2.1) and 26
accessions used in experiments 2.2.2 (marked as v).

Order BCC Accession name Experiment Biological name Biological status Region of Country of
Number (2.2.2) origin origin
1 BCC1367 Apex v Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar
2 BCC1368 Aramier Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU NLD
nutans (Rode) Alef. cultivar
- Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
3 BCC1370 Beatrice nutans (Rode) Alef. cultivar EU FRA
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
4 BCC1371 Beka nutans (Rode) Alef. cultivar EU FRA
5 BCC1372 Bielik Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU POL
nutans (Rode) Alef. cultivar
6 BCC1373 Blenheim Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
- Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
! BCC1374 Gamobrinus nutans (Rode) Alef. cultivar EU NLD
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
8 BCC1376 Carlsberg 1l nutans (Rode) Alef. cultivar EU DNK
9 BCC1377 Ceres Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU FRA
nutans (Rode) Alef. cultivar
10 BCC1378 Claret Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
. Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
11 BCC1379 Diamant nutans (Rode) Alef. cultivar EU CZE
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
12 BCC1380 Gavotte nutans (Rode) Alef. cultivar EU FRA
13 BCC1381 Georgie Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
14 BCC1382 Golden Promise v Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
15 BCC1383 Golf nutans (Rode) Alef. cultivar EU GBR
16 BCC1385 Gryf Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU POL
nutans (Rode) Alef. cultivar
17 BCC1386 Haisa Il Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced{lmproved EU DEU
nutans (Rode) Alef. cultivar
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Hordeum vulgare L.

convar. distichon (L.) Alef. var.

advanced/improved

18 BCC1387 Hebe nutans (Rode) Alef. cultivar EU NLD

19 BCC1389 Hunter Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU IRL
nutans (Rode) Alef. cultivar

20 BCC1390 Ingrid Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU SWE
nutans (Rode) Alef. cultivar

21 BCC1391 Isaria Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar

29 BCC1392 Kenia Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DNK
nutans (Rode) Alef. cultivar

23 BCC1394 Mansholt, zweizeilig rl;llj)t;(:gu('n;(\)/éjgir\felf_. convar. distichon (L.) Alef. var. advan(éﬁ(ljt/il\igfroved EU NLD

24 BCC1395 Menuet Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_improved EU NLD
nutans (Rode) Alef. cultivar
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

25 BCC1396 Mette nutans (Rode) Alef. cultivar EU SWE

2% BCC1397 MEB 104 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal EU HUN
nutans (Rode) Alef. cultivar/landrace

27 BCC1398 MK 42 Hordeum vulgare L. convar. distichon (L.) Alef. var. breedlng/rgsearch EU HUN
nutans (Rode) Alef. material
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

28 BCC1399 Nancy nutans (Rode) Alef. cultivar EU SWE
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

29 BCC1400 Natasha nutans (Rode) Alef. cultivar EU FRA

30 BCC1401 Ortolan Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar

31 BCC1402 Pallas Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU SWE
nutans (Rode) Alef. cultivar
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

32 BCC1403 Perun nutans (Rode) Alef. cultivar EU DEU

33 BCC1405 Plumage Archer Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar

34 BCC1407 Probstdorfer Adorra rli;(:]esu(lrg(\)/éjelgax?elf_. convar. distichon (L.) Alef. var. advangﬁclit/imfroved EU AUT

35 BCC1408 Proctor Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

36 BCC1409 Quantum nutans (Rode) Alef. cultivar EU AUT

37 BCC1410 Rika Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU SWE
nutans (Rode) Alef. cultivar

38 BCC1413 Sissy Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar

39 BCC1414 Spartan Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/;mproved EU CZE
nutans (Rode) Alef. cultivar

- Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved

40 BCC1417 Trumpf (Triumph) nutans (Ro de? Alef (L) Cultiva‘r’ EU DEU

a1 BCC1418 Tyra Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DNK
nutans (Rode) Alef. cultivar

42 BCC1419 Union Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved EU DEU
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nutans (Rode) Alef. cultivar
43 BCC1421 Valticky Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU CZE
nutans (Rode) Alef. cultivar
44 BCC1422 Varunda Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU NLD
nutans (Rode) Alef. cultivar
45 BCC1423 Volga Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU FRA
nutans (Rode) Alef. cultivar
46 BCC1424 Volla Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar
47 BCC1425 Wisa Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar
48 BCC1430 Chevallier Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU FRA
nutans (Rode) Alef. cultivar
49 BCC1431 Goldfoil Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU AUT
nutans (Rode) Alef. cultivar
50 BCC1432 Hana Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU CZE
nutans (Rode) Alef. cultivar
51 BCC1433 Heils Franken Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar
. Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
52 BCC1439 Kwassitzer Hanna nutans (Rode) Alef. cultivar EU CZE
53 BCC1440 Pammers Hohenauer Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU AUT
Vollkorn nutans (Rode) Alef. cultivar
54 BCC1441 Pflugs Intensiv Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU
nutans (Rode) Alef. cultivar
55 BCC1442 Plumage Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU GBR
nutans (Rode) Alef. cultivar
. Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
56 BCC1443 Probsteiner Landgerste nutans (Rode) Alef. cultivar EU DEU
57 BCC1444 Slovensky 802 Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU CZE
nutans (Rode) Alef. cultivar
58 BCC1445 Souche 142 Strotzheim Hordeum vulgare L. convar. distichon (L.) Alef. var. breedmg/n_esearch EU FRA
nutans (Rode) Alef. material
. Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
59 BCC1457 Risk nutans (Rode) Alef. cultivar EU RUS
Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
60 BCC1458 limen nutans (Rode) Alef. cultivar EU RUS
61 BCC1461 Omskij 80 Hordeum vqllgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU RUS
medicum Kdrn. cultivar
62 BCC1463 Primorskij 89 Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU RUS
nutans (Rode) Alef. cultivar
" Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
63 BCC1465 Doneckij 650 nutans (Rode) Alef. cultivar EU UKR
" Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/improved
64 BCC1466 Odesskij 100 nutans (Rode) Alef. cultivar EU UKR
65 BCC1467 Zhodinskij 5 Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced{lmproved EU BLR
nutans (Rode) Alef. cultivar
66 BCC1468 Tselinij 213 Horc_ieum vqllgare L. convar. distichon (L.) Alef. var. advanced/;mproved WANA KAZ
medicum Korn. cultivar
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Hordeum vulgare L.

convar. distichon (L.) Alef. var.

advanced/improved

67 BCC1469 Granal : . - WANA KAZ
inerme Korn. cultivar

68 BCC1472 Auksinjai Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU LTU
nutans (Rode) Alef. cultivar

69 BCC1480 K 16411 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal EU RUS
nutans (Rode) Alef. cultivar/landrace

70 BCC1481 K 3292 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal EU RUS
nutans (Rode) Alef. cultivar/landrace

71 BCC1482 Vjatich Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU RUS
nutans (Rode) Alef. cultivar

79 BCC1483 K 4511 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal EU RUS
nutans (Rode) Alef. cultivar/landrace

73 BCC1487 K 21820 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal EU RUS
nutans (Rode) Alef. cultivar/landrace
Hordeum vulgare L. convar. distichon (L.) Alef. var. traditional

4 BCC1497 K 11749 persicum Korn. cultivar/landrace WANA KGZ

75 BCC1506 Odesskij 36 Hordeum vqllgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU UKR
medicum Kdrn. cultivar

76 BCC1524 Bavaria (Aclfermanns Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EU DEU

Bavaria) nutans (Rode) Alef. cultivar

Hordeum vulgare L. convar. distichon (L.) Alef. var. traditional

7 BCC1566 HOR753 nutans (Rode) Alef. cultivar/landrace EU GRC
Hordeum vulgare L. convar. distichon (L.) Alef. var. traditional

8 BCC1589 HOR 10555 nutans (Rode) Alef. cultivar/landrace EU ITA

79 BCC192 IG 31444 H_ordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal WANA SYR
nigrescens Kérn. cultivar/landrace

80 BCC195 IG 31513 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal WANA SYR
nutans (Rode) Alef. cultivar/landrace
Hordeum vulgare L. convar. distichon (L.) Alef. var. breeding/research

81 BCC432 Fusg nutans (Rode) Alef. material EA CHN

82 BCCE75 Hyanmaeg Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved EA KOR
nutans (Rode) Alef. cultivar

83 BCC801 AC Oxbow Hordeum vulgare L. advangﬁclit/imfroved AM CAN

84 BCC847 Compana Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved AM USA
nutans (Rode) Alef. cultivar

85 BCC869 Gobernadora Hordeum vulgare L. advaniicllt/ilvrr;l?roved AM MEX

86 BCC899 Libra Hordeum vulgare L. convar. distichon (L.) Alef. var. advanced/_lmproved AM CHL
nutans (Rode) Alef. cultivar

87 BCC903 Manley Hordeum vulgare L. advangﬁclit/imfroved AM CAN

88 BCC929 Sanalta Hordeum vulgare L. advanced/improved AM CAN
Hordeum vulgare L. convar. distichon (L.) Alef. var. breeding/research

89 HOR11370 MR 1/13 nutans (Rode) Alef. material WANA ISR

% HOR11371 MR 3/51 Hordeum vulgare L. convar. distichon (L.) Alef. var. breedlng/r(_asearch WANA ISR
nutans (Rode) Alef. material

91 HOR11372 W 23833/8108 Hordeum vulgare L. convar. distichon (L.) Alef. var. breeding/research WANA ISR
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nutans (Rode) Alef.

material
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convar. distichon (L.) Alef. var.

breeding/research

92 HOR11373 W 23833/2196 11 - WANA ISR
nutans (Rode) Alef. material
93 HOR11374 W 23829/8039 11 Hordeum vulgare L. convar. distichon (L.) Alef. var. breedlng/rgsearch WANA ISR
nutans (Rode) Alef. material
04 HOR1391 HOR 1391 H'orc'ieum vglgare L. convar. distichon (L.) Alef. var. t_radltlonal EU ROM
nigricans Sér. cultivar/landrace
o5 HORS050 HOR 8050 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal WANA TUR
nutans (Rode) Alef. cultivar/landrace
% HORS113 HOR 8113 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal WANA TUR
nutans (Rode) Alef. cultivar/landrace
97 HORB160 HOR 8160 Hordeum vulgare L. convar. distichon (L.) Alef. var. t_radltlonal WANA TUR
nutans (Rode) Alef. cultivar/landrace
98 Barke Hordeum vulgare L. advanced/_lmproved EU DEU
cultivar
99 Tadmor Hordeum vulgare L. advanced/_lmproved WANA SYR
cultivar
100 Arta Hordeum vulgare L. advan(éi(lit/im?roved WANA SYR
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3. Results:

Supplementary figures
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Supplementary Fig.3.1 Incremental development of (a) image-based estimated plant height
(PHT) and (b) plant width (PW) in three stress experiments (Exp 1 in blue, Exp 2 in violet and
Exp 3 in green) under vegetative stress treatment shown from 12 to 58 days after sowing (DAS).
Error bars represent the 95% confidence interval (CI). The period without water supply (stress

phase) between 27 to 45 DAS is indicated by vertical dotted lines.
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Supplementary Fig.3.2 Incremental development of (a) image-based estimated plant compactness
and (b) yellow-to-green (YtoG) ratio in three stress experiments (Exp 1 in blue, Exp 2 in violet and
Exp 3 in green) under vegetative stress treatment shown from 12 to 58 days after sowing (DAS). Error
bars represent the 95% confidence interval (Cl). The period without water supply (stress phase)
between 27 to 45 DAS is indicated by vertical dotted lines.
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Distribution of Digital Biomass in 27th day after sowing
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Supplementary Fig.3.3 Histogram showing distribution of the trait estimated digital biomass at 27 DAS
(DB27) for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of Digital Biomass in 46th day after sowing
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Supplementary Fig.3.4 Histogram showing distribution of the trait estimated digital biomass at 46 DAS
(DB46) for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of Digital Biomass at time A
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Supplementary Fig.3.5 Histogram showing distribution of the trait estimated digital biomass at time A
(DBA) for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of Dry Weight in 58th day after sowing
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Supplementary Fig.3.6 Histogram showing distribution of the trait dry weight of shoot biomass at 59
DAS for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of speed of regrowth
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Supplementary Fig.3.7 Histogram showing distribution of the trait regrowth rate (k) for experiment
1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of time A
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Supplementary Fig.3.8 Histogram showing distribution of the trait Time A (TA) for experiment
1(Expl), Exp2, Exp3 and across the 3 experiments.
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Distribution of Tiller Number in 27th day after sowing
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Supplementary Fig.3.9 Histogram showing distribution of the trait Tiller Number at 27 DAS (TN27)

for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.

148






Distribution of Tiller Number in 45th day after sowing
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Supplementary Fig.3.10 Histogram showing distribution of the trait Tiller Number at 45 DAS (TN45)
for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Supplementary Fig.3.11 Histogram showing distribution of the trait Tiller Number at 58 DAS (TN58)

Distribution of Tiller Number in 58th day after sowing
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Distribution of yellow-green ratio in 46th day after sowing
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Supplementary Fig.3.12 Histogram showing distribution of the trait yellow-to-green (YtoG) ratio at 46
DAS for experiment 1(Expl), Exp2, Exp3 and across the 3 experiments.
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Supplementary Fig.3.13 Broad sense heritability values (H?) of the trait (a) PHT, (b) PW, (c) PC and (d) YtoG ratio from 12 DAS until 58 DAS. H?
was calculated based on the BLUES from across the 3 experiments. The vertical dashed black lines represent the stress phase (27 DAS to 45 DAS).

152





Plant height (PHT) Plant width (PW)
100% 1 100%
90% - 90%
o 80% | . 80%
£ -
g 70% - £ 70%
c [
g 60% - S 0%
E E
8 50% Var.e 3 Var.e
& a0% WVar.GE g W Var.GE
‘E 30% - mVar.G 'E mVar.G
5 s
> 20%
10%
0% - - -
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
DAS DAS
Plant Compactness (PC) Yellow-to-Green (YtoG) ratio
100%
90%
80%
2
"
5 - 70%
5 2
:EL g 60%
£
Q Var.e g 50% Vare
[ W
E W Var.GE E 40% - l:ar,gE
— k- W Var.!
§ mVar.G S 0%
20%
10%
0% , 0%
12 1416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 12 14: 16 18 20 22 24 56 28 30 32 34 36 38 40 42 44 46 48 50 52 54 .56 58
DAS DAS

Supplementary Fig.3.14 Variance components for PHT, PW, PC & YtoG ratio from 12 DAS until 58 DAS. The vertical dashed black lines represent
the stress phase (27 DAS to 45 DAS).
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Supplementary Fig.3.15 The bar graph of the frequency of 42 SNP markers which showed significant
association with plant height (PHT) and also had crossed the FDR on at least one of the days between 12

to 58 DAS.
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Supplementary Fig.3.16 The bar graph shows the frequency of the 15 SNP markers which showed
significant association with plant width (PW) and also had crossed the FDR on at least one of the days
between 12 to 58 DAS.
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Supplementary Fig.3.17 The bar graph of the frequency of 8 SNP markers which showed significant
association with plant compactness (PC) and also had crossed the FDR on at least one of the days
between 12 to 58 DAS
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Supplementary Fig.3.18 Development of image-based estimated ‘digital biomass’ (in voxel) based on the
BLUEs across 2 experiments, in control (blue) and stress treatment (green) from 27 to 69 days after
sowing (DAS). Error bars represent 95% confidence interval (Cl). The period with no water supply was
from 27 DAS until 46 DAS.
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Supplementary Fig.3.19 Correlation of final maturity traits between control and stress treatment for (a)

final biomass, (b) straw biomass, (c) grain yield, (d) harvest index, (e) final plant height and (f) final tiller
number.
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Supplementary Fig.3.20 Correlation IP (inflection point) with DB in control treatment and TA (Time A)
with DB in stress treatment.
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Supplementary Table 3.1 GWAS significant SNP markers of all the traits: digital biomass (DB), YtoG (yellow-to-green) ratio, plant height (PHT),
plant width (PW), plant compactness (PC), Time A (TA), DBA (DB at TA), k (re-growth rate), fresh weight (FW), dry weight (DW), tiller number at
27 DAS (TN27) at 45 DAS (TN45) and at 58 DAS (TN58). For HTP traits (columns heading in green) the number represent the period in days after
sowing (DAS) and numbers in brackets are the —log10(p) values of markers which passed false discovery rate (FDR) level of 0.1. For other traits
(columns heading in light blue) numbers are —log10(p) values of markers which passed FDR level of 0.1. For TA and DBA the SNPs with —log10(p)
values >3 are presented as none of them has passed FDR.

Nr. | Marker Chr M DB YtoG ratio PHT PW PC TA DBA | k FW | DW | TN27 | TN45 | TN58
1 | SCRI_RS_169369 1H 5,00 46-58 (4,42)

2 SCRI_RS_148560 1H 13,39 12-26 (4,27)

3 BOPA1_7527_1618 1H 116,3 12-26 (5,38)

4 | SCRI_RS_165588 1H | 118,98 | 27-45(4,65) 3,82

5 BOPA2_12_31377 1H | 119,12 3,16

6 BOPA2_12_10207 1H | 119,41 3,46

7 | SCRI_RS_159503 2H 7,22 27-45, 46-58 (5,07)

8 SCRI_RS_162694 2H 7,44 27-45, 46-58 (4,70)

9 | SCRI_RS_192552 2H 8,57 46-58 (4,50)

10 | SCRI_RS_144545 2H 10,41 46-58 (4,47)

11 | SCRI_RS_198643 2H | 13,53 12-26 (3,73)

12 | SCRI_RS_233272 2H 18,91 | 46-58(5,43) 27-45 (4,43) 3,74 | 4,66

13 | SCRI_RS_153798 2H 18,91 | 46-58(5,43) 27-45 (4,43) 3,74 | 4,66

14 | BK_12 2H 19,90 | 46-58(4,57) 3,94 | 4,76
15 | BK_16 2H 19,90 | 46-58(4,57) 3,94 | 4,76
16 | BK_14 2H 19,90 | 46-58(4,57) 3,94 | 4,76
17 | BOPA2_12 30871 2H 19,90 | 46-58(4,57) 3,94 | 4,76
18 | BOPA2_12 30872 2H 19,90 | 46-58(4,57) 3,94 | 4,76
19 | BK_15 2H 19,90 | 46-58 (4,57) 3,94 | 4,76
20 | SCRI_RS_143250 2H 24,50 | 46-58 (3,98)

21 | SCRI_RS_12516 2H 25,28 | 46-58 (3,47)

22 | SCRI_RS_140819 2H 27,69 | 46-58 (5,43) 46-58 (4,45) 3,17 4,50
23 | SCRI_RS_137093 2H 40,08 46-58 (4,45)

24 | SCRI_RS_135619 2H 40,8 27-45 (4,49)

25 | SCRI_RS_14801 2H 48,44 46-58 (4,24)

26 | SCRI_RS_239231 2H 50,35 | 27-45 (4,66)

27 | SCRI_RS_196323 2H 55,52 46-58 (4,81)

28 | SCRI_RS_238404 2H 58,05 12-26 (3,77)
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29 | SCRI_RS_156323 2H 74,43 4,07
30 | SCRI_RS_171032 2H 77,27 27-45 (4,62)

31 | BOPA1_11660_365 2H 92,21 46-58 (4,29)

32 | SCRI_RS_147230 2H | 125,40 12-26 (4,92) 12-26 (4,54)

33 | SCRI_RS_188579 2H | 135,76 27-45 (5,22) 4,79
34 | SCRI_RS_11338 3H 45,82 | 27-45 (4,45)

35 | SCRI_RS_235603 3H 45,93 | 27-45(4,99)

36 | SCRI_RS_200297 3H | 46,03 | 27-45(4,99)

37 | SCRI_RS_174067 3H 87,96 | 27-45(4,28) 4,13
38 | SCRI_RS_142438 3H 98,65 | 46-58(4,23) 46-58 (4,14) 4,06 | 4,72
39 | SCRI_RS_135155 3H | 135,48 12-26 (3,75) 46-58 (4,40)

40 | SCRI_RS_187742 3H | 135,48 12-26 (4,57)

41 | SCRI_RS_135156 3H | 135,48 12-26 (4,57)

42 | SCRI_RS_220221 3H | 154,15 12-26 (5,25)

43 | SCRI_RS_190426 4H 14,94 46-58 (4,70)

44 | SCRI_RS_39834 4H | 26,30 12-26 (4,04)

45 | SCRI_RS_10216 4H | 51,13 12-26 (4,39)

46 | SCRI_RS_187704 4H 54,6 46-58 (4,80)

47 | SCRI_RS_185430 4H | 57,29 12-26 (4,55)

48 | SCRI_RS_149252 4H | 57,29 12-26 (4,55)

49 | SCRI_RS_218193 4H 59,49 12-26 (4,16)

50 | SCRI_RS_206179 4H 59,49 12-26 (4,16)

51 | SCRI_RS_134620 4H 59,49 12-26 (4,08)

52 | SCRI_RS_239145 4H 59,63 12-26 (4,28)

53 | SCRI_RS_110333 4H 59,63 12-26 (4,28)

54 | BOPA1_5273_894 4H | 59,63 12-26 (4,08)

55 | BOPA2_12_31515 4H 59,63 12-26 (4,08)

56 | SCRI_RS_14498 4H 59,63 12-26 (4,08)

57 | BOPA2_12_30620 4H 59,77 12-26 (4,16)

58 | SCRI_RS_147712 4H 59,99 12-26 (4,28)

59 | BOPA1_ABC09432_1_1_160 4H 59,99 12-26 (3,83)

60 | SCRI_RS_165912 4H 60,13 12-26 (4,70)

61 | SCRI_RS_229658 4H | 60,13 12-26 (4,28)

62 | SCRI_RS_168478 4H 60,27 12-26 (4,28)

63 | BOPA2_12 30455 4H | 60,27 12-26 (4,70)

64 | SCRI_RS_165031 4H 60,27 12-26 (4,28)

65 | BOPA1_4139 888 4H 60,84 12-26 (3,66)

66 | SCRI_RS_151213 4H 61,40 12-26 (4,17)

67 | SCRI_RS_146174 4H 61,40 12-26 (4,17)

68 | SCRI_RS_8100 4H 61,54 12-26 (4,17)
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69 | SCRI_RS_146941 4H 61,54 12-26 (4,17)

70 | SCRI_RS_166817 4H 61,83 12-26 (4,17)

71 | SCRI_RS_153392 4H 61,83 12-26 (4,17)

72 | BOPA2_12_ 31246 4H 80,67 27-45 (4,25)

73 | SCRI_RS_169134 4H 81,57 27-45 (4,31)

74 | SCRI_RS_7809 4H | 111,97 46-58 (4,58)

75 | SCRI_RS_163973 5H 41,32 12-26, 27-45 (4,42)

76 | BOPA2_12_31155 5H 42,85 12-26 (3,82) 3,70
77 | SCRI_RS_171812 5H 42,85 12-26 (3,82) 3,70
78 | SCRI_RS_175366 5H 42,92 12-26 (3,97)

79 | BOPA2_12 31390 5H 42,92 12-26 (3,97)

80 | BOPA2_12_30709 S5H | 43,68 3,44 | 440 | 3,73
81 | BOPA1_7559_350 5H 43,82 3,44 4,40 3,73
82 | BOPA1_1861 2382 SH | 43,96 3,44 | 440 | 373
83 | BOPA2_12 30337 S5H | 43,96 3,44 | 440 | 373
84 | SCRI_RS_137866 5H 43,96 12-26 (3,82) 3,70
85 | SCRI_RS_141949 5H 43,96 12-26 (4,11) 4,25
86 | SCRI_RS_165927 5H 44,03 12-26 (3,82) 3,70
87 | BOPA1_2225 2611 5H 44,10 3,44 4,40 3,73
88 | BOPA1_3326_1954 5H 44,10 3,44 4,40 3,73
89 | BOPA1_6571_649 5H 44,10 3,44 | 440 | 3,73
90 | BOPA2_12_ 31431 5H 44,17 3,44 | 440 | 3,73
91 | BOPA2_12 30792 5H 44,17 3,44 | 440 | 3,73
92 | BOPA2_12_30768 5H 44,24 3,44 4,40 3,73
93 | SCRI_RS_223100 5H 44,24 4,09

94 | BOPA1_4199 1530 5H 44,79 3,44 4,40 3,73
95 | BOPA1_2529 2364 5H 44,10 3,44 4,40 3,73
96 | BOPA1_1745_823 5H 43,96 3,44 4,40 3,73
97 | BOPA1_3500_1474 5H 44,17 3,44 4,40 3,73
98 | BOPA1_ 2168 111 5H 43,96 3,44 4,40 3,73
99 | BOPA1_ConsensusGBS0286_1 5H 45,69 3,44 | 440 | 3,73
100 | SCRI_RS_156324 5H 49,85 12-26 (4,71)

101 | SCRI_RS_196566 5H 74,93 46-58 (4,78)

102 | SCRI_RS_13549 5H 98,9 46-58 (4,33)

103 | BOPA2_12_10752 5H 99,93 | 46-58(3,69)

104 | SCRI_RS_198617 5H 99,93 | 46-58(3,69)

105 | SCRI_RS_165273 5H | 113,47 3,37

106 | BOPA1_9566_1214 5H | 113,47 3,32

107 | SCRI_RS_212890 5H | 114,77 3,32

108 | SCRI_RS_232705 5H | 114,77 3,32
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109 | SCRI_RS_186538 5H | 114,77 3,32

110 | SCRI_RS_150232 5H | 120,07 3,47

111 | SCRI_RS_13262 5H | 139,10 3,90

112 | BOPA2_12_30504 5H | 157,64 3,26

113 | BOPA1_3007_1337 5H | 157,64 | 46-58 (3,81) 46-58 (4,45) 3,56

114 | SCRI_RS_232575 5H | 168,89 | 46-58 (4,33) 3,84

115 | SCRI_RS_231372 6H 24,50 27-45, 46-58 (9,97) 3,27 | 3,85

116 | BOPA2_12_30697 6H 29,96 3,59 5,80 5,62
117 | BOPA2_12_30673 6H 30,10 3,64 | 3,41
118 | BOPA2_12_31308 6H 30,24 359 | 580 | 562
119 | SCRI_RS_115036 6H 44,05 27-45, 46-58 (6,65) 3,73

120 | BOPA2_12_30665 6H 48,94 46-58 (4,74)

121 | SCRI_RS_128460 6H 49,08 46-58 (4,16)

122 | SCRI_RS_146235 6H 49,15 46-58 (4,16)

123 | SCRI_RS_238855 6H 49,22 46-58 (4,16)

124 | BOPA1_4191_268 6H 49,22 46-58 (4,16)

125 | BOPA2_12_30317 6H 49,79 46-58 (4,16)

126 | SCRI_RS_224389 6H | 55,03 3,53
127 | SCRI_RS_239642 6H | 55,03 3,50
128 | SCRI_RS_206796 6H | 55,03 27-45 (5,72) 4,15

129 | SCRI_RS_168096 6H 55,03 27-45 (5,72) 4,15

130 | BOPA1_3433_1087 6H | 105,10 3,19

131 | SCRI_RS_240014 7H 13,95 12-26 (3,98) | 27-45 (5,38) 4,30

132 | BOPA1_12701_485 7H 32,79 12-26 (4,92)

133 | SCRI_RS_149501 7H 42,00 12-26 (4,42)

134 | SCRI_RS_141629 7H 47,73 | 27-45(5,04)

135 | SCRI_RS_7797 7H 48,30 | 27-45(5,04)

136 | BOPA1_12239_662 7H 49,72 3,18

137 | BOPA1_2669_1012 7H 61,47 12-26 (4,55)

138 | BOPA1l_ABC11989_1 2_148 7H 70,54 12-26, 27-45 (6,81)

139 | BOPA2_12_30449 7H 70,54 12-26, 27-45 (5,13)

140 | BOPA1l_ABC14818_1_1 296 7H 70,61 12-26, 27-45 (5,13)

141 | SCRI_RS_229684 7H 70,61 12-26, 27-45 (5,13)

142 | BOPA1_1290_729 7H | 70,68 12-26, 27-45 (5,13)

143 | SCRI_RS_127143 7H 70,68 12-26, 27-45 (5,13)

144 | BOPA1_5480_826 7H 70,96 12-26, 27-45 (6,81)

145 | SCRI_RS_158599 7H | 140,72 12-26 (4,15)

146 | SCRI_RS_167617 7H | 140,86 | 27-45,46-58 (5,32) 3,63 | 4,09 | 4,67 | 4,59 3,62

147 | SCRI_RS_230261 7H | 140,93 421
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E-mail: dhanagond@ipk-gatersleben.de
Nationality: Indian
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= Re-sequencing of two of the domestication related genes: brittle rachis (Btrl and Btr2) in a
large collection of wild and domesticated barley (Hordeum vulgare L.) (IPK, Gatersleben,
Germany).
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= Association analysis and validation of DNA markers associated with agronomic traits in
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Dispersal System in Barley. Cell 162,527-539.

Abdel-Ghani A. H, Neumann K, Wabila C, Sharma R, Dhanagond S, Borner A, Graner A,
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292.
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Talks / Posters presentations

Neumann K, Dhanagond S, Zhao Y, Liu G, Kilian B, Reif JC, Graner A. The choreography of
drought tolerance in barley. Talk: Plant and Animal Genome (PAG) conference. January 14-18,
2017, San Diego, California, USA.

Dhanagond S, Liu G, Neumann K, Reif JC, Graner A. Seasonal drought impact on vegetative
biomass and yield formation in spring barley (Hordeum vulgare L.). Poster: IPK Institute’s Day.
Oct 10-11 2016. Gatersleben, Germany.

Neumann K, Kilian B, Dhanagond S, Klukas C, Chen D, Nils S, & Graner A. Poster: The use of
imaging technologies to study the genetics of biomass accumulation in barley. Poster: IPK
Institute’s Day. Oct 8-9 2014. Gatersleben, Germany.

Pourkheirandish M, Hensel G, Kilian B, Willcox G, Senthil N, Chen G, Sameri M, Sakuma S,
Dhanagond S, Sharma R, Gottwald S, Azhaguvel P, Nair S, Tagiri A, Yukuhiro F, Nagamura Y,
Kanamori H, Matsumoto T, Middleton C, Wicker T, Walther A, Stein N, Kumlehn J, Sato K,
Komatsuda T. Domestication of barley: Independent mutations in Btrl and Btr2 genes generated
a tough rachis that facilitated harvesting of grain. Talk: EUCARPIA conference - Cereals for
Food, Feed and Fuel — Challenge for Global Improvement. June 29 — July 4, 2014. Wernigerode,
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Dhanagond S, Neumann K, Klukas C, Chen D, Graner A, Kilian B. Influence of seasonal
drought on yield in spring barley. Poster: EUCARPIA conference - Cereals for Food, Feed and
Fuel — Challenge for Global Improvement. June 29 — July 4, 2014. Wernigerode, Germany.

Neumann K, Dhanagond S, Klukas C, Chen D, Graner A, Kilian B. Growth, wilting and
recovery — digital imaging and modelling of vegetative biomass growth in seasonal drought
conditions. Talk: EUCARPIA conference - Cereals for Food, Feed and Fuel — Challenge for
Global Improvement. June 29 — July 4, 2014. Wernigerode, Germany.

Dhanagond S. Genome wide association studies for vegetative biomass accumulation under
drought stress in barley using HT phenotyping. Talk: Plant Science Student Conference. June 2—
5, 2014. IPK, Gatersleben, Germany.

Kilian B, Keilwagen J, Perovic D, Ozkan H, Babben S, Sharma R, Neumann K, Pasam RK,
Dhanagond S, Walther A, Poskar CH, Borner A, Kniipffer H, Ganal M, Ordon F, Friedel S,
Graner A. Valorizing Genetic Diversity Stored in Genebanks for Cereal Improvement. Talk -
Session IV: Breeding and utilization. 7th International Triticeae Symposium, 9-14 June 2013.
China.

Ahlemeyer J, Bochard AM, Krumnacker K, Laubach E, Blimel H, Le Roux PM, Cselenyi L,
Schmid K, Thorwarth P, Graner A, Kilian B, Dhanagond S, Scholz U, Weise S, Boylu B, Von-
Wirén N, Gruber B, Kndchel N. and Ordon F. Implementation of genomic selection in barley
breeding. Poster - PLANT 2030 Status Seminar, 6-8 March 2013, Potsdam, Germany.
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Dhanagond S, Biradar H, Hittalmani S. Identification and validation of Xa21 blast resistance
gene in local and landraces of rice (Oryza sativa L.) Poster - 2nd International Rice Congress.
October 9th-13th, 2006. New Delhi, India.

Dhanagond S, Biradar H, Nagabhushana K. and Hittalmani S. Genetic diversity of rice (Oryza
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New Delhi, India.

Hittalmani, S, Biradar H, Girish TN, Grace AS, Nagabhushana K, Appajigowda HC,
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Poster: “The 2nd International conference on integrated approaches to sustain and improve plant
production under drought stress”. Sept 24th-28 th, 2005. Rome, Italy.
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of biomass development under drought stress using high-throughput phenotyping in barley
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andere Zwecke an einer anderen Universitét eingereicht habe. Weiterhin versichere ich, dass ich
die zur Erstellung der Dissertationsschrift verwendeten Arbeiten und Hilfsmittel genau und

vollstdndig angegeben habe.

Des Weiteren erklére ich, dass keine Strafverfahren gegen mich anhangig sind.

Gatersleben, 6™ February 2017 (Sidram Dhanagond)
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4866 SNP markers

		Order		Marker		BCC1368		BCC1370		BCC1371		BCC1372		BCC1373		BCC1374		BCC1376		BCC1377		BCC1378		BCC1379		BCC1380		BCC1381		BCC1382		BCC1383		BCC1385		BCC1386		BCC1387		BCC1389		BCC1390		BCC1391		BCC1392		BCC1394		BCC1395		BCC1396		BCC1397		BCC1398		BCC1399		BCC1400		BCC1401		BCC1402		BCC1403		BCC1405		BCC1407		BCC1408		BCC1409		BCC1410		BCC1413		BCC1414		BCC1417		BCC1418		BCC1419		BCC1421		BCC1422		BCC1423		BCC1424		BCC1425		BCC1430		BCC1431		BCC1432		BCC1433		BCC1439		BCC1440		BCC1441		BCC1442		BCC1443		BCC1444		BCC1445		BCC1457		BCC1458		BCC1461		BCC1463		BCC1465		BCC1466		BCC1467		BCC1468		BCC1469		BCC1472		BCC1480		BCC1481		BCC1482		BCC1483		BCC1487		BCC1497		BCC1506		BCC1524		BCC1566		BCC1589		BCC192		BCC195		BCC432		BCC675		BCC801		BCC847		BCC869		BCC899		BCC903		BCC929		HOR11370		HOR11371		HOR11372		HOR11373		HOR11374		HOR1391		HOR8050		HOR8113		HOR8160		Barke		Tadmor		Arta

		1		SCRI_RS_204276		C		C		C		C		C		C		T		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		T		C		T		C		C		T		C		T		C		T		C		C		C		T		T		C		C		C		C		C		C		T		C		C		C		C		C		T		T		T		C		C		C		C		T		T		C		C		T		C		C		T		T		C		C		C		C		C		C		C		C		C		C		C		T		T		C		C		T		C		T		C		C		T		C		T		T		T		T		C		T		C		C		C		C		C

		2		SCRI_RS_180989		A		A		A		A		A		A		G		A		G		A		A		A		A		A		G		A		A		A		A		A		G		A		A		G		A		G		A		A		G		A		G		A		G		A		A		A		G		G		A		A		A		A		A		A		G		A		A		A		A		A		G		G		G		G		A		A		G		A		G		G		A		G		A		A		G		G		A		A		A		A		G		G		G		A		A		A		A		G		G		A		A		G		G		G		A		A		G		A		A		A		A		A		A		A		A		G		A		A		A

		3		BOPA1_3107_422		A		G		G		G		A		G		G		A		G		G		A		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		A		G		G		A		G		A		G		G		G		A		G		G		G		G		A		A		A		G		G		G		G		G		G		G		G		A		A		G		A		G		G		G		G		G		G		G		G		G		A		A		G		G		A

		4		BOPA2_12_10420		A		C		C		A		A		C		A		C		A		C		A		A		C		A		A		C		C		A		C		C		A		C		C		A		C		A		A		A		A		A		A		A		A		C		A		C		A		A		C		C		C		C		C		C		A		C		C		C		C		C		A		A		A		A		A		C		A		A		A		A		C		A		C		C		A		A		C		C		A		C		A		A		A		A		C		C		C		A		A		C		C		A		A		A		A		C		A		C		A		A		A		A		A		A		A		A		C		A		A

		5		BOPA1_2511_533		G		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		A		G		A		A		G		A		A		A		A		A		G		G		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		A		G		A		A		G		A		A		A		A		A		A		A		A		G		A		G		G		G		A		A		A		A		A		A		A		A		A		G		A		G		A		A		A		A		A		A		A		G		A		G		G		A		A		A

		6		BOPA2_12_30968		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		C		G		G		G		C		G		C		C		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G

		7		BOPA2_12_30969		G		A		A		A		G		A		A		A		A		G		G		A		A		A		A		G		A		G		A		G		G		G		G		A		G		A		G		G		A		A		G		G		A		A		A		A		A		A		A		A		G		A		A		A		A		G		G		G		A		A		A		A		A		G		A		A		G		G		A		G		G		A		A		A		A		A		G		G		G		A		G		G		G		G		G		A		A		G		G		A		A		A		G		G		G		A		A		A		G		G		G		G		A		G		G		G		A		G		G

		8		SCRI_RS_120059		C		T		T		T		C		T		C		C		C		C		C		T		T		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		T		T		C		C		C		T		C		C		T		T		C		C		T		T		C		T		C		C		T		C		C		C		C		C		C		C		T		C		T		T		C		C		C		T		T		T		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C
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		1004		SCRI_RS_156075		G		T		G		G		T		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		G		T		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		G		T		G		T

		1005		SCRI_RS_13386		C		T		C		C		T		C		C		C		C		C		T		C		T		C		C		C		C		T		C		T		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		C		T		C		T		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		T		T		T		C		T		C		T		C		T		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		T		C		T		C		T		C		T		C		C

		1006		SCRI_RS_165239		A		A		A		G		A		A		A		A		G		A		A		G		A		G		A		A		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		G		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A

		1007		SCRI_RS_206020		C		T		C		C		T		C		C		C		C		C		?		C		T		C		C		C		C		T		C		T		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		C		T		C		T		C		C		C		C		C		C		C		T		C		C		T		C		T		C		T		C		C		C		T		C		C		C		C		C		C		C		C		T		T		T		C		T		C		C		C		T		C		C		T		C		C		C		C		C		C		C		C		T		C		C		C		T		C		T		C		C		C		T		T		T

		1008		SCRI_RS_154153		T		C		T		C		C		T		T		T		C		T		C		C		C		C		T		T		T		C		T		C		T		T		C		C		T		T		T		C		T		T		T		C		T		T		C		T		C		T		C		T		T		T		C		C		T		T		C		T		T		C		C		C		T		T		T		T		T		C		T		C		T		T		C		T		C		C		C		C		C		T		C		T		C		C		C		C		T		C		C		T		T		T		C		T		T		T		T		C		T		T		C		T		C		C		C		C		C		T		T

		1009		SCRI_RS_8671		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		T		G		G		G		G		G		G		T		T		T		G		G		G		G		T		G		T		T		G		G		G		G		T		G		G		T		G		G		T		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		T		T		G		G		G

		1010		SCRI_RS_8637		T		C		T		C		C		T		T		T		C		T		C		C		C		C		T		T		T		C		T		C		T		C		C		C		T		T		T		C		T		T		T		C		T		T		C		T		C		T		C		T		T		T		C		C		T		T		C		T		T		C		T		T		T		T		T		T		T		C		T		T		T		T		C		T		C		C		C		C		C		T		T		T		C		C		C		T		T		?		T		T		T		T		C		T		T		T		?		T		T		T		C		T		C		C		C		T		C		C		C

		1011		SCRI_RS_160512		G		A		G		A		A		G		G		G		A		G		A		A		A		A		?		G		G		A		G		A		G		G		A		A		G		G		G		A		G		G		G		A		G		G		A		G		A		G		A		G		G		G		A		A		G		G		A		G		G		A		G		A		G		G		G		G		G		A		G		G		G		G		A		G		G		G		A		A		A		G		A		G		A		A		A		G		G		A		G		G		G		G		A		G		G		G		G		A		G		G		A		G		A		A		A		G		A		G		G

		1012		BOPA2_12_30378		A		A		C		A		A		C		C		C		A		C		A		A		C		A		A		C		C		C		C		A		C		C		A		A		C		C		A		A		C		C		C		C		C		C		A		C		A		C		A		C		C		C		A		A		C		C		A		C		C		C		C		A		C		C		C		C		C		C		A		C		C		C		A		C		C		C		C		C		C		C		C		C		A		A		A		?		C		A		?		C		C		C		A		C		A		C		C		C		C		C		A		C		C		A		A		A		A		A		A

		1013		SCRI_RS_138848		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		C		G		C		G		C		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		C		G		G		G		C		G		G		G		C		G		C		G		G		C		G		C		C		C		C		C		G		G		G		C		C		C		C		G		C		C		G		G		G		C		G		G		G		C		G		G		G		G		G		G		C		C		C		G		G		G

		1014		BOPA1_13081_199		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		A		G		G		G		A		A		G		G		A		G		G		G		A		G		G		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		G		A		G		A		A		G		G		A		G		G		G		G		G		G		A		G		A		G		G		G

		1015		SCRI_RS_174383		G		T		G		T		G		G		G		G		G		G		G		G		G		G		T		T		G		T		G		T		T		G		G		G		T		T		G		T		T		T		T		T		T		G		G		G		G		T		T		G		T		T		G		G		T		T		T		G		T		G		G		T		T		G		T		T		T		G		G		T		T		T		G		T		T		T		T		G		T		G		G		G		T		G		G		G		T		T		T		G		T		G		T		G		G		G		G		T		T		T		G		G		T		G		T		G		T		T		T

		1016		BOPA2_12_31428		A		G		A		G		A		A		A		A		A		A		A		A		A		A		G		G		A		G		A		G		G		A		A		A		G		G		A		G		G		G		G		G		G		A		A		A		A		G		G		A		G		G		A		A		G		G		G		A		G		A		A		G		G		A		G		G		G		A		A		G		G		G		A		G		G		G		G		A		G		A		A		A		G		A		A		A		G		G		G		A		G		A		G		A		A		A		A		G		G		G		A		A		G		A		G		A		G		G		G

		1017		SCRI_RS_216164		T		C		T		C		T		T		T		T		T		T		T		T		T		T		C		C		T		T		T		C		C		T		T		T		C		T		T		T		T		T		C		T		C		T		T		T		T		T		T		T		C		T		T		T		C		C		T		T		T		T		T		T		C		T		T		C		T		T		T		T		T		C		T		C		T		T		C		T		T		T		T		T		T		T		T		T		C		T		T		T		C		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T

		1018		BOPA1_5029_1423		A		G		A		G		G		A		A		A		A		A		A		A		A		A		G		G		A		A		A		G		G		A		A		A		G		A		A		A		A		A		G		A		G		A		A		A		A		A		A		A		G		A		G		A		G		G		A		A		A		A		A		A		G		A		A		G		A		A		G		A		A		G		A		G		A		A		G		A		A		A		A		A		A		A		A		A		G		A		A		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A

		1019		SCRI_RS_148646		T		C		T		C		C		T		T		T		T		T		T		T		T		T		C		C		T		C		T		C		C		T		T		T		C		C		T		C		C		C		C		C		C		T		T		T		T		C		C		T		C		C		C		T		C		C		C		T		C		T		T		C		C		T		C		C		C		T		T		C		C		C		T		C		C		C		C		T		C		T		T		T		C		T		T		T		C		C		C		T		C		T		C		T		T		T		T		C		C		C		T		T		C		T		C		T		C		C		C

		1020		SCRI_RS_190002		C		C		C		C		T		T		T		T		C		T		T		C		T		C		C		C		T		C		T		C		C		T		C		T		C		C		T		C		C		C		C		C		C		T		T		T		C		C		C		T		C		C		T		?		C		C		C		C		C		C		T		C		C		T		C		C		C		T		T		C		C		C		T		C		C		C		C		T		C		T		T		T		C		T		T		T		C		C		C		T		C		T		C		T		T		T		T		C		C		C		T		T		C		T		C		T		C		C		C

		1021		SCRI_RS_1804		A		T		A		T		A		A		A		A		A		A		A		A		A		A		T		T		A		A		A		T		T		A		A		A		T		A		A		A		A		A		T		A		T		A		A		A		A		A		T		A		T		A		A		A		T		T		A		T		A		A		A		A		T		A		A		T		A		A		A		A		A		T		A		T		T		T		T		A		A		A		A		A		A		A		A		A		T		A		A		A		T		A		T		A		A		A		A		A		A		A		A		A		A		A		A		A		T		A		A

		1022		BOPA1_4715_810		G		C		G		G		G		C		C		G		G		C		C		G		C		G		G		G		G		G		C		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		C		C		G		G		G		C		G		G		G		C		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		G		C		G		C		C		G		G		G		C		G		C		G		C		G		C		G		G		G		C		G		G		G		G		G		C		C		G		G		G		C		G		G		C		G		G		G		G		G

		1023		BOPA2_12_10103		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		A		C		C		C		C		A		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		A		C		C		C		A		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		A		C		C		C		C		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		A		C		C

		1024		SCRI_RS_129935		A		G		A		G		G		G		G		G		A		G		G		A		G		A		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		G		A		G		G		G		G		A		A		G		G		G		G		A		A		G		G		G		G		G		G		G		A		G		A		G		G		G		G		G		A		G		G		G		A		A		G		G		G		G		G		G		A		G		G		G		A		A

		1025		SCRI_RS_67208		C		T		C		T		T		T		T		T		C		T		T		C		T		C		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		C		T		T		T		T		T		T		T		T		T		T		C		T		T		T		C		T		T		T		T		C		C		T		T		T		T		C		C		T		T		T		T		T		T		T		C		T		C		T		T		T		T		T		C		T		T		T		C		C		T		T		T		T		T		T		C		T		T		T		C		C

		1026		SCRI_RS_235332		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		C		C		C		T		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		T		C		C

		1027		BOPA2_12_31448		G		A		G		G		G		A		A		G		G		A		A		G		A		G		G		G		G		G		A		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		A		A		G		G		G		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		A		G		A		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G

		1028		SCRI_RS_119379		A		G		A		A		G		G		G		A		A		G		G		A		G		A		A		A		G		G		G		A		A		G		A		G		A		G		G		G		G		G		A		G		A		G		G		G		A		G		G		G		A		G		G		G		A		A		G		A		G		A		A		G		A		G		G		A		G		G		G		G		G		A		G		A		G		G		A		A		A		G		G		G		A		A		G		G		A		G		G		G		A		A		A		G		G		G		G		G		G		G		G		G		G		A		A		A		A		G		G
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		1080		SCRI_RS_1627		T		T		G		G		T		T		T		G		T		T		T		T		T		T		G		G		T		T		T		G		G		G		T		T		G		T		T		T		T		T		T		G		G		T		T		T		T		T		T		T		G		T		T		G		G		G		G		G		G		G		G		T		G		G		T		T		T		T		G		G		T		T		T		T		G		G		G		G		G		T		G		G		G		G		G		G		T		G		G		T		G		T		G		G		T		T		T		T		T		T		T		T		G		G		G		G		T		G		G

		1081		SCRI_RS_198852		G		G		A		A		G		G		G		A		G		G		G		G		G		G		A		A		G		G		G		A		A		A		G		G		A		G		G		G		G		G		G		A		A		G		G		G		G		G		G		G		A		G		G		A		A		A		A		A		A		A		A		G		A		G		G		G		G		G		A		A		G		G		G		G		A		A		A		A		A		G		A		A		A		A		A		A		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		A		A		A		A		G		G		G

		1082		SCRI_RS_230475		C		C		A		A		C		C		C		A		C		C		C		C		C		C		A		A		C		C		C		A		A		A		C		C		A		C		C		C		C		C		C		A		A		C		C		C		C		C		C		C		A		C		C		A		A		A		A		A		A		A		A		C		A		C		C		C		C		C		A		A		C		C		C		C		A		A		A		A		A		C		A		A		A		A		A		A		C		C		C		C		A		C		A		A		C		C		C		C		C		C		C		C		A		A		A		A		C		C		A

		1083		SCRI_RS_4528		G		G		A		A		G		G		G		A		A		G		G		A		G		G		A		A		G		G		G		A		A		A		G		G		A		G		G		G		G		A		G		A		A		G		G		G		G		G		G		G		A		G		G		A		A		A		G		A		A		A		A		A		A		G		A		G		G		G		A		A		G		G		G		G		G		A		A		G		A		G		G		A		A		A		A		A		G		G		G		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		A		G		G		G		G

		1084		SCRI_RS_115423		T		T		C		C		T		T		T		T		C		T		T		C		T		T		T		C		T		T		T		T		C		T		T		T		C		T		T		T		T		C		T		T		C		T		T		T		T		T		T		T		C		T		T		C		C		T		T		C		T		C		T		C		C		C		C		T		T		T		C		C		T		T		T		T		T		T		C		T		C		T		T		T		C		C		T		C		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		T		C		C		T		T		C		C

		1085		SCRI_RS_102837		G		G		C		C		G		G		G		C		C		G		G		G		G		G		C		C		G		G		G		C		C		C		G		G		C		G		G		G		G		G		G		C		C		G		G		G		G		G		G		G		C		G		G		C		C		C		C		C		C		C		C		G		C		C		G		G		G		G		C		C		G		G		G		G		C		C		C		C		C		G		C		C		C		C		C		C		G		C		C		G		C		G		C		C		G		G		G		G		G		G		G		G		C		C		C		C		G		C		C

		1086		SCRI_RS_170626		T		T		C		T		T		T		T		C		C		T		T		T		T		T		C		C		T		T		T		C		C		C		T		T		C		T		T		T		T		T		T		C		C		T		T		T		T		T		T		T		C		T		T		C		C		C		C		C		C		C		C		T		C		C		T		T		T		T		C		C		T		T		T		T		C		C		C		C		C		T		C		C		C		C		C		C		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		C		C		C		T		C		C

		1087		SCRI_RS_152682		T		T		C		T		C		T		T		C		C		T		T		T		T		T		C		C		T		T		T		C		C		C		C		T		C		C		T		C		T		T		C		C		C		T		T		T		T		C		C		T		C		C		T		C		C		C		C		C		C		C		C		T		C		C		T		T		C		C		C		T		C		T		T		T		C		C		C		C		C		T		C		C		C		C		C		C		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		C		C		C		T		C		C

		1088		SCRI_RS_6922		G		G		A		A		G		G		G		A		G		G		G		G		G		G		A		A		G		G		G		G		A		G		G		G		A		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		A		G		G		A		A		A		G		A		G		A		A		G		A		G		A		G		G		G		A		A		G		G		G		G		G		A		A		G		A		G		G		A		A		A		G		A		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		A		A		G		A		G		G		G

		1089		SCRI_RS_9439		A		A		G		G		A		A		A		G		G		A		A		A		A		A		G		G		A		A		A		G		G		G		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		A		A		G		G		A		A		A		A		G		G		G		G		G		A		G		G		G		G		G		G		A		A		A		A		G		A		G		G		A		A		A		A		A		A		A		A		G		G		G		G		A		A		A

		1090		SCRI_RS_200512		T		T		G		G		T		T		T		G		T		T		T		T		T		T		G		G		T		T		T		G		G		G		T		T		G		T		T		T		T		T		T		G		G		T		T		T		T		T		T		T		G		T		T		G		G		G		G		G		G		G		G		T		G		G		T		T		T		T		G		G		T		T		T		T		G		G		G		G		G		T		G		G		G		G		G		G		T		G		G		T		G		T		G		G		T		T		T		T		T		T		T		T		G		G		G		G		T		G		G

		1091		SCRI_RS_173721		G		G		A		A		G		G		G		A		G		G		G		G		G		G		A		A		G		G		G		A		A		A		G		G		A		G		G		G		G		G		G		A		A		G		G		G		G		G		G		G		A		G		G		A		A		A		A		A		A		A		A		G		A		A		G		G		G		G		A		A		G		G		G		G		A		A		A		A		A		G		A		A		A		A		A		A		G		A		A		G		G		G		A		A		G		G		G		G		G		G		G		G		A		A		A		A		G		A		A

		1092		BOPA2_12_30953		G		G		A		G		A		G		G		A		A		G		G		G		G		G		A		A		G		G		G		A		A		A		A		G		A		A		G		A		G		G		A		A		A		G		G		G		G		A		A		G		A		A		G		A		A		A		A		A		A		A		G		G		A		G		G		G		G		G		A		G		A		G		G		G		A		A		A		A		A		G		A		A		A		A		A		A		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		A		G		A		G		G		G		G

		1093		SCRI_RS_151299		T		T		C		C		T		T		T		C		C		T		T		T		T		T		C		C		T		T		T		C		C		C		T		T		C		T		T		T		T		T		T		C		C		T		T		T		T		T		T		T		C		T		T		C		C		C		C		C		C		C		C		T		C		C		T		T		T		T		C		C		T		T		T		T		C		C		C		C		C		T		C		C		C		C		C		C		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		C		C		C		T		C		C

		1094		BOPA1_6156_1399		A		A		T		A		T		A		A		T		T		A		A		A		A		A		T		T		A		A		A		T		T		T		T		A		T		T		A		T		A		A		T		T		T		A		A		A		A		T		T		A		T		T		A		T		T		T		T		T		T		T		T		A		T		T		A		A		T		T		T		A		T		A		A		A		T		T		T		T		T		A		T		T		T		T		T		T		A		T		T		A		T		A		T		T		A		A		A		A		A		A		A		A		T		T		T		T		A		T		T

		1095		BOPA1_4844_1737		A		A		G		G		A		A		A		G		G		A		A		A		A		A		G		G		A		A		A		G		G		G		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		A		A		G		G		A		A		A		A		G		G		G		G		G		A		G		G		G		G		G		G		A		G		G		A		G		A		G		G		A		A		A		A		A		A		A		A		G		G		G		G		A		G		G

		1096		SCRI_RS_175314		G		G		A		A		G		G		G		A		A		G		G		G		G		G		A		A		G		G		G		A		A		A		G		G		A		G		G		G		G		G		G		A		A		G		G		G		G		G		G		G		A		G		G		A		A		A		A		A		A		A		A		G		A		G		G		G		G		G		A		A		G		G		G		G		A		A		A		A		A		G		A		A		A		A		A		A		G		G		G		G		A		G		A		A		G		G		G		G		G		G		G		G		A		A		A		A		G		G		G

		1097		SCRI_RS_174979		A		A		G		A		A		A		A		G		G		A		A		A		A		A		G		G		A		A		A		G		G		G		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		A		A		G		G		A		A		A		A		G		G		G		G		G		A		G		G		G		G		G		G		A		A		A		A		G		A		G		G		A		A		A		A		A		A		A		A		G		G		G		G		A		A		A

		1098		SCRI_RS_133685		T		T		C		T		T		T		T		C		C		T		T		T		T		T		C		C		T		T		T		C		C		C		T		T		C		T		T		T		T		T		T		C		C		T		T		T		T		T		T		T		C		T		T		C		C		C		C		C		C		C		C		T		C		C		T		T		T		T		C		C		T		T		T		T		C		C		C		C		C		T		C		C		C		C		C		C		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		C		C		C		T		C		C

		1099		SCRI_RS_135333		T		T		C		C		T		T		T		C		C		T		T		T		T		T		C		C		T		T		T		C		C		C		T		T		C		T		T		T		T		T		T		C		C		T		T		T		T		T		T		T		C		T		T		C		C		C		C		C		C		C		C		T		C		T		T		T		T		T		C		C		T		T		T		T		C		C		C		C		C		T		C		C		C		C		C		C		T		T		T		T		C		T		C		C		T		T		T		T		T		T		T		T		C		C		C		C		T		T		T

		1100		SCRI_RS_174984		C		C		T		C		C		C		C		T		T		C		C		C		C		C		T		T		C		C		C		T		T		T		C		C		T		C		C		C		C		C		C		T		T		C		C		C		C		C		C		C		T		C		C		T		T		T		T		T		T		T		T		C		T		T		C		C		C		C		T		T		C		C		C		C		T		T		T		T		T		C		T		T		T		T		T		T		C		C		C		C		T		C		T		T		C		C		C		C		C		C		C		C		T		T		T		T		C		C		C

		1101		BOPA1_6634_263		A		A		A		A		G		A		A		A		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		G		G		A		G		G		G		G		G		G		A		A		A		A		A		A		A		G		G		A		G		G		G		A		G		A		A		G		A		G		A		G		G		A		G		A		G		G		A		A		A		G		G		G		A		A		A		A		A		A		G		A		A		A		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		G		G		A		G		A		A		A

		1102		SCRI_RS_235084		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		A		A		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		A		G		G		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G

		1103		BOPA1_6805_1110		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		C		C		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		C		G		G		G		G		C		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		C		G		G		C		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		C		G		G		G		C		G		G

		1104		SCRI_RS_213686		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		A		A		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		A		G		G		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G

		1105		BOPA1_2765_406		G		G		C		G		C		G		G		C		C		G		G		G		G		G		C		C		G		G		G		C		C		C		C		G		C		C		G		C		G		G		C		C		C		G		G		G		G		C		C		G		C		C		G		C		C		C		C		C		C		C		C		C		C		C		G		G		C		C		C		G		C		G		G		G		C		C		C		C		C		G		C		C		C		C		C		C		G		C		C		G		C		G		C		C		G		G		G		G		G		G		G		G		C		C		C		C		G		C		C
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		1920		SCRI_RS_213542		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		A		A		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		A		G		G		G		G		A		G		G		A		A		A		G		G		A		A		G		G		G		A		A		G		A		A		G		A		G		G		A		G		A		A		A		A		G		A		A		G		G		G		A		G		G		A		A		A		G		G		A

		1921		SCRI_RS_197889		C		C		A		C		C		C		C		C		A		C		C		C		A		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		A		A		C		A		C		A		A		C		C		C		C		C		C		C		C		A		C		C		A		A		C		A		C		A		C		C		C		C		A		C		C		A		A		A		C		C		A		A		C		C		C		A		A		C		A		A		C		A		C		C		A		C		A		A		A		A		C		A		A		C		C		C		A		C		C		A		A		A		C		A		A

		1922		SCRI_RS_96016		A		A		A		A		A		A		C		A		A		A		A		A		A		A		A		A		A		C		A		C		C		A		A		A		A		A		A		C		A		A		A		A		A		A		A		C		C		C		C		C		A		C		C		A		C		A		A		A		C		A		C		A		C		C		C		C		A		C		C		C		A		A		C		A		A		A		A		A		C		A		A		C		A		A		C		A		C		A		A		C		A		A		A		A		A		A		A		C		C		C		A		C		C		A		A		A		C		A		A

		1923		BOPA2_12_30620		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		A		G		G		A		G		A		G		G		G		G		A		A		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		A		G		G		G		G		A		G		G		A		A		A		G		G		A		A		G		A		G		A		A		G		A		A		G		A		G		G		A		G		A		A		A		A		A		A		A		G		G		G		A		G		G		A		A		A		G		A		A

		1924		SCRI_RS_234574		T		T		T		T		T		T		G		T		T		T		T		T		T		T		T		T		T		G		T		G		G		T		T		T		T		T		T		G		T		T		T		T		T		T		G		G		G		G		G		G		T		G		G		T		G		T		T		T		G		T		G		T		G		G		G		G		T		G		G		T		T		T		G		T		T		T		T		T		G		T		T		G		T		T		G		G		G		T		T		G		T		T		T		T		T		T		T		T		G		G		T		G		G		T		T		T		G		T		T

		1925		SCRI_RS_132067		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		T		T		C		T		C		T		T		C		C		C		C		C		C		C		C		T		C		C		T		T		C		T		C		T		C		C		C		C		T		C		C		T		T		T		C		C		T		T		C		C		C		T		T		C		T		T		C		T		C		C		T		C		T		T		T		T		C		T		T		C		C		C		T		C		T		T		T		T		C		T		T

		1926		BOPA1_ConsensusGBS0010_2		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		G		A		A		G		G		G		G		G		G		A		G		G		G		G		G		G		A		A		A		A		A		A		G		A		A		G		A		G		G		G		A		G		A		G		A		A		A		A		G		A		A		G		G		G		A		G		G		G		G		G		A		G		G		A		G		G		A		A		A		G		G		A		G		G		G		G		G		G		G		G		A		A		G		A		A		G		G		G		A		G		G

		1927		SCRI_RS_147712		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		A		A		G		A		G		A		G		G		G		G		A		A		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		A		A		A		G		G		A		G		G		A		A		A		A		G		A		A		G		A		G		A		A		G		A		A		G		A		A		A		A		G		A		A		A		A		A		A		A		G		G		G		A		G		G		A		A		A		G		A		A

		1928		BOPA1_ABC09432_1_1_160		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		A		A		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		A		G		G		G		G		A		G		G		A		A		A		G		G		A		A		G		A		G		A		A		G		A		A		G		A		G		A		A		G		A		A		A		A		A		A		A		A		G		G		A		G		G		A		A		A		G		A		A

		1929		SCRI_RS_165912		T		T		G		T		T		T		T		T		G		T		T		T		G		T		T		T		T		T		G		T		T		G		T		G		T		T		T		T		G		G		T		G		T		G		G		T		T		T		T		T		T		T		T		G		T		T		G		G		T		G		T		G		T		T		T		T		G		T		T		G		G		G		T		T		G		G		T		G		T		G		G		T		G		G		T		G		T		G		G		T		G		G		G		G		G		G		G		T		T		T		G		T		T		G		G		G		T		G		G

		1930		SCRI_RS_229658		A		A		G		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		G		G		A		G		A		G		A		A		A		A		G		G		A		G		A		G		G		A		A		A		A		A		A		A		A		G		A		A		G		G		A		G		A		G		G		G		A		A		G		A		A		G		G		G		G		A		G		G		A		G		A		G		G		A		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		A		A		A		G		A		A		G		G		G		A		G		G

		1931		BOPA2_12_30455		A		A		C		A		A		A		A		A		C		A		A		A		C		A		A		A		A		A		C		A		A		C		A		C		A		A		A		A		C		C		A		C		A		C		C		A		A		A		A		A		A		A		A		C		A		A		C		C		A		C		A		C		A		A		A		A		C		A		A		C		C		C		A		A		C		C		A		C		A		C		C		A		C		C		A		C		A		C		C		A		C		C		C		C		C		C		C		A		A		A		C		A		A		C		C		C		A		C		C

		1932		SCRI_RS_168478		T		T		G		T		T		T		T		T		G		T		T		T		G		T		T		T		T		T		G		G		T		G		T		G		T		T		T		T		G		G		T		G		T		G		G		T		T		T		T		T		T		T		T		G		T		T		G		G		T		G		T		G		G		G		T		T		G		T		T		G		G		G		G		T		G		G		T		G		T		G		G		T		G		G		T		G		G		G		G		T		G		G		G		G		G		G		G		T		T		T		G		T		T		G		G		G		T		G		G

		1933		SCRI_RS_165031		A		A		G		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		G		G		A		G		A		G		A		A		A		A		G		G		A		G		A		G		G		A		A		A		A		A		A		A		A		G		A		A		G		G		A		G		A		G		G		G		A		A		G		A		A		G		G		G		G		A		G		G		A		G		A		G		G		A		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		A		A		A		G		A		A		G		G		G		A		G		G

		1934		BOPA1_4139_888		A		A		G		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		G		G		A		G		A		G		G		A		A		A		A		A		A		A		A		G		A		A		G		G		A		G		A		G		A		A		A		A		G		A		A		G		G		G		A		A		G		G		A		G		A		G		G		A		G		G		A		G		A		G		G		A		G		G		G		G		A		G		G		A		A		A		G		A		A		G		G		G		A		G		G

		1935		SCRI_RS_151213		G		G		T		G		G		G		G		G		T		G		G		G		T		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		T		T		G		T		G		T		T		G		G		G		G		G		G		G		G		T		G		G		T		T		G		T		G		T		G		G		G		G		T		G		G		T		T		T		G		G		T		T		G		T		G		T		T		G		T		T		G		T		G		T		T		G		T		T		T		T		G		T		T		T		G		G		T		G		G		T		T		T		G		T		T

		1936		SCRI_RS_146174		T		T		C		T		T		T		T		T		C		T		T		T		C		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		T		T		C		C		T		C		T		C		T		T		T		T		C		T		T		C		C		C		T		T		C		C		T		C		T		C		C		T		C		C		T		C		T		C		C		T		C		C		C		C		T		C		C		C		T		T		C		T		T		C		C		C		T		C		C

		1937		SCRI_RS_8100		G		G		T		G		G		G		G		G		T		G		G		G		T		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		T		T		G		T		G		T		T		G		G		G		G		G		G		G		G		T		G		G		T		T		G		T		G		T		G		G		G		G		T		G		G		T		T		T		G		G		T		T		G		T		G		T		T		G		T		T		G		T		G		T		T		G		T		T		T		T		G		T		T		T		G		G		T		G		G		T		T		T		G		T		T

		1938		SCRI_RS_146941		G		G		A		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		A		A		G		A		G		A		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		A		G		G		G		G		A		G		G		A		A		A		G		G		A		A		G		A		G		A		A		G		A		A		G		A		G		A		A		G		A		A		A		A		G		A		A		A		G		G		A		G		G		A		A		A		G		A		A

		1939		SCRI_RS_166817		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		T		C		T		C		T		T		C		C		C		C		C		C		C		C		T		C		C		T		T		C		T		C		T		C		C		C		C		T		C		C		T		T		T		C		C		T		T		C		T		C		T		T		C		T		T		C		T		C		T		T		C		T		T		T		T		C		T		T		T		C		C		T		C		C		T		T		T		C		T		T

		1940		SCRI_RS_153392		T		T		C		T		T		T		T		T		C		T		T		T		C		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		C		C		T		C		T		C		C		T		T		T		T		T		T		T		T		C		T		T		C		C		T		C		T		C		T		T		T		T		C		T		T		C		C		C		T		T		C		C		T		C		T		C		C		T		C		C		T		C		T		C		C		T		C		C		C		C		T		C		C		C		T		T		C		T		T		C		C		C		T		C		C

		1941		SCRI_RS_140349		C		A		C		C		C		C		A		C		A		C		C		C		A		C		C		C		C		A		A		C		A		C		C		C		C		C		C		A		A		A		C		A		C		A		C		A		A		A		A		A		C		A		A		A		A		C		A		A		A		A		A		A		C		C		A		A		A		C		A		A		A		A		C		A		C		C		C		A		C		A		A		A		A		A		A		C		C		C		C		A		A		C		A		A		C		C		A		C		A		A		A		A		A		A		A		A		A		C		C

		1942		SCRI_RS_139806		G		A		G		G		G		G		A		G		A		G		G		G		A		G		G		G		G		A		A		G		A		G		G		G		G		G		G		A		A		A		G		A		G		A		G		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		G		A		G		G		G		A		G		A		A		A		G		A		A		G		G		G		G		A		A		G		A		A		G		G		A		G		A		A		A		A		A		A		G		A		A		G		G

		1943		SCRI_RS_137903		T		C		T		T		T		T		C		T		C		T		T		T		C		T		T		T		T		C		C		T		C		T		T		T		T		T		T		C		C		C		T		C		T		C		T		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		T		C		T		T		T		C		T		C		C		C		T		C		C		C		T		C		T		C		C		T		C		C		T		T		C		T		C		C		C		C		C		C		T		C		C		C		T

		1944		SCRI_RS_215737		G		A		G		G		G		G		A		G		A		G		G		G		A		G		G		G		G		A		A		G		A		G		G		G		G		G		G		A		A		A		G		A		G		A		G		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		G		A		A		A		A		G		A		G		G		G		A		G		A		A		A		G		A		A		G		G		G		G		A		A		G		A		A		G		G		A		G		A		A		A		A		A		A		G		A		A		G		G

		1945		BOPA1_3549_743		G		A		G		G		G		G		A		G		A		G		G		G		A		G		G		G		G		A		A		G		A		G		G		G		G		G		A		A		A		A		G		A		G		A		G		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		G		A		A		A		A		G		A		G		G		G		A		G		A		A		A		G		A		A		G		G		G		G		A		A		G		G		A		G		G		A		G		A		A		A		A		A		G		G		G		A		G		G

		1946		BOPA2_12_31536		A		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		G		A		A		G		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		G		G		G		G		A		G		G		A		G		A		A		A		G		A		G		A		A		G		G		G		A		A		G		A		G		A		A		G		A		A		A		G		A		A		A		G		A		A		G		G		A		A		A		G		A		A		A		A		A		A		A		A		G		G		A		G		G		G		A		G		G		A		A

		1947		BOPA1_424_423		A		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		G		A		A		G		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		G		G		G		G		A		G		G		A		G		A		A		A		G		A		G		A		A		G		G		G		A		A		G		A		G		A		A		G		A		A		A		G		A		A		A		G		A		A		G		G		A		A		A		G		A		A		A		A		A		A		A		A		G		G		A		G		G		G		A		G		G		A		A

		1948		SCRI_RS_147772		A		T		A		A		A		A		T		A		T		A		A		A		T		A		A		A		A		T		T		A		T		A		A		A		A		A		A		T		T		T		A		T		A		T		A		T		T		T		T		T		A		T		T		T		T		A		T		T		T		T		T		T		A		A		T		T		T		A		T		T		T		T		A		T		A		A		A		T		A		T		T		T		A		T		T		A		A		A		A		T		T		A		T		T		A		A		T		A		T		T		T		T		T		T		A		T		T		A		A

		1949		BOPA1_11293_490		G		A		G		G		G		G		A		G		A		G		G		G		A		G		G		G		G		A		A		G		A		G		G		G		G		G		G		A		A		A		G		A		G		A		G		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		G		A		A		A		A		G		A		G		G		G		A		G		A		A		A		G		A		A		G		G		G		G		A		A		G		A		A		G		G		A		G		A		A		A		A		A		A		G		A		A		A		A

		1950		SCRI_RS_8092		C		A		C		C		C		C		A		C		A		C		C		C		A		C		C		C		C		A		A		C		?		C		C		C		C		C		C		A		A		A		C		A		C		A		C		A		A		A		A		A		C		A		A		A		A		C		A		A		A		A		A		A		C		A		A		A		A		C		A		A		A		A		C		A		C		C		C		A		C		A		A		A		C		A		A		C		C		C		C		A		A		C		A		A		C		C		A		C		A		A		A		A		A		A		C		A		A		A		A

		1951		BOPA2_12_30693		C		G		C		C		C		C		G		C		C		C		C		C		C		C		C		C		C		G		C		C		G		C		C		C		C		C		G		G		C		C		C		C		C		C		C		G		G		G		G		G		C		G		G		C		G		C		C		C		G		C		G		C		C		C		G		G		C		C		G		C		G		C		C		G		C		C		C		G		C		C		C		G		C		C		G		C		C		C		C		G		C		C		C		C		C		C		C		C		G		G		C		G		G		C		C		C		G		C		C

		1952		BOPA1_2955_452		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		A		G		G		G		G		G		A		A		G		G		G		G		G		G		G		A		A		A		A		A		G		A		A		G		A		G		G		G		A		G		A		G		G		G		A		A		G		G		A		G		A		G		G		A		G		G		G		A		G		G		G		A		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		A		A		G		A		A		A		G		A		A		G		G

		1953		BOPA1_6464_1115		G		C		C		G		G		G		C		G		C		G		G		G		C		G		G		G		G		C		C		G		C		G		G		G		G		G		G		C		C		C		G		C		G		C		C		C		C		C		C		C		G		C		C		C		C		G		C		C		C		C		C		C		G		G		C		C		C		G		C		C		C		C		G		C		C		C		G		C		G		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		C		C		C		C		C		C		C

		1954		SCRI_RS_143825		A		A		A		A		A		A		A		A		A		A		A		A		T		A		A		A		A		T		A		A		A		T		A		A		A		A		A		A		A		A		A		A		A		T		T		A		T		T		T		A		A		T		A		A		A		A		T		T		T		T		A		T		A		T		T		T		T		A		A		T		A		T		A		A		A		A		A		T		A		A		T		A		T		T		A		A		A		T		T		A		T		A		A		T		A		A		T		A		A		A		T		T		T		T		T		T		T		T		A

		1955		SCRI_RS_154658		C		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		T		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C

		1956		SCRI_RS_148392		A		A		G		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		G		G		A		G		A		G		A		A		G		G		G		A		A		G		A		G		A		A		A		G		G		A		A		G		A		A		G		G		A		A		A		G		A		G		A		A		G		G		A		A		A		G		A		A		A		G		A		G		A		G		A		A		G		G		A		G		A		G		G		G		A		A		G		G		G		A		A		A		A		G		G

		1957		SCRI_RS_195017		G		G		A		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		A		A		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		A		G		A		G		G		G		G		G		G		G		G		G		G		G

		1958		BOPA1_ConsensusGBS0589_1		A		G		A		A		A		A		G		A		A		A		G		G		A		G		A		A		A		G		A		A		G		G		G		A		A		A		G		G		A		A		A		A		A		A		G		G		G		G		G		G		A		G		G		A		A		A		G		A		G		G		G		A		A		G		G		G		G		A		G		A		G		A		A		G		A		A		A		G		A		A		G		G		G		A		G		A		A		A		G		G		A		A		A		A		A		A		A		A		G		G		G		G		G		G		G		G		G		A		A

		1959		SCRI_RS_159331		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		G		A		A		G		A		A		A		G		A		A		G		A		A		A		A		A		A		A		G		G		A		A		A		A		G		A		G		A		A		A		A		G		G		A		A		A		G		A		A		A		A		A		A		A		A		A		A		G		G		G		A		G		G

		1960		BOPA1_ABC14714_1_1_162		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		G		G		G		A		A		G		A		A		A		A		G		G		G		G		A		G		A		G		G		G		G		A		A		G		A		G		A		A		A		A		A		G		A		A		G		A		G		G		A		A		A		A		A		A		G		A		A		G		A		A		G		A		A		A		G		G		G		G		G		G		A		A		A

		1961		SCRI_RS_219816		C		T		C		C		C		C		T		C		C		C		T		T		C		T		C		C		C		T		C		C		T		T		T		C		C		C		T		T		C		C		C		C		C		C		T		T		T		T		T		T		C		T		T		C		C		C		T		C		T		T		T		C		C		T		T		T		T		C		T		C		T		C		C		T		C		C		C		T		C		C		T		T		T		C		T		C		C		C		T		T		C		C		C		C		C		C		C		C		T		T		T		T		T		T		T		T		T		C		C

		1962		SCRI_RS_239956		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		C		T		T		C		T		T		T		C		T		T		C		T		T		T		T		T		T		T		C		C		T		T		T		T		C		T		C		T		T		C		T		C		C		T		T		T		C		T		T		T		T		T		T		T		T		T		T		C		C		C		T		C		C

		1963		SCRI_RS_218491		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		T		C		T		C		C		T		C		C		C		C		C		C		T		T		T		T		C		T		C		C		T		T		T		C		C		T		C		T		C		C		T		T		T		T		C		T		C		T		T		T		T		C		C		T		T		T		C		C		T		T		C		T		C		T		T		C		T		T		C		C		C		C		C		C		T		T		T		T		C		T		T		T		T		T		T		C		T		T		T		T		C		C		C

		1964		SCRI_RS_106799		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		A		G		G		G		A		G		G		A		G		G		G		G		G		G		G		A		A		G		G		G		G		A		G		A		G		G		G		G		A		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		A		A		G		A		A

		1965		SCRI_RS_20701		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		T		C		C		T		C		C		C		C		C		C		T		T		C		T		C		T		T		C		T		T		T		C		C		T		C		T		C		C		T		T		T		T		C		T		C		C		T		T		T		C		C		T		C		T		C		C		T		T		C		T		C		T		T		C		T		T		C		T		C		T		C		C		T		T		T		T		C		T		T		T		C		C		T		T		T		T		T		T		C		T		T

		1966		SCRI_RS_157650		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		T		T		C		T		C		T		T		C		T		T		T		C		C		T		C		T		C		C		T		T		T		T		C		T		C		C		T		T		T		C		C		T		C		T		C		C		T		T		C		T		C		T		T		C		T		T		C		T		C		T		T		C		T		T		T		T		C		T		T		T		C		C		T		T		T		T		T		T		C		T		T

		1967		BOPA1_3416_692		A		G		G		A		A		A		G		A		G		A		G		G		G		G		A		A		G		G		G		G		G		G		G		A		A		A		G		G		G		G		G		G		A		G		A		G		G		G		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		A		A		G		G		G		G		G		G		G		G		A		G		A		A		G		G		G		G		G		A		G		G		G		G		G		G		A		G		A		G		A		G		A		A

		1968		BOPA1_6172_773		G		G		G		G		G		G		G		G		A		G		G		G		A		G		G		G		A		G		A		G		G		G		G		G		G		G		G		G		A		A		A		A		G		A		G		G		A		A		A		G		G		A		G		A		G		G		G		A		A		G		G		A		G		G		A		A		G		G		G		A		G		A		G		G		A		A		G		A		G		A		G		G		A		A		G		A		G		G		G		G		A		G		G		A		G		G		A		G		A		A		A		G		A		A		A		A		G		G		G

		1969		SCRI_RS_237913		C		C		T		C		C		C		C		C		T		C		C		C		T		C		C		C		T		C		T		C		C		T		C		C		C		C		C		C		T		T		T		T		C		T		C		C		T		T		T		C		C		T		C		T		C		C		C		T		T		C		C		T		C		C		T		T		C		C		C		T		T		T		C		C		C		C		C		T		C		T		C		C		C		T		C		C		C		C		C		C		T		T		C		T		C		T		T		T		T		T		T		C		T		C		C		C		C		C		C

		1970		SCRI_RS_106435		G		T		G		G		G		G		T		G		G		G		T		T		G		T		G		G		G		T		G		T		T		G		T		G		G		G		T		T		G		G		G		G		G		G		G		T		G		G		G		T		G		G		T		G		T		G		G		G		G		G		T		G		T		G		G		G		G		T		T		G		G		G		T		T		G		G		G		G		T		G		G		T		G		G		T		G		T		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		G

		1971		SCRI_RS_231208		C		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		T		C		T		C		C		C		C		C		C		C		C		C		T		T		T		T		C		T		C		C		T		T		T		C		C		T		C		T		C		C		C		T		T		C		C		T		C		C		T		T		C		C		C		T		C		T		C		C		T		T		C		T		C		T		C		C		T		T		C		T		C		C		C		C		T		C		C		T		C		C		T		C		T		T		T		C		T		T		T		T		C		C		C

		1972		BOPA2_12_31362		A		C		A		A		A		A		C		A		C		A		C		C		C		A		A		A		C		C		C		C		C		A		C		C		A		A		C		C		C		C		C		C		A		C		C		C		C		C		C		C		A		C		C		C		C		A		C		C		C		A		C		C		C		C		C		C		A		A		C		C		A		C		C		C		A		A		A		C		C		C		C		C		A		C		C		A		C		C		C		C		C		A		C		C		A		A		C		A		C		C		C		A		C		C		A		C		C		C		C

		1973		SCRI_RS_119486		A		G		A		A		A		A		G		A		G		A		G		G		G		A		A		A		G		G		G		G		G		A		G		G		A		A		G		G		G		G		G		G		A		G		G		G		G		G		G		G		A		G		G		G		G		A		G		G		G		A		G		G		G		G		G		G		A		A		G		G		A		G		G		G		A		A		A		G		G		G		G		G		A		G		G		A		G		G		G		G		G		A		G		G		A		A		G		A		G		G		G		G		G		G		A		G		G		G		G

		1974		SCRI_RS_179438		A		A		A		A		G		G		A		A		G		A		A		A		G		A		A		A		G		A		G		A		A		A		A		A		A		A		A		A		G		G		A		G		A		G		G		A		G		G		G		A		A		G		A		A		A		A		G		G		G		G		A		G		A		A		G		A		G		A		A		G		G		G		A		G		G		G		A		G		A		G		G		A		G		G		A		A		A		G		G		A		G		A		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G

		1975		BOPA1_9149_1316		A		A		A		A		A		G		A		A		G		A		A		A		G		A		A		A		G		A		G		A		A		A		A		A		A		A		A		A		G		A		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A

		1976		BOPA1_2490_1786		A		A		G		A		G		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		G		A		G		A		A		G		G		A		A		G		A		A		A		G		G		A		A		A		A		A		A		G		A		A		A		A		G		G		A		A		A		A		G		A		G		A		G		A		A		A		G		A		A		G		A		A		A		G

		1977		SCRI_RS_164399		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		T		C		T		T		T		C		C		T		C		C		C		C		T		T		T		T		C		T		C		C		T		C		T		C		C		T		T		T		C		T		T		T		C		T		C		C		T		C		T		T		C		C		C		T		T		C		T		C		T		C		C		T		T		T		C		C		T		C		T		T		T		T		C		T		T

		1978		SCRI_RS_200957		T		T		T		T		T		T		T		T		G		T		T		T		G		T		T		T		G		G		T		T		T		T		T		T		T		T		T		T		G		T		G		G		T		G		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		G		T		T		T		T		G		T		T		T		T		T		T		T		T		T		T		T		T		G		T		T		T		T		T		T		G		T		G		G		T		G		T		T		G		T		T		G		T		T		T		T		G		T		T		T		T		G		T		G

		1979		SCRI_RS_171874		C		C		C		C		C		T		C		C		T		C		C		C		T		C		C		C		T		C		T		C		C		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		T		C		C		C		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C

		1980		SCRI_RS_200964		C		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		T		T		C		C		C		C		C		C		C		C		C		C		T		C		T		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		T		C		T		C		C		T		C		C		T		C		C		T		C		C		C		C		T		C		C		C		C		T		C		T

		1981		SCRI_RS_238618		T		T		T		T		T		T		T		T		C		T		T		T		C		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		C		T		T		C		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		C		T		T

		1982		SCRI_RS_166474		C		T		C		C		T		C		T		T		C		T		T		T		C		T		C		T		C		T		C		T		T		T		T		T		T		T		T		T		C		T		T		C		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		C		T		T		T		C		T		T		T		T		T		C		T		T		C		T		C		C		T		T		T		T		C		T		T		C		C		T		T		T		T		T		C		T		T		T		T		T		C		C		T		T		T		T		C		T		C

		1983		BOPA1_1523_1136		A		A		A		A		A		A		A		A		T		A		A		A		T		A		A		A		T		A		A		A		A		A		A		A		A		A		A		A		T		A		A		T		A		T		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		T		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		T		A		A		A		A		A		A		A		A		A		A		A		A		A		A		T		T		A		A		A		A		T		A		A

		1984		BOPA1_4250_402		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		G		G		A		G		A		G		G		G		A		A		A		A		A		G		A		A		A		G		G		G		A		G		A		A		G		A		A		A		A		A		G		A		G		A		A		A		G		G		A		A		A		A		G		G		A		G		A		A		A		A		A		A		A

		1985		SCRI_RS_223734		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		G		A		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		G		A		A

		1986		SCRI_RS_7523		C		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		C		T		T		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		T		C		C		C		C		T		C		C

		1987		SCRI_RS_152388		T		T		T		T		T		T		T		T		C		T		T		T		C		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		C		T		T		C		T		C		T		T		T		T		T		?		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		C		T		T		T		T		T		T		T		T		T		?		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		?		T		T		T		T		C		T		T

		1988		SCRI_RS_144204		C		C		C		C		C		C		C		C		T		C		C		C		T		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		T		C		C

		1989		SCRI_RS_181725		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		G		A		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		A		A		A		A		G		A		A

		1990		SCRI_RS_233242		C		T		C		C		C		C		T		T		C		T		T		T		C		T		C		T		C		T		C		T		T		T		T		T		T		T		T		T		C		T		T		C		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		C		T		T		C		T		T		C		T		T		T		T		C		T		T		T		T		T		T		T		T		C		C		T		T		T		T		T		C		T		T		T		T		T		C		T		T

		1991		BOPA1_4988_858		C		C		C		C		G		C		C		C		G		C		C		C		G		C		C		C		G		C		C		C		C		C		C		C		C		C		C		C		G		C		C		G		C		G		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		G		G		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		G		C		C		C		C		C		C		G		G		G		C		C		C		G		C		C

		1992		SCRI_RS_125524		C		C		C		C		A		C		C		C		A		C		C		C		A		C		C		C		A		C		C		C		C		C		C		C		C		C		C		C		A		C		C		A		C		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		C		C		A		C		C		C		C		C		A		C		C

		1993		BOPA2_12_31246		G		G		G		G		C		G		G		G		C		G		G		G		C		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		C		G		G		C		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		C		G		C		C		G		G		G		C		C		G		G		G		G		G		G		C		C		C		G		G		G		C		G		C

		1994		BOPA1_6841_637		A		C		C		A		A		A		C		A		C		C		C		C		C		C		A		C		C		C		C		C		C		A		A		A		C		C		A		A		C		C		C		C		C		C		C		A		C		C		C		C		C		C		A		C		C		C		C		C		C		C		A		C		C		A		C		C		C		A		C		C		C		C		C		A		A		A		A		C		A		C		C		A		C		C		A		A		C		C		C		A		A		A		C		A		A		C		A		C		A		A		C		C		A		C		C		C		C		C		C

		1995		BOPA1_4986_1214		A		G		G		A		G		G		G		A		G		G		G		G		G		G		A		G		G		G		G		G		G		A		A		A		G		G		A		A		G		G		G		G		G		G		G		A		G		G		G		G		G		G		A		G		G		G		G		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		G		A		A		A		A		G		A		G		G		A		G		G		A		G		G		G		G		A		A		A		G		G		A		G		A		G		A		A		G		G		G		A		G		A		G		G		G

		1996		BOPA2_12_30655		A		C		C		A		A		C		C		A		C		C		C		C		C		C		A		C		C		C		C		C		C		A		A		A		C		C		A		A		C		C		C		C		C		C		C		A		C		C		C		C		C		C		A		C		C		C		C		C		C		C		A		C		C		C		C		C		C		A		C		C		C		C		C		C		A		A		A		C		C		C		C		A		C		C		A		A		C		C		C		A		A		A		A		A		A		C		A		C		C		C		C		C		C		A		C		A		C		C		C

		1997		SCRI_RS_176669		C		C		C		C		T		C		C		C		T		C		C		C		T		C		C		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		C		C		C		C		T		C		C		C		T		C		C		C		C		C		T		C		C		C		C		T		C		T		C		C		C		C		T		C		T		T		C		C		C		T		T		C		C		C		C		T		T		T		T		T		C		C		C		T		C		T

		1998		BOPA1_2400_956		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		G		A		A		G		A		A		G		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		G		A		A		G		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		G		G		A		A		A		G		G		A		G		G		A		A		A		A		A		A		A		A		A

		1999		BOPA2_12_31523		A		A		A		A		A		A		G		A		A		A		G		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		G		G		G		A		A		A		A		A		A		A		A		A		A		A		A		G		A		G		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A

		2000		SCRI_RS_128147		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		T		T		C		C		T		C		C		T		C		C		C		T		T		C		C		C		T		C		C		T		T		C		C		T		C		C		T		T		T		C		C		C		C		C		C		C		T		C		T		C		T		T		C		T		T		C		T		C		T		T		C		T		T		C		T		T		C		C		C		C		T		T

		2001		BOPA2_12_31231		A		A		A		A		A		G		A		A		G		A		A		A		G		A		A		A		G		A		G		A		A		A		A		A		A		A		A		A		G		A		A		G		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		G		A		A		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A

		2002		SCRI_RS_149449		T		C		T		T		T		C		C		C		T		C		C		C		T		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		C		C		T		C		C		C		C		C		C		C		T		C		C		C		C		C		C		C		C		T		T		C		C		C		T		T		T		C		C		C		C		C		T		C		C

		2003		BOPA2_12_31148		G		G		G		G		G		G		G		G		A		G		G		G		A		G		G		G		A		G		G		A		G		G		G		G		G		G		G		G		A		G		G		A		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		A		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		A		A		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G

		2004		BOPA1_ConsensusGBS0461_3		C		G		C		C		G		G		G		G		C		G		G		G		C		G		C		G		C		C		G		C		G		G		G		G		G		G		G		G		C		G		C		C		G		C		G		G		G		G		G		G		G		G		G		G		C		G		G		G		G		G		C		G		C		G		G		C		G		C		G		G		G		G		G		C		G		G		C		G		C		G		G		G		G		G		C		C		C		C		G		G		C		G		G		C		C		G		C		G		G		G		G		G		G		G		G		G		C		G		C

		2005		BOPA1_8463_466		A		A		A		A		C		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		C		A		A		A		A		C		A		C		C		C		A		A		C		A		A		A		A		C		C		C		C		A		C		A		A		C		A		C		A		A		C		C		C		A		C		C		C		A		C		A		A		C		A		C		C		A		A		A		C		C		A		C		A		C		A		A		C		C		C		A		A		C		C		C		C		C		C		A		C		C

		2006		BOPA1_ABC20090_1_1_275		C		C		C		C		A		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		A		C		C		C		C		C		C		C		C		C		A		C		A		A		C		A		C		C		A		C		A		A		C		A		A		A		A		C		C		A		C		C		C		A		C		A		C		C		C		C		A		A

		2007		SCRI_RS_207108		G		A		G		G		G		G		G		G		G		A		G		G		G		A		G		A		G		A		G		A		A		G		G		G		A		A		G		G		G		A		A		G		A		G		G		G		A		A		A		G		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		G		A		A		A		A		G		A		A		G		A		A		G		A		G		A		A		G		A		A		A		A		G		A		A		A		G		G		A		A		A		A		A		G		A		A		A		A		A		G		A		A

		2008		SCRI_RS_169134		G		G		G		G		A		G		G		G		A		G		G		G		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		A		G		A		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		A		G		A		A		G		G		G		A		A		G		G		G		G		G		G		A		G		G		G		G		G		A		G		A

		2009		SCRI_RS_141214		A		A		A		A		G		A		A		A		G		A		A		A		G		G		A		A		A		A		G		A		A		A		A		A		A		A		A		A		G		A		G		G		A		G		A		A		G		G		G		A		A		G		A		A		G		A		A		A		G		G		A		G		A		G		A		A		G		G		A		G		G		A		A		G		A		G		A		G		A		G		A		A		G		G		A		G		A		A		A		A		G		A		G		G		A		G		G		G		G		G		G		A		G		G		G		A		G		A		G

		2010		SCRI_RS_138835		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		G		A		A		G		A		A		G		A		A		A		G		A		A		A		A		G		A		A		G		G		A		G		G		A		A		G		G		G		A		A		A		A		A		A		G		G		A		G		A		G		G		A		G		G		G		G		A		G		G		A		G		G		G		G		G		A		A		A		A		G		G

		2011		SCRI_RS_162410		T		C		T		T		T		T		C		C		T		C		C		C		T		C		T		C		T		C		C		C		C		T		T		C		C		C		T		T		T		C		T		T		C		T		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		T		T		T		C		C		C		T		C		T		C		C		C		T		C		C		C		C		T		C		T		C		C		T		T		C		T		T		C		T		T		T		C		C		T		T		T		C		C		C		C		C		C		C		T		C		C		C		T		C		T

		2012		BOPA1_4564_604		C		C		C		C		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		A		A		C		C		A		C		C		A		C		C		C		A		C		C		C		C		C		C		C		A		A		C		A		A		C		C		A		A		A		C		C		C		C		C		C		A		A		C		A		C		A		A		C		A		A		A		A		C		A		A		C		A		A		C		C		C		C		C		C		C		A		A

		2013		SCRI_RS_203859		G		A		G		G		G		G		G		A		G		A		G		G		G		G		G		A		G		A		G		A		A		G		G		A		A		A		G		G		G		A		G		G		A		G		G		A		G		G		G		G		A		G		A		A		G		A		A		A		G		G		G		G		A		G		A		G		G		G		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		A		G		G		A

		2014		BOPA1_4039_1686		G		G		G		G		G		G		A		G		G		G		A		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		A		A		A		A		G		A		G		G		A		G		G		G		A		G		G		G		G		G		G		G		A		G		G		A		A		G		G		A		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		A		G		G		A		A		G		A		G		G		A		G		G		G		G

		2015		SCRI_RS_229409		C		T		C		C		T		C		T		T		C		T		T		T		C		C		C		T		C		T		T		T		T		C		C		T		T		T		C		C		C		T		C		C		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		C		C		T		C		T		C		T		T		T		C		T		C		T		C		T		T		C		T		C		T		T		C		C		T		C		C		T		C		C		C		T		T		C		T		C		T		T		C		T		T		T		T		C		T		T		T		C		C		C

		2016		SCRI_RS_210971		G		T		G		G		T		G		G		T		G		T		G		G		G		G		G		T		G		T		G		T		T		G		G		T		T		T		G		G		G		T		G		G		T		G		G		T		G		G		G		G		T		G		T		T		G		T		T		T		G		G		G		G		T		T		T		G		G		T		T		T		G		G		T		T		G		G		G		G		G		G		G		G		T		G		G		T		T		T		T		G		T		T		T		T		G		G		T		G		G		G		G		G		T		T		G		T		G		G		T

		2017		SCRI_RS_168399		C		A		C		C		A		C		C		A		C		C		C		C		C		C		C		A		C		A		C		C		C		C		A		A		C		A		C		C		C		A		A		C		A		C		C		A		A		A		A		C		C		A		A		C		A		C		C		C		A		A		C		C		C		A		A		C		A		A		C		C		A		C		A		A		C		C		C		C		C		C		C		C		C		A		C		A		C		C		C		C		A		A		C		A		C		A		A		C		A		A		A		A		A		C		C		C		C		C		C

		2018		SCRI_RS_107010		T		C		T		T		C		T		T		C		T		T		T		T		T		T		T		C		T		C		T		T		T		T		C		C		T		C		T		T		T		C		C		T		C		T		T		C		C		C		C		T		T		C		C		T		C		T		T		T		C		C		T		T		T		C		C		T		C		C		T		T		C		T		C		C		C		T		T		T		T		T		C		T		T		C		T		C		T		C		C		T		C		C		T		C		T		C		C		T		C		C		C		C		C		C		T		T		T		T		C

		2019		SCRI_RS_157760		G		T		G		G		G		G		G		T		T		T		G		G		T		T		G		T		G		T		T		T		T		G		G		T		G		T		G		G		T		T		T		T		T		T		G		T		T		T		T		G		G		T		T		T		T		T		T		T		T		G		G		T		T		G		T		G		T		G		G		T		T		G		T		G		T		T		G		T		G		T		T		G		G		T		G		G		T		G		G		G		G		T		G		G		G		T		G		T		T		T		T		T		G		T		G		G		T		G		G

		2020		SCRI_RS_165236		G		A		G		G		A		?		G		A		A		A		G		G		A		A		G		A		?		A		A		A		A		G		G		A		G		A		G		G		A		A		A		A		A		A		G		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		?		A		A		G		A		G		A		A		G		A		A		G		A		A		G		A		G		A		G		A		G		G		A		A		G		A		A		G		G		G		A		A		A		A		G		A		A		A		A		A		G		A		G		A		A		G		A		G		G

		2021		SCRI_RS_172072		A		G		A		A		G		A		A		G		A		A		A		A		A		A		A		G		A		G		A		A		A		A		G		G		A		G		A		A		A		G		G		A		G		A		A		G		G		G		G		A		A		G		G		A		G		A		A		A		G		G		A		A		A		G		G		A		G		G		A		A		G		A		G		G		A		A		A		A		A		A		A		A		A		G		A		G		A		G		A		A		G		G		A		G		A		G		G		A		G		G		G		G		G		A		A		A		A		A		A
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		4846		SCRI_RS_180871		C		C		T		C		C		T		C		T		T		C		T		T		?		T		C		T		T		C		T		T		T		T		T		T		T		C		C		C		T		C		C		C		C		T		C		T		C		T		C		C		T		T		C		T		C		T		T		T		T		T		C		T		C		C		T		C		T		T		C		T		C		T		C		T		T		T		C		T		C		T		T		T		T		T		T		C		T		T		T		T		T		C		C		C		T		T		C		T		C		C		C		C		T		C		T		T		C		C		T

		4847		SCRI_RS_9584		T		G		T		T		G		G		G		G		T		G		G		G		G		G		T		G		G		G		G		T		T		T		T		G		G		T		G		T		T		T		G		T		T		G		G		G		G		G		G		G		G		G		G		T		T		T		T		T		G		T		T		G		T		G		T		T		G		G		G		T		G		G		G		G		G		T		G		T		T		G		T		T		T		T		T		T		G		G		G		G		T		G		G		G		G		G		T		G		G		G		G		G		T		G		T		G		G		G		T

		4848		BOPA2_12_30769		A		G		G		A		A		G		A		G		G		A		G		A		G		G		A		G		A		A		G		A		A		G		G		G		G		A		G		A		G		A		A		A		A		A		A		G		A		G		A		A		G		G		G		G		A		A		A		A		G		A		A		G		A		G		A		G		A		G		A		A		A		G		A		G		A		A		A		A		A		G		A		G		A		G		G		G		G		G		G		A		G		A		G		A		A		G		A		G		A		A		G		A		A		A		A		A		A		G		G

		4849		SCRI_RS_144202		T		T		T		T		C		T		T		T		C		T		C		C		T		C		T		T		T		?		T		T		T		T		T		T		T		T		C		T		T		?		T		?		T		T		T		T		T		?		T		T		T		T		?		C		T		T		T		T		T		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C		T		C		C		T		T		T		T		C		T		T		T		T		T		T		T		T		T		T		T		T		T		T		C

		4850		SCRI_RS_4891		T		G		T		T		G		G		G		T		G		G		T		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		T		T		G		G		G		G		T		G		T		G		T		G		G		G		G		G		T		T		G		G		T		T		G		T		G		G		G		T		G		G		T		T		G		T		G		T		G		T		T		T		G		T		G		T		T		T		T		T		T		T		G		G		G		T		G		G		T		T		T		G		T		G		G		G		T		G		G		T		T		T		?		G		T

		4851		SCRI_RS_202438		A		A		A		G		A		A		G		G		G		A		G		G		G		A		A		G		G		G		A		A		G		G		G		A		A		G		G		A		A		G		G		G		A		G		G		A		A		A		A		A		A		A		G		A		A		A		G		G		A		A		G		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		A		A		G		G		G		A		A		G		A		?		G		A		A		A		A		G		G		G		A		A		?		?		G		A		A		G		G		A		G		A		G

		4852		SCRI_RS_182947		T		C		T		T		T		T		T		T		C		T		T		T		T		T		C		C		C		T		T		C		T		C		T		T		C		C		T		T		T		C		T		T		C		T		T		T		C		T		T		T		C		T		T		T		C		C		C		C		T		?		T		C		C		C		C		T		T		C		T		C		C		T		C		T		C		C		C		C		C		C		C		C		T		T		T		T		C		C		C		C		T		T		T		T		T		C		?		T		T		C		T		T		C		T		T		T		C		C		T

		4853		SCRI_RS_14174		C		C		T		C		C		C		C		C		C		C		C		C		T		T		T		C		T		C		T		T		T		C		C		C		T		C		C		C		T		T		C		T		T		T		C		T		T		C		C		T		T		C		C		C		T		T		T		T		T		T		T		T		T		T		T		T		C		C		C		T		C		C		T		C		T		T		C		C		T		T		T		T		C		T		T		C		T		C		C		T		T		T		T		T		C		T		C		C		T		T		T		C		T		C		C		T		T		C		C

		4854		SCRI_RS_165509		A		G		G		A		G		A		G		G		G		G		G		G		A		G		A		G		G		G		A		A		G		A		A		A		A		G		G		G		A		G		A		G		G		G		G		G		G		G		G		G		A		G		G		G		A		A		A		G		G		G		A		G		G		A		G		G		G		G		A		G		A		A		G		G		A		G		A		G		A		A		A		G		G		A		A		G		A		G		A		A		G		G		G		A		A		G		G		G		A		A		A		A		G		G		G		G		G		G		G

		4855		SCRI_RS_192515		T		T		T		T		T		A		T		T		T		T		A		T		T		T		T		A		A		T		T		T		A		T		T		T		A		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		T		A		T		T		T		A		T		T		T		T		A		T		T		T		T		T		T		A		T		A		T		T		T		T		T		T		T		T		?		A		A		?		T		T		T		A		T		T		T		T		A		T		T		A		T		T		T		T		T		T		T		A		A		?		T		T		T

		4856		SCRI_RS_174164		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		T		T		G		G		G		G		T		T		T		G		G		T		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		T		G		G		G		G		G		G		G		G		G		G		G		G		G		T		G		?		G		?		G		G		G		G		T		G		G		T		G		G		G		G

		4857		SCRI_RS_5518		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		G		G		G		A		G		G		G		G		G		G		G		G		G		G		?		A		?		G		G		G		A		G		A		G		G		G		A		A		G

		4858		SCRI_RS_155722		G		A		A		G		A		A		A		A		A		A		A		A		G		A		G		A		A		A		G		G		A		G		G		G		G		A		A		A		G		A		G		A		A		A		A		A		A		A		A		A		G		A		A		A		G		G		G		A		A		A		G		A		A		A		A		A		A		A		G		A		G		G		A		A		G		A		G		A		G		G		G		A		A		A		G		A		G		A		A		A		A		A		A		G		?		A		?		A		G		G		G		G		A		A		A		A		A		A		A

		4859		BOPA1_956_473		T		A		A		T		T		A		T		A		A		A		A		T		A		A		T		A		T		T		A		T		T		A		T		A		T		A		T		T		T		T		T		T		T		T		T		A		T		T		A		A		T		T		A		A		T		A		T		T		T		T		T		T		T		A		T		T		T		T		T		T		T		T		T		A		T		T		T		T		T		A		T		T		A		T		A		T		T		T		T		A		T		A		T		T		T		T		T		T		T		T		T		T		T		T		A		T		T		T		T

		4860		BOPA2_12_30845		G		C		C		G		C		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		C		C		C		C		C		C		G		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		G		C		G		C		C		C		G		C		C		C		C		C		C		C		C		C		G		C		G		C		C		C		G		?		C		C		C		C		G		C		C		C		C

		4861		SCRI_RS_208186		G		G		G		G		G		G		G		G		G		A		G		G		G		G		A		A		A		G		A		A		A		G		G		G		A		A		G		A		G		G		A		G		G		G		G		G		A		A		A		G		A		A		A		G		A		A		G		A		A		A		G		A		A		G		A		A		G		A		A		G		A		G		A		A		G		G		G		G		A		A		A		G		G		A		G		G		G		A		G		G		G		G		A		A		?		G		?		A		G		G		G		G		A		G		G		G		G		G		G

		4862		BOPA1_7527_1618		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		C		C		C		C		A		A		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		C		A		C		C		A		A		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		A		C		C		A		C		C		C		C		C		C		C		C		A		C		A		C		C		C

		4863		SCRI_RS_204644		A		A		G		A		G		A		A		A		A		A		A		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		A		A		A		A		A		A		A		A		A		G		A		A		G		A		A		A		A		G		A		G		A		G		G		A		G		G		G		G		G		A		A		A		G		A		G		A		A		A		G		A		A		G		A		A		A		A		A		A		A		A		A		A		A		A		A		A		A		G		G		A		A		A		A		G		G		G		G		A		A		A

		4864		SCRI_RS_190048		C		A		C		C		A		C		C		C		C		C		C		C		C		C		C		A		C		C		C		C		C		C		C		C		C		A		C		A		A		C		C		A		A		C		C		C		C		A		A		C		C		A		C		C		C		C		C		C		A		C		A		C		C		C		C		A		A		C		C		C		C		A		C		A		C		C		C		C		C		C		C		C		A		A		A		A		C		C		C		A		C		C		A		A		C		C		C		C		A		C		A		A		C		A		A		A		A		C		C

		4865		BOPA1_13494_110		A		C		C		A		A		A		A		A		A		A		?		A		C		A		C		C		A		C		A		C		A		A		A		A		C		C		A		C		C		C		C		C		A		A		A		A		C		C		C		A		C		C		A		A		C		C		A		A		C		A		C		C		C		A		C		C		C		A		C		C		C		A		A		A		C		C		C		A		C		A		A		A		A		C		A		C		C		C		C		C		C		C		A		C		C		C		A		C		C		C		C		C		C		C		A		C		A		?		C

		4866		SCRI_RS_120672		C		C		G		C		G		C		C		G		G		C		C		G		G		C		C		G		G		C		C		C		G		C		C		C		G		G		C		C		C		G		G		C		G		G		C		C		G		G		G		C		G		G		C		G		C		C		C		G		G		C		C		C		G		C		G		G		G		G		C		C		G		G		C		C		C		C		C		G		G		C		C		G		C		C		C		C		C		C		C		G		G		C		C		C		C		C		G		C		G		G		C		G		G		C		C		C		C		C		C






Supp Table 3.3.1

		Trait		DAS		Marker		R2

		DB		34		SCRI_RS_167617		17.47

		DB		34		SCRI_RS_165588		10

		DB		34		Residuals		72.54

		DB		34		adj		25.95

		DB		36		SCRI_RS_167617		18.46

		DB		36		Residuals		81.54

		DB		36		adj		17.62

		DB		37		SCRI_RS_167617		17.68

		DB		37		Residuals		82.32

		DB		37		adj		16.83

		DB		41		SCRI_RS_141629		13.17

		DB		41		Residuals		86.83

		DB		41		adj		12.28

		DB		42		SCRI_RS_141629		11.86

		DB		42		SCRI_RS_200297		6.88

		DB		42		SCRI_RS_135619		4.26

		DB		42		SCRI_RS_11338		0.57

		DB		42		Residuals		76.43

		DB		42		adj		20.32

		DB		43		SCRI_RS_200297		9.32

		DB		43		SCRI_RS_141629		10.44

		DB		43		SCRI_RS_11338		1.9

		DB		43		SCRI_RS_174067		10.83

		DB		43		SCRI_RS_239231		5.48

		DB		43		Residuals		62.03

		DB		43		adj		34.63

		DB		44		SCRI_RS_141629		13.78

		DB		44		SCRI_RS_239231		10.45

		DB		44		SCRI_RS_200297		2.63

		DB		44		Residuals		73.14

		DB		44		adj		24.55

		DB		46		SCRI_RS_140819		25.53

		DB		46		Residuals		74.47

		DB		46		adj		24.76

		DB		47		SCRI_RS_140819		28.78

		DB		47		SCRI_RS_233272		7.76

		DB		47		SCRI_RS_167617		7.63

		DB		47		BK_12		0.08

		DB		47		Residuals		55.75

		DB		47		adj		41.87

		DB		48		SCRI_RS_140819		27.58

		DB		48		SCRI_RS_233272		8.57

		DB		48		SCRI_RS_167617		7.41

		DB		48		BK_12		0.09

		DB		48		SCRI_RS_232575		4.7

		DB		48		SCRI_RS_198617		0.74

		DB		48		Residuals		50.91

		DB		48		adj		45.77

		DB		49		SCRI_RS_233272		26.83

		DB		49		SCRI_RS_140819		9.94

		DB		49		BK_12		0.59

		DB		49		SCRI_RS_167617		6.68

		DB		49		SCRI_RS_232575		5.11

		DB		49		SCRI_RS_143250		3.86

		DB		49		Residuals		46.98

		DB		49		adj		49.96

		DB		50		SCRI_RS_233272		26.23

		DB		50		SCRI_RS_140819		8.51

		DB		50		SCRI_RS_167617		6.29

		DB		50		SCRI_RS_232575		5.42

		DB		50		BK_12		0.01

		DB		50		SCRI_RS_142438		4.25

		DB		50		SCRI_RS_198617		0.96

		DB		50		SCRI_RS_143250		2.14

		DB		50		BOPA1_3007_1337		1.19

		DB		50		SCRI_RS_12516		0.45

		DB		50		Residuals		44.54

		DB		50		adj		50.4

		DB		51		SCRI_RS_233272		24.86

		DB		51		SCRI_RS_167617		11.05

		DB		51		SCRI_RS_140819		2.94

		DB		51		SCRI_RS_232575		5.48

		DB		51		Residuals		55.67

		DB		51		adj		41.96

		DB		52		SCRI_RS_233272		21.91

		DB		52		Residuals		78.09

		DB		52		adj		21.1

		DB		53		SCRI_RS_233272		20.55

		DB		53		Residuals		79.45

		DB		53		adj		19.73

		DB		54		SCRI_RS_167617		13.7

		DB		54		SCRI_RS_232575		12.32

		DB		54		SCRI_RS_233272		11.11

		DB		54		SCRI_RS_142438		6.34

		DB		54		Residuals		56.53

		DB		54		adj		41.07

		DB		55		SCRI_RS_233272		21.04

		DB		55		SCRI_RS_167617		8.21

		DB		55		SCRI_RS_142438		7.31

		DB		55		SCRI_RS_232575		6.17

		DB		55		SCRI_RS_140819		0.2

		DB		55		Residuals		57.07

		DB		55		adj		39.87

		DB		56		SCRI_RS_233272		20.55

		DB		56		SCRI_RS_167617		8.35

		DB		56		SCRI_RS_142438		7.33

		DB		56		SCRI_RS_140819		1.32

		DB		56		SCRI_RS_232575		4.69

		DB		56		Residuals		57.76

		DB		56		adj		39.13

		DB		58		SCRI_RS_233272		19.71

		DB		58		SCRI_RS_167617		7.82

		DB		58		SCRI_RS_232575		6.66

		DB		58		Residuals		65.81

		DB		58		adj		32.12

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.2

		Trait		DAS		Marker		R2

		YtoG		13		BOPA1_ABC11989_1_2_148		13.48

		YtoG		13		Residuals		86.52

		YtoG		13		adj		12.59

		YtoG		15		BOPA1_ABC11989_1_2_148		19.32

		YtoG		15		BOPA1_1290_729		0.53

		YtoG		15		BOPA1_12701_485		19.07

		YtoG		15		BOPA1_2669_1012		0.06

		YtoG		15		SCRI_RS_238404		2.84

		YtoG		15		Residuals		58.18

		YtoG		15		adj		38.69

		YtoG		16		BOPA1_ABC11989_1_2_148		20.05

		YtoG		16		Residuals		79.95

		YtoG		16		adj		19.22

		YtoG		18		BOPA1_ABC11989_1_2_148		21.23

		YtoG		18		Residuals		78.77

		YtoG		18		adj		20.41

		YtoG		19		BOPA1_ABC11989_1_2_148		19.03

		YtoG		19		Residuals		80.97

		YtoG		19		adj		18.2

		YtoG		21		SCRI_RS_147230		20.38

		YtoG		21		SCRI_RS_141949		6.85

		YtoG		21		BOPA1_ABC11989_1_2_148		8.22

		YtoG		21		SCRI_RS_175366		0.03

		YtoG		21		SCRI_RS_165927		0.02

		YtoG		21		Residuals		64.5

		YtoG		21		adj		32.04

		YtoG		22		SCRI_RS_147230		22.33

		YtoG		22		BOPA1_ABC11989_1_2_148		7.55

		YtoG		22		Residuals		70.12

		YtoG		22		adj		28.42

		YtoG		23		SCRI_RS_147230		21.59

		YtoG		23		Residuals		78.41

		YtoG		23		adj		20.78

		YtoG		24		BOPA1_ABC11989_1_2_148		18.07

		YtoG		24		SCRI_RS_141949		8.02

		YtoG		24		BOPA1_1290_729		0.03

		YtoG		24		SCRI_RS_175366		0.03

		YtoG		24		SCRI_RS_135155		8.86

		YtoG		24		SCRI_RS_163973		7.65

		YtoG		24		SCRI_RS_165927		0.07

		YtoG		24		Residuals		57.28

		YtoG		24		adj		38.31

		YtoG		25		BOPA1_ABC11989_1_2_148		16.16

		YtoG		25		SCRI_RS_163973		18.02

		YtoG		25		SCRI_RS_175366		3.57

		YtoG		25		SCRI_RS_147230		6.36

		YtoG		25		BOPA1_1290_729		0.14

		YtoG		25		SCRI_RS_141949		0.91

		YtoG		25		SCRI_RS_135155		7.27

		YtoG		25		SCRI_RS_165927		0.21

		YtoG		25		Residuals		47.37

		YtoG		25		adj		48.42

		YtoG		26		BOPA1_ABC11989_1_2_148		13.08

		YtoG		26		SCRI_RS_163973		17.29

		YtoG		26		Residuals		69.63

		YtoG		26		adj		28.92

		YtoG		27		BOPA1_ABC11989_1_2_148		11.07

		YtoG		27		SCRI_RS_163973		16.86

		YtoG		27		BOPA1_1290_729		0.02

		YtoG		27		Residuals		72.05

		YtoG		27		adj		25.67

		YtoG		28		BOPA1_ABC11989_1_2_148		10.67

		YtoG		28		BOPA1_1290_729		0.03

		YtoG		28		Residuals		89.31

		YtoG		28		adj		8.83

		YtoG		29		BOPA1_ABC11989_1_2_148		10.83

		YtoG		29		BOPA1_1290_729		0.09

		YtoG		29		Residuals		89.08

		YtoG		29		adj		9.06

		YtoG		42		SCRI_RS_171032		15.45

		YtoG		42		SCRI_RS_162694		6.83

		YtoG		42		Residuals		77.72

		YtoG		42		adj		20.66

		YtoG		46		SCRI_RS_196323		16.72

		YtoG		46		Residuals		83.28

		YtoG		46		adj		15.86

		YtoG		47		SCRI_RS_162694		4.7

		YtoG		47		SCRI_RS_190426		10.88

		YtoG		47		SCRI_RS_196323		15.46

		YtoG		47		Residuals		68.96

		YtoG		47		adj		28.86

		YtoG		49		SCRI_RS_196323		20.75

		YtoG		49		SCRI_RS_192552		8.08

		YtoG		49		SCRI_RS_14801		5.46

		YtoG		49		Residuals		65.71

		YtoG		49		adj		32.21

		YtoG		57		SCRI_RS_196566		17.77

		YtoG		57		Residuals		82.23

		YtoG		57		adj		16.92

		YtoG		58		SCRI_RS_196566		16.74

		YtoG		58		SCRI_RS_7809		4.64

		YtoG		58		Residuals		78.62

		YtoG		58		adj		19.74

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.3

		Trait		DAS		Marker		R2

		PHT		12		BOPA1_7527_1618		18.62

		PHT		12		SCRI_RS_165912		11.09

		PHT		12		SCRI_RS_218193		0.04

		PHT		12		Residuals		70.24

		PHT		12		adj		27.54

		PHT		13		SCRI_RS_239145		21.69

		PHT		13		SCRI_RS_14498		0.45

		PHT		13		BOPA1_7527_1618		7.34

		PHT		13		SCRI_RS_165912		0.07

		PHT		13		SCRI_RS_198643		11.77

		PHT		13		Residuals		58.68

		PHT		13		adj		38.17

		PHT		14		SCRI_RS_149252		23.33

		PHT		14		SCRI_RS_166817		8.33

		PHT		14		SCRI_RS_158599		5.77

		PHT		14		SCRI_RS_240014		1.15

		PHT		14		BOPA1_ABC09432_1_1_160		0.41

		PHT		14		BOPA1_4139_888		0.01

		PHT		14		Residuals		61

		PHT		14		adj		35.02

		PHT		16		SCRI_RS_187742		5.52

		PHT		16		Residuals		94.48

		PHT		16		adj		4.54

		PHT		17		SCRI_RS_220221		13.42

		PHT		17		Residuals		86.58

		PHT		17		adj		12.53

		PHT		18		SCRI_RS_220221		14.35

		PHT		18		Residuals		85.65

		PHT		18		adj		13.47

		PHT		19		SCRI_RS_220221		17.14

		PHT		19		Residuals		82.86

		PHT		19		adj		16.29

		PHT		20		SCRI_RS_220221		15.65

		PHT		20		Residuals		84.35

		PHT		20		adj		14.78

		PHT		22		SCRI_RS_220221		21.68

		PHT		22		SCRI_RS_187742		9.92

		PHT		22		SCRI_RS_10216		10.59

		PHT		22		SCRI_RS_39834		8.02

		PHT		22		Residuals		49.79

		PHT		22		adj		48.09

		PHT		31		SCRI_RS_233272		18.43

		PHT		31		Residuals		81.57

		PHT		31		adj		17.59

		PHT		36		SCRI_RS_233272		19.75

		PHT		36		Residuals		80.25

		PHT		36		adj		18.92

		PHT		52		BOPA1_11660_365		12.8

		PHT		52		SCRI_RS_238855		5.41

		PHT		52		Residuals		81.79

		PHT		52		adj		16.51

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.4

		Trait		DAS		Marker		R2

		PW		29		SCRI_RS_206796		16.78

		PW		29		SCRI_RS_188579		8.18

		PW		29		SCRI_RS_115036		1.99

		PW		29		SCRI_RS_169134		10.76

		PW		29		Residuals		62.29

		PW		29		adj		35.06

		PW		30		SCRI_RS_206796		19.9

		PW		30		SCRI_RS_188579		7.41

		PW		30		SCRI_RS_115036		2.38

		PW		30		BOPA2_12_31246		11.77

		PW		30		SCRI_RS_169134		0.47

		PW		30		Residuals		58.08

		PW		30		adj		38.8

		PW		31		SCRI_RS_206796		16.74

		PW		31		SCRI_RS_115036		6.36

		PW		31		SCRI_RS_169134		7.86

		PW		31		Residuals		69.03

		PW		31		adj		28.79

		PW		32		SCRI_RS_206796		17.67

		PW		32		SCRI_RS_115036		6.89

		PW		32		SCRI_RS_231372		6.85

		PW		32		Residuals		68.6

		PW		32		adj		29.24

		PW		33		SCRI_RS_115036		17.85

		PW		33		SCRI_RS_206796		6.84

		PW		33		Residuals		75.31

		PW		33		adj		23.12

		PW		34		SCRI_RS_115036		23.57

		PW		34		Residuals		76.43

		PW		34		adj		22.79

		PW		39		SCRI_RS_240014		13.58

		PW		39		Residuals		86.42

		PW		39		adj		12.69

		PW		40		SCRI_RS_240014		16.56

		PW		40		Residuals		83.44

		PW		40		adj		15.7

		PW		46		SCRI_RS_140819		28.04

		PW		46		SCRI_RS_231372		7.43

		PW		46		SCRI_RS_13549		6.82

		PW		46		Residuals		57.71

		PW		46		adj		40.47

		PW		47		SCRI_RS_231372		28.41

		PW		47		SCRI_RS_135155		6.23

		PW		47		SCRI_RS_115036		4.98

		PW		47		SCRI_RS_140819		10.95

		PW		47		SCRI_RS_13549		3.12

		PW		47		Residuals		46.3

		PW		47		adj		51.21

		PW		48		SCRI_RS_231372		29.96

		PW		48		SCRI_RS_115036		9.9

		PW		48		Residuals		60.14

		PW		48		adj		38.6

		PW		49		SCRI_RS_231372		36.01

		PW		49		SCRI_RS_115036		8.62

		PW		49		Residuals		55.37

		PW		49		adj		43.48

		PW		50		SCRI_RS_231372		37.7

		PW		50		SCRI_RS_115036		10.36

		PW		50		SCRI_RS_187704		3.06

		PW		50		SCRI_RS_137093		5.8

		PW		50		Residuals		43.06

		PW		50		adj		55.1

		PW		51		SCRI_RS_231372		34.45

		PW		51		SCRI_RS_115036		8.36

		PW		51		SCRI_RS_187704		2.3

		PW		51		Residuals		54.89

		PW		51		adj		43.37

		PW		52		SCRI_RS_231372		29.06

		PW		52		SCRI_RS_115036		7.15

		PW		52		Residuals		63.79

		PW		52		adj		34.88

		PW		53		SCRI_RS_231372		26.64

		PW		53		SCRI_RS_115036		4.06

		PW		53		Residuals		69.29

		PW		53		adj		29.26

		PW		54		SCRI_RS_231372		25.43

		PW		54		SCRI_RS_115036		2.81

		PW		54		Residuals		71.76

		PW		54		adj		26.74

		PW		55		SCRI_RS_231372		26.6

		PW		55		SCRI_RS_115036		2.45

		PW		55		Residuals		70.95

		PW		55		adj		27.57

		PW		56		SCRI_RS_231372		28.22

		PW		56		Residuals		71.78

		PW		56		adj		27.48

		PW		57		SCRI_RS_231372		27.17

		PW		57		BOPA1_3007_1337		10.47

		PW		57		SCRI_RS_115036		1.23

		PW		57		Residuals		61.13

		PW		57		adj		36.94

		PW		58		SCRI_RS_231372		27.59

		PW		58		SCRI_RS_115036		2.94

		PW		58		BOPA1_3007_1337		9.13

		PW		58		SCRI_RS_142438		3.55

		PW		58		Residuals		56.79

		PW		58		adj		40.79

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.5

		Trait		DAS		Marker		R2

		PC		19		SCRI_RS_156324		15.67

		PC		19		Residuals		84.33

		PC		19		adj		14.81

		PC		24		SCRI_RS_147230		15.25

		PC		24		SCRI_RS_149501		15.89

		PC		24		SCRI_RS_148560		4.78

		PC		24		Residuals		64.08

		PC		24		adj		33.9

		PC		39		SCRI_RS_159503		13.07

		PC		39		Residuals		86.93

		PC		39		adj		12.17

		PC		46		SCRI_RS_159503		13.76

		PC		46		SCRI_RS_144545		2.05

		PC		46		SCRI_RS_169369		3.77

		PC		46		Residuals		80.42

		PC		46		adj		17.04

		PC		47		SCRI_RS_159503		14.16

		PC		47		Residuals		85.84

		PC		47		adj		13.28

		PC		56		BOPA2_12_30665		20.33

		PC		56		Residuals		79.67

		PC		56		adj		19.51

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.6

		Trait		Marker		R2

		TA		SCRI_RS_188579		10.5

		TA		SCRI_RS_240014		22.04

		TA		SCRI_RS_230261		9.31

		TA		SCRI_RS_206796		0.83

		TA		Residuals		57.32

		TA		adj		40.24

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.7

		Trait		Marker		R2

		DBA		SCRI_RS_174067		8.17

		DBA		SCRI_RS_13262		2.99

		DBA		SCRI_RS_165588		3.8

		DBA		SCRI_RS_167617		17.01

		DBA		BOPA2_12_10207		1.73

		DBA		BOPA1_3433_1087		9.3

		DBA		BOPA1_12239_662		0.69

		DBA		BOPA2_12_31377		0.01

		DBA		SCRI_RS_114164		1.7

		DBA		Residuals		54.6

		DBA		adj		39.88

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.8

		Trait		Marker		R2

		k		SCRI_RS_167617		10.51

		k		SCRI_RS_142438		14.43

		k		SCRI_RS_232575		7.52

		k		SCRI_RS_233272		4.6

		k		SCRI_RS_115036		0.36

		k		BOPA1_3007_1337		1.51

		k		SCRI_RS_165273		0.14

		k		BOPA1_9566_1214		0.94

		k		SCRI_RS_231372		0.39

		k		BOPA2_12_30504		0.76

		k		SCRI_RS_140819		0.16

		k		Residuals		58.69

		k		adj		33.88

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.9

		Trait		Marker		R2

		TN27		SCRI_RS_167617		19.98

		TN27		BOPA2_12_30697		7.08

		TN27		SCRI_RS_150232		1.45

		TN27		BOPA1_2529_2364		0.43

		TN27		Residuals		71.05

		TN27		adj		25.93

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.10

		Trait		Marker		R2

		TN45		BOPA2_12_30697		18.6

		TN45		BOPA1_2529_2364		0.16

		TN45		SCRI_RS_223100		0.42

		TN45		BOPA2_12_30673		0.05

		TN45		SCRI_RS_224389		0.64

		TN45		SCRI_RS_239642		0.01

		TN45		Residuals		80.12

		TN45		adj		14.65

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.11

		Trait		Marker		R2

		TN58		BOPA2_12_30697		20.22

		TN58		SCRI_RS_141949		4.46

		TN58		SCRI_RS_156323		1.26

		TN58		BOPA1_2529_2364		0.97

		TN58		SCRI_RS_165927		2.16

		TN58		BOPA2_12_30673		0

		TN58		Residuals		70.93

		TN58		adj		24.44

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.12

		Trait		Marker		R2

		FW		SCRI_RS_142438		14.95

		FW		SCRI_RS_167617		20.28

		FW		SCRI_RS_233272		9.84

		FW		BK_12		0.82

		FW		SCRI_RS_231372		1.59

		FW		Residuals		52.52

		FW		adj		44.66

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





Supp Table 3.3.13

		Trait		Marker		R2

		DW		BK_12		27.47

		DW		SCRI_RS_167617		7.6

		DW		SCRI_RS_140819		2.79

		DW		Residuals		62.14

		DW		adj		35.9

		DAS = Days after sowing

		R2 = R square (% of genotypic variance explained)





