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ABSTRACT

BI-PARENTAL MAPPING AND GENOME-WIDE ASSOCIATION STUDIES FOR GRAIN
QUALITY TRAITS IN WINTER WHEAT UNDER CONTRASTING SOIL MOISTURE

CONDITIONS

Wheat grain quality is characterized by parameters such as grain protein concentration (Gpc),
grain ash concentration (Gac), kernel weight (Kw), kernel diameter (Kd), and kernel hardness
(Kh). Grain protein determines dough strength and loaf volume, while kernel hardness and size
impact milling efficiency. Drought stress at flowering time can cause floral organ necrosis, thus,

decreasing the number of grains per spike and filled grain percentage, while drought stress

during grain filling reduces kernel weight and size, but increases grain protein concentration.

A previous study reported three chromosomal regions (1B, 6B, and 7B) associated with many
guantitative trait loci (QTL) co-located for grain quality traits in a doubled haploid (DH)

population derived from the cross CO940610/Platte. To validate those QTL, three objectives of
this study were (1) QTL mapping in a C0O940610/Platte recombinant inbred line (RIL)

population, (2) transferring alleles of interest from C0O940610 to the recurrent parent Platte by
marker-assisted backcross (MABC), and (3) genome-wide association studies for grain yield
(Gy), Gpc, grain protein deviation (Gpd), Gac, and test weight (Tw) in an association mapping

panel.

A population of 186 C0O940610/Platte RIL was grown in the Akron rainfed and Greeley fully
irrigated environments in 2009/10. The same set of RIL was grown in a CSU Plant Sciences

greenhouse for DNA extraction, and genotypes were obtained for 18 simple sequence repeat and



sequence tagged site markers in three chromosome regions of interest. JoinMap 4.0 was used to
construct linkage maps from the molecular marker data. Marker-trait associations (MTA) were
detected by single-factor analysis of variance (ANOVA). Linkage maps constructed in the
C0O940610/Platte RIL and DH populations were mostly consistent. Most of the grain quality
traits investigated were associated with the three chromosome regions on 1B, 6B, and 7B in at

least one environment, confirming findings in the CO940610/Platte DH population.

Five selected DH lines and the recurrent parent Platte were used during MABC, resulting in 35
BCsF: lines for field trials. These lines were classified into 8 allelic combinations at the selective
marker loci Glu-B1, Xwmcl182a, and Xwmcl82b, representing of the regions of interest on
chromosomes 1B, 6B, and 7B, respectively. Of these allelic combinations, lines Ravitig

CO and COcO-PL atGlu-B1, Xwmc182a and Xwmcl82b, respectively, were hypothesized to
have the lowest and highest Gpc. Experiments for the 35 MABC lines were conducted in Fort
Collins fully irrigated (sprinkler irrigation), Greeley irrigated (drip irrigation), and Greeldgwa
deficit (severe stress during grain filling) environments. Marker-trait associations for Gpc
detected aXwmcl82a and Xwmcl182b in the BGF2 backcross population were consistent with
findings in the CO940610/Platte DH population. The MTA for Gpc and Gac at Xvams182a

were robust across two of three environments. In the Fort Collins fully irrigated environment,
Gpc of the allelic combination COO-PL was significantly higher than the combinati®b-PL-

CO, confirming thehypothesized results.

A collection of 299 hard winter wheat cultivars and breeding lines representative of the U.S.
Great Plains germplasm was evaluated for Gy, Gpc, grain protein deviation (Gpd), Gac and Tw.
Experiments were designed as dSijeside moisture treatments in Greeley 2011/12 (drip

irrigation, stress began pre-flowering) and Fort Collins 2012/13 (sprinkler irrigation, severe



stress during grain filling). Each treatment was arranged as an augmented design with two check
varieties, each check having 15 replicates. Grain protein concentration and Gpd whre high
correlaed (0.72 to 0.87P<0.001) in all four environments. The panel was characterized using a
high-density 90,000 gene-associated single nucleotide polymorphism (SNP) genotyping
platform. After removing SNP that did not meet data quality criteria, 16,052 filtered SNP were
used to perform the genome-wide association studies (GWAS) conductedRiprtbhgramming
environment using théGAPIT’ package. Principal components anda kinship matrix were
incorporated to correct for population structure and relatedness among individuals. A total of 40
significant MTA (according to the significance thresholdPefl.67x10% suggested by Gaab al.

2008) were detected for the five evaluated traits (Gy, Gpc, Gpd, Gac, and Tw). Of these, two
SNP 8300021704 51 and Excalibur_c4518 2931) on chromosome 6A were associated with

Gy. The same SNHBE00064369 51) on 4A was associated with both Gpc and Gpd. Test weight
had the most MTA (17). In particular, two SNBS00047114 51 and BS00065934 51, both
associated with Tw on chromosome 3B, were robust across three of four environments

investigated.

In conclusion, two narrow regions (~2 cM each) aro¥wihc182a on 6B andXwmcl182b on 7B
are of potential value for breeding programs. The incorporation of favorable allele combinations
into a uniform background (Platte) was successful, but further investigation is needed for the
MABC lines. Grain protein deviation appears to be a useful metric for increasing both Gpc and
Gy. Five SNP BS00021704 51, Excalibur_c4518 2931, BS00064369 51, B00047114 51, and
BS00065934 5) should be investigated further to detect candidate genes in their respective

chromosome regions.
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CHAPTER 1: LITERATURE REVIEW

1.1. Wheat

Common wheatTriticum aestivum L.) and durum wheafT¢iticum turgidum L.) are members of

the family Poaceae (http://plants.usda.gov). The speci&stofum are grouped into three ploidy
classes: diploid (2n = 2x = 14), tetraploid (2n = 4x = 28), and hexaploid (2n = 6x = 42). Common
wheat is an allohexaploid (AABBDD), and has six copies of each of its seven chromosomes,
with the complete set numbering 42 chromosomes (Sears IB%4¢um turgidum (AABB)

evolved as an alloploid combining genomes from the diploid spé&ciasrtu (AA, 2n = 2x =

14) and an unknown and possibly extinct diploid species relat@egttops speltoides (2n = 2x

= 14, BB) containing the B genome (Matsuoka 2011). Subsequently, bread wheat was formed
through hybridization between cultivated tetraploid emmer wheat (AABMBjcoccoides) and

diploid goat grass (DDAe. tauschii) approximately 8,000 years ago (Daud & Gustafson 1996;

Haider 2013; Gale & Devos 1997). Spikes and grains of these species ararshagune 1

Common wheat has a large genome about 17 Gb, with three complete genomes A, B, and D in
the nucleus of its cells (Paux et al. 2006). Its genome size is approximately 5 times, 35 times, and
110 times larger than that of humarofno sapiens), rice Oryza sativa L.) and Arabidopsis
thaliana, respectively (Syed & Rivandi 2007). The genome is also highly repetitive and complex.
Repetitive DNA accounts for approximately 90% of the genome, of which transposable elements

constitute 60-80% (Wanjugi et al. 2009).



T. urartu (AA) Ae. speftoides (BB)

% T. spetta (AABBDD)
T. aestivum
(AABBDD)

Figure 1. The evolutionary and genomic relationships between cultivated bread and durum
wheats and related wild diploid grasses (Shewry 2009).

Cultivated common wheat is exceptionally diverse in the physiological characteristics that adapt
different wheat cultivars for a wide range of climatic environments. It is also diverse in the
chemical and physical characteristics of the gluten proteins that contribute to the wide use of
wheat grain for many different food products. Wheat’s physiological characteristics are generally
related to vernalization requirement, winter hardiness or cold tolerance, and photoperiod

response (Sleper & Poehlman 2006).



Wheat is the most widely grown crop in the world, with 219 million ha in 2013 (FAO 2013).
Approximately 20% of the daily protein and about the same proportion of the total calories of the
world’s population come from wheat (FAO 2013). Its annual production was the third highest of
cereal crops after only maiz&ea mays L.) and rice QOryza spp.) (FAO 2013). In addition to
serving as a vehicle for carbohydrates and protein, wheat also is a source of vitamins, minerals,
fiber, magnesium, folic acid, antioxidants, and other phytochemicals. Therefore, it is an

important component of food security globally.
1.2. Drought stress and wheat

In agricultural terms, drought is insufficient soil moisture to meet the needs of a particular crop
at a particular time (FAO 2013). As a result, drought stress reduces crop productivity and
sometimes increases plant disease severity. The mechanisms of drought tolerance are classified
into three categorieProught escape is the ability of a plant to complete its life cycle before
serious soil and plant water deficits develop; an example is earlier flowering in annual species
before the onset of severe drought (Turner 19B6yught avoidance is the ability of plants to
maintain relatively high tissue water potential despite a shortage of soil moisture. This is
accomplished, for example, by developing deep root systems, and reducing stomatal density and
leaf area (Blum 1988Prought tolerance is the ability of a plant to withstand water deficit with

low tissue water potential, for instance, improving osmotic adjustment ability and increasing cell

wall elasticity to maintain tissue turgidity (Fleury et al. 2010).

Plants respond to drought by complex mechanisms, including molecular expression, biochemical
metabolism, individual plant physiological processes, and crop canopy behavior (Chaves et al.
2003; Xu et al. 2009; Kadam et al. 2012). Drought tolerance is a quantitative and complex trait,

as drought induces the up- or down-regulation of thousands of drought-responsive genes
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according to growth stage, plant organ, and time of day (Blum 2011). Drought tolerance traits
typically are multi-genic, and have low heritability and high genotype by environment
interaction (Fleury et al. 2010). Drought stress may also occur simultaneously with other abiotic

stress, such as high temperatures, high irradiance, and nutrient toxicities or deficiencies.

Drought stress drastically reduces wheat grain yield, up to a 100% reduction in comparison to
yield under full irrigation in several recent reports (Edae et al. 2014, El-Feki et al. 2013; Nezhad
et al. 2012). However, drought stress usually increases grain protein concentration in wheat
Drought stress reduces starch accumulation and increases protein concentration due to smaller
grain size(Balla et al. 2011). Drought conditions rapidly increase the quantity of insoluble
protein in the wheat grai(Daniel & Tribo1 2002). Drought stress also reduces green leaf area

and the plant’s ability to fix dry matter during the grain filling, thus decreasing starch
accumulation in grain (Foulkes et al. 2002), and increasing grain protein concentration

(Weightman et al. 2008).
1.3. Molecular markers

A deoxyribose nucleic acid (DNA) marker, also called a molecular marker, is a particular
sequence of DNA that reveals sites of variation in DNA within the context of an entire genome
(Jones et al. 1997; Winter & Kahl 1995). Markers are formed by point mutations,
rearrangements, or errors in replication of tandemly repeated DNA (Paterson 1996), and are
usually located in non-coding regions of DNA. Molecular markers are widely used because of
their abundance. They are practically unlimited in number and not affected by environmental
conditions and/or the developmental stage of the plant (Winter & Kahl 1995). The numerous
applications of molecular markers include the construction of linkage maps, assessment of the

level of genetic diversity within germplasm, and establishing cultivar identity (Jahufer et al.
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2003; Winter & Kahl 1995). Based on the method of detection, there are three classes of
molecular markers, including hybridization-based, polymerase chain reaction-based, and DNA
sequence-based (Gupta et al. 1999; Jones et al. 1997; Winter & Kahl 1995). Genetic
polymorphism revealed by molecular markers can be visualized by gel electrophoresis and
staining with ethidium bromide or silver or by radioactive or colorimetric probes. Based on
whether markers can discriminate between homozygotes and heterozygotes, there are two types
of polymorphic markers, that is, dominant and codominant. Dominant markers are expressed as
either presence or absence of a DNA fragment, while codominant markers indicate difference in
fragment size, discriminating between homozygous and heterozygous genotypes. The most
commonly used molecular markers, either historically or currently, are restriction fragment
length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), simple sequence
repeats (SSR), amplified fragment length polymorphism (AFLP), and single nucleotide
polymorphism (SNP). Of these, SSR and SNP are the two types of marker most commonly used

in wheat studies today.
SSR

The wheat genome is large (about 17 Gb) (Paux et al. 2006) and has an abundance of repetitive
DNA (Chantret et al. 2005; Paux et al. 2008; Wanjugi et al. 2009; Lagercrantz et al. 1993; Tautz
& Renz 1984). There are repetitive elements that are dispersed throughout the genome, including
transposable elements and tandemly repeated DNA (Sehgal et al. 2012). The tandemly repeated
DNAs with a repeat length of up to 13 bases are known as SSR (Jacob et al. 1991) or
microsatellites (Litt & Luty 1989) or short tandem repeats (Edwards et al. 1991), whereas those
with longer repeats are termed minisatellites (Ramel 1997). The most common classes of

microsatellites are dinucleotide, trinucleotide, and tetranucleotide repeats (Ramel 1997). SSR are



present both in coding and noncoding regions (Katti et al. 2001) and are distributed throughout
the nuclear genome (Cavagnaro et al. 2010), as well as in the chloroplast (Bryan et al. 1999) and
mitochondrial genomes (Zhao et al. 2014). SSR tend to be highly polymorphic and codominant
(S. Zhang et al. 2014). The high length polymorphism is caused by a different number of repeats
in the microsatellite region (Tautz & Renz 1984). Therefore, SSR can be easily and rigproduc
detected by PCR followed by separation on agarose or polyacrylamide electrophoresis gels
(Cosson et al. 2014). Alternatively, if fluorescent dyes are incorporated into the primers, SSR can
be detected by a capillary sequencer (Hayden et al. 2008). The major disadvantage of SSR is the
large amount of time and effort required to detect SSR sequences, then design and test primers
(Zane et al. 2002; Stackelberg et al. 2006). Various applications of SSR in wheat breeding and
research programs have included quantitative trait locus (QTL) mapping (Chu et al. 2008; El-
Feki et al. 2013), tagging of resistant genes (Alam et al. 2011), marker-assisted selection (MAS)

(Parisod et al. 2013), and assessing diversity (Rector et al. 2013; Salem et al. 2008).
Single nucleotide polymorphisms

The acronym SNP, pronounced “snip”, stands for single nucleotide polymorphism. A SNP is a
variation between individuals in a single base at the same position in a DNA sequencanSNP ¢

be changed from one base to another through transitions and transversions. They can also be
single-base insertionsid deletions, called “indels”. SNP are classified into noncoding SNP and

coding SNP. Noncoding SNP may be located in a 5° or 3’ nontranscribed region, a 5> or 3’
untranslated region, an intron, or an intergenic region. Meanwhile, coding SNP are located in
coding regions or exons. Therefore, coding SNP may change the amino acid that is encoded,
known as replacement polymorphism, or change the codon but not the amino acid, called

synonymous polymorphisms (Gibson & Muse 2009).



There is great potential for the use of SNP in the detection of association between alleles and
traits, and for the use for identification in the vicinity of virtually every gene (Rafalski 2002;
Mammadov et al. 2012). Mammadov et al. (2012) reported that a vast majority of publications
used SNP for quantitative trait loci (QTL) mapping. The combination of three key phrases
(“marker-assisted” AND “SNP” AND “plant breeding” showed about 4,560 articles from 2006

to 2012 indicating the applications of SNP in marker-assisted selection (MAS). Several studies
on association mapping in plants have been published and reviewed (Zhu et al. 2008; Rafalski
2010; Abdurakhmonov & Abdukarimov 2008). Sukumaran et al. (2015) conducted a genome-
wide association study (GWAS) using 18,704 SNP to identify 31 loci associated with yield and
related traits in wheat, explaining 5-14% of phenotypic variation. Plessis et al. (2013) used SNP
and other markers to conduct GWAS and identify candidate genes for grain protein

concentration and composition in wheat.
1.4. Construction of linkage maps
1.4.1. Linkage maps

A genetic map or linkage map is considered a road map of the chromosomes derived from the
cross of two genetically distinct parents (Paterson 1996). It is a diagrammatic representation of
the linear order and relative genetic distance between genes or markers along chromosomes
derived from frequencies of recombination. The markers are analogous to signs or landmarks
along a road. One of the most important uses for linkage maps is to identify chromosomal

locations of genes and QTL associated with traits of interest (Collard et al. 2005).

Genetic mapping is based on the principle that genes and marker loci segregate via chromosome
recombination (also called cross-over or strand exchange) during meiosis (i.e., sexual

reproduction), thus allowing their analysis in the progeny (Paterson 1996). When two genes or
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markers are close together or tightly-linked on the same chromosome, they will be transmitted
together from parent to progeny more frequently than those genes or markers located far apart.
Linked genes or markers have a recombination frequency of less than 50%, while unlinked genes
or markers have a recombination frequency of 50% or more, located further apart on the same
chromosome or on different chromosomes (Hartl & Jones 2001). The lower the frequency of
recombination between markers the closer they are situated on a chromosome, and conversely,
the higher the recombination frequency between genes or markers, the more distant are their
chromosome locations. Requirements for linkage map construction are (1) development of a
mapping population; (2) identification of marker polymorphisms; (3) genotyping of polymorphic

markers; and (4) linkage analysis of markers.
1.4.2. Mapping populations

The first step in creating a mapping population is selection of genetically divergent parents for
one or more traits of interest. Population size used in preliminary genetic mapping studies varied
from 50 to 250 individuals (Mohan et al. 1997), however a larger population is necessary for
high resolution mapping. Different types of populations utilized for mapping.ared®@mbinant

inbred line (RIL), near isogenic line (NIL), doubled haploid (DH), and backcross populations.
An F> population provides maximum genetic information by using codominant markers, while
RIL, NIL, and DH populations have nearly the same genetic information for both codéminan
and dominant markers (Table 1). A backcross population using either codominant or dominant

markers has less genetic information than apdpulation.

The following examples demonstrate the types of populations used for linkage map construction
and QTL studies in wheat. Twos.§ RIL populations derived from crosses between three

common Chinese wheat varieties, consisting of 229 and 302 lines were conducted under two
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water conditions for analysis of 12 traits of wheat seedlings (Zhang et al. H)MEi et al.
(2013) used 185 DH lines of hard white winter wheat for a grain quality trait QTL study, and
Barakat et al. (2011) developed anvheat population (n=162) to identify new microsatellite
markers linked to the grain filling rate. Ibrahim et al. (2012) us8€#4.6 population of 223

lines for advanced backcross QTL analysis of drought tolerance in spring wheat.

Table 1. Expected segregation ratios for markers in different population types.

Markers
Population types Codominant Dominant
F> 1:2:1 (AA:Aa:aa) 3:1 (B_:bb)
Backcross 1:1 (Cc:cco) 1:1 (Dd:dd)
Recombinant inbred or doubled haplc  1:1 (EE:ee) 1:1 (FF:ff)

Source: (Collard et al. 2005).

1.4.3. I dentification of marker polymorphism

Besides differing for phenotypic traits, the parents of a mapping population must also be
sufficiently polymorphic at the molecular level in order to construct a linkage map (Young
1994). Therefore, identification of molecular markers that reveal differences between parents is
an essential step in the construction of a linkage map. Wheat is an inbreeding species, which
results in lower levels of DNA polymorphism than cross-pollinating species, so selection of

parents that are more distantly related is often required.
1.4.4. Genotyping of polymorphic markers

Once polymorphic markers have been identified, the entire mapping population, including
parents must be genotyped (Collard et al. 2005). DNA from each individual of the mapping
population is extracted, then genotyped by polymorphic markers. Genotyping approaches are

based on characteristics and availability of markers chosen for mapping, which differ among
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species (Young 1994). The key factor is efficient use of time, labor, and supplies. Since markers
are screened and scored for a whole mapping population, the "goodness of fit" of observed
maker data to the expected segregation ratios can be tested with a chi-square statistic (Collard et

al. 2005) using the following formula:

Chi-square = X[(observed - expectedyexpected]. If degree of freedom is 1, this adjustment is
sometimes used: Z[(Jobserved - expected| - 0.8)expected]. Calculated values are then compared
to values in the chi-square table to determine if observed ratios conform to expected values

(Griffiths et al. 2000).

Expected ratios of genotypes depend on the type of marker and population (Table 1). As an
example, populations of 47% AA or BB and 6% AB may be described for the expected
segregation ratios for SSR in a Rlk-dferived population. However, distorted segregation ratios

may be encountered (Sayed et al. 2002; Xu et al. 1997).
1.4.5. Linkage analysis of markers

Two major outputs from the marker evaluation are a file of marker scores and a genetic linkage
map. Linkages between markers are usually calculated using the ratio of the probability of
linkage versus no linkage, also called odds ratios. The alternative expression of the odds ratios is
as the logarithm of the ratio, also known as a logarithm of odds (LOD) value (Risch 1992). LOD
values of greater than 3 (typically used to construct linkage maps), between two markers indicate
that linkage is 1D times more likely than no linkage. Linear arrangements of markers are
clustered into "linkage groups”. Linkage groups represent chromosomal segments or entire

chromosomes, while markers represent signposts or landmarks on them.
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A linkage map can be constructed manually or by using a computer program. Manual
construction is feasible for a few markers, but computer programs are required for larger
numbers of markers. Commonly-used software programs include Map-maker/EXP (Lander et al.
1987; Lincoln et al. 1993), MapManager QTX (Manly et al. 2001), R/QTL (Broman et al. 2003)

and JoinMap (Stam 1993).
1.5. QTL analysis

Quantitative traits are characterized by a continuous distribution of phenotypic variation as a
result of the combined effects of many genes interacting with the environmental factors
(Falconer & Mackay 1996). For example, grain yield and grain protein concentration are
guantitative traits. The genetic loci controlling quantitative traits are referred to as quantitative
trait loci (QTL). QTL analysis is a statistical method that connects phenotypic data and
genotypic data (usually molecular markers) in an attempt to explain the genetic basis of variation
in quantitative traits (Falconer & Mackay 1996; Kearsey 1998). Single-marker analysis (SMA),
simple interval mapping (SIM), and composite interval mapping (CIM) are three widely used

methods for detecting QTL (Tanksley 1993; Liu 1997).

The statistical methods used for SMA includests, analysis of variance (ANOVA), and linear
regression. This method does not require a complete linkage map and needs only a basic
statistical software programs, e.g., QGene (Nelson 1997) and MapManager QTX (Manly et al.
2001). However, the further a QTL is from a marker, the less likely it is to be detected. QTL are
usually reported in a table with chromosome or linkage group, markers, probability Ralue (
value), and the percentage of phenotypic variation explained by the BY[The SIM method

uses linkage maps and analyzes intervals between adjacent pairs of linked markers along

chromosomes. This method is considered statistically more powerful than SMA (Lander &
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Botstein 1989; Liu 1997). Software programs MapMaker/EXP (Lincoln et al. E2983pGene
(Nelson 1997) have been used to conduct SIM. The CIM method combines interval mapping
with linear regression and uses additional markers besides an adjacent pair of linked markers in
the statistical model (Jansen 1993; Jansen & Stam 1994; Zeng 1994). The CIM approach is more
precise and effective at QTL mapping than SMA and SIM. The CIM method can be performed
with QTL Cartographer (Basten et al. 2005), MapManager/EXP (Manly et al. 2001), R/QTL
(Broman et al. 2003) and PLABQTL (Utz & Melchinger 1996). QTL detected using interval
mapping are located with respect to a linkage map. The test statistic for SIM and CIM is a
logarithm of odds (LOD) score or likelihood ratio statistic (LRS). A typical output from interval
mapping is a graph with linkage distance on the x-axis and the test statistic on the y-axis (Figure
2). In order to avoid an excessive number of false positive results and ensure that true indications
of linkage are not missed, there may be suggestive, significant, and highly significant QTL

(Lander & Kruglyak 1995).

LQD of simple interval mapping (SIM} and composite interval
mapping (CIM) of chromosome 6 of maize for silk maysin
concentration.
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Figure 2. An example of the output of SIM and CIM methods of chromosome 1 of maize for silk
maysin concentration (Dr. Patrick Byrne, Plant and Soil Science eLibrary).
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The detection of QTL segregating in a population is affected by many factors (Tanksley 1993;
Asins 2002). The genetic properties of QTL that control the trait, environmental effects,
population size, and experimental errors are the main factors. QTL with sufficiently large
phenotypic effects can be detected routinely, but small effect QTL are more difficult to detect.
Closely-linked loci affecting a trait are usually detected as a single QTL with typical population
sizes (Tanksley 1993). The expression of quantitative traits is influenced by environmental
conditions, so conducting experiments in multiple environments allows investigation of the
effect of environment on QTL of interest. The larger the population, the more accurate the
mapping and the more likely is detection of QTL with small effects (Tanksley 1993). The order
and distance between markers in linkage maps can be influenced by mistakes in marker
genotyping and detected QTL positions can be affected by errors in phenotypic evaluation. Only

reliable genotypic and phenotypic data can produce a reliable QTL map (Collard et al. 2005).
1.6. Investigated traits and their genetic control
1.6.1. Grain protein concentration

Wheat protein concentration and composition are important for end-use quality, with different
products requiring different protein amounts and patterns. Wheat proteins are comprised of
gluten proteins, about 80-85% of total wheat grain protein, and a highly heterogeneous group of
non-gluten proteins, about 15-20% of the total (Veraverbeke & Delcour 2002) (Figurd 3). Al
non-gluten proteins are considered to be soluble in salt solutions. In contrast, gluten proteins
have low solubility in water or salt solutions (Veraverbeke & Delcour 2002). The gluten proteins
form the major class of wheat storage proteins and have extreme importance because they are

responsible for the unique visco-elastic properties of wheat flour dough (Payne 1987).
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Figure 3. Classification of wheat grain proteins (Tazzini 2015).

Gliadins and glutenins are two recognized storage protein groups in the endosperm. Gliadin
molecules are small, about 35 KDa, and are separated into four groups, a, B, v, and o, by gel
electrophoresis at low pH (Wall 1979). Glutenins are large, heterogeneous molecules, and fall
predominantly into the low-molecular-weight subunit (LMW-GS) (Jackson et al. 1983) and the

high-molecular-weight subunit (HMW-GS) classes (Payne et al. 1982).

In general, grain protein concentration of wheat ranges from 8 to 16% of the dry weighg (Payn
1987, El-Feki et al. 2013), but higher values are sometimes observed (Dr. Scott Haley, personal
communication).El-Feki et al. (2013) reported that Gpc ranged from 10.0 to 16.7% in the
C0940610/Platte DH population. Wheat Gpc is a quantitative trait that is controlled by multiple
genes and thus, is significantly affected by environmental conditions. Soil moisture and nitrogen
nutrition are two major environmental factors influencing Gpc. For example, drought stress was

associated with an increase in Gpc (El-Feki et al. 2013; Zheng et al. 2009) because under drought
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conditions less starch is accumulated (Ahmadi & Baker 2001), thus, increasing the proportion of
protein in the kernel (Weightman et al. 2008). Wheat Gpc at harvest can be either increased or
decreased with increased available N during vegetative growth, depending on the severity of the

N deficiency (Jones & Olson-Rutz 2012; Brown et al. 2005) (Figure 4).

Deficient Sufficient Excessive

Yield and Protein

Yield

N Supply

Figure 4 The response of wheat grain yield and grain protein to increasing N (Jones & Olson-
Rutz 2012).

Increased grain yield (Gy) and an appropriate Gpc are two main goals of wheat breeding
programs (Bogard et al., 2010). Unfortunately, these traits have an inverse relationship (El-Feki
et al. 2013; Kibite & Evans 1984; Pleijel 1999; Wang et al. 2012), that is, the higher the grain

yield, the lower the Gpc. Under water stress Gy decreases, but Gpc increases (Edae et al. 2014;

El-Feki et al. 2013).
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Multiple loci that control Gpc are distributed throughout the wheat genome in many different
chromosome regions. Many researchers have identified QTL for wheat Gpc in different mapping

populations (mostly RIL and DH) and various environments (Table 2).
1.6.2. Test weight

Test weight is a measure of grain bulk density, the weight of wheat kernels at a given grain
moisture (12%) in a specific volume. It is usually reported as kg/hL. Test weight is used as an
indicator of general grain quality, and provides a rough estimate of potential flour yield. Higher
Tw normally means higher quality grain. Test weight generally increases as grain is dried. With
drying, the proportion of water in the kernels decreases, so bulk density of the kernel increases.
In fact, the type of dryer and drying methods can affect Tw during drying. Cipafso
increases the Tw by removing small and damaged kernels. In contrast, Tw decreases as grain
deteriorates. Poor growing conditions, especially at grain filling, and sprout damage can cause
lower Tw. The lower Tw may require a greater volume of grain storage and transportation for the
same grain weight, therefore, adding more expense to the growers (El-Feki 2010; Shelton et al.

2008).

Test weight is also affected by genotype. Several researchers have reported QTL thafwontrol
of wheat grain (Table 2) in different populations (mostly RIL, DH) and environmeREeki et
al. (2013) found four QTL for Tw on chromosomes 1B, 6B, 7A and 7D in a DH population in a

single environment. The phenotypic variation explained by the QTL ranged from 5.6 to 7.9%.
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Table 2. QTL for grain protein concentration, test weight, kernel weight, kernel diameter, kernel hardnesainayidld from

published literature.

Trait Population QTL I\II.O' of No. of References

ines env.

Gpct | Messapia x MG4343 (RIL) 4S, 5AL, 6AS, 6BS, 7AS, 7BS 65 8 Blanco et al. 2002
Latino x MG29896 (BIL) 2AS, 6AS, 7BL 92 4 Blanco et al. 2006
PH132 X WL711 (RIL) 2BL, 7AS 106 2 Dholakia et al. 2001
C0940610 x Platte (DH) 5B1, 6A1, 6B1, 7B, 7D2 185 4 El-Feki et al. 2013
Récital x Renan (RIL) 1A, 2A, 3A, 3B, 4A, 4D, 5B, 194 6 Groos et al. 2003

6A, 7TA, 7D
Récital x Renan (RIL) 3A, 5B 165 3 Groos et al. 2004
ACKama x 87E03-S2B1 (DH) | 2D, 4B, 4D, 7B 185 3 Huang et al. 2006
Neixiang188 x Yanzhanl (RIL) | 1B, 2A, 2B, 2D, 3A, 3B, 4D, 198 2 Li et al. 2009

5B, 5D, 7B, 7D
Kukri x Janz (DH) 1B, 3A, 7A 160 5 Mann et al. 2009
Sunco x Tasman (DH) 1B, 2B, 5B 163 4 Mares & Campbell 2001
WP219 x Opata85 (RIL) 2A, 2D, 6D 114 5 Nelson et al. 2006
PDW233 x Bhalegaon4 (RIL) | 7B 140 5 Patil et al. 2009
Courtot x CV (DH) 1B, 6A 187 2 Perretant et al. 2000
PH132 x WL711 (RIL) 2D 100 1 Prasad et al. 1999
WL711 x PH132 (RIL) 2AS, 2BL, 2DL, 3DS, 4AL, 100 5 Prasad et al. 2003

6BS, 7AS, 7DS
Chara x WW2449 (DH) 4A 190 2 Raman et al. 2005
Courtot x Chinese Spring (DH) | 1BL, 6AS 217 5 Sourdille et al. 2003
Ning7840 x Clark (RIL) 3AS, 4B 132 7 X. Sun et al. 2010
DT695 X Strongfield (DH) 1A, 1B, 2A, 2B, 5B, 6B, 7A, 7B 185 6 Suprayogi et al. 2009
Beaver x Soissons () 1B, 3A, 3B, 4D, 5D, 7A, 7D 46 2 Weightman et al. 2008

Tw Wichita x Cheyenne (RIL) 3A 98 7 Campbell et al. 2003
C0940610 x Platte (DH) 1B1, 6B1, 7A2, 7D2 185 4 El-Feki et al. 2013
ACKama x 87E03-S2B1 (DH) | 2D, 4A, 4D, 5A, 7A 185 3 Huang et al. 2006
SeriM82 x Babax (RIL) 2B, 3B, 4D, 7A 194 8 Mcintyre et al. 2010
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Table 2. (Continued)

Trait Population QTL I\ll_o. of No. of References
ines env.
Tw | Karl92 x TA4152 (AB) 2D 190 2 Narasimhamoorthy et al.
2006
Kw | Ryelll x Chinese Spring (RIL) | 1A, 1D, 2D, 6B 113 Ammiraju et al. 2001
AC Reed x Grandin (DH) 2BL, 2DS 101 2 Breseghello and Sorrells,
2007
PH132 x WL711 (RIL) 2BL, 2DL 106 2 Dholakia et al. 2003
C0940610 x Platte (DH) 1A1, 1B1, 2B1, 2D2, 3B1, 6Al 185 4 El-Feki et al. 2013
7D2
ACKama x 87E03-S2B1 (DH) 2B, 2D, 3B, 4B, 4D, 6A, 7A 185 3 Huang et al. 2006
Kukri x Janz (DH) 4B, 4D 160 5 Mann et al. 2009
Sunco x Tasman (DH) 2B, 4D 163 4 Mares & Campbell 2001
Ning7840 x Clark (RIL) 1BS, 2A, 3A, 3B, 4A, 4D, 5B, 132 7 X. Sun et al. 2010
6A, 7A, 7D
Kd | W7984 x Opata 85 (RIL) 1B 115 2 Igrejas et al. 2002
NY6432-18 x Clark’s Cream (RIL) | 1A, 2A, 2B, 2DL 78 6 Campbell et al. 1999
PH132 x WL711 (RIL) 2DL 106 2 Dholakia et al. 2003
C0940610 x Platte (DH) 1A1, 2B1, 2D2, 3B1, 6A1, 7B, 185 4 El-Feki et al. 2013
7D2
Kukri x Janz (DH) 4B, 4D 160 5 Mann et al. 2009
Chuan35050 x Shannong483 (RIl 2A, 5D, 6A 131 4 Sun et al. 2009
Ning7840 x Clark (RIL) 4AL, 5AL, 5AS, 6AS 132 7 X. Sun et al. 2010
Kh | CO940610 x Platte (DH) 1D, 2B1, 3B1, 6B2, 7A2, 7D2 185 4 El-Feki et al. 2013
Récital x Renan (RIL) 1A, 1B, 2A, 2B, 3A, 3B, 4A, 165 3 Groos et al. 2004
5A, 5B, 5D, 6A, 6B, 6D
W7984 x Opata 85 (RIL) 5D 115 2 Igrejas et al. 2002
Neixiang188 x Yanzhanl (RIL) 1BL, 3B, 4B, 4D, 5A, 5B, 5D 198 2 Li et al. 2009
Courtot x CV (DH) 1A, 5D, 6D 187 2 Perretant et al. 2000
Opata 85 x W7984 5D, 6A, 3A 63 2 Pshenichnikova et al. 2008
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Table 2. (Continued)

4BS, 4BL, 4DL, 5AL, 5BS,
5BL, 5DS, 5DL, 6BL, 7AL,
7BS, 7BL

Trait Population QTL I\ll_o. of No. of References

ines env.

Kh | W7984 x Opata 85 (RIL) 2AL, 2DL, 5BL, 5DS, 6DS 114 2 Sourdille et al. 1996
Ning7840 x Clark (RIL) 1DL, 5B, 5DS, 5DL 132 7 Sun et al. 2010
Beaver x Soissons (DH) 2A, 2D, 3A, 4A, 5A, 5D, 6D 46 2 Weightman et al. 2008
PHB82-2 x Neixiang 188 (RIL) 5D 214 6 Zhang et al. 2009

Gy | Chinese Spring x Kanto107 (RIL) | 4A 98 2 Araki et al. 1999
Wichita x Cheyenne (RIL) 3A 98 7 Campbell et al. 2003
Superb x BW278 (DH) 1A, 2D, 3B, 5A 178 12 Cuthbert et al. 2008
C0940610 x Platte (DH) 2D, 5A, 5B, 7B 185 4 El-Feki 2010
Récital x Renan (RIL) 2B, 3B, 4A, 4B, 5A, 5B, 7D 194 4 Groos et al. 2003
Prinz x W-7984 (AB) 1B, 2A, 2D, 5B 72 4 Huang et al. 2003
ACKarma x 87E03-S2B1 (DH) 5A, 7A, 7B 185 3 Huang et al. 2006
Dharwar x Sitta (RIL) 4A 127 7 Kirigwi et al. 2007
Trident x Molineux (DH) 1B, 2D, 3D, 4D, 6A, 6D 182 18 Kuchel et al. 2007
WL711 x PH132 (RIL) 1DL, 2DL, 3BL, 4AS, 4DL, 100 6 Kumar et al. 2007

7AS, 7TAL
Opata85 x W7984 (RIL) 1AL, 2AS, 2DS, 4BL, 6DL 110 6 Kumar et al. 2007
Chuang35050 x Shanong483 (RIl 1D, 2D, 3B, 6A 131 6 Li et al. 2007
Kofa x Svevo (RIL) 2B, 3B, 7B 249 16 Maccaferri et al. 2008
Sunco x Tasman (DH) 2B, 4D 163 4 Mares & Campbell 2001
Ning7840 x Clark (RIL) 1AL, 1B, 2BL, 4AL, 4B, 5A, 132 5 Marza et al. 2006

5B, 6B, 7A, 7DL
RL4452 x AC Domain (DH) 2A, 2B, 3D, 4A, 4D 182 8 McCartney et al. 2005
SeriM82 x Babax (RIL) 6D, 7A 194 8 Mcintyre et al. 2010
Chinese Spring x SQ1 (DH) 1AS, 1BL, 2BS, 4AS, 4AL, 96 24 Quarrie et al. 2005

t Gpc, grain protein concentration; Tw, test weight; Kw, kernel weight; Kd, kernel diameter; Kh, kernel hardngsainGyeld.

19



1.6.3. Kernel characteristics

Characteristics of a single kernel include kernel weight (Kw), kernel diameter (Kd), and kernel
hardness (Kh). These kernel characteristics may be measured using a single kernel
characterization system (SKCS) (Perten Instruments, Springfield, IL). Kernel weight is the
weight of a single kernel, expressed in mg. Kernel diameter is the diameter of a single kernel,
expressed in mm. Kernel hardness is the hardness of a single kernel, expressed as an index of 0
to 100. These traits are quantitative traits that are controlled by both genetic and environmental

factors.
1.6.3.1. Kernel weight

Kernel weight is one of the most important components of grain yield (Cui et al. 2011),which has
a relationship with milling quality. An increase in Kw results in an increase in flour yield
(Wiersma et al. 2001). Selection for increased Kw could result in an increase in grain yield
(Alexander et al., 1984). Kernel weight has been reported to be both positively and negatively
correlated with grain yield (Fjell et al., 1985). Single kernel weight was highly correlated with
Tw (r=0.89-0.91P<0.01) (El-Feki et al. 2013) and 1,000-kernel weigh0(94,P<0.001) (Tsilo

et al. 2010).

Several QTL controlling Kw have been detected in different populations and environments, as
summarized in Table ZEI-Feki et al. (2013) investigated a DH population (CO9406610/Platte)
in four environments and found two QTL for Kw on chromosomes 1A and 7D in a single
environment, two QTL on 1B and 2D repeated in two environments, and three QTL on 2B, 3B

and 6A detected in three environments.
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1.6.3.2. Kernd diameter

Kernel size is an important factor in wheat and is related to grain yield and quality (Tsilo et al.

2010). Kernel size and shape may influence milling and baking quality (Breseghello and

Sorrells, 2007). Changes in kernel shape and size may increase flour yield of up to 5% (Marshall
et al. 1984). Kernel volume and flour yield were significantly correlated.§4) (Berman et al.

1996). Kernel size, reported as either kernel diameter or kernel width, is the trait most highly

correlated with flour yield (Giura & Saulescu 1996).

Breseghello & Sorrells (2007) identified QTL for Kd on chromosome 1B and for both Kd and
Kw on 2DS. Campbell et al. (1999) evaluated a population of 78 RIL over six environments and
found that QTL for kernel width were located on chromosomes 1A, 2A, 2B, 2DL, and 3DL, and
were detected in more than one environm®0(01). Dholakia et al. (2003) detected only one
QTL for kernel width on chromosome 2DL in a population of 106 ALFeki et al. (2013)
conducted experiments with 185 DH lines in four environments. The results showed three QTL
for Kd on chromosomes 2D, 7A and 7D in a single environment, one QTL on 1A repeated in two
environments, one QTL on 6A reproduced in three environments, and two stable QTL ah 2B an
3D in all four environments. Some other studies also found QTL for kernel size in different

populations and environments, and are summarized in Table 2.
1.6.3.3. Kernel hardness

Kernel hardness or texture is used as a grading factor to determine the type of wheat (Morris
2002), evaluate end product quality (Campbell et al. 1999), and classify wheat into soft and hard
types (Figure b (Campbell et al. 1999). The major methods for determining softness and

hardness are particle size index (Osborne et al. 2001), energy required for grinding a sample

(Kosmolak 1978), pearling value (Chung et al. 1977) and near infrared reflectance (Manley

21



1995). Kernel hardness has a profound effect on milling and baking qualities of wheat (Bettge et
al. 1995). The endosperm texture influences tempering requirements, flour particle size, flour
density, starch damage, water absorption, milling yield and rheological properties of dough

(Martin et al. 2001; J. M. Matrtin et al. 2007; Chen et al. 2007; Cane et al. 2004; Branlard et al.

2001).

Hard Red Winter Hard Red Spring _

Versatile, with excellent milling anc The aristocrat of wheat when it corr Soft Red Winter

baking characteristics for pan bres to “designer” wheat foods like hearth SRW is versatile weak-gluten whe
with excellent milling and baking

breads, rolls, croissants, bagels al
pizza crust, HRS is also a valued characteristics for cookies, cracke

HRW is also a choice wheat for

Asian-style noodles, hard rolls, fla
breads, tortillas, general purpose flc improver in flour blends for bread a

and cereal.

pretzels, pastries and flat bread:

Asian noodles.

Soft White Hard White
HW receives enthusiastic reviews Durum

A low moisture wheat with high
extraction rates, providing a white when used for Asian-style noodles The hardest of all wheats, durum |
product for exquisite cakes, pastric whole wheat white flour, tortillas, pe a rich amber color and high glute
and Asian-style noodles, SW is als breads and flat breads; as the new content, ideal for pasta, couscous
ideally suited to Middle Eastern fla  class of U.S. wheat, exportable some Mediterranean breads.
breads. supplies are limited.

Figure 5. Wheat grain classes (http://www.uswheat.org/wheatClasses
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Kernel hardness is affected both by major genes and QTL. Major genes coding for puroindoline
a (PinA) and puroindoline bRinB) are tightly linked to théda locus on chromosome 5D (Jolly

et al. 1993; Sourdille et al. 199@)l-Feki et al. (2013) conducted experiments using a population

of 185 DH lines, developed from the cross CO940610/Platte, in four environments. The results
showed that four QTL for Kh on chromosomes 1D, 3B, 7A and 7D were detected in a single
environment, and two QTL for Kh on chromosomes 2B and 6B were found in three
environments. Phenotypic variation explained by the QTL ranged from 5.7 to 16.5%. Several

other QTL for Kh have been detected in different populations and environments (JTable 2
1.6.4. Grain yield

Improvement of Gy is the primary goal of all wheat breeding programs in the Great Plains of
North America (Graybosch & Peterson 2010) and around the world (Wu et al. 2012). Grain yield
is the biological and mathematical product of the yield components, and can be expressed as in

the following equation (Chastain 2003):

_ #ofplants _ # oftillers _ # of spikes _ # of grains _ weight (mg)

Grain yield (kg h&) =

hectare plant tiller spike kernel

Grain yield is a complex quantitative trait controlled by multiple genes and highly influenced by
environmental conditions (Jiagin et al. 2009). Drought stress considerably reducgd<-Eki. et

al. (2013) reported Gy reduction of 18:21.4% in the limited soil moisture treatment compared

to the fully watered treatment. Kilic & Tacettin (2010) reported that the average Gy reduction
due to drought conditions was 61.4%; they suggested that reduced grain filling period, fewer
spikes per square meter, lighter grains, and shorter plant cycle caused lower Gy under drought
stress. Water stress during grain filling decreases sucrose and starch accumulation, thus, reducing

harvested Gy (Ahmadi & Baker 2001).
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Although Gy and Gpc are two major targets of most wheat breeding programs, they are inversely
correlated(Daniel & Tribor 2002; Guttieri et al. 2000; Weightman et al. 2008; El-Feki et al.
2013). Therefore, the effort to improve both these traits simultaneously is challenging,
particularly in semi-arid or arid regions. In order to improve Gy, it is possible to select Gy
components and related traits because Gy is directly or multilaterally determined by its
component traits, and indirectly influenced by other yield-related traits i.e., plant architecture
(Wu et al. 2012). Wu et al. (2012) found Gy per plant was significantly correlated with number
of spikes per plantr£0.16,P<0.05), number of grains per spike=0.39,P<0.0001), 1000-grain
weight (r=0.48,P<0.0001), total number of spikelets per spike0(21,P<0.01), proportion of
fertile spikelets per spike£0.27,P<0.005), spike lengthr£0.29, P<0.005), and plant height
(r=0.52,P<0.0001), but negatively correlated with number of sterile spikelets per spike2@,

P<0.01) and number of spikelets per spike-0.19,P<0.05).

Several studies have reported QTL for Gy in wheat (Table 2). All 21 wheat chromosomes have
been reported to be involved in controlling Gy. Five major QTL for Gy in a population of 402
DH lines were detected on chromosomes 1A, 2D, 3B, and 5A, particularly the one on 5AL,
which explained 17.4% of the phenotypic variation (Cuthbert et al. 2008). Huang et al. (2003)
identified QTL for Gy on chromosomes 1AL, 1BL, 2BL, 2DL, 3AS, 3BL, 4DS and 5BS in an
advanced backcross population of 72 lines using 210 SSR markers. Maccaferri et al. (2008)
detected one QTL for Gy on chromosome 2BL in eight environments and another QTL on
chromosome 3BS over seven environments. The average phenotypic variation explained by the
2B QTL was 21.5% and for the 3B QTL was 13.8%. These QTL overlapped extensively with
plant height QTL. Bennett et al. (2012) found nine loci on chromosomes 3A, 3BS, 3BL, 3D, 4A,

4D, 5B, 7A.1, 7A.2 that were associated with Gy. Two QTL for Gy on 3BS and 3BL had a large
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effect with phenotypic variation of up to 22%. These two @®llocated with QTL for canopy
temperature. J. Zhang et al. (2014) evaluated a mapping population o&.15RIE over six
location-year environments and identified 17 QTL for Gy located on 14 chromosomal regions
1A.1, 1B.1, 2B.1, 2B.2, 2D, 3B.1, 3B.2, 4B, 5A.1, 5B.2, 6B.2, 7A.4, 7A.5, and 7B.1. The

phenotypic variation explained by the QTL ranged from 6 to 22%.
1.7. Genome-wide association study

Association mapping (AM), also called LD mapping, refers to the analysis of statistical
associations between genotypes and the phenotypes of the same individuals (Rafalski 2010).
While QTL mapping typically uses a bi-parental mapping population, the progeny of parents
having contrasting trait(s) of interest, AM utilizes a diverse collection of individuals derived
from wild populations, germplasm collections, or subsets of breeding germplasm. A bi-parental
mapping population requires a much longer time to be developed compared to an AM
population. In the former type of population, only two alleles at a locus can be evaluated, while
the latter type allows evaluation of a broader range of alleles. An AM population has much
higher mapping resolution than the bi-parental one because of the limited numbers of
recombination events in a typical QTL population. Therefore, increased mapping resolution,
reduced research time, and broader allele number (Yu & Buckler 2006) are three advantages of

AM.

Two AM approaches are in general use: (1) candidate-gene association mapping, and (2) whole
genome scan or GWAS. Candidate-gene association mapping relates polymorphism in selected
candidate genes controlling phenotypic variation for specific traits, while GWAS surveys genetic
variation in the whole genome to identify signals of association for various complex traits (Risch

& Merikangas 1996).
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Performing an AM study consists of the following steps (Figure 6): (1) selection of a group of
individuals with wide coverage of genetic diversity; (2) measuring the phenotypic
characteristics; (3) genotyping the mapping population; (4) quantification of the extent of LD for
a chromosome and/or genome; (5) assessment of the population structure and kinship; and (6)

identification of association of phenotypic and genotypic data (Abdurakhmonov & Abdukarimov

2008).
Choosing a germplasm group w
global genetic diversity
Phenotypic measureme Genotyping with
in the multiple replicatio molecular marker Quantification of LD
trails and different (e.g., AFLPs, SSR using the molecular
environments and SNPs)
Marker-trait correlation with appropriate approact Measurements of
(e.g., GLM, MLM) population characteristic

(structure and relatedne

Identification of marker tags
associated with a trait of interes

Cloning and annotation of tagged loci-
potential biological function

Figure 6. The steps for performing AM and identifying candidate genes (Abdurakhmonov &
Abdukarimov 2008).
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However, AM requires a large number of molecular markers and powerful statistical methods.
Advances in the development of high throughput genotyping technology (Ansorge 2009) and
statistical methodology have enabled AM analysis of complex traits and the subsequent
identification of causal genes (Rafalski 2010). Genomic locations of marker-trait associations
(MTA) detected by the AM analysis are necessarily inferred from a consensus genetic map
and/or physical map for the crop investigated. Drawbacks of the AM are the high risk of type |
error (false positives) and the high sampling variance of rare alleles. False discoveries are a
mgor concern (Abiola et al. 2003)f the rare allelic effect is not very large, the rare alleles

cannot be detected with good confidence (Rafalski 2010; Visscher 2008).

The AM method was first applied to plant research by Thornsberry et al. (2001), who studied
maize flowering time. AM has been used successfully to detect QTL in wheat for end-use quality
traits (Breseghello & Sorrells 2006; Plessis et al. 2013; Zheng et al. 2009), grain yield and yield
components (Edae et al. 2014; Maccaferri et al. 2011; Neumann et al. 2011; Dodig et al. 2012,
Sukumaran et al. 2015), disease resistance (Adhikari et al. 2011; Ghavami et al. 2011;
Maccaferri et al. 2010; Crossa et al. 2007; Yu et al. 2011; Peng et al. 2009; Maccaferri et al.

2015), and root traits (Cane et al. 2014).
1.8. Marker assisted selection

With the availability of more sophisticated tools, the art of plant breeding has expanded to
include technology of molecular plant breeding (Xu 2010). The advent of molecular technology
has allowed development of QTL mapping and its follow-up, marker-based selection for trait(s)
of interest. QTL mapping or bulk segregant analysis is a necessary precursor to marker-assisted
selection, also called “marker-assisted breeding” or “marker-aided selection” (Collard et al.

2005). Marker-assisted selection is a breeding method in which a phenotype is selected based on
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the genotype of a marker (Collard et al. 2005) by selecting desired allele(s). With recerstsprogre
in genomic research, the MAS approach enables the selection of plants with the targeted traits as

early as the &

There are several advantages of MAS compared to conventional plant breeding (Collard et al.
2005): (1) time saved by replacing complex field trials with molecular tests; (2) elimination of
unreliable phenotypic evaluation associated with field trials due to environmental effects; (3)
selection of genotypes at seedling stage; (4) gene pyramiding or combining multiple genes
simultaneously; (5) avoiding the transfer of undesirable geneSinkage drag’; (6) selecting

for traits with low heritability; (7) testing for specific traits where phenotypic evaluation is not
feasible. However, inheritance of the trait, method of phenotypic evaluation, field/greenhouse
and labor costs, and the cost of resources are factors that influence the cost of utilizing MAS
(Collard et al. 2005). In some cases, phenotypic screening is cheaper than MAS (Bohn et al.
2001; Dreher et al. 2003). Although markers may be cheap to genotype, a large initial cost is

required in their development (Langridge et al. 2001).

MAS has been successfully applied to practical breeding in wheat. Vishwakarma et al. (2014)
used marker-assisted backcrossing (MABC) to improve Gpc in the wheat cultivar HUW468 by
selecting for the appropriate allele at markacw108, which is linked to the high-value allele of

the Gpc-B1 gene. The result showed significantly higher Gpc in improved lines by MABC, and
no yield penalty. Kumar et al. (2011) improved Gpc of seven MAS-derived progenies by 14.8 to
17.9% compared to their recipient parents using MABC. The authors suggested that combining
MAS and phenotypic selection is useful to improve wheat genotypes for high Gpc without yield

loss.
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CHAPTER 2 VALIDATION OF QUANTITATIVE TRAIT LOCI FOR GRAIN QUALITY
TRAITS IN WINTER WHEAT USING A CO940610/PLATTE RECOMBINANT INBRED

LINE POPULATION

SUMMARY

Wheat is among the three most important cereal crops that provide the global human food
supply. Drought has serious effects on the productivity and grain quality of wheat. Grain quality
traits affect the end uses of wheat that include grain protein concentration (Gpc), grain ash
concentration (Gac), test weight (Tw), kernel weight (Kw), kernel diameter (Kd), and kernel

hardness (Kh).

A previous study reported that three chromosomal regions (1B, 6B, and 7B) were associated with
QTL grain quality traits in a doubled haploid (DH) population derived from the cross
C0940610/Platte. To validate those QTL, a recombinant inbred line (RIL) population was
developed using the same parental lines (CO940610 and Platte) as in the previous DH mapping

population.

The objectives of this study were to (1) evaluate grain yield and grain quality traits in the
mapping population of 186sfderived RIL grown in Akron (rainfed) and Greeley (fully-
irrigated) environments in the 2009/10 growing season, (2) genotype the RIL population for 18

molecular markers, and (3) conduct QTL analysis to find associations for the evaluated traits.

Near-infrared spectroscopy (NIRS) was used to determine Gpc, Gac and Tw. The Single Kernel
Characterization System (SKCS) was employed to measure Kw, Kd, and Kh. JoinMap 4.0 was

used to construct linkage maps from the molecular marker data. Correlation coefficients were
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calculated for each pair of traits. Heritability estimates were calculated for each traitdmase
variance components on a plot mean basis. Marker-trait associations (MTA) were detected by

single-factor analysis of variance (ANOVA).

Grain yield was negatively correlated with Gpc and Gac, but positively correlated with Tw.
Grain protein concentration was also positively correlated with Gac, but negatively correlated
with Tw. Test weight, Kw and Kd were positively correlated with each other, with a particularly
tight association between Kw and Kd. Grain yield and Gpc had low (<0.50) heritability
estimates, while Gac, Tw, Kw, Kd and Kh had moderate (0.50-0.75) to high (>0.75) heritability

estimates, and stability of heritability across environments.

The linkage group constructed on 6B for the RIL and DH populations was 9.5 and 12.2 cM,
respectively, but marker orders are slightly different. The linkage group constructed on 7B for
the RIL and DH populations was 39.3 and 19.5 cM, respectively, but marker orders are exactly
the same. There were 64 significant MTA detected for nine traits in either one or two
environments. Some MTA detected in the RIL population coincided with those detected in the
DH population, while other MTA were located close to, far away from, or contradictory to QTL
detected in the DH population. Therefore, results of this study only partially confirmed results of
the DH population. Tightly linked markers for grain quality traits located ardwidc182a on

6B andXwmc182b on 7B may be useful for selection.

2.0. INTRODUCTION

Wheat {riticum aestivum L.) is one of the most highly produced cereal crops after mzeee (

mays L.) and rice QOryza sativa L.), and is important in meeting global food demands. The 2013
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global production was 1,018 million tons (MT) for maize, ™MT for rice, and 716 MT for
wheat (FAO 2013). Wheat supplies about 20% of the total food calories consumed worldwide,
and is the major source of dietary proteins (Wen et al. 2012). The global demand for wheat is
predicted to increase as the world’s population increases to an estimated 9.6 billion by 2050 (UN

2013).

Wheat grain can be used as livestock feed or various types of human food. It is used primarily to
produce flour for bread, but is used widely in the production of many other baked goods, cooked
products, and alcoholic beverages. These end-use products are determined by several wheat grain
characteristics. Wheat breeding programs put considerable effort into improving grain quality in
addition to increasing yield. Grain quality is characterized by several quality pasuswataras

grain protein concentration (Gpc), grain protein composition, grain ash concentration (Gac),
flour color, test weight (Tw), polyphenol oxidase activity, dough-mixing properties, and single

kernel characteristics.

Wheat productivity is mainly limited by biotic and abiotic stresses. Abiotic factors are
considered the main source (70%) of yield reductions (Boyer 1982). Among the abiotic stresses,
drought is the most limiting factor, reducing productivity of wheat and other crops in many parts
of the world (Ahuja et al. 2010; Rampino et al. 2006; Mohammadi et al. 2015). Drought stress
may occur from early in the growing season to terminally at grain filling and matyration
particularly in arid and semi-arid regions of the world. The climates of these regions usually have
inadequate precipitation, a shortage of irrigation water, and high crop evapotranspiration

demand.

Drought conditions also influence grain quality traits of wheat. Under drought stress Gpc usually

increases, and is negatively correlated with grain yiBighiel & Tribo1 2002; El-Feki et al.
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2013; Guittieri et al. 2000; X. Sun et al. 2010; Weightman et al. 2008). Water stress also changes
grain protein composition in winter wheat. A study by Saint Pierre et al. (2008) found that under
water stress, the percentage of soluble protein decreased, but polymeric protein percenatage was
not affected. (Ahmed & Fayyaz-ul-Hassan 2015) found that under drought conditions, proline
content increased ten-fold and had a synergistic relationship with grain protein and grain ash.
Grain ash content was significantly higher when plants were irrigated fewer times (Seleiman et

al. 2011).

With the advent of molecular markers, quantitative trait loci (QTL) mapping became a key
approach for understanding the genetic architecture of complex traits in plants (Holland 2007).
QTL analysis based on molecular marker linkage maps has been used to detect genomic regions
that control wheat grain quality (Breseghello et al. 2005; El-Feki et al. 2013; Kuchel et al. 2006;
Li et al. 2009; X. Sun et al. 2010). Recombinant inbred line (RIL) populations have been widely
used for QTL mapping in plants, including wheat (Breseghello et al. 2005; Li et al. 2009; Kuchel
et al. 2006; X. Sun et al. 2010). However, it takes a long time (three years or more) to produce a
RIL population because usually six to eight generations are required, while a doubled haploid
(DH) population requires only one to two years. RIL and DH populations produce homozygous
or nearly homozygous or ‘true breeding’ lines. Therefore, seed from individual RIL or DH lines

can be grown in multiple environments and shared among different laboratories (Collard et al.

2005).

A previous QTL mapping study conducted in four environments found clusters of QTL for grain
quality characteristics in regions of chromosomes 6B and 7B in a population of 185
C0940610/Platte DH lines (El-Feki 2010; El-Feki et al. 2013). A cluster of seven QTL on 6B

included two for mixograph peak time, three for Kh, one for Gpc, and one for Tw. Another
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cluster of 18 QTL on 7B consisted of three for mixograph peak time, one for mixograph peak
height, three for mixograph peak width, two for mixograph right slope, one for Kw, three for
Gpc, one for Gac, and four for flour yellowness (b*). Before the QTL can be employed in
marker-assisted selection (MAS) programs for improved grain quality traits, their effects should
be validated in another population. To validate those QTL, a RIL population was developed

using the same parental lines (CO940610 and Platte) as in the previous DH mapping population.

Therefore, The objectives of this study were to (1) evaluate grain yield and grain quadityntrait
the mapping population of 186-Herived RIL grown in Akron (rainfed) and Greeley (fully-
irrigated) environments in the 2009/10 growing season, (2) genotype the RIL population for 18

molecular markers, and (3) conduct QTL analysis to find associations for the evaluated traits.

2.1. MATERIALS AND METHODS

2.1.1. Mapping population

A RIL wheat population was developed by crossing CO94061l(: dsmale parent with ‘Platte’

(El-Feki et al. 2015). Platte is a hard white winter cultivar developed by HybriTech Seed
International, Inc. (a former division of Monsanto Co., St. Louis, MO), with pedigree Tesia
79/Chat’S’//*Abilene’. It is known for its adaptation to irrigated production systems and
excellent bread making quality, but is considered to have poor tolerance to pre-harvest sprouting.
C0940610 is a hard white winter experimental line developed by the CSU Wheat Breeding
Program from the cross KS87H22/MWQ09. The first parent of CO940610 has a genetic
composition that is approximately one-halitAM 105’ (Porter et al. 1980), which explains at

least part of its excellent dryland yield (personal communication, Dr. Scott Haley, Colorado State
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University). Clark’s Cream constitutes approximately half of the MW09 parent (Anderson et al.
1993), and thus, it is possible that CO940610 has pre-harvest sprouting tolerance from that
cultivar. However, this line has poor bread making myuabased on observations in CSU’s

Wheat Quality Laboratory.

Parental lines were evaluated as part of the multi-state Wheat Coordinated Agriculture Project
(CAP) funded by USDA-CSREES. Allelic variation between Platte and CO940610 at selected

major genes is presentedTiable 3.

The R generation was produced in the CSU greenhouses. The subsequent generations were
allowed to self-pollinate (protected from cross-pollination by pollination bags) for four
generations, which were advanced by single seed descent. Seed harvested from single plant in
the fifth generation (§s) was grown in the dat the Agricultural Research Development and

Education Center (ARDEC), Fort Collins, Colorado to increase seeds for field trials.
2.1.2. Experimental design and trial management

The population for field trials included 186 RIL, the two parents, and four check cultivars. The
checks were ‘Hatcher’ (Haley et al. 2005) Ripper’ (Haley et al. 2007)'RonL’ (J. T. Martin et

al. 2007) and ‘Snowmass’ (Haley et al. 2011).

The experiments were conducted in the 2009/10 growing season at the USDA-Agricultural
Research Service (ARS) Limited Irrigation Research Farm (LIRF) in Greetdgrado and at

the USDA-ARS Central Great Plains Research Station (CGPRS) in Akron, Colorado. The trial
at CGPRS was grown under rainfed conditions, while the trial at LIRF was grown under fully
irrigated conditions as shown in Table 36 and 37. The water applied at LIRF was via a drip

system, which provided uniform water application.
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Table 3. Allelic or phenotypic variation for selected major genes or traits of CO940610 and
Platte winter wheét

Characteristic Locusor trait Sosiei0 1 Piaiie
_ PinA + +
Grain texture BB - -
Glu-Al c (null) b (2%)
Glu-Bl b (7+8) e (20x+20y)
Glu-D1 a (2+12) d (5+10)
Gluten strength GIuA3 . -
Glu-B3 h g
Glu-D3 b c
Wx-D1 + n
Waxy Wi-Al + n
Wx-B1 + T
Grain protein Gpc-Bl - -
Rust resistance Lr37/Yr17/ 338 - -
Leaf rust Lr21 - -
Hessian fly resistance H9 - -
Aluminum tolerance Al tolerance T S
Heading Late Late
L _ VRN-A1 vrn-Al vrn-Al
Vernalization requiremen VRNBL vl ET
VRN-D1 vrn-D1 vrn-D1
Rht-B1 Rht-B1b Rht-Blb
Height Rht-D1 Rht-Dia Rht-Dia
Rye translocation 1RS non-1RS non-1RS

¥ For most of these loci and traits, the source hef information is the Wheat CAP website
(http://maswheat.ucdavis.edu/wheatcap.htm). Allige&lu-A3, Glu-B3, andGlu-D3 were determined

by Scott Reid, CSU Department of Soil and Crop rieeis, based on protein and polymerase chain
reaction (PCR) markers in comparison with a pubtisieport (Appelbee et al. 2009).
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Notes:
Grain texture: A negative in eithBimA or PinB results in hard texture. Both positives resufiaft.

Gluten strengthGlu-D1a (2+12) is associated with weak glut&siu-D1d (5+10) is associated

with strong gluten.
Waxy endospernOne negativ&\Vx allele is sufficient for a partial Waxy phenotype.

Grain protein: Positive indicates the presence ofTth#iccocoides allele for high grain protein

concentration.

Lr37/Yr17/S38: Positive indicates presence of the 2NS/2AS translocation carrying this set of

three resistance genes.
Hessian fly resistance: Positive indicates presence of ti@ allele for resistance.
Leaf rust resistance: Positive indicates presence dfr2feallele for resistance.

Aluminum tolerance: T indicates the presence of the Atlas tolerant allele; S indicates a

susceptible genotype.
VRN: One dominant allele at any of the three loci is sufficienafdominant spring growth habit.
Dwarfing gene®kht-B1 andRht-D1: The a allele is for tall, and the b allele is for semi-dwarf.

Rye translocation: The presence of the 1RS translocation on 1AL or 1BL may enhance drought

tolerance and pest resistance.
The trial was planted at CGPRS on September 30, 2009, and was harvested on July 13, 2010.

The soil type at LIRF was Nunn clay loam, 0 to 1 percent slopes, while it was Rago silt loam

(map unit 58) at CGPRS (http://websoilsurvey.sc.egov.usda.gov/App/HomePgge.htm
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Each trial had two replicates of 192 two-row plots. Entries were arranged in a randomized

complete block Latinized row-column design, created with CycDesign 3.0 (Cyc software 2009).

Plot size differed in each location. At CGPRS, each plot was 4.27 m long and 0.46 m wide, while
at LIRF, plot size was 3.05 m long and 0.46 m wide. Seeding density was the same in both

locations, approximately 1,700,000 seed.ha

Fertilization and weed control were typical of practices for winter wheat in the areas®ise
insect pest control was not needed. A Hege combine (Wintersteiger, Salt Lake City, Utah) was

used for harvesting after plants reached maturity, which occurred in July 2010.
2.1.3. Phenotypic evaluation
2.1.3.1. Grain yield, Spike length, and Plant height

The harvested grain samples were dried for about three days at approxim&ielydighted,

and Gy was converted to kg-haSpike length (SI) excluding awns, was measured in cm, and
averaged from five random spikes per plot. Approximately two weeks before harvest, plant
height (Ph), expressed in cm, was measured from the ground to the tip of the spike, excluding

awns.
2.1.3.2. Grain protein concentration, grain ash concentration, and test weight

Three traits, Gpc, Gac and Tw, were measured by the Near Infrared Refleégyatem (NIRS)
in the CSU Wheat Quality Laboratory. A Foss-Tecator NIR systems Model 6500 instrument
(Foss North America, Eden Prairie, MN) was used to measure these traits in reflectance mode

with a wavelength of 45@2498 nm.

Wheat kernels were cleaned before measurement. A sample of approximately 100 g was added
into a transport module in a rectangular quartz @IRSystems, part 0lHD379). The estimates

37



of the traits were obtained with calibrations from the manufacturer for Gpc and Gaa, and
calibration developed in the CSU Wheat Quality Laboratory for Tw. The output measured by the
instrument was recorded on a computer. The units of traits were convertedtday &pc and

Gac, and kg ht for Tw.
2.1.3.3. Single kernel characteristics

Three single kernel traits measured included kernel weight (Kw), kernel diameter (Kd) and
kernel hardness (KhYhese traits were measured by the Single Kernel CharacterizatiomSyste
(SKCS)in the CSU Wheat Quality LaboratorWheat kernels were carefully cleaned. Broken
kernels, weed seeds, metal staples, and any other foreign materials were manually removed. The
cleaned wheat kernels were placed in the access hopper of the SKCS instrument (model 4100,
Perten Instruments, Springfield, IL), then the hopper was placed in the SKCS instrument for
kernel measurement. The instrument analyzed 100 kernels individually, and eddasuikd

and Kh. Kernel weight was measured by a load cell, and reported in mg. Kernel diameter was
measured by electrical current, and expressed in mm. Kernel hardness was analyzed by pressure
force, and expressed as an indmale of 0 (extremely soft) to 100 (extremely harthese

results were recorded on a computer.
2.1.4. Statistical analysis
Best Linear Unbiased Predictions (BLUPS)

The BLUPs were calculated to predict the mean performance of each entry within etich.loca
Entry was considered to be a random effect. The estimation was performed with PROC MIXED
of SAS 9.3 (SAS Institute Inc., Cary, NC, 2010), including a spatial adjustment as explained

below.
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Spatial adjustment

Spatial variation in the field sites was examined to determine whether spatial adjustment was
beneficial. As a first step, the phenotypic data for each trait were inspected with a “heat map”,

which was produced in Excel to determine whether any data values were unreasonably large or
small and to visualize spatial trends. Six different spatial models (SAS statements) were applied
to adjust the experimental field spatial variation. These included non-adjusted, spherical,
exponential, regular power, anisotropic power, and Matérn spatial models. The model with the

lowest Akaike’s information criterion (AIC) was considered the most appropriate one.
Population distribution

The phenotypic data, including original data, LSMEANs, and BLUPs were evaluated for
normality of frequency distributions based on visual inspection and the SNepkaest at o =

0.05. Random distribution of residuals was also examined visually. These evaluations were
implemented in SAS, JMP, and Excel. Based on the frequency distributions, the occurrence of

transgressive segregation was determined.
Pearson correlation

The BLUP estimates were used to calculate the Pearson phenotypic correlation coefficient for

each pair of traits in each location by using PROC CORR of SAS.
Heritability estimates

The broad sense heritability fHwas estimated with SAS PROC GLM and Excel from the

analysis of variance of progeny-mean data using the original data and the following formulae:

For a single trait evaluated in a single environment (single location) with two replications (r = 2)
and 186 RIL in each replication (t = 186),
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Source Degree of freedom  Expected mean square

Reps r-1=1 6%+ to’r
Entries t-1 =185 o2+ o’c= MSG (mean square genotype)
Error (r-1)(t-1) = 185 o2 = MSE (mean square error)

0%c= [(6% + 16%G) - 67JIr = (MSG— MSE)/r
6%p= 6%Ir + 6°c = (6% + I6%c)/r = MSGr

h’= 6%c/6% = 6°cl(c%c + 62r) = [(MSG — MSE)/r]/(MSG/r) = 1- (MSE/MSG, where o2 is the

error mean square, 62 iS the entries mean square, and r is number of replications.

For a single trait evaluated in two environments (n = 2) or two locations (Akron and Greeley),

two replications (r = 2), and 186 RIL (t = 186),

Source Degree of freedom  Expected mean square

Env nl1=1 6%+ 16%xe + to’r@E) + Mo’e

Rep (Env)  n(r-1) =2 62+ I6%RE)

Entries t-1 =185 o+ Io’cxe+ mo’c = MSG (mean square genotype)
Env x Entries(n-1)(t-1) = 185 6%+ I6%Gxe = MSI (mean square interaction)
Error n(r-1)(t-1) =370  ¢° = MSE (mean square error)

When the Env x Entries term was significa@&(.05):
6% = [(6? + r6%6xe + Mo%e) — (6% + r6ce)]/r = (MSG— MSI)/r

6%xe = [(0? + r6%cxe) — 67/r = (MSI— MSE)/r
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6%p= 6/ + o%cxe/N +0%6 = (6% + ro’exe + Moc)/r = MSG/rn

h? = 6%6/6%p = 6°cl[(0? + ro%exe + Mo’c)/rn] = [(MSG — MSI)/rn])/(MSG/rn) = 1- (MSI/MSE)
When the Env x Entries term was not significd#{.05):

626 = [(6? + ro%exe + Mo26) — 6?]/rn = (MSG— MSE)/rn

o2exe= [(62 + ro%exe) — 67J/r

6%p= 62/ + ro’exell + 6% = (6% + r6%xe + Mo?c)/r = MSG/rn

h? = 6%6/6% = 6°al[(6? + r6exe + Mo2c)/mM] = [(MSG — MSE)/rn]/(MSG/rn) = 1- (MSE/MSG)

Confidenceinterval (C.1.) for heritability

Exact confidence intervals for heritability estimates on a progeny mean basis were computed
according to Knapp et al. (1985). The 90% confidence interxal®.05 for each of the upper or

lower confidence limits) were calculated.
2.1.5. DNA extraction

Seeds of 186 RIL and two parental lines, CO940610 and Platte, were sown separately in trays in
the CSU greenhouse. Each tray cell contained 10 seeds of each RIL or parental line. Two weeks
later, when seedlings were at the 1- to 2-leaf stage, a bulked sample of approximately 400 to 500
mg leaf tissue was collected from seedlings of each cell and placed into a 2.0 mL tube. The tubes
were immediately placed on ice, and then stored in alG8@eezer. Two tubes of tissue were

collected for each RIL or parent, one for imnmediate DNA extraction and one for backup.

For DNA extraction, leaf tissue in open tubes was freeze-dried for 48 hours using a freeze drie
(Freeze Dry System, Labconco ® 7522900). Freeze drier conditions were temperature of about -

50°C and vacuum of -80 x 10kPaor lower, causing water to vaporize from the leaf tissues.
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After freeze-drying, 2 stainless steel balls were added to each tube of leaf tissue andwiias tube
tightly capped for grinding. The tubes were put into a shaker (Mini-BeadBéaioSpec

Products, Inc.) to grind for 30 to 90 seconds to achieve a fine powder consistency.

DNA was extracted, purified, and diluted using a protocol adapted from that described in Riede
& Anderson (1996)A 500 pL quantity of hot extraction buffer [0.5 M NaCl, 0.1 M Tris pH 8.0,

0.05 M ethylenediaminetetra-acetic acid (EDTA), 8.4'gshdium dodecyl sulfate (SDS), 3.8 g

L sodium bisulfate] was added to each tissue sample. Tubes were vortexed to suspend tissue,
and then incubated B65°C water bath for 60 minutes, mixing by inversion every 10 minutes. A
quantity of 500 pL 24:1 chloroform:isoamyl alcohol was added, mixed to form an emulsion, then
centrifuged at 14,000 rpm for 5 minutes. The aqueous phase was removed to a new 1.5 mL tube
and two volumes of 100% EtOH were added. After 15 minutes at room temperature, the tubes
were inverted to mix, and left for an additional 15 minutes. After centrifuging at 12,000 rpm for

5 min, the supernatant was decanted. The remaining pellet was washed with 1 mL 70% EtOH,
following by centrifuging and decanting the supernatant. The pellet was air dried, then dissolved
in 400 pL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and incubated &65°C water bath.

RNase A was added to a final concentration of 0.1 mg/mL and incubated at 37°C for 30 minutes.
One-tenth volume of 3 M sodium acetate and 2 volumes 100% EtOH were added to precipitate
DNA. The tubes were placed in a -20°C freezer for about 12 hours (overnight), and then
centrifuged at 12,000 rpm for 5 minutes. The supernatant was decanted and the pellet washed
with 1 mL 70% EtOH, followed by another round of centrifuging and decanting. The DNA
pellet was air-dried and dissolved in 500 ul. TE. DNA concentrations were quantitated by
measuring absorbance at 260 nm on a Nanodrop ND1000 Spectrophotometer (Thermo Scientific,

Wilmington, DE), and the DNA quality was evaluated on a 1.0% agarose gel containing one lane
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of Lamba DNA/Hindlll and stained with ethidium bromide. DNA was diluted to 7pIngh

TLE buffer (1.0 mM tris, 0.1 mM EDTA, pH 8.0) for genotyping.
2.1.6. Molecular marker evaluation

Parental DNA was screened for polymorphisms at simple sequence repeat (SSR) loci that had
previously been mapped to chromosomes 6B and 7B and &luk#&l locus on chromosome

1B. Sixteen selected polymorphic markers were evaluated in the whole population of 186 RIL
and two parental linesBx7-MAR is at Glu-B1 locus, Xwmcl82a, Barc198, Xwmc397, and

Barcl36 are on chromosome 6B, axdwmb69, Xgwm606, Xgwm76, Xwmcl82b, Xgwm573,
Xgwmd6, Xgwm333, and Barc278 are on chromosome 7B. These are known from the previous
research in the CO940610/Platte DH population (El-Feki 2010; El-Feki et al. 2013). Three
additional markersXwmec426, Xwmcl7a, and Xwmc364 are obtained from other publications
(Table 4). Primer sequences for these markers were obtained from Grain Genes 2.0

(http://wheat.pw.usda.gov/GG2/index.shtml), as shown in the Table 4.
2.1.7. Linkage map construction

Data for all marker types for 186 RIL were compiled and tested for goodness of fit to the
expected Mendelian segregation ratio of 46.875% Platte or CO940610 allele aftl 6.25
heterozygotes. The data were analyzed with Join Map 4 (Van Ooijen, 2006) using the regression
mapping option to construct linkage groups and the Haldane mapping function to calculate the

centiMorgan (cM) distances.
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Table 4. Markers and primer sequences used in this study

Marker Chr. PCR primer sequence Reference

Bx7-MAR 1B | CCTCAGCATGCAAACATGCAGC Butow et al. 2004
CTGAAACCTTTGGCCAGTCATGTC

Barc136 6B | GCG AGC TCA CTG CAC ACT TAC C( Song et al. 2005
GCA ACG CACCTT GAT AATC

Xwmc397 6B | AGTCGTGCACCTCCATTTTG Somers et al. 2004
CATTGGACATCGGAGACCTG

Barc198 6B | CGCTGAAAAGAAGTGCCGCATTATGA | Somers et al. 2004
CGCTGCCTTTTCTGGATTGCTTGTCA

Xwmel82a 6B | GTATCTCACGAGCATAACACAA Somers et al. 2004
GAAAGTGTATGGATCATTAGGC

Xgwm569 7B | GGAAACTTATTGATTGAAAT Roder et al. 1998
TCAATTTTGACAGAAGAATT Somers et al. 2004

Xwmc606 7B | CCGATGAACAGACTCGACAAGG Somers et al. 2004
GGCTTCGGCCAGTAGTACAGGA

Xwmc76 7B | CTTCAGAGCCTCTTTCTCTACA Somers et al. 2004
CTGCTTCACTTGCTGATCTTTG

Xwmcl182b 7B | GTATCTCACGAGCATAACACAA Somers et al. 2004
GAAAGTGTATGGATCATTAGGC

Xwmec426 7B | GACGATCGTTTCTCCTACTTTA Somers et al. 2004
ACTACACAAATGACTGCTGCTA

Xgwms73 7B | AAGAGATAACATGCAAGAAA Paillard et al. 2003
TTCAAATATGTGGGAACTAC Roder et al. 1998

Somers et al. 2004

Xwmecl7a 7B | ACCTGCAAGAAATTAGGAACTC Somers et al. 2004
CTAGTGTTTCAAATATGTCGGA

Xgwm46 7B | GCACGTGAATGGATTGGAC Somers et al. 2004
TGACCCAATAGTGGTGGTCA

Xwmc364 7B | ATCACAATGCTGGCCCTAAAAC Somers et al. 2004
CAGTGCCAAAATGTCGAAAGTC

Xgwm333 7B | GCCCGGTCATGTAAAACG Roder et al. 1998
TTTCAGTTTGCGTTAAGCTTTG Somers et al. 2004

Barc278 7B | GCATGCACTACGCTCAGAATAAAC Song et al. 2005

TAAAAGGCCCGTCAACATACAAGTA
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2.1.8. QTL analysis

For each trait, each marker was analyzed for significance in single factor analyaimnte by

using PROC GLM of SAS 9.3, with trait as the dependent variable and marker as the
independent variable. A probability level of 0.05 was used as the significance threshold for
marker-trait association (MTA), which interpreted as indication of the presence of a putative

QTL.

Percent phenotypic variance explained by MT%AR?) was obtained by multiplying th&?

values (coefficient of determination) provided in the SAS PROC GLM results by 100.

The average additive effect was the difference of mean trait values for two @d#iebes, which
was calculated as (A B)/2 by using Excel 2010, where, A and B were mean trait values of the

Platte and CO940610 allelic classes, respectively.

2.2. RESULTS
2.2.1. Trait distribution and means
Population distribution

Ten of 20 trait-environment combinations conformed to expectations for a normally distributed
population according to the Shapiro-Wilk testa#0.05 (Figure 13). For the trait-environmgnt

that deviated, the distributions were approximately normal based on a visual evaluation and
examination of residuals. Transgressive segregation was apparent in all cases, indicating the

presence of favorable alleles in both parents, CO940610 and Platte (Figure 13
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Trait means

Grain yield was significantlyR<0.01) lower in the rainfed condition in Akron compared to the
fully irrigated condition in Greeley. Grain yield in Akron was 3245.3 kg, ke reduction of
about 28% compared to Gy in Greeley (4506.1 k) lf@able 5). Spike length and Ph in Akron

also were significantlyR<0.01) less than those in Greeley.

Test weight, Kw, and Kd in Akron were significant<{0.01) lower than those in Greeley. Test
weight was slightly lower, about 3 kg Hl(about 4%), while Kw and Kd were reduced about

30% and 14%, respectively (Tablg 5

In contrast, Gpc and Kh in Akron were significantB<0.01) higher compared to Greeley. An
increase of about 8 g Rgand 2 SKCS hardness units were recorded for Gpc and Kh,
respectively (Table 5). There was no significant difference detected for Gac between Akron and

Greeley.
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Table 5. Means, standard errors (SE) and ranges for nine traits of the CO940610/Platte population (n=186) in Akron and Greeley in
the 2009/10 growing season.

Akron (rainfed) Gredley (fully irrigated) bt
Traits Mean £ SE Min. - Max. Mean x SE Min. - Max.
Grain yield, kg h# 3245+16 1938 - 3868 4506+ 24 2973 - 5175 <0.001
Spike length, cm 8.2+ 0.02 7.5-9.2 9.15+ 0.03 8.1-10.2 <0.001
Plant height, cm 65.3+ 0.18 59.9-71.6 75.89+ 0.24 68.4 - 84.6 <0.001
Grain protein coa., g kg* 146.7+ 0.30 133.6 - 164.4 139.17+ 0.39 127.1-159.3 <0.001
Grain ash con, g kgt 14.3+ 0.04 13.0-17.0 14.45+ 0.04 12.9-17.2 0.028
Test weight, kg htt 74.92+ 0.07 71.3-77.2 77.82+ 0.05 73.8-79.4 <0.001
Kernel weight, mg 26.3+ 0.12 22.8-31.9 37.55+ 0.21 30.6 -47.5 <0.001
Kernel diameter, mm 2.6t 0.00 24-28 2.95% 0.01 2.7-3.3 <0.001
Kernel hardness (0 100) 72.3%+ 0.27 58.1-80.8 70.87+ 0.31 53.8-83.0 <0.001

t Significance of difference between the means
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Parent performance

C0940610 had significantly higher Gy, Ph and Kh than Platte in both environments. Meanwhile,
Platte had significantly longer S| and higher Gpc than CO940610 in both environments (Table

6).

Table 6. Means for nine traits of the two parents, CO940610 and Platte, at Akron and Greeley,
CO in the 2009/10 growing season.

Akron (rainfed) Gredey (fully irrigated)

Trait C0O940610 Platte pt C0O940610 Platte P
Grain yield, kg h# 3538 2739 <0.001 4827 4685 <0.001
Spike length, cm 7.57 8.72 0.019 8.50 9.70 <0.001
Plant height, cm 66.39 60.31 <0.001 78.04 72.33 0.009
Grain protein conc., g kb 141.01 156.90 <0.001 124.61 157.26 <0.001
Grain ash con, g kg* 14.18 14.89 0.072 13.85 14.65 0.125
Test weight, kg htt 75.47 74.62 <0.001 74.43 78.06 <0.001
Kernel weight, mg 29.12 25.57 <0.001 38.23 38.79 0.775
Kernel diameter, mm 2.64 2.57 0.045 2.90 3.12 0.002
Kernel hardness (0 - 100) 73.05 67.72 0.057 75.31 59.34 <0.001

T Significance of difference between the parents

2.2.2. Correlation among traits
The correlations among traits in the two environments are shown in Table 7.

Grain yield was positively correlated with Pi+0.36,P<0.001 in Akron and=0.23,P<0.01 in
Greeley) and TwrE0.27,P<0.001 in Akron and=0.38,P<0.001 in Greeley). In contrast, Gy
was significantly and negatively correlated with Gpe-0.36,P<0.001 in Akron and=-0.34,
P<0.001 in Greeley) and Gac=0.29, P<0.001 in Akron and=-0.38,P<0.001 in Greeley).

This confirmed that Gy has an inverse association with Gpc and Gac.
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Ph was also positively correlated with $£0.17, P<0.05 in Akron andr=0.29, P<0.001 in
Greeley), Tw=0.34,P<0.001 in Akron and=0.43,P<0.001 in Greeley), KwrE0.25,P<0.001
in Akron andr=0.43, P<0.001 in Greeley) and Kdr<£0.25, P<0.001 in Akron and=0.37,

P<0.001 in Greeley).

Grain protein concentration and Gac were also negatively correlated with Tw. Correlation
coefficients between Gpc and Tw were -0.2<{.001) and -0.14R<0.05) in Akron and
Greeley, respectively; and between Gac and Tw were -@83.q01) and -0.36R<0.001) in
Akron and Greeley, respectively. This indicated that an increase in Tw was associated with a

decrease in Gpc and Gac.

Test weight, Kw and Kd were highly significantly?<0.001) correlated with each other,
indicating that there are proportional relationships among these traits. Of these, Kw and Kd were

very highly correlatedr£0.94,P<0.001 in both environments).

Kernel diameter and Kh were negatively correlafed0(001). Correlation coefficients between
them were -0.24R<0.001) and -0.33R<0.001) in Akron and Greeley, respectively. This

suggests that smaller kernel is associated asibfter kernel.
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Table 7. Pearson correlation coefficients among traits of the CO940610/Platte population (n=186) at Akron and Greely in the 2009/10
growing season. Correlations for Akron are below the diagonal and those for Greeley are above the diagonal.

Traitt Gy S Ph Gpc Gac Tw Kw Kd Kh

Gy -0.02  0.23** -0.34**  -0.38***  (0.38*** -0.13 -0.16* 0.04

S -0.12 0.29***  -0.03 0.07 0.24** 0.04 -0.01 0.08
Ph 0.36***  0.17* -0.08 0.09 0.43**  0.43***  0.37*** -0.03
Gpc |-0.36*** -0.01 -0.39*** 0.46***  -0.14* 0.29%** 0.36***  -0.27***
Gac |-0.29*** 0.10 -0.04 0.45%** -0.36*** 0.27*** 0.25*** -0.07
Tw 0.27*** 0.01 0.34**  -0.28***  -0.53*** 0.34*** 0.31*** -0.02
Kw [-0.04 -0.03 0.25%** 0.06 0.08 0.47*** 0.94***  -0.41***
Kd |-0.01 -0.08 0.25%** 0.09 0.07 0.45%** 0.94*** -0.33***
Kh |-0.03 -0.03 0.01 0.07 0.04 -0.07 -0.24**  -0.14

* ** F*xndicates significance at the 0.05, 0.01, and 0.001 levels of probability, respectively.

t Gy, grain yield; Sl, spike length; Ph, plant height; Gpc, grain protein concentration at 12% moisture leyedraidaash
concentration; Tw, test weight; Kw, kernel weight; Kd, kernel diameter; Kh, kernel hardness.
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2.2.3. Heritability

The estimated heritability values for each measured phenotypic trait in each environment and

combined across environments are presented in Table 8.

The heritability estimates of the traits were low (<0.50), moderate {@®U5), and high (0.75).
Grain yield showed low heritability estimates in each environment and combined across
environments. This indicated that Gy is largely affected by environments, making it challenging

to improve in breeding programs.

Grain protein concentration had low heritability in Akron, but moderate heritability in Greeley
suggesting that environment considerably influenced the heritability estimates. In contrast, Sl,
Gac, Tw, Kw, Kd and Kh had moderate to high heritability estimates in each environment and
combined across environments, indicating that for these traits a large part of the observed

variation was due to genetics.
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Table 8. Heritability estimates fiHand 90% confidence intervals for nine traits of CO940610/Platte RIL population in Akron and
Greeley in the 2009/10 growing season.

Akron (rainfed) Gredley (fully irrigated) Two locations
90% confidencet 90% confidence 90% confidence
Trait H?2 Lower Upper H?2 Lower Upper limit H? Lower Upper
limit limit limit limit limit
Grain yield 0.15 -0.08 0.33 0.14 -0.09 0.33 0.25
Spike length 0.53 0.40 0.63 0.65 0.56 0.73 0.74 0.68 0.79
Plant height 0.37 0.20 0.50 0.60 0.49 0.69 0.63 0.55 0.70
Grain protein concentratio 0.20 -0.02 0.37 0.55 0.43 0.65 0.42 0.28 0.53
Grain ash concentration 0.68 0.59 0.75 0.75 0.68 0.80 0.76 0.70 0.81
Test weight 0.69 0.60 0.76 0.70 0.62 0.77 0.69 0.60 0.76
Kernel weight 0.76 0.69 0.81 0.78 0.72 0.83 0.79 0.73 0.83
Kernel diameter 0.73 0.66 0.79 0.79 0.73 0.84 0.80 0.75 0.84
Kernel hardness 0.79 0.73 0.83 0.74 0.67 0.79 0.82 0.77 0.86

" Based on Knapp et al. (1985)

52



2.2.4. Marker analysis

Eighteen markers were genotyped, which included one sequence-tagged site (STS) and 17 SSR
(Table 9). These markers were screened for polymorphisms between C0940610 and Platte
before genotyping the population of 186 RIL. Four markers on chromosom&ab&l36,

Barc198, Xwmcl82a, and Xwmc397, had an excess of lines with the CO940610 allele.
Segregation of the markers on 6B was significarRy0(05) distorted compared to the expected
segregation ratio (Table 9). Three of thirteen markers orBagB:278, Xgwm46, and Xwmc364)

had an excess of lines with the Platte allele, with distorted segregatixD#tl. The other

markers conformed to the Mendelian independent segregation ratio.
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Table 9. The goodness of fit of observed marker data for the CO940610/Platte RIL population based on deviation from expected
segregation for thesfs generation.

Type of Number of RIL
Marker marker Chr. Platte allele C0940610 allele Heter ozygote Genotyped Chi-square
= O E O E O U M

Bx7-MAR STS 1B 845 85 84.5 84 12 17 186 0 0.00
Barc136 SSR 6B 91 111 91 71 11 0 182 4 8.36**
Barc198 SSR 6B 90 118 90 62 12 5 185 1 16.81**
Xwmcl82a SSR 6B 92 120 92 64 12 2 186 0 16.44**
Xwmc397 SSR 6B 90 119 90 61 11 1 181 5 18.05**
Xwmc182b SSR 7B 93 85 93 101 12 0 186 0 1.21
Xgwme06 SSR 7B 915 93 91.5 90 11 0 183 3 0.02
Xgwmb69 SSR 7B 925 92 92.5 93 12 0 185 1 0.00
Barc278 SSR 7B 89 69 89 109 12 8 186 0 8.54**
Xgwm333 SSR 7B 91 82 91 100 12 2 184 2 1.59
Xgwm46 SSR 7B 925 73 92.5 112 12 1 186 0 7.81**
Xgwm573 SSR 7B 91 81 91 101 12 3 185 1 1.98
Xgwm76 SSR 7B 92 80 92 104 12 0 184 2 2.88
Xgwme11l SSR 7B 92 87 92 97 12 0 184 2 0.44
Xwmcl7a SSR 7B 88 78 88 98 11 2 178 8 2.05
Xwmcl7b SSR 7B 905 78 90.5 103 11 0 181 5 3.18
Xwmc364 SSR 7B 925 73 92.5 112 12 1 186 0 7.81**
Xwmc426 SSR 7B 91 82 91 100 12 4 186 0 1.59

T STS, sequence-tagged site; SSR, simple sequence repeat.

1 E or O are the number of expected or observed marker, respectivelyM stands for number of markers that were usable or
missing out of marker genotyped, respectively.

* * indicates segregation distortion is significant at the 0.05 and 0.01 level of probability, respectively.
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2.2.5. Construction of linkage map

The linkage groups were created by JoinMap (Van Ooijen 2006) with minimum LOD score of
8.0. Of the 17 SSR markers screened, four markBescl36, Barc198, Xwmcl82a, and
Xwme397) mapped to chromosome 6B, while 11 markeXsmnicl82b, Barc278, Xgwmib,
Xgwm76, Xwmec364, Xgwm606, Xgwmb569, Xgwm333, Xgwm573, Xwmcl7a, and Xwmc426)

mapped to chromosome 7B (Figure 7).

The four markers on 6B spanned 9.5 cM, with the average interval between markers of 3.2 cM.
Meanwhile, 11 markers on 7B spanned 71.4 cm, with the average interval between markers of
7.1 cM. TheGlu-B1 marker has reliably mapped to chromosome 1B, so no additional markers on

this chromosome were evaluated.

Marker Xgwm611l and Xwmcl7b) did not group with any of the other markers. According to
maps on the Grain Genes database (http://wheat.pw.usda.gov/cgi-
bin/GG3/report.cgi?class=locus;name=Xgwm611), Xgwm611 is located on the long arm of 7B,

distant from all the other markers in our study.
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6B 7B

0.0 Xwmc182a 0.0 ——— Xgwmb569
1.7 Barc198
2.3 Xwmc397 4.7 Xgwm606
9.5 Barc136

32.2 Xgwm76

41.5 Xwmc182b
419 k=% Xwmc426
42.5 _Y Xgwm573

42.6 Xwmci7a
50.0 ——1— Xgwm46

51.9 — 11— Xwmc364
58.5 Xgwm333

71.4 ——— Barc278

Figure 7. Linkage map constructed in JoinMap for the CO940610/Platte RIL population.
Cumulative distances between markers are given in cM, calculated from recombination
frequencies according to the Haldane mapping function.
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2.2.6. Marker-trait associations

Single-factor analysis of variance conducted with PROC GLM was used to find marker-trait
associations (MTA). There were 64 significant MTA among 9 traits in two environments (Table

10). They are also visualized in Figure 8.
Grain yield

Four markers on two chromosomes 1B and 7B were associated with grain yield. NGkBis
on chromosome 1B, arkbwm611 and Xwmcl7b on chromosome 7B were each associated with
grain yield in one environment. This indicated that these MTA were not robust across

environments.

On chromosome 7B, the markefgwm76 and Xwmcl7b were detected with a positive additive
effect, suggesting that Platte contributed the higher grain yield allele while the Xgiveng11)

was detected with a negative additive effect, indicating that CO940610 contributed the higher
grain yield allele This suggests that these markers are linked to distinct QTL on the same

chromosome.
Spike length

Nine markers on three chromosomes (1B, 6B, and 7B) were associated with Sl, with 13 MTA in
both environments. Some of these associations were robust across environments, while others
were not. Marker$slu-B1, Barc136, Xgwm219, and Xgwmb69 were associated with S| only in
Akron, while markerXgwm33 was detected only in Greeley. Meanwhile, markénsnc397,
Xwmecl82a, Xgwm219, Xgwmb69, and Xwmcl7b were all associated with Sl in both
environments. CO940610 and Platte both contributed longer spike length alleles depending on

the loci.
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Table 10. Markers associated with traits of the CO940610/Platte RIL population in Akron and Greeley, CO in the 2009/10 growing
season.

Akron Rainfed Greeley Irrigated
Trait Marker Chromosome P-value R?(%)* af P-value R?(%) a
Grain yield GluB1 1B 0.038 2.6  36.543
(kg ha?) Xgwm76 7B 0.036 2.4  34.633 0.016 3.1 54.032
Xgwme11 7B 0.038 2.4  -46.516
Xwmcl7b 7B 0.018 3.1 39.866
Spike length GluBl 1B 0.037 2.6 -0.046
(cm) Barc136 6B 0.022 2.9 0.049
Xwmc397 6B 0.001 6.0 0.073 0.029 2.7 0.067
Xwmcl82a 6B 0.002 5.2 0.067 0.021 2.9 0.071
Barc198 6B 0.002 5.5 0.068 0.022 2.9 0.071
Xgwmb569 7B 0.004 4.4 -0.059
Xgwm333 7B 0.050 2.1 0.058
Xwmcl7b 7B 0.003 4.7 0.062 <.0001 136 0.149
Plant height GluB1 1B 0.047 2.3 -0.501
(cm) Xgwmb69 7B 0.048 2.1 -0.348
Xwmel7b 7B 0.056 2.0 0.464
Grain protein conc. Xgwmb69 7B 0.075 1.7 0.537

(9 kg")
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Table 10. (Continued)

Akron Rainfed

Greeley Irrigated

Trait Marker Chromosome P-value R?(%)* af P-value R?(%) a
Grain ash conc. GluBl 1B 0.000 7.3 -0.154 0.035 2.6 -0.094
(g kg Xgwm606 7B 0.002 54  0.134 0.024 28  0.095
Xgwmb69 7B 0.035 2.4 0.090
Xgwmb73 7B 0.049 2.1 0.085 0.026 2.7 0.097
Xgwm46 7B 0.009 3.7 0.114 0.017 3.1 0.104
Xgwm333 7B 0.011 3.6 0.111
Barc278 7B 0.048 2.2 0.089
Xwmecl7a 7B 0.004 4.7 0.120 0.002 5.3 0.127
Xwmc364 7B 0.010 3.5 0.112 0.004 4.5 0.125
Xwmc426 7B 0.051 2.1 0.085 0.042 2.3 0.089
Test weight GluBl 1B 0.042 2.5 0.111
(kg hLY) Barc136 6B 0033 25  -0.091
Xwmc397 6B 0.028 2.7 -0.124
Xwmcl82a 6B 0.045 2.2 -0.110
Barc198 6B 0.035 2.5 -0.117
Xgwmb69 7B 0.022 2.8 -0.094
Xgwm76 7B 0041 23  0.085
Xgwm333 7B 0.047 2.2 0.105
Xwmel7b 7B 0.010 3.6 0.134 0.000 7.9 0.155
Kernel weight GluB1 1B 0.053 2.2 -0.252 <.0001 9.0 -0.862
(mg) XWmc397 6B 0.056 2.0 -0.250
Xwmcl82a 6B 0.024 2.8 -0.288
Barc198 6B 0.038 2.4 -0.268
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Table 10. (Continued)

Akron Rainfed Greeley Irrigated

Trait Marker Chromosome P-value R?(%)t af P-value R?(%) a
Kernel diameter GluB1 1B 0.028 2.9 -0.017
(mm) Barc136 6B 0.030 2.6 -0.010 0.039 2.4 -0.015

Xwmc397 6B 0.024 2.8 -0.011 0.054 2.1 -0.015

Xwmcl82a 6B 0.007 3.9 -0.013

Barc198 6B 0.007 4.0 -0.013 0.030 2.6 -0.017

Xgwm46e 7B 0.055 2.0 -0.014
Kernel hardness Xwmc397 6B 0.002 5.5 -0.929 0.027 2.7 -0.750
(0-100) Xwmcl82a 6B 0.020 2.9 -0.666

Barc198 6B 0.004 4.5 -0.826 0.047 2.2 -0.670

Xgwm569 7B 0.048 2.1 -0.539

Xgwm333 7B 0.006 4.2 -0.761

Xwmc364 7B 0.022 2.8 -0.637

" percentage of phenotypic variation explained by the marker.

t average additive effect, with a positive value indicating an increasing effect of the Pédéteuadl a negative value indicating an
increasing effect of the CO940610 allele.
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Gy (A), SI (A), Ph (G),
Glu-B1 Gac (A, G), Tw (A),
Kw (A, G), Kd (G)

1B

~ S1(A), Ph (A), Gpe (A),
0.0 ngm56g<—[Gac (A),Tw (G), Kh (A)

4.7 —— Xgwm606 <{Gac (A, G) ilv\gp(xA)G)kng A(\;&)kh "

0.0 Xwmc182a Sl (A, G), Tw (A),
1.7 Barc198 <—— Kw (A), Kd (A, G), Kh (A, G)
2.3 me0397\
SI (A, G), Tw (A),
9.5 Barc136 Kw (A), Kd (A, G), Kh (A, G)

6B Sl (A), Tw (G), Kd (A, G)

31.6 Xgwm76 «<—[Gy (A, G), Tw (G)

405 | |, Xumc182y
(- Xwmc426
42,1 -7\ Xgums 3 <«—{Gac (A, G)

Xwmci7a

L Xgwm46 «——Kd (G)

— Xwme36s
e «—Gac (A, G), Kh (A)

S1 (G), Gac (G),
Tw (A), Kh (A)

a1 o
o
o
|
[ |

58.9 Xgwm333<—

73.2 ——— Barc278 <—[Gac

7B

Figure 8. QTL maps of the C0O940610/ Platte/ RIL population with location of marker-trait
associations indicated. Cumulative distances between markers are given in cM. A = detected in
Akron, G = detected in Greeley. Gy, grain yield; Sl, plant height; SI, spike length; Gpc, grain
protein concentration; Gac, grain ash concentration; Tw, test weight; Kw, kernel weight; Kd,
kernel diameter; Kh, kernel hardness.
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Markers Glu-B1, Xgwm219, and Xgwm569 had a negative additive effect, indicating that
C0O940610 contributed the allele for longer SI. Meanwhile, marlBarx136, Xwmc397,
Xwmecl82a, Xgwm333, and Xwmcl7b detected a positive additive effect, indicating that Platte

contributed the longer Sl allele.

It appears that markers are linked to distinct QTL on the chromosome 7B. On chromosome 7B,
markersXgwm333 and Xwmcl7b were detected with a positive additive effect for Sl, but marker
Xgwmb569 located at a distance of 40 cM from the other markers was detected with a negative

effect.
Plant height

Three markers were significantly associated with Ph, but each marker was detected only in a
single environment. MarkefSIuB1 on 1B andXwmcl7b on 7B were associated with Ph only in
Greeley, while markeKgwm569 was detected only in Akron. This indicated that the MTA for

Phwere not robust across environments.

C0940610 and Platte both contributed alleles for higher Ph depending on the loci. Markers
GluB1 on 1B andXgwm569 on 7B had a negative additive effect, while matkemcl7b had a
positive additive effect for Ph. This also suggested that maigssn569 and Xwmcl7b on

chromosome 7B are linked to distinct QTL on the same chromosome.
Grain protein concentration

Grain protein concentration is one of the traits evaluated in this study that did not have any
significantasociations with the markers Bt< 0.05. However, markeXxgwm569 on 7B was

associated with Gpc &= 0.075. At this locus, Platte contributed the higher Gpc allele.
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Grain ash concentration

One marker on chromosome 1B and nine markers on chromosome 7B were significantly
associated with Gac, with a total of 17 associations in both environments. Seven of these markers
showed stability across environments. Mar&uB1 on 1B and markergwme06, Xgwm573,

Xgwmde, Xwmcl7a, Xwme364, and Xwmcd426 on 7B were associated with Gac in both

environments.

However, markeXgwm569 on 7B was significantly associated with this trait only in Akron, and
the markers<gwm333 andBarc278 on 7B wereassociated with Gac only in Greeley. Thus these
markers were lesrobust across environments than markers in the central part of chromosome

7B.

Both parents contributed alleles for higher Gac depending on the loci. The rGaukdrwas
detected with a negative additive effect, suggesting that CO940610 contributed the higher Gac
allele. Meanwhile, all other markers on chromosome 7B were detected with a positive additive

effect, indicating that Platte contributed the higher Gac allele.
Test weight

Nine markers on three chromosomes (1B, 6B, and 7B) were significantly associated with Tw
with 10 associations. Most of these markers showed instability across environments. Markers
GluB1 on 1B, Xwmc397, Xwmcl82a, and Barcl98 on 6B and Xgwm333 on 7B were
significantly associated with Tw only in Akron. Meanwhile, markBescl36 on 6B and
Xgwmb69 and Xgwm76 on 7B were significantly associated with the trait only in Greeley. Only

markerXwmcl7b on 7B showed significant associations in both environments.
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Both parents contributed alleles for greater Tw. MarlBac136, Xwmc397, Xwmcl82a, and
Barc198 on 6B and Xgwm569 on 7B were detected with a negative additive effect, indicating
C0O940610 contributed greater Tw. Meanwhile, mark&drtd31 on 1B Xgwm76, Xgwm333, and

Xwmcl7b on 7B had a positive effect, suggesting Platte contributed the alleles for greater Tw.

On chromosome 7B, mark&gwm569 had a negative additive effect while mark&igvm?76,
Xgwm333, and Xwmcl7b were detected with positive effects, demonstrating that these markers

are linked to distinct QTL on this chromosome.
Kernel weight

Four markers on chromosomes 1B and 6B were significantly associated with Kw, with five
associations. All of these associations were detected with a negative additive effect, indicating

that CO940610 contributed the greater Kw allele.

The MTA for Kw on 6B were not robust across environments. Markerac397, Xwmcl82a,
and Barc198 on 6B were significantly associated with Kw only in Akron. However, marker

GluB1 on 1B showed robust and significant associations across both environments.
Kernel diameter

Six markers on all three chromosomes were significantly associated with Kd for a total of nine
associations. Some of these associations were not robust across environments Gidkens
1B and Xgwm46 were significantly associated with Kw only in Greeley, while marker

Xwmcl82a on 6B had a significant association with the trait only in Akron.

However, the other associations showed stability across environments. MBeelS6,

Xwme397, andBarc198 on 6B were associated with Kd in both environments.
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All the significant markers associated with this trait had a negative additive effect, suggesting

that CO940610 contributed the allele for increased Kd.
Kernel hardness

Six markers on chromosomes 6B and 7B were significantly associated with Kh, with eight
associations in both environments. Some of the associations were not robust across
environments. MarkeXwmcl82a on 6B, and marker¥gwm569, Xgwm333, and Xwmc364 on

7B were significantly associated with Kh only in Akron. Meanwhile, the other associations were
stably detected over environments. Mark&wmc397 and Barc198 on 6B had significant

associations with Kh in both environments.

All of these associations had a negative additive effect, indicating that CO940610 was the source

of alleles for harder kernels.
Stability of QTL across environments

Nine traits evaluated in this study were significantly associated with 16 markers. Some MTA
were robust across environments, while some other associations were not. A total of 45
significant MTA was detected. Nineteen of the total associations (42%) appeared in both

environments, where 17 associations (38%) occurred only in Akron, and 20% were present only

in Greeley (Table 11).

Chromosome 6B had a higher number of robust QTL, while chromosome 1B and 7B had more
unstable QTL (Table 11). On chromosome 6B, there were 21 significant MTA. Eight of these
associations were detected in both environments, while 13 others appear in either Akron or

Greeley. In contrast, only two of seven significant MTA on chromosome 1B appeared in both
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environments. On chromosome 7B, nine of 22 significant MTA occurred in both environments,

while 13 of these associations were present in either Akron or Greeley.

Table 11. Number of significant marker-trait associations by chromosome. Stable associations
were those detected in both environments and unstable ones were detected only in one
environment.

Significant marker-trait associations

1B 6B 7B Total Percentage
Stable 2 8 9 19 42
Unstable 5 13 13
- Akron 3 12 5 17 38
- Greeley 2 1 8 9 20
Total 7 21 22 45

Comparison of QTL in RIL and DH populations

Consistency of MTA or QTL in the DH and RIL population are summaiiz&eble 12. AtGlu-
B1, CO940610 contributed the higher value allele for SI, Ph, Gac, Kw and Kd, while Platte was
the source of the higher value allele for Gy and Tw. Some MTA for evaluated traits in the RIL

corresponded to QTL in the DH at three chromosomal regions 1B, 6B and 7B.
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Table 12. Environmentsn which QTL were detected in the doubled haploid (DH) (El-Feki 2010) and recombinant inbred line (RIL)
populations derived from the cross CO940610/Platte.

DH RIL
Trait Chromosome 08FD 08FW 09GD 09GW 10AD 10GW
Grain yield 1B P
7B CcoO P P, CO
Spike length 1B (6{0)
6B P P P, CO P
7B P P, CO P
Plant height 1B (6{0)
6B CcoO
7B (6{0) P
Grain protein coao. 6B CO
7B P P P P
Grain ash con 1B CcoO CO CcO CO (6{0) (6{0)
6B P P
7B P P P
Test weight 1B P P
6B CO CcO CcoO
7B P P, CO
Kernel weight 1B (6{0) (6{0) (6{0) (6{0)
6B CcoO
Kernel diameter 1B (6{0)
6B CcoO CcoO
7B P CcoO
Kernel hardness 6B (6{0) (6{0) (6{0) (6{0) (6{0)
7B CcoO

¥ 08FD, Fort Collins Dry 2007/08; 08FW, Fort Collins Wet 2007/08; 09GD, Greeley Dry 2008/09; 09GW, Gres|@pa8/09
10AD, Akron Rainfed 2009/10; and 10GW, Greeley fully irrigated 2009/10.

! CO and P indicate C0940610 and Platte were the source of the higher value allele, respectively.
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2.3. DISCUSSION
2.3.1. Trait means

Grain yield was reduced about 30# Akron rainfed environment, compared to the fully
irrigated Greeley environment. Reduced water is probably the major factor, although other
environmental differences could have played a Bld=eki (2010) reported that Gy was reduced
about 19to 21% under water deficit treatments in the CO940610/Platte DH population. Edae et
al. (2014) reported 50% Gy reduction at Greeley rainfed compared to Greeley fully irrigated
conditions. Grain yield reduction of 57% was due to drought stress in the study by Balla et al.
(2011). Water stress during grain filling causes less sucrose and starch accumulation in grain

(Ahmadi & Baker 2001), resulting in Gy reduction.

Although El-Feki (2010) found that Sl was significantly shorter in the fully irrigated treatment
compared to the limited irrigation treatment in the DH population, this study found that SI was
reduced under drought stress. Amiri et al. (2013) also reported terminal drought stress reduced Sl
by 2.58%. Mirbahar et al. (2009) also found Sl was significantly shorter in terminal drought. The

reason for the difference between our results ariétErs results is not immediately apparent.

Plant height was shorter under drought stress in agreemengisibki (2010), Amiri et al.
(2013), and Mirbahar et al. (2009). Plant height is associated with the movement of

carbohydrates in the plant, especially under water stress condition (Blum et al. 1989).

Grain protein concentration increased under drought conditions, in agreement with previous
reports. For examplél-Feki et al. (2013) found that Gpc was significantly higher under the
limited irrigation compared to the full irrigation in the DH population. Water stress and available

nitrogen are two major factors influencing Gjpaniel & Tribo1 2002; Zheng et al. 2009; Prasad
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et al. 2003). Drought stress during grain filling reduced sucrose and starch in grain (Ahmadi &

Baker 2001; Foulkes et al. 2002), resulting in higher finad @peightman et al. 2008).

Test weight has been reported to be both higher and lower under full irrigation. The current study
showed that Tw in Akron (74.92 kg H).was significantly P<0.001) lower than in Greeley
(77.82 kg hY) in the CO940610/Platte RIL population. In the hard winter wheat association
mapping panel (HWWAMP), Tw in the water deficit treatment was significantly lower than in
the fully irrigated treatment in ARDEC 2012/13 (Chapter 4 of this dissertation). Conversely,
some other reports showed Tw is significantly higher in the water deficit condition compared to
the fully irrigated condition. In the same HWWAMP, Tw in water deficit treatment was
significantly higher than in the fully irrigated treatment in LIRF 2011/12 (Chapter 4 of this
dissertation). This also agreed with the CO940610/Platte RIL DH population (El-Feki 2010) and
the wheat association mapping Il (WAMII) (Edae et al. 2014; Edae 2013). Test weight is
genetically controlled, and is influenced by many other factors e.g., grain moisture, dryey, dryin
methods, measurements, and kernel shapes. Experimental management also influenced Tw.

These may cause the contradictory results.

Kernel weight was reduced in the rainfed environment. About 30% reduction of Kw was
recorded in Akron compared to Greeley (Table 5). Drought stress during grain filling reduces

sucrose and starch (Ahmadi & Baker 2001), consequently decreasing Kw.
2.3.2. Correlation among traits

Grain yield was negatively correlated with Gpc and Gac, a finding that agrees with previous
reports (ElFeki et al. 2013; Bilgin et al. 2010; Hruskova & Svec 2009). This suggests that

simultaneously breeding for Gy and Gpc is a challenging goal. However, Gy had positive
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correlation with Tw (Bilgin et al. 2010; El-Feki et al. 2013) and Ph (Edae et al. 2014). This

indicated that selection of greafiexr may lead to higher Gy.

Test weight, Kw and Kd were positively correlated with each of®€0.001). This agreed with

the previous reports (El-Feki et al. 2013). Of these relationships, Kw and Kd were tightly
correlated with each other. The correlation coefficient between them wad”e€®@9d1) in both
environmentsEl-Feki et al. (2013) reported correlation coefficient between Kw and Kd ranged
from 0.89 to 0.91K<0.01) in the DH under four environments. This suggested that improving

one of these traits would likely improve the other.
2.3.3. Heritability estimates

Heritability estimates of Gpc were 0.20 and 0.55 in Akron and Greeley, respectively (Table 8).
Grain protein concentration was complex character, controlled by many genes and with large
influence by environmental conditions. Clarke et al. (2009) reported that heritability estimate for
Gpc ranged from 0.43 to 0.84, and suggested that heritability estimates are influenced by the
number of replications, years and locations tested, and by the genetics of the populations.
Barnard et al. (2002) estimated broad-sense heritability of Gpc at 0.57. In the DH population,

heritability estimates for Gpc in four environments ranged from 0.52 to 0.61 (El-Feki 2010).

Spike length, Gac, Tw, Kw, Kd and Kd had moderate (0.50-0.75) to high (>0.75) heritability and
stability across environments, indicating that the majority of their phenotypic variation is due to
genetics. Therefore, it can be easier to make progress from selection for these traits in breeding
programsEl-Feki (2010) reported the range of their heritability estimates for the DH population

in four environments as follows: Sl (0.54.78), Gac (0.73 0.77), Tw (0.73- 0.77), Kw (0.78

— 0.87), Kd (0.76- 0.86), and Kh (0.79- 0.88). Meanwhile, Gy showed low heritability
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estimates in each environment and combined across environments. This indicated that Gy is

highly affected by environments, making it challenging to improve in breeding programs.

Heritability estimates based on combined data for the two environments increased in comparison
with individual environment estimates (Table 8). By combining data over multiple environments,
the heritability estimates are expected to rise with an increasing number of environments when
the genotype by environment interaction is large (Hill et al. 2012). A higher number of samples

and replications increases the accuracy, reducing effects of environmental factors.
2.3.4. Marker analysis and genetic map construction

The 18 markers genotyped and mapped consisted of oneGBI-8X) and 17 SSR. Actually, 15

of these 17 SSR were mapped into two linkage groups 6B (4) and 7B (11).

Four markersXwmc182a, Barc198, Xwmc397 and Barc136 on 6B were mapped in a linkage
group of 9.5 cM in the RIL (Figure 2.2.5.Bl-Feki et al. (2013) also mapped these four markers

in linkage group 6B.1 within a distance of 12.2 cM in the DH population, but in a slightly
different order. This indicated that the two studies had nearly the same mapping result, with four
tightly linked markers. Similarly, the other 11 SSR were mapped on 7B, spanning 71.4 cM.
Seven of these 11 markers were mapped in one linkage group spanning 85.9 cM in the DH
population (El-Feki et al. 2013), thre¥givm46, Xwmcl7a and Xwmc364) were newly added in

the RIL population. The two studies strongly agreed, though not exactly, in marker position and

order.

One of 17 SSRXwmcl182b, was mapped on the 7B linkage group in the RIL population. This
agreed withEl-Feki (2010). However, this marker was not included in the 7B map of the DH

population that appeared Hi-Feki et al. (2013). MarkeXgwm611l was not linled to this 7B
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linkage group in the RIL population, although it was mapped on 7B in the DH population, but

distant (52.4 cM) from the dense (central) markers of the linkage group (El-Feki et al. 2013).
2.3.5. Marker-trait associations

El-Feki (2010) ancEl-Feki et al. (2013) reported many QTL for agronomic and grain quality
traits in the CO940610/Platte DH population in four environments. The current study used the
same parents (CO940610 and Platte) to develop a RIL population for the purpose of validating

selected QTL from EEeki’s studies.

In this study, a total 64 MTA for nine traits were detected in three chromosomal regions (1B, 6B
and 7B) in two environments. Of these, the numbers of MTA recorded were as follows: Gy (5),
Sl (12), Ph (3), Gpc (1), Gac (17), Tw (10), Kw (5), Kd (9), and Kh (8). Some MTA coincided
with QTL found in the DH population, while other MTA were located close to, far apart from, or

contradictory to QTL detected in the DH population.
Grain yield

One MTA on 1B and four MTA on 7B were detected for Gy. The grain yegldm76
association on 7B coincided with QTL for Gy detected in the DH population (El-Feki.2010)
However, the current study found that Platte contributed the higher Gy allele, Eltleki
(2010) found C0O940610 conferred the higher Gy allele at this locus. This contradictory finding
should be further investigated. In addition, no QTL for Gy was detected on 1B in the DH

population.
Spike length

One MTA on 1B, seven MTA on 6B and four MTA on 7B were detected for Sl. Of these, the

seven MTA for Sl on 6B coincided with QTL for Sl found in the DH population (El-Feki 2010)
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The SIXgwm333 association on 7B was 9.1 cM apart from the QTL interval (flanking markers)
for S| detected in the DH population. This indicated that some of the results conformed to the

previous study.
Plant height

One MTA on 1B and two MTA on 7B were detected for Ph in the current study. However, none

of these MTA were found in the DH population (El-Feki 2010).
Grain protein concentration

There was no MTA detected for Gpc in the current study, with the exception of marker
Xgwmb569 on 7B, withP = 0.075. Platte conferred the higher Gpc allele (TableBlItHeki et al.

(2013) detected QTL for Gpc on 7B across three environments, 08FD, 08FW and 09GD in the
DH population. Platte contributed the higher Gpc allele at this QTL. The QTL interval was
betweenXgwmb69 and Xbarc278, spanning 32.7 cM. SSR markers within this QTL interval
includedXgwmb69, Xgwm?76, Xgwm573, Xgwmd6e, Xgwm333 and Xbarc278. This suggested that
GpcXgwmb69 association in the current study conformed to the resuld-Béki et al. (2013)

This MTA seems to be detected more often in drought environments (Table 12
Grain ash concentration

One MTA on 1B and 16 MTA on 7B were detected for Gac. The Platte alleles at markers on 7B
conferred higher Gac, while the CO94061@hi-B1 conferred higher Gac (Table £l-Feki et

al. (2013) also detected QTL for Gac in these two chromosomal regions. On chromosome 1B,
Glu-B1 was significantly associated with Gac in both Akron and Greeley in the RIL population,
while QTL for Gac were detected in all four environments in the DH population (El-Feki et al.

2013).El-Feki et al. (2013palso reported that the QTL on 1B had the higher contribution from
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the C0O940610 allele. This suggested that the-GlaeB1 association agreed partially with
findings from El-Feki et al. (2013), althougllu-B1 was not included in the QTL interval
detected in the DH population. Howev&u-B1 was located on the same chromosomal region
1B.1 detected b¥l-Feki et al. (2013). In addition, the MTA or QTL for Gac on 1B was robust

across environments.

Of nine markers significantly associated with Gac on 7B in the RIL population, five markers
were located in the same chromosomal region, spanning 22.5 cMVEltkaki et al. (2013)
detected. These MTA showed more stability across environments than QTL detected in the DH
population, where a QTL was found only in 09GD. Platte also contributed the higher value Gac
allele at QTL detected in 09GD. Overall, the MTA or QTL for Gac on 1B and 7B in both

populations concurred.
Test weight

One MTA on 1B, four MTA on 6B and five MTA on 7B were detected for Tw in the RIL
population. MeanwhileEl-Feki et al. (2013) detected QTL for this trait on 1B and 6B, in 09GW

and 08FW, respectively.

Glu-B1 was significantly associated with Tw in Akron, and Platte contributed the higher Tw
allele. The QTL interval for Tw in the DH population was exactly the same as for Gac. The QTL
for Tw in 09GW was also found to have the heavier Tw allele from Platte (El-Feki et al. 2013)

This suggested that MTA or QTL for Tw on 1B from both studies agreed.

All four MTA on 6B were significantly associated with Tw and were proximate (2.9 cM apart) to

the peak position of the QTL for Tw detected in the DH population. CO940610 contributed the
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higher value Tw allele at these MTA or QTL. This indicated the MTA for Tw on 6B in the

current study were similar to the findingsklfFeki et al. (2013).
Kernel weight

Two MTA on 1B and three MTA on 6B were detected for Kw in the RIL population. The MTA
for Kw on 1B overlapped QTL for Kw on 1B detected in the DH population. M&keB1 fell

into the QTL interval for Kw detected in the DH population. Both studies showed C0O940610
contributed the heavier Kw allele. This indicates the repeatability of th&KmB1 association,
which explained 2.2 9.0% of Kw variation (Table 10). Howevét|-Feki et al. (2013) did not

detect any QTL for Kw on 6B, which was contradictory to these results.
Kernel diameter

One MTA on 1B, seven MTA on 6B, and one MTA on 7B were detected for Kd in the RIL
population.El-Feki et al. (2013) detected one QTL on 7B in two environments, but 75.4 cM
apart from MTA for Kd found in the current study. This suggested that MTA for Kd did not

coincide with the results d&l-Feki et al. (2013).
Kernel hardness

Five MTA on 6B and three MTA on 7B were detected for Kh. Previoishzeki et al. (2013)

found QTL for Kh on 6B stdb across three environments (08FW, 08 FD and 09GD). Five MTA
for Kh on 6B in the RIL population corresponded toFeki’s linkage group 6B.1, while QTL

for Kh found in the DH population was in linkage group 6B.2. This suggested that no MTA
detected for Kh in the current study was the same as QTL for Kh in the DH population.
However, both studies showed that CO940610 contributed the allele for increased Kh at MTA

and QTL on chromosome 6B.
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Linkage group 6B

Four markersXwmc182a, Barc198, Xwmc397 andBarc136) were mapped in a linkage group on

6B, spanning a 9.5 cM interval. There were 26 MTA detected for five traits on this linkage group
including Sl (7), Tw (4), Kw (3), Kd (7), Ha (5). Platte contributed the higher value Sl allele,
explaining 2.9 - 6.0% of the phenotypic variation, while CO940610 contributed the higher value
alleles for Tw, Kw, Kd and Ha, with 2.0 - 5.5% of the phenotypic variation explained. These

MTA also showed stability across environments.

El-Feki et al. (2013) mapped exactly the same markers in the same position on 6B, spanning a
12.2 interval. The authors detected QTL for mixograph peak time that coincided within this
linkage group and QTL for Tw in proximity to this group of markers, just 2.9 cM apart. By using
meta-QTL analysis, Tyagi et al. (2014) detected QTL for Fusarium head blight (FSHB) on 6B
which coincided exactly witlkwmc397. Gupta et al. (2011) also used meta-analysis and detected
QTL for FSHB, Gpc and grain weight on 6B, although it is difficult to determine which region of

the chromosome is involved.

This suggests that the linkage group on 6B is of value for wheat improvement. It should be
further investigated, and may prove to be useful in breeding programs to improve grain quality

and yield of wheat under both rainfed and irrigated conditions.
Linkage group 7B

Four markersXwmc182b, Xwmec426, Xgwmb73, andXwmcl7a) were mapped in a linkage group
on 7B, spanning a 1.9 cM interval. Markéwmcl182a was associated with Gpc in the DH
population (El-Feki 2010) and in the BGackcross population (Chapter 3 of this dissertation).

MarkersXwmec426, Xgwm573, andXwmcl7a were associated with Gac across two environments
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(Akron and Greeley). Grain ash concentration has positive correlation with Gpc. This suggests

that this linkage group arountivmc182b may be useful for breeding program.

Conclusions

= Linkage maps constructed in the CO940610/Platte RIL and DH populations were mostly

consistent.

= Similar patterns of association were found for most grain quality traits investigated with
the three chromosomal regions on 1B, 6B, and 7B, confirming previous findings in the

C0940610/Platte DH population.

= Tightly linked markers for grain quality traits located arouxwimcl82a on 6B and

Xwmcl82b on 7B may be useful for selection.
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CHAPTER 3 VALIDATION OF QUANTITATIVE TRAIT LOCI FOR GRAIN QUALITY

TRAITS IN WINTER WHEAT USING A CO940610/PLATTE BACKCROSS POPULATION

SUMMARY

Grain quality traits affect the end uses of wheat. Important traits include grain protein
concentration (Gpc), grain ash concentration (Gac), test weight (Tw), kernel weight (Kw), kernel
diameter (Kd), and kernel hardness (Kh). A previous study reported three chromosomal regions
(1B, 6B, and 7B) associated with QTo-located for grain quality traits in a doubled haploid
(DH) population derived from the cross CO940610/Pldttat study found that the higher value

Gpc allele was contributed by the parent CO940618&B1 on 1B andXwmcl82a on 6B, and

by the parent Platte 2ivmc182b on 7B.

To validate the previous results, the objectives of this study were to (1) transfer the alleles at
three loci Glu-B1, Xwmcl182a, andXwmcl82b) from C0O940610 into the genetic background of
Platte through marker-assisted backcrossing (MABC); (2) evaluate the population of 35 selected
BCsF2 lines (MABC lines), grown in Fort Collins and Greeley firrigated, and Greeley water
deficit environments in the 2012/13 growing season, for Gpc, Gac, Tw, Kw, Kd, and Kh; and (3)

conduct marker-trait association (MTA) analysis for the traits evaluated in the MABC lines.

Near-infrared spectroscopy (NIRS) was used to determine Gpc, Gac and Tw. The Single Kernel
Characterization System (SKCS) was employed to measure Kw, Kd, and Kh. Correlation
coefficients and heritability estimates were calculated for each trait. Marker-trait associations

were detected by single-factor analysis of variance (ANOVA).
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Test weight, Kw, and Kd were positively correlated with each other. In particular, Kw and Kd
were highly correlatedr€0.85 to 0.93,P<0.001). Kernel weight and Kh had high (>0.75)
heritability estimates, while the other evaluated traits had low (<0.50) to moderate (0.50-0.75)

heritability estimates.

There were 13 significant MTA detected for Ph, Gpc, Gac, Kw, and Kd in either one or two
environments. Of these, the MTA for Gpc and Gac were more robust across environments than
the others. CO940610 and Platte were observed to contribute the higher value Gpc allele at
Xwmcl82a andXwmcl82b, respectively. In Fort Collins fully irrigated conditions, the Gpc of the
MABC line with allelic combination CGEO-PL at Glu-B1-Xwmcl82a-Xwmcl82b was
significantly higher than the line carrying FL-CO, confirming the hypothesis that the former

and the latter combinations have the highest and lowest Gpc, respectively. The findings were
consistent, in general, with results for the DH population. However, the MTA for Gpc detected at

Glu-B1 was contrary to the previous findings.

3.0. INTRODUCTION

Wheat grain can be used for various types of human food or as a livestock feed. It is used
primarily to produce flour for bread, but is used widely in the production of many other baked
goods, cooked products, and alcoholic beverages. These end-use products are determined by
several wheat grain characteristics. Wheat breeding programs put considerable effort into
improving grain quality in addition to increasing yield. Grain quality is characterizedugyal

guality parameters such as grain protein concentration (Gpc), grain protein composition, grain
ash concentration (Gac), flour color, test weight (Tw), polyphenol oxidase activity, dough-

mixing properties, and single kernel characteristics.
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Grain protein concentration is one of the grain quality traits in wheat that can have aasignific
impact on the end-use quality of the product (Khan et al. 2000). Seed storage proteins in wheat
consist of two main groups, gliadins and glutenins, which are the major components of wheat
gluten structure. Gluten proteins, which comprise up to 85% of endosperm proteins, play a key
role in the determination of dough and bread-making quality. Gliadins are important in dough
viscosity and extensibility, while glutenins affect dough strength. Gliadins are separated into four
groups, o, B, y, and ®. Glutenins are classified into two unequal groups, the low molecular
weight subunits (LMW-GS) and the high molecular weight subunits (HMW-GS) (Payne. 1987)
The HMW-GS are controlled by orthologous gefs-1 on the long arm of chromosomes 1A,

1B, and 1D. The MW-GS are governed by orthologous ger@s-3, andy- and w-gliadins
encoded byGli-1 andGli-3 genes on the short arm of the same set ofncbsomes. Meanwhile,

a- and (3-gliadins are encoded Gli-2 genes on the short arm of chromosomes 6A, 6B, and 6D

(Payne 1987).

A previous QTL mapping study conducted in four environments found clusters of QTL for grain
quality characteristics in regions of chromosomes 6B and 7B in the population of 185 DH lines
(El-Feki 2010; El-Feki et al. 2013). A cluster of seven QTL on 6B included two for mixograph
peak time, three for Kh, one for Gpc, and one for Tw. Another cluster of 18 QTL on 7B
consisted of three for mixograph peak time, one for mixograph peak height, three for mixograph
peak width, two for mixograph right slope, one for Kw, three for Gpc, one for Gac, and four for
flour yellowness. MarkersGlu-B1, Xwmcl82a and Xwmcl82b are representative of these
chromosomal regions of interest on 1B, 6B, and 7B, respectively. They were observed to be
associated with Gpc in one to three environments in previous studies using C0O940610/Platte

mapping populations. CO940610 contributed the allele for higher Gple-&1 andXwmc182a,
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while the Platte allele conferred the higher trait valugvaincl82b as seen in Table 13 (El-Feki

2010).

Marker-assisted selection (MAS) has been successfully applied to practical breeding in wheat.
Vishwakarma et al. (2014) used marker-assisted backcrossing (MABC) to improve Gpc in the
wheat cultivar HUW468 by selecting for the appropriate allele at matken108, which is

linked to the high-value allele of th&pc-B1 gene on chromosome 6B. The result showed
significantly higher Gpc in improved lines by MABC, and no yield penalty. Kumar et al. (2011)
improved Gpc of seven MAS-derived progenies by 14.8 to 17.9% compared to their recipient
parents using MABC. The authors suggested that combining MAS and phenotypic selection is

useful to improve wheat genotypes for high Gpc without yield loss.

Before the chromosome regions detected by (El-Feki 2010) are employed in breeding programs,
they should be validated by analysis of a RIL population (Chapter 2 of this dissertation) or by
MAS. The hypothesis of this study was that the Gpc of the MABC line with allelic combination
PL-PL-CO was the lowest an€O-CO-PL was the highest of the eight possible allelic

combinations.

Therefore, to validate the previous results, the objectives of this study were to (1) transfer the
alleles at three lociGlu-B1, Xwmcl82a, and Xwmcl82b) from CO940610 into the genetic
background of Platte through marker-assisted backcrossing (MABC); (2) evaluate the population
of 35 selected B&~ lines (MABC lines), grown in Fort Collins and Greeley irrigated, and
Greeley water deficit environments in the 2012/13 growing season, for Gpc, Gac, Tw, Kw, Kd,
and Kh; and (3) conduct marker-trait association analysis for the traits evaluated of the MABC

lines.
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3.1. MATERIALS AND METHODS
3.1.1. Mapping population

Three markersGlu-B1, Xwmcl82a, and Xwmcl182b) were used to select five doubled haploid

(DH) lines from the population of 185 DH lines (El-Feki et al. 2013), which was produced from
the cross of CO940610, as female, and Platte as male (El-Feki et al. 2015). CO940610 is a hard
white winter experimental wheat line developed by the Colorado State University Wheat
Breeding Program from the cross KS87H22/MWO09. Platte is a hard white winter cultivar
developed by HybriTech Seed International, Inc. (a former division of Monsanto Co., St. Louis,

MO), with pedigree Tesia 79/Chat’S’//* Abilene’.

The three markerGlu-B1, Xwmcl182a, andXwmcl82b are located on chromosomes 1B, 6B, and

7B, respectively. Based on a previous study, these markers were associated with grain protein
concentration (Gpc) in one to three environments (El-Feki 2010). CO940610 contributed the
higher value allele for Gpc &lu-B1 andXwmcl82a, while the Platte allele conferred the higher

trait value aiXwmcl82b as seen in Table 13 (El-Feki 2010).

Table 13. Marker associations with grain protein concentration in the C0O940610/Platte DH
population in three environments (El-Feki 2010).

08FW 08FD 09GD
Loci Chr. a LOD' R@®)" a LOD R(%) a LOD R’(%)
Glu-B1 1B -1.3 3.03 4.8
Xwmcl82a 6B -1.6 4.18 7.0 -1.4 273 4.5

Xwmecl82b 7B 16 3.95 6.7 22 475 9.2 1.6 3.52 5.8

¥ 08FD, Fort Collins Dry 2007/08; 08FW, Fort Collins Dry 2007/08; 09GD, Greeley Dry
2008/09.

I average additive effect (g Kp with a positive value indicating an increasing effect of the
Platte allele and a negative value indicating an increasing effect of the CO940610 allele.

" logarithm (base 10) of odds
Tpercentage of phenotypic variation explained by the marker.
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Five selected DH lines were PCODH19, PCODH41, PCODH52, PCODH82 and PCODH91.
The first four of these lines had genotype CO-CO at the lociGlu-B1, Xwmcl82a, and

Xwmcl82b, respectively, while PCODH91 had the alleles®R-CO (Table 14

Table 14. Allelic constitution of five selected CO940610/Platte DH lines used for backcrossing
to Platte as the recurrent parent.

Selected C0O940610/Platte DH lines

Loci PCODH19 PCODH41 PCODH52 PCODH82 PCODH91
Glu-B1 COf CO CO (610) PL
Xwmcl82a CO CO (6{0) (610) CO
Xwmc182b CO CO CO CO CO

T CO and Platte indicate selected allele.

Crossing the selected DH lines and Platte produgced
F. plants. Subsequently, heterozygous plants PlattejDHX
three loci of interest selected using MAS we Platte x F
N2
backcrossed three times to Platte, obtainin :
9 PlatteXBchl Selecting only
BCsF: plants (Figure 9). Platte was used as v heterozygotes
Platte x BCzF1
female in the first crosses (Platte x DHx) and { d
BCF —
last backcrosses (Platte x B&). An exception was . 31
® Selecting only
that cross PCODH91 and Platte always produ BC3F2 homozygotes
1
homozygous genotype (PL-PL)@tu-B1 locus. Field trial

The BGF: plants, which are expected to have

Figure 9. Scheme of selection
average of 6.25% of their genomic compositideveloping backcross populations.
from CO940610 and 93.75% from Platte, were self-pollinated to produce #fe glé&nts. Only

homozygous BeF> plants at the loci of interest were selected using MAS. The selected
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homozygous BgF; plants at three loci of interest could be classified into one of eight possible

allelic combinations (Table 15

Table 15. Eight combinations of alleles at the |&tu-B1, Xwmcl82a, and Xwmcl82b on

chromosomes 1B, 6B, and 7B, respectively.

Selected alleles

Hypothesis Genotype class  Glu-Bl Xwmcl82a Xwmcl82b
PL-PL-PL Platte Platte Platte

Lowest Gpc PL-PL-CO Platte Platte C0940610
PL-CO-PL Platte C0940610 Platte
PL-CO-CO Platte C0940610 C0940610
CO-PL-PL C0940610 Platte Platte
CO-PL-CO C0940610 Platte C0940610

Highest Gpc CO-CO-PL C0940610 C0940610 Platte
CO-CO-CO C0940610 C0940610 C0940610

The five selected DH lines mentioned above generated five familiBE#%, each with eight
possible homozygous allelic combinations (Table 15). Therefore, the five families could result in
maximum of 40 different genotype combinations. Five of these 40 genotype combinations,
however, did not survive or were missed during the selection process. Plants with the other
genotype combinations were selected, grown in the CSU greenhouse for seed increase, and the
resulting seeds were used for field trials. The 35 selected plants and their genotypes are listed in

Table 16.

The whole process of genotyping, selection, and seed increase was conducted in the CSU

greenhouse and in the Byrne plant genetics laboratory.
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Table 16. The 35 selected plants and their genotypes of the C0940610/Platte BH (BC

backcross population.

Entry  Developed from Selected allele
no. COPDH line Glu-B1 Xwmcl82a Xwmcl82b  Genotype class
1 19 Platte Platte Platte PL-PL-PL
2 19 Platte Platte C0940610 PL-PL-CO
3 19 Platte C0940610 Platte PL-CO-PL
4 19 Platte C0940610 C0940610 PL-CO-CO
5 19 C0940610 Platte Platte CO-PL-PL
6 19 C0940610 Platte C0940610 CO-PL-CO
7 19 C0940610 C0940610 Platte CO-CO-PL
8 19 C0940610 CO0940610 C0940610 CO-CO-CO
9 41 Platte Platte Platte PL-PL-PL
10 41 Platte Platte C0940610 PL-PL-CO
11 41 Platte C0940610 Platte PL-CO-PL
12 41 Platte C0940610 C0940610 PL-CO-CO
13 41 C0940610 Platte Platte CO-PL-PL
14 41 C0940610 Platte C0940610 CO-PL-CO
15 41 C0940610 C0940610 Platte CO-CO-PL
16 41 C0940610 CO0940610 C0940610 CO-CO-CO
19 52 C0940610 Platte Platte CO-PL-PL
20 52 C0940610 Platte C0940610 CO-PL-CO
21 52 C0940610 C0940610 Platte CO-CO-PL
22 52 C0940610 CO0940610 C0940610 CO-CO-CO
23 82 Platte Platte Platte PL-PL-PL
24 82 Platte Platte C0940610 PL-PL-CO
25 82 Platte C0940610 C0940610 PL-CO-CO
26 82 C0940610 Platte Platte CO-PL-PL
27 82 C0940610 Platte C0940610 CO-PL-CO
28 82 C0940610 C0940610 Platte CO-CO-PL
29 82 C0940610 CO0940610 C0940610 CO-CO-CO
30 91 Platte Platte Platte PL-PL-PL
31 91 Platte Platte C0940610 PL-PL-CO
32 91 Platte C0940610 Platte PL-CO-PL
33 91 Platte C0940610 C0940610 PL-CO-CO
34 91 C0940610 Platte Platte CO-PL-PL
35 91 C0940610 Platte C0940610 CO-PL-CO
36 91 C0940610 C0940610 Platte CO-CO-PL
37 91 C0940610 C0940610 C0940610 CO-CO-CO
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3.1.2. Genotyping

Germination and vernalization: Each wheat seed was sown separately in ProMix Biofungicide

soil media, manufactured by Premier Horticultural Inc. (Quakertown, PA), in a cell of entray

the CSU greenhouse. After seven days, as the seed germinated, the seedlings were moved into a
cold room (about ). About 6-8 weeks later, the seedlings were transplanted into a 15-cm

diameter pot filled with the ProMix Biofungicide soil in the greenhouse.

Leaf sampling: About two weeks after transplanting, an approximately 8-cm leaf segment was
sampled for DNA extraction. Leaf samples were collected into separate labeled tubes, which

were placed on ice, then transferred to &C80eezer prior to DNA extraction.

DNA extraction: A detailed procedure was described in section 2.1.5 (Chapter 2 of this

dissertation). It is summarized in the following steps.

(1) The leaf samples were freeze-dried for about 48 hours in a freeze drier (Freeze Dry
System, Labconco ® 7522900).

(2) The freeze-dried leaf samples were ground for 30 to 90 seconds using a shaker machine
(Mini-BeadBeatef™, BioSpec Products, Inc.).

(3) DNA was extracted, purified, and diluted using a wheat extraction protocol (Riede and

Anderson, 1996).

Marker-assisted selection: Three markersBx7-MAR, Xwmc182a, and Xwmcl182b) representing
the loci of interest Glu-B1, Xwmcl82a, and Xwmcl82b, respectively) were used to select the
desired plants. Because there were many samples to screen in each generation, the screening was

conducted in a step-wise fashion as described below.
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First, all DNA samples from each generation were diluted, then amplified by using marker Bx-7
in a polymerase chain reaction (PCR) to obtain genotyp&uaBl. Amplification conditions

for the PCR reaction were an initial cycle at 95°C for 5 minutes, followed by 37 cycles of 95°C
for 30 seconds, 58°C for 30 seconds and 72°C for 1 minute, followed by a final extension at
72°C for 5.15 minutes. Primers used were forward 5’-CCTCAGCATGCAAACATGCAGC3’

and reverse 5’-CTGAAACCTTTGGCCAGTCATGTC3’ (Butow et al. 2004). A 1.4% agarose

gel was used to separate the bands, which were stained with ethidium bromide and visualized
under ultra-violet (UV) light. Only plants that were heterozygouSlaiB1 were selected in this

step.

Second, PCR was conducted wxtvmc182 primers for samples that were heterozygouSlat

B1. Thermal cycling conditions were as follows: 95°C, 5 minutes followed by 4 cycles of 94°C,
30 seconds; annealing temperature step-downs every 1 cycle of 1°C (from 56°C to 51°C), 40
seconds; 72°C, 1 minute. The annealing temperature for the final 34 cycles was 51°C with
denaturation and extensiontimes as above. Primers used were forward 5’-
GTATCTCACGAGCATAACACAA-3’ and reverse 5’- GAAAGTGTATGGATCATTAGGC-

3’ (Somers et al., 2004). With these primers, two loci were amplified, desighaiacl82a and
Xwmcl82b, each of which produced a DNA band for each of the parents. Polyacrylamide gels
(PAGE) were used to separate the bands, which were then silver-stained as desEiHbexkiin

et al. (2013). Only plants that were heterozygous at botmcl82a and Xwmcl82a were

selected at the second step.
3.1.2. Experimental design and trial management

The population consisted of 35 selectedsBdines, two parents, and three checks. The two

parents were Platte and C0O940610 (El-Feki et al. 2015). The check cultivars were Longhorn
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(Reg. No. GSTR 9100198) (AgriPro Biosciences Inc. 1998), Hatcher (Pl 638512) (Haley et al.

2005) and Ripper (P1644222) (Haley et al. 2007).

The field trials for the population were conducted in the 2012/13 growing seasons at two
Colorado locations, CSU’s Agricultural Research, Development, and Education Center
(ARDEC) in Fort Collins and the USDA-Agricultural Research Service Limited Irrigation

Research Farm (LIRF) in Greeley.

The experiments were designed as randomized complete blocks with two replicates in each
treatment at LIRF and four replicates at ARDEC. The entries in each block were randomized
using Excel with the function “=RAND()”. Experimental units were two-row plots 1.52 m long

and 0.51 m wide. Space between rows was 23 cm, and space between plots was 28 cm. Seed
density was approximately 1,728,000 seed$ Irrtilization and weed control were typical of

practices for winter wheat in the area, and no disease or insect pest control was needed.
ARDEC

The trial was located at 40.652 N, 104.996 W, and elevation of 1558 m near Fort Collins,
Colorado. The soil type is Fort Collins loam, 0 to 1 percent slopes

(http://websoilsurvey.sc.egov.usda.gov/App/HomePagg.htm

The trial was conducted only in fully irrigated condition (ARDEC Wet). Water was regularly
applied using a linear overhead sprinkler system until the wheat ripened, for a total of 216 mm of
irrigation water (ARDEC record) plus 124 mm of precipitation

(http://www.coagmet.colostate.edu/) over the growing season (Table 36 and 37).
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LIRF

Sideby-side experiments were located at 40.449 N, 104.638 W, and elevation of 1427 m in
Greeley, Colorado. The soil type was Nunn clay loam, O to 1 percent slopes

(http://websoilsurvey.sc.egov.usda.gov/App/HomePagg.htm

Water was applied using a drip irrigation system. Irrigation was supplied to both treatments
beginning during heading and grain filling (Zadoks et al. 1974). The wet treatment (LIRF We
received 114 mm of irrigaton water and 105 mm of precipitation
(http://www.coagmet.colostate.edu/), for a total of 219 mm of water. The dry treatment (LIRF
Dry) received 38 mm of irrigation water and 105 mm of precipitation

(http://www.coagmet.colostate.edu/), for a total of 143 mm of water (Table 36 and 37).
3.1.3. Phenotypic evaluation
Plant height

Height of five plants from the soil to the tip of the spike excluding awns was manually measured

in each plot, approximately two weeks before harvest.
Grain protein concentration, grain ash concentration, and test weight

These traits were measured by the Near Infrared Reflectance System (NIRs) at the G8U Whe
Quality Laboratory. A Foss-Tecator NIR systems Model 6500 instrument (Foss North America,
Eden Prairie, MN) was used to measure these traits in reflectance mode with a wavelength of

450-2498 nm (El-Feki et al. 2013).

Wheat kernels were cleaned before measurement. A sample of approximately 100 g was added
into a transport module in a rectangular quartz @IRSystems, part 0IHD379). The estimates
of the traits were obtained with calibrations from the manufacturer for Gpc and Gae, and
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calibration developed in the CSU Wheat Quality Laboratory for Tw. The output measured by the
instrument was recorded on the computer. The units of traits were converted tday Kipc

and Gac, and kg htfor Tw.
Single kernel characteristics

Three single kernel traits evaluated in this study were kernel weight (Kw), kernel diameter (Kd)
and kernel hardness (KhJhese traits were measured by the Single Kernel Characterization
System (SKCS, model 4100, Perten Instruments, Springfie)dinlithe CSU Wheat Quality

Laboratory

Wheat kernels were carefully cleaned. Broken kernels, weed seeds, metal staples, and any other
foreign materials were manually removed. The cleaned wheat kernels were placed in #he acces
hopper of the SKCS instrument, then the hopper was placed in the SKCS instrument for kernel
measurement. The instrument analyzed 100 kernels individually, measuring Kw, Kd and Kh.
Kernel weight was measured by a load cell, and reported in mg. Kernel diameter was measured
by electrical current, and expressed in mm. Kernel hardness was analyzed by pressuedforce,
expressed as an indegale of 0 (extremely soft) to 100 (extremely haih)ese results were

recorded on the computer.
3.1.4. Statistical analysis

The raw (original) phenotypic data were plotted in heat maps using Excel 2010 and in frequency
distribution curves using JMP Pro 11 to identify the outliers and remove obvious mistakes
Additional inspection of the data was also implemented by visualizing plots of residual

distributions in SAS 9.3 (SAS Institute Inc., Cary, NC, 2010).
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After removing the outliers, the original phenotypic data were analyzed with six different spatial
models to adjust for spatial variations using PROC MIXED in SAS 9.3. The model with the
lowest Akaike’s information criterion (AIC) value was used for estimating best linear unbiased
predictions (BLUPs). These data were used for the following analyses: plotting normal
distributions, calculating trait means using Excel 2010 and trait correlations (using PROC CORR
of SAS 9.3), determining the significance of marker-trait associations (PROC GLM), and
calculating means of genotype classes (PROC GLM, Lsmeans option). The original phenotypic
data, however, were used for calculating broad-sense heritability estimates with PROC GLM and

Excel. Detailed descriptions of statistical analyses are provided in Chapter 2.

3.2. RESULTS
3.2.1. Trait distribution and means
Distribution

Sixteen of 18 trait-environment combinations conformed to expectations for a normally
distributed population according to the Shapiro-Wilk ted®=0.05 (Figure 14). For two trait-
environments that deviated, the distributions were approximately normal based on a visual

evaluation and examination of residuals.
Trait means

Plant height in ARDEC Wet was about 9 cm higher than in LIRF Wet and 11 cm higher than in
LIRF Dry (Table 17). This likely reflects the difference in available water and temperature a
these three environments. Total available water in the ARDEC Wet treatment was 55% higher

than in the LIRF Wet treatment and 138% higher than in the LIRF Dry treatment. There was,
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however, only a slight difference in Ph between LIRF wet and LIRF Dry, indic#tiat the
irrigation differential (Wet 53% higher than Dry), which began at heading, did not have much

impact on plant growth in that location.

Grain protein concentration in ARDEC Wet, 165.23 ¢ kand in LIRF Wet, 160.81 g Kgwere
significantly (P<0.0001) lower than that in LIRF Dry, 172.50 g'gdrhe difference of Gpc
between the LIRF Dry and Wet treatments indicated that reduced soil moisture was associated

with increased Gpc.

Test weight (73.97 kg ht), Kw (24.36 mg) and Kh (65.32 SKCS hardness units) in LIRF Dry
were significantly (P<0.0001) lower than those in either LIRF Wet or ARDEC Wet. This
indicates that greater drought stress was associated with reduced grain filling and consequently

smaller, lighter, and softer kernels.

92



Table 17. Means, standard errors, and ranges for traits of the CO940610/Platte backcross population (n=35) for the ARDEC wet
treatment and the LIRF wet and dry treatments in the 2012/13 growing season.

Env. ARDEC Wet [1] LIRF Wet [2] LIRF Dry [3] P-value

Traitst Means tSE Range Means £SE Range Means £SE Range [11&[2] [11&[3] [2]&[3]
Ph (cm) 59.67+0.13 58.22-61.71  50.47+0.18 48.54-52.97  48.42+0.34 43.61-51.84 <0.001 <0.001 <0.001
Gpc (g kg') 165.23+0.23 162.65-169.71 160.81+0.12 159.31-162.74 172.50+0.50 166.24 -176.69 <0.001 <0.001 <0.001
Gac (g kd) 16.30£0.05 15.84-16.93  15.97+0.04 15.54-16.40 16.35+0.06 15.62-17.37 <0.001 0.546 <0.001
Tw (kg hL) 7486+0.08 7395-7577 75.48+0.06 74.56-76.09  73.97+010 72.40-74.93 <0.001 <0.001 <0.001
Kw (mg) 26.41+0.19 24.30-28.68  30.50+0.15 29.10-32.53  24.36x0.08 23.44-2569 <0.001 <0.001 <0.001
Kd (mm) 254+ 0.01  2.46-2.61 2.74+0.00 2.72-2.76 2.53+0.00 2.47-261 <0.001 0.059 <0.001
Kh (0-1D) 7055+ 0.47 64.09-77.79  70.33+0.44 6571-75.07  65.32+0.15 63.54-67.65  0.732 <0.001 <0.001

" Ph plant height; Gpc, grain protein concentration at 12% moisture; Gac, grain ash concentration; Tw, tesKweikginel
weight; Kd, kernel diameteKh, kernel hardness.

! Probability level for difference between pairwise combinations of environments.
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3.2.2. Correlation among traits

Pearson correlation coefficients among seven traits in three environments are shown in Table 18
and 19. Plant height was negatively correlated with Gpc in two of the three environments. The
correlation coefficients were=-0.35 £<0.05) and -0.37R<0.05) at LIRF Dry and ARDEC

Wet, respectively. The correlation between Ph and Gpc was not significarRinViLét. Plant

height, however, was positively correlated with Kw. The correlation coefficients were 0.47
(P<0.01), 0.44 P<0.01) and 0.62 R<0.001) at LIRF Wet, LIRF Dry and ARDEC Wet,

respectively.

Test weight, Kw, and Kd were significantly correlated with each other. The correlation
coefficients between Tw and Kw were 0.68%<(0.001), 0.47 B<0.01), and 0.41R<0.05) in

LIRF Wet, LIRF Dry and ARDEC Wet, respectively. The correlations between Tw and Kd were
0.56 P<0.001) and 0.47R<0.01) in LIRF Wet and LIRF Dry, respectively. In particular, Kw
and Kd were hightly correlated. Their correlation coefficients ranged from 0.85 to 0.93

(P<0.001) in three environments.

Table 18 Pearson correlation coefficients among traits of the C0O940610/Platte backcross
population (n=35) at LIRF, Greeley, CO in the 2012/13 growing season. Correlations for the wet
treatment are above the diagonal and those for the dry treatment are below the diagonal.

Traits' Ph Gpc Gac Tw Kw Kd Kh
Ph -0.07 -0.11 0.01 0.47** 0.36* -0.33
Gpc |-0.35* 0.32 -0.14 -0.08 -0.16 -0.14
Gac |-0.22 0.31 0.19 0.22 0.02 0.00
Tw 0.07 -0.33 -0.30 0.65***  0.56*** -0.09
Kw 0.44**  -0.48* -0.10 0.47* 0.85**  -0.23
Kd 0.31 -0.50* -0.12 0.47**  0.91*** -0.02
Kh |-0.14 -0.31 -0.12 0.18 -0.04 -0.06

* ** *** ndicates significance at the 0.05, 0.01, and 0.001 levels of probability, respectively.

¥ Ph, plant height; Gpc, grain protein concentration at 12% moisture level; Gac, grain ash
concentration; Tw, test weight; Kw, kernel weight; Kd, kernel diam&terkernel hardness.
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Table 19 Pearson correlation coefficients among traits of the C0O940610/Platte backcross
population (n=35) in the ARDEC wet treatment, Fort Collins, CO in the 2012/13 growing
season.

Traitst Gpc Gac Tw Kw Kd Kh
PH -0.37*  -0.01 0.15 0.62***  0.59*** -0.12
Gpc 0.32 0.04 -0.16 -0.17 -0.25
Gac -0.09 0.24 0.13 -0.26
Tw 0.41* 0.30 -0.21
Kw 0.93***  -0.44**
Kd -0.29

* *x F*x ndicates significance at the 0.05, 0.01, and 0.001 levels of probability, respectively.

T Ph, plant height; Gpc, grain protein concentration at 12% moisture level; Gac, grain ash
concentration; Tw, test weight; Kw, kernel weight; Kd, kernel diam&terkernel hardness.

3.2.3. Heritability

The estimated heritability values for each measured phenotypic trait in each environment and
combined across environments are presented in Table 20. Grain protein concentration had low
heritability estimates. Its heritability estimates were 0.19, 0.33 and 0.47 in LIRF Wet, ARDEC

Wet and LIRF Dry, respectively.

The heritability estimates of Gac, Tw, Kw, Kd and Kh varied largely from environment to
environment. For example, the heritability estimate of Kh was 0.80 and 0.81 in ARDEC Wet and

LIRF Wet, respectively, while it was 0.40 in LIRF Dry.

Across three environments, heritability estimates were low (<0.50) for Gpc, moderate (0.50-

0.75) for Ph, Gac, Tw and Kd, but high (>0.75) for Kw and Kh.
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Table 20 Broad-sense heritability estimates?(Hand 90% confidence intervals for seven traits of the C0O940610/Plate; BC
backcross population in the ARDEC wet, LIRF wet, and LIRF dry environments in the 2012/13 growing season.

ARDEC Wet LIRF Wet LIRF Dry Three environments
90% confidence 90% confidence 90% confidence 90% confidence

Traitt  H?2 intervalt H2 interval H?2 interval H?2 interval
Ph 0.40 0.01-0.62 0.28 -0.28 - 0.59 0.42 -0.02 - 0.67 0.59 0.34-0.73
Gpc 0.33 -0.11 - 0.57 0.19 -0.44 - 0.54 0.47 0.06 - 0.70 0.41 0.01-0.63
Gac 0.57 0.29-0.73 0.26 -0.31-0.58 0.56 0.21-0.75 0.67 0.46 - 0.78
Tw 0.66 0.44-0.78 0.62 0.33-0.79 0.39 -0.08 - 0.66 0.58 0.29-0.74
Kw 0.77 0.62 -0.85 0.38 -0.11 - 0.65 0.25 -0.32 - 0.58 0.76 0.60-0.84
Kd 0.65 0.42-0.78 0.20 -0.43 - 0.55 0.22 -0.39 - 0.56 0.67 0.47 -0.78
Kh 0.80 0.66 - 0.87 0.81 0.65-0.89 0.40 -0.07 - 0.66 0.85 0.75-0.90

¥ Ph, plant height; Gpc, grain protein concentration at 12% moisture level; Gac, grain ash concentratist; Weight; Kw, kernel
weight; Kd, kernel diameter; Kh, kernel hardness.

i Based on Knapp et al. (1985).
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3.2.4. Detection of significant marker-trait associations

The significant marker-trait associations detected are shown in Table 21. Plant height was
associated with markexwmcl82b in both ARDEC wet and LIRF wet treatments with an
additive effect of -0.40 and -0.37 cm, respectively, indicating that CO940610 contributed the

taller plant height allele.

All three markers of interest were associated with &ba-B1 and Xwmc182b were associated

with Gpc in the LIRF dry and ARDEC wet treatments with positive additive effects of 1.07 and
0.60 g kd', respectively, indicating that Platte contributed alleles for higher Gpc at these loci.
Xwmcl82a was associated with Gpc in the ARDEC wet and LIRF wet treatments, with negative
additive effects of -0.57 and -0.28 g¥kdndicating that CO940610 contributed alleles for higher

Gpc at those loci.

Grain ash concentration was also associated with all three tested markers. The negative additive
effect of Glu-B1 for Gac was -0.11 g Kgn the ARDEC wet treatmenXwmc182a had additive

effects of -0.08 and -0.14 g kdin the LIRF wet and dry treatments, respectively. This indicates
that the CO940610 allele contributed higher Gac at both of these loci. On the other hand, a
positive additive effect (0.12) was detected ¥wmcl82b, indicating that Platte contributed
higher Gac at this locus. In addition, there were significaistatig interactions ofGlu-B1 with

Xwmcl82a andXwmcl82b in the ARDEC wet treatment.

Marker Glu-B1 was significantly associated with kernel weight, with a negative effect of -0.29
and -0.21 mg in the LIRF wet and dry treatments, respectively. This marker was also associated
with kernel diameter with a negative effect of -0.01 mm in the LIRF dry treatment. This evidence

indicates that CO940610 contributed greater Kw and Kd at this locus. In addition, there was
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evidence of an epistatic interaction Gfu-B1 with Xwmc182a for kernel diameter in the LIRF

dry environment.

Table 21. Significance of loci detected with analysis of variance for single factors or digenic
epistatic interactions for seven traits in the CO940610/Platt¢Babpulation in the 2012/13
growing season.

TraitsMarkers Environments af R?(%)* P-value
Plant height (cm)

Xwmc182b ARDEC wet -0.40 28.6 0.0009

Xwmcl82b LIRF wet -0.37 12.8 0.0352
Grain protein concentration (g kp

Glu-B1 LIRF dry 1.07 13.2 0.0317

Xwmcl82a ARDEC wet -0.57 17.7 0.0117

Xwmcl82a LIRF wet -0.28 14.7 0.0229

Xwmcl182b ARDEC wet 0.60 19.2 0.0085
Grain ash concentration (g kg

Glu-B1 ARDEC wet -0.11 16.0 0.0174

Xwmcl82a LIRF wet -0.08 11.9 0.0427

Xwmcl82a LIRF dry -0.14 15.9 0.0177

Xwmcl182b ARDEC wet 0.12 21.2 0.0053

Glu-B1* Xwmc182b ARDEC wet 0.0369
Kernel weight (mg)

Glu-B1 LIRF wet -0.29 11.8 0.0432

Glu-B1 LIRF dry -0.21 19.0 0.0088
Kernel diameter (mm)

Glu-B1 LIRF dry -0.01 15.8 0.0180

Glu-B1* Xwmc182a LIRF dry 0.0376

T Average additive effect: positive values indicate an increasing effect of Platte alleles and
negative values indicate an increasing effect of CO940610 alleles.

I Percent of phenotypic variation explained by the marker.

3.2.5. Epistatic interactions

When pairwise interactions were examined, signific®0(05) epistasis was detected between
markersGlu-B1 andXwmcl82a (Table 22) and betweddlu-B1 andXwmcl82b (Table 23). The

interactions were betweeBlu-B1 and Xwmcl82a loci for kernel diameter in the LIRF dry
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treatment and betwedalu-B1 and Xwmc182b loci for grain ash concentration in the ARDEC
wet treatment. The Platte alleleXa¥mc182a provides an increase in kernel diameter only when
the CO940610 allele is present at Gl@-B1 locus (Table 22). In contrast, when the Platte allele
at Glu-B1 and C0O940610 allele atwmc182b were present, they caused a decrease in grain ash

concentration (Table 23

Table 22. Genotype class means for the epistatic interaction @lie@1 andXwmcl82a in the
C0940610/Platte B£F- population.

Trait Genotype class
(Environment) Glu-B1 Xwmcl82a Meant SE
Kernel diameter (mm) C0940610 CO0940610 2.52+ 0.01 bt
(LIRF dry) C0940610 Platte 2551 0.01 a
Platte C0940610 2.52+ 0.01 b
Platte Platte 251+ 0.01 b

" Means followed by the same letter do not differ significantly at the 0.05 probability level.

Table 23. Genotype class means for the epistatic interaction @lie@1 andXwmcl82b in the
C0940610/Platte B population.

Genotype class

Trait
(Environment) Glu-B1  Xwmcl82b Mean=* SE
Grain ash concentration (g Kg- C0940610 C0940610 16.35+ 0.07 a'
(ARDEC wet) C0940610 Platte 16.45+ 0.07 a
Platte C0940610 16.01+ 0.07 b
Platte Platte 16.41+ 0.08 a

1 Means followed by the same letter do not differ significantly at the 0.05 probability level.

3.2.6. Trait mean comparisons among eight genotype classes

Means for seven traits are shown in Tables 28} and 26. For the most part, plant heights

among the eight genotype classes were not significantly different in any of the three
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environments. The only exception was that plant height odtgps class ‘PL-CO-CO’ (60.30
cm) in the ARDEC wet environment was significantly higher than that of ‘CO-PL-PL’ (59.27

cm) and ‘CO-CO-PL’ (59.09 cm).

In ARDEC Wet, Gpc of genotype class ‘CO-CO-PL’ (166.53 g kg') was significantly higher

than that of ‘PL-PL-CO’ (164.69 g kg?). This confirmed the hypothesis that Gpc is the highest

for the combination ‘CO-CO-PL’ and lowest for ‘PL-PL-CO’. This expected result, however,

was not repeated in LIRF Wet and LIRF Dry, where Gpc of these genotype classes were not

significantly different.

Test weight showed mostly non-significant differences among genotype classes in all three
environments, with the exception that test weight of genotype class ‘PL-CO-CO’ (75.28 kg hi?)

was highethan that of ‘CO-PL-CO’ (74.60 kg ht?) in ARDEC Wet.

Kernel weight, Kd, and Kh showed mostly non-significant differences among genotype classes
in all three environments. Each of these traits had one exception in LIRF Dry. Kernel weights of
genotype classes ‘CO-PL-PL’ (24.80 mg) and ‘CO-PL-CO’ (24.73 mg) in LIRF Dry were higher
than that of ‘PL-PL-PL’ (23.92 mg), ‘PL-PL-CO’ (24.16 mg), and ‘PL-CO-PL’ (24.00 mg).
Kernel diameter followed the same pattern as Kw. Kernel hardness of genotype class ‘CO-PL-
PL’ (66.47) was higher than that of ‘PL-PL-PL’ (65.03), ‘PL-PL-CO’ (65.24), ‘PL-CO-CO’

(64.57), and ‘CO-PL-CO’ (65.11).
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Table 24. Least squares means of seven traits in each genotype class of the CO9406104Piattep&l@tion in the ARDEC wet
treatment in the 2012/13 growing season. Genotype classes are defined in Table 15.

Genotype Plgnt Grain protgin Grain ash Test weight Ke_rnel I_<erne| Kernel
classes height concentration  concentration (kg hLY) weight diameter  hardness
(cm) (g kg?) (g kg (mg) (mm) (0-100)

PL-PL-PL 59.34 abhc 165.43 abc 16.23 abc 7489 ab 26.01 a 253 a 68.96 a
PL-PL-CO 59.84 abc 164.69 a 15.97 a 7491 ab 26.28 a 254 a 7129 a
PL-CO-PL 59.32 abc 166.93 ¢ 16.66 d 7493 ab 26.25 a 254 a 6955 a
PL-CO-CO 60.30 c 165.19 abc 16.05 ab 7528 b 26.33 a 254 a 7174 a
CO-PL-PL 59.27 ab 164.72 ab 16.46 cd 74.79 ab 26.68 a 257 a 72.53 a
CO-PL-CO 60.13 bc 164.03 a 16.43 cd 7460 a 26.69 a 254 a 7055 a
CO-CO-PL 59.09 a 166.53 ¢ 16.44 cd 74.82 ab 25.78 a 252 a 6952 a
CO-CO-CO 59.94 abc 164.94 ab 16.27 bc 74.78 ab 27.13 a 256 a 70.19 a

" Means followed by the same letter are not significantly differeR@at05.
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Table 25. Least squares means of seven traits in each genotype class of the CO9406104PiapepBi&tion in the LIRF wet
treatment in the 2013 growing season. Genotype classes are defined in Table 15.

Genotype Pl_ant Grain prote_zin Grain ash _Test Kernel I_(ernel Kernel
classes height concentration concentration  weight (kg weight diameter  hardness
(cm) (9 kg?) (gkg?) hL?) (mg) (mm) (0-100)

PL-PL-PL 50.19 af 161.06 bc 1595 ab 75.24 a 29.89 a 273 a 69.70 a
PL-PL-CO 50.62 a 160.79 abc 1591 ab 75.50 a 30.39 a 273 a 70.02 a
PL-CO-PL 4991 a 160.77 abc 16.02 ab 75.63 a 30.06 a 273 a 7180 a
PL-CO-CO 50.47 a 161.20 c 1595 ab 75.28 a 30.29 a 274 a 7032 a
CO-PL-PL 50.12 a 160.19 ab 1574 a 75.66 a 30.65 a 274 a 70.87 a
CO-PL-CO 51.05 a 160.15 a 1594 ab 7554 a 30.90 a 274 a 7119 a
CO-CO-PL 50.00 a 160.78 abc 16.12 b 75.56 a 30.43 a 273 a 68.71 a
CO-CO-CO 51.02 a 161.53 ¢ 16.07 b 75.44 a 31.08 a 274 a 7058 a

" Means followed by the same letter are not significantly differeR@at05.
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Table 26 Least squares means of seven traits in each genotype class of the CO940610/cfatf@dation in the LIRF dry
treatment in the 2013 growing season. Genotype classes are defined in Table 15.

Genotvpe Plant Grain protein Grain ash Test Kernel Kernel Kernel
ol assséz height concentration concentration  weight (kg weight diameter hardness
(cm) (9 kg?) (g kg?) hL?) (mg) (mm) (0-100)

23.92 a 251 a 65.03 a
24.16 251 a 65.24 a
24.00 a 251 a 65.42 ab
2442 ab 253 ab 6457 a
24.80 b 255 Db 66.47 b
24.73 b 255 b 65.11 a
2425 ab 252 ab 65.47 ab
2449 ab 253 ab 65.34 ab

PL-PL-PL 48.34 a 17331 b 16.18 ab 73.99
PL-PL-CO 49.20 17350 b 16.31 ab 73.71
PL-CO-PL 47.01 17398 b 16.56 ab 74.18
b
a

Q

PL-CO-CO 48.16 173.97 16.38 ab 74.05
CO-PL-PL 48.76 168.92 16.03 a 74.35
CO-PL-CO 49.28 172.07 ab 16.29 ab 73.77
CO-CO-PL 47.09 171.60 ab 16.49 ab 73.92
CO-CO-CO 48.96 17297 b 16.53 b 73.95

SOOI OV O I D O I o)
QL D O YD DD

" Means followed by the same letter are not significantly differeR@at05.
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3.3. DISCUSSION
3.3.1. Trait means, correlation and heritability
Trait means

About 1% and 19% reduction &h occurred in LIRF Dry compared to LIRF Wet and ARDEC
Wet, respectively.El-Feki (2010) found Ph was reduced by 14.5 - 18.2% under drought
conditions in the DH population. Amiri et al. (2013) reported that terminal drought stress
reduced Ph by 1.23%. Mirbahar et al. (2009) reported that water stress significantly reduced Ph.
Plant height is associated with the movement of carbohydrates in the plant, especially under
water stress conditions (Blum et al. 1989). Drought stress restricts dry mater accumulation and

nutrient access in plants (Ahmadi & Baker 2001).

Grain protein concentration and Gac in the water deficit treatment were signifidaa@y01)

higher than those traits in the watered treatments, confirming that Gpc and Gac increase under
drought conditions. Water stress during grain filling is known to decrease sucrose and starch
content of wheat grain relative to protein (Ahmadi & Baker 2001; Jenner & Rathjen 1975), thus,
resulting in an increase in final Gpc and Gac (Weightman et al. 2008). Drought and heat stresses
are two events that often occur simultaneously in the field (Aprile et al. 2013). Triboi et al.
(2003) reported that the rate of N (indication of protein) accumulation per day increased with an

increase in post-anthesis temperature.

Kernel weight under water deficit was significantly<Q.001) reduced compared to full
irrigation. Dry mater and grain moisture are major factors influencing kernel weight. Under

terminal drought stress, grain accumulates less starch and sucrose, thus, causing lighter grain.
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Correlation among traits

Kernel weight and Kd were positively correlated with each other. This agree&miiki et al.

(2013). As a grain accumulates more dry matter and/or has higher grain moisture content, it is
heavier and larger. In contrast, Gpc was negatively correlated with Kw and Kd. This conformed
to previous reports (Al-Saleh & Brennan 2012; Fjell et al. 1985). Grain dry matter y{mostl
starch) determines grain weight and size. Higher amounts of starch and/or water in grain dilute

Gpc. This suggests that simultaneous improvement of Gpc and Kw would be challenging.
Heritability

Grain protein concentration had low heritability estimates, ranging from 0.19 to 0.47. Grain
protein concentration is a complex character, controlled by many genes and significantly
influenced by environmental conditions. Clarke et al. (2009) reported that heritability estimates
for Gpc ranged from 0.43 to 0.84, and suggested that heritability estimates are influenced by the
number of replications, years and locations tested, and by the genetics of the populations.
Barnard et al. (2002) estimated broad-sense heritability of Gpc at 0.57. In the DH, heritability

estimates for Gpc in four environments ranged from 0.52 to 0.61 (El-Feki 2010).

Kernel weight and Kh had high (>0.75) heritability, indicating that their variation in this
population is largely controlled by genetics. Therefore, it can be easier to make progress in
selection for these traits in breeding prografsFeki (2010) reported a similar range of

heritability estimates for Kw (0.780.87) and Kh (0.79 0.88) in the DH in four environments.
3.3.2. Marker-trait-associations
Only three marker&lu-B1, Xwmcl82a, andXwmcl82b, were investigated in the current study,

so few significant MTA were detected for the seven traits observed (Tgble 21
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Marker Glu-B1 was significantly associated with Gpc, Gac, Kw, and Kd. This indicateg eithe
that Glu-B1 governs multiple traits (pleiotropy) or that there are multiple linked genes in that
region that influence those traits. The KGud-B1 association was detected in the LIRF Wet and
LIRF Dry, indicating this MTA was robust across these two environmEh#seki et al. (2013)

detected QTL for Gac, Tw and Kw in chromosomal region 1B.1, wBkré1 was located.

Markers Xwmcl82a and Xwmcl82b also showed evidence either pleiotropy or linkage of
multiple genes.Xwmcl82a was associated with Ph, Gpc, and Gac. The Xprel82a
association was observed to be robust across environments ARDEC Wet and LIRF Wet. The
GacXwmcl82a association was robust across environments LIRF Wet and LIRFEDFgki et

al. (2013) found QTL for Gpc and Tw on 6B.1, but did not map this marker dmwmcl182b

was also detected in association with Ph, Gpc, and Gac, but only in a single envir&tfehit.

et al. (2013) also detected QTL for Gpc and Gac on 7B, wiveme182b was located.
3.3.3. Combined genotypetrait means

As described in section 3.1, CO940610 contributed the higher Gpc alleBudl and
Xwmcl82a, while the Platte allele conferred the higher valuwinc182b in the study byEl-

Feki (2010) (Table 13). With that assumption, in the orderGbi-B1, Xwmcl82a, and
Xwmcl82b, a combined genotype COO-PL should have the highest Gpc, while PL-CO

should have the lowest Gpc. In ARDEC Wet, the mean Gpc o€COIL lines was 16.44 g kg

! which was significantly higher than that of PL-CO lines, 15.97 g k§ (Table 24). This
indicates that the selection for the alleles of interest was successful in obtaining the predicted
results. However, this result was not repeated in the other environments. Because the allelic

effects for Gpc were small (El-Feki 2010), the environmental conditions differed, and MTA for
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Gpc were not very robust across environments, repeatability of the results became difficult to

demonstrate.

Vishwakarma et al. (2014) successfully used marker-assisted backcrossing (MABC) to improve
Gpc in wheat cultivar HUW468 (recipient parent) using SSR mafkew108 linked toGpc-Bl

and a donor parent Glu269 (DBW16/GluPro//2*DBW16). The improved lines had significantly
higher Gpc. Tonk et al. (2010) reported a highly significant increase in Gpc wiaestivum

andT. dicoccoides were crossed, suggesting that the increase in Gpc is most likely due to the
transferring of the high protein genes from Thelicoccoides to the hexaploid cultivars. Yildirim

et al. (2013) transferred tl&i-B1 locus encoding y-gliadin 45 andGlu-B3 locus encoding low
molecular weight (LMW)-2 glutenin of a ¢if-quality Canadian durum wheat cultivar, Kyle, to

the wheat variety Sacricanak-98 using MABC (backcrossed 4 times to the recurrent parent). The
result was a considerable increase in Gpc and gluten quality. Chee et al. (2001) reported the
successful transfer of a QTL for Gpc in wheat into a different genetic background. In these
studies, the allelic effects were larger and the consistency of the MTA was greater than in our

study.

At ARDEC Wet, the allelic effects of Gpc &tvmcl182a and Xwmcl182b were -0.57 and 0.60 g
kg, respectively, while they were -0.16 and 0.16 g ikgthe DH (EI-Feki 2010). This indicates
that the directions of allelic effects were similar at individual loci in both studies, but the size
effects were much higher at both loci in the current study. The difference of Gpc b&®een
CO-PL and PLPL-CO was 0.47 &g?, about 60% as low as the sum of allelic effects at these

loci (1.17g kg™).
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Conclusions

= MTA for Gpc detected aXwmcl82a andXwmcl82b were consistent with findings in the

C0O940610/Platte DH population. Also, a MTA for GpGat-B1 was found.

= MTA for Gpc and Gac were found at all three loci investigated. These MTA at locus

Xwmcl82a were stable across two of three environments.

» The hypothesized results of combining alleles in a uniform background were confirmed

in one environment, but not in the other two.

= The MABC lines with allelic combinations need further investigation.
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CHAPTER 4 GENOME-WIDE ASSOCIATION STUDY FOR GRAIN QUALITY TRAITS
OF A WINTER WHEAT ASSOCIATION MAPPING PANEL UNDER TWO WATER

REGIMES

SUMMARY

With the development of high-throughput sequencing and statistical methodology, the genome-
wide association study (GWAS) has become an effective approach for identifying quantitative
trait loci (QTL) in crops including bread whedtriticum aestivum L.). GWAS is able to increase
mapping resolution, reduce research time, and evatulteader range of alleles compared to
traditional bi-parental mapping. Grain quality traits of wheat are complex traits that influence
end-use quality. These quality traits are also correlated to varying degrees with graf@yjeld
Drought conditions strongly affect both grain yield and quality traits. Under water défycis,

reduced, but grain protein concentration (Gpc) generally increases.

The specific objectives of this study wdre(1) evaluate the Hard Winter Wheat Association

Mapping Panel (HWWAMP) for Gy, Gpc, grain protein deviation (Gpd), grain ash concentration
(Gac), and test weight (Tw) in multiple fully irrigated and moisture-stressed environments; (2)
examine correlations among the evaluated traits; and (3) perform a GWAS to identify single

nucleotide polymorphisms (SNP) associated with the evaluated traits.

The study was conducted under fully irrigated (Wet) and water deficit (Dry) treatments at
Greeley, Colorado in 2011/12 and Fort Collins, Colorado in 2012/13, for a total of four
environments. The HWWAMP includes 299 entries (cultivars and advanced breeding lines)

representative of the U.S. Great Plains region.
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Both locations experienced about 50% grain yield reduatiothe water deficit treatments

compared to the fully irrigated treatments, while Gpc and Gac were higher in the drought
treatments. Grain yield and test weight (Tw) were negatively correlated with Gpc and Gac, but
Gy was positively correlated with Tw. Grain protein concentration, Gpd, and Gac correlated
positively with each other, and in particular Gpasighly correlated with Gpd. Broad-sense

heritability estimates for all evaluated traits varied from low (<0.05) to high (>0.75) across the
four environments. Of these, the heritability for Gac and Tw showed more stability over

environments than the other traits.

The Genomic Association and Prediction Integrated Tool (GAPIT) package in R was used to
determine the association between markers, using a set of 16,052 filtered SNP and data of the
five phenotypic traits. Principal components (PC), used for controlling population structure, and
a kinship matrix were incorporated in a mixed linear model (MLM). Different approaches for
analysis in GAPIT changed the number of significant marker-trait associations (MTA)
enormously. Employing a significaa threshold ofP<0.001, there were 307 significant MTA
detected in the four environments for the five traits. The highest number of MTA was recorded
for Tw (94) followed by Gac (75), Gpc (69), and Gy (43), with the least for Gpd (26).
Considering a more stringent thresholdPok1.67x10%, there were only 40 significant MTA
detected in the four environments for the five traits. The highest number of MTA was recorded
for Tw (17), followed by Gac (12) and Gpc (5), with the least for Gy (3) and Gpd (3). The allelic
effect of each MTA was small, and the phenotypic variation explained was approximately the

same among MTA, about 5%.
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4.0. INTRODUCTION

Wheat {riticum aestivum L.) is one of the most highly produced cereal crops, after maeee (

mays L.) and rice Qryza sativa L.), and is important in meeting global food demands. The
production in million tonsvas 1,018 for maize, 741 for rice, and 716 for wheat in 2013 (FAO
2013). Wheat supplies about 20% of the total food calories consumed worldwide, and is the
major source of dietary proteins (Wen et al. 2012). The global demand for wheat is predicted to

increase as the world’s population increases to an estimated 9.6 billion by 2050 (UN 2013).

Wheat productivity is mainlylimited by biotic and abiotic stressefbiotic factors are
considered the main source (70%) of yield reductions (Boyer 1982). Among the abioticsstresse
drought is the most limiting factor reducing productivity of wheat and other crops in many parts
of the world (Rampino et al. 2006; Mohammadi et al. 2015; Ahuja et al. 2010). Drought stress
may occur from early in the growing season to terminally at grain filling and matyration
particularly in arid and semi-arid regions of the world. The climates of these regions usually have
inadequate precipitationa shortage of irrigation water, and high crop evapotranspiration

demand.

Drought conditions also influence grain quality traits of wheat. Under drought stress grain
protein concentration (Gpc) usually increases, and is negatively correlated with grain yield (Gy)
(El-Feki et al. 2013; Daniel & Tribo1 2002; Guttieri et al. 2000; X. Sun et al. 2010; Weightman et

al. 2008). Water stress also changes grain protein composition in wirgat Wwhthe study by

Saint Pierre et al. (2008), under water stress, the percentage of soluble protein decreased, but tha
of polymeric protein was not affected. Ahmed & FayyaHa$san (2015) found that under
drought conditions, proline content increased tenfold and had a synergistic relationship with

grain protein and grain ash. Grain ash concentration (Gac) was significantly higher when plants
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were irrigated fewer times (Seleiman et al. 2011). Grain protein deviation (Gpd), a deviation
from regression between Gpc a@g, is an index for selection of both Gpc a@g in breeding
programs (Bogard et al. 2008; Gulttieri et al. 2015; Monaghan et al. 2001; Mosleth et al. 2015). It
is possible to use Gpd as a measure of the ability of a cultivar to gain a higher Gpc thai expecte
from Gy (Monaghan et al. 2001). Test weight (Tw), a measure of the bulk density of graan, has

positive correlation witlsy and has direct effect ddy (Mohammadi et al. 2012; Dogan 2009).

Association mapping (AM) or linkage disequilibrium (LD) mapping, an alternative approach to
traditional bi-parental quantitative trait loci TQ) mapping, is a tool to understand the genetic
architecture of complex traits down to the sequence level. Bi-parental QTL mapping can evaluate
only two alleles per locus at a time, has low mapping resolution, detects QTL sped@fic to
particular population, is cogtlin time and materials, and detects chromosome regions but not
genes. Meanwhile, AM overcomes many of these disadvantages due to its increased mapping
resolution, reduced researtime, and greater allele number (Zhu et al. 2008). Association
mapping utilizes diverse germplasm instead of developing bi-parental mapping populations
(Buntjer et al. 2005), thereby saving much more time than traditional QTL mapping. However,
limitations of AM are the high risk of type | error (false positives) and the high sampling
variance of rare alleles. The false discoveries are a major concern (Abiola et al. 2003)l@d can
partially attributed to spurious associations caused by population structure and unequal

relatedness among individuals (Zhang et al. 2010).

Two AM approaches are in general use: (1) candidate-gene association mapping, and (2) whole
genome scan or genome-wide association study (GWAS). Candidate-gene association mapping

relates polymorphism in selected candidate genes controlling phenotypic variation for specific
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traits, while GWAS surveys genetic variation in the whole genome to identify signals of

association for various complex traits (Risch & Merikangas 1996).

Advances in genomic technology, interest in identifying novel alleles, and robust statistical
methods have stimulated interest in AM for genetic research (Zhu et al. 2008). Association
mapping was first applied for plant research in 2001a istudy on maize flowering time
(Thornsberry et al. 2001). Association mapping has been used successfully to detect QTL in
wheat for end-use quality traits (Breseghello & Sorrells 2006; Plessis et al. 2013; Zhéng et a
2009), grain yield and yield components (Edae et al. 2014; Maccaferri et al. 2011; Neumann et
al. 2011; Dodig et al. 2012; Sukumaran et al. 2015), disease resistance (Adhikari et al. 2011,
Ghavami et al. 2011; Maccaferri et al. 2010; Crossa et al. 2007; Yu et al. 2011; Peng et al. 2009;

Maccaferri et al. 2015), and root traits (Cane et al. 2014).

Previous AM studies have identified QTL for yield, yield components, and drought related traits
using the Hard Winter Wheat Association Mapping Panel (HWWAMP) in the Great Plains
region (Awad 2015; Grogan 2015). However, those studies did not include grain quality traits in
this population. In addition, there were QTL detected for wheat grain quality traits in the
C0O940610/Platte doubled haploid (DH) population (El-Feki et al. 2013) and in the

C0940610/Platte recombinant inbred line (RIL) population (Chapter 2 of this dissertation).

The overall goal of this project was to use phenotypic and genotypic data from the HWWAMP to
find single nucleotide polymorphism (SNP)-trait associations for four winter wheat grain quality
traits (grain ash concentration, grain protein concentration, grain protein deviation, and test

weight) and grain yield. The specific objectives of this study were

(1) evaluate the HWWAMP for yield and grain quality traits in multiple fully-irrigated and

moisture-stressed environments;
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(2) examine correlations among the evaluated traits; and

(3) perform a GWAS for phenotypic and genotypic data to identify SNP associated with the

evaluated traits.

4.1. MATERIALS AND METHODS
4.1.1. Association mapping panel

The germplasm used in this study was a large, diverse panel of 299 genotypes representative of
the U.S. Great Plains region. The panel was developed by the Triticeae Coordinated Agricultural

Project (TCAP, http://www.triticeaecap.odgand is designated as the Hard Winter Wheat

Association Mapping Panel (HWWAMP). These genotypes consist of 258 hard red winter

wheats and 41 hard white winter wheats, originating from both public and private wheat

breeding programs in Colorado, Kansas, Montana, Nebraska, North Dakota, Oklahoma, South
Dakota, and Texas. The genotypes include 185 recent cultivars, 106 experimental lines that were
in advanced stages of testing in 2008, and 8 historic varieties developed before 1960. The
historic varieties were the landrace Turkey; the two ancestral cultivars, Cheyenne and Kharkof;
and five cultivars (Comanche, Wichita, Kiowa, Bison, and Tascosa). The panel was developed
by breeders in the Great Plains region based on significance in production or contribution to the
pedigrees of contemporary germplasm. Information about the genotypes including name, seed
color, head type, chaff color, release year, origin, accession, and pedigrees is contained in

Supplemental Table S.4.1 described by Guittieri et al. (2015).
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4.1.2. Experimental design and management

The field trials for the HWWAMP were conducted in four environments in Colorado in two
growing seasons, 2011/12 and 2012/13. In both years, the dry and wet treatments were planted
sideby-side, separated by a buffer strip. Within each environment, experimental units (plots)
were arranged in an unreplicated row-column design with two check varieties. The entry
‘Wichita’ (CI 11952) was included in the panel twicEhe two check varieties ‘Hatcher’ (Haley

et al. 2005hnd ‘Settler CL’ (Baenziger et al. 2012) were replicated 15 times eachgamant,

and were also included as experimental entries. Seed density was approximately 1,700,000 seeds
ha'. Fungicide was applied at LIRF as a preventative for stripe rust, and there was an untreated
outbreak of Russian wheat aphids in the ARDEC plots. Weed corastypical of practices for

winter wheat in the area.
LIRF, Greeley, 2011/12

In the 2011/12 growing season, the panel and two checks, Hatcher and Settler CL, were grown in
the USDA-Agricultural Research Service Limited Irrigation Research Farm (LIRF) in Greeley
Colorado (latitude 40° 4484 ; longitude 104° 636 W; elevation 1427 m). The soil type \&s

Nunn clay loam, 0 to 1 percent slopes
(http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm). Soil pH ranges from 7.4 to 8.4.
Planting date was on October 30, 2011, and harvest dates were July 3 and 13, 2012 for dry and
wet treatments, respectively. The experimental unit was a six-row plot 1.83 m long and 1.52 m

wide. Space between rows was 23 cm and between plots was 28 cm.

Water was applied using a drip irrigation system. Irrigation was supplied to both treatments
beginning approximately at the booting stage (Zadoks et al. 1974). Amount of water agglied w

335mm (10 times) and 102 mm (five times) in wet (LIRF Wet) and dry (LIRF Dry) treatments,
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respectively, between green-up in early spring and physiological matBatly wet and dry

treatments received 82 mm precipitation between 1 Jan and harvest (Table 36 and 37).
ARDEC, Fort Collins, 2012/13

In the 2012/13 growing season, the panel and checks, Hatcher and Settler CL, were grown in
CSU’s Agricultural Research, Development, and Education Center (ARDEC) in Fort Collins,
Colorado (latitude 40° 652’ N; longitude 104° 996° W; elevation 1558 m). The soil type is Fort

Collins loam, 0 to 1 percent slopes (Web Soil Survey).

A linear overhead sprinkler irrigation system was used for the wet treatment (ARDB@itlet

a total of 222 mm applied during the growing season. No irrigation was used on the dry
treatment (ARDEC Dry). Both wet and dry treatments received 124 mm precipitation between
January 1 and July 17 (harvest) and 38 mm pre-planting irrigation in September 2012 (Table 36

and 37).

The trial was planted on October 2, 2012, and harvested on Jul}t2,62013. A total of 90 kg
N/ha was applied during the growing season. Of this amount, 56 kg N/ha was applied in fall and
34 kg N/ha in spring before jointing. The experimental unit was the same as in growing season

2011/12.
4.1.3. Phenotypic evaluation
4.1.3.1. Grain yield

Grain in each experimental unit (six-row plot) was harvested using a Hege plot combine
(Wintersteiger, Salt Lake City, Utah) after plants reached maturity. The harvested grain samples

were dried for about three days at approximateAC4Weighted, and Gy was converted to kg ha

1
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4.1.3.2. Grain ash concentration and grain protein concentration

Grain ash concentration (g Kgand Gpc (g kg) were measured by the Near Infrared
Reflectance System (NIRs). A sample of approximately 100 g of cleaned wheat kernels was
added to a transport module in a rectangular quartz cup (NIRSystems, part 01IH-0379). A Foss-
Tecator NIR systems Model 6500 instrument (Foss North America, Eden Prairie, MN) was used
to determine these two traits in the reflectance mode with a wavelength of 450-2498 nm. The
estimates of the traits were obtained with calibrations from the manufacturer for both traits. This
work was done in the Wheat Quality Laboratory, Department of Soil and Crop Science,

Colorado State University.
4.1.3.3. Grain protein deviation

Grain protein deviation was obtained by conducting linear regression between Gpc and Gy using
PROC REG of SAS 9.3 (SAS Institute Inc., Cary, NC, 2010). The BLUPs of Gpc and Gy were
used for running the linear regression. The Gpc and Gy were the dependent and independent

variables, respectively. The residuals produced by PROC REG were used as Gpd.
4.1.3.4. Test weight

A cleaned kernel sample was poured into a closed hopper centerednostl cylinder 5.5 cm

in diameter and 4.5 cm in tallness. The hopper valve was quickly opened to allow the grain to fill
the cylinder. A standard striker held in both hands with the flat sides in a vertical position was
used to remove the excess grain from the top of the cylinder with three full-length, zigzag
motions. The cylinder was carefully placed on a scale platform, and the weight was ead by

electronic scale. The unit for test weight in this study was ki hL
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4.1.4. Phenotypic data analysis
Outliers

The original phenotypic data for each trait were inspected with a “heat map”, which was created

in Excel to determine whether any data points were unreasonably large or small and to visualize
spatial trends. In addition, the original phenotypic data were also evaluated for normality of
frequency distribution and potential outliers were detected by using JMP. Based on these
inspections, several data points were remolredhe ARDEC Dry treatment, the removed data
were for three traits (Gac, Gpc and Gpd) of plot 295 (entry 179, TX01M5009-28). In addition,
Tw in the ARDEC Dry treatment had 19 missing data points; most of them were in row 1 of this
treatment. This row was located on the very western edge of the TCAP HWWAMP field,
adjacent to a field of sorghum and separated by a single 1.5 m-wide s®ipioé Red’ wheat.

The entire row had very poor growth, probably due to severe drought (it was only irrigated by
one nozzle from the irrigation system). In the LIRF Dry, the removed data were for thiee tra
(Gac, Gpc and Gpd) of plot 222 (entry 136, DUKE) and plot 314 (entry 301, HATCHER, one of
the occurrences of the repeated checks). As these suspected outliers were deleted, the normality

and outliers were evaluated again to see if the distribution is normal.
BLUPs and spatial adjustment

After the suspected outliens the original phenotypic data were removed, the remaining gntrie
were used to estimate BLUPs within each treatment, with entries considered a random effect.
However, the plots in row 1 of ARDEC Dry were given a border effect value of one, while all
other plots in this treatment received values of zero. The border effect was considered as a
covariate. The estimation was performed with PROC MIXED of SAS 9.3 (SAS Institute Inc.,

Cary, NC, 2010), including a spatial adjustment. Six different models (SAS statements) were
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applied to adjust the experimental field spatial variation. These included non-adjusted, spherical,
exponential, regular power, anisotropic power, and Matérn spatial models. The model with
lowest Akaike’s information criterion (AIC) was considered as the most appropriate one for a

given trait and environment.
Broad-sense heritability estimation

Each treatment had two checks (Hatcher and Settler CL), which were replicated 15 times. Since
these plots had no genetic variance, the average phenotypic variance of the two checks was
considered to be the environmental variance. Variance of the entries in the panel, excluding the
two checks was considered th@pulation’s phenotypic variance. Genetic variance was

estimated by subtracted the environmental variance from the phenotypic variance. The estimate

of broad-sense heritability @Hwas calculated as in the following equation:

2 _ Vg __ Phenotypicvariance—Environmental variance

TVt Ve Phenotypic variance
Where, \& and & are genotypic and error variances, respectively.
4.1.5. Genome-wide association study
4.1.5.1. SNP markers

SNP marker genotyping was done at the USDA-ARS Small Grains Genotyping Lab in Fargo,
North Dakota, usinga high-density 90,000 gene-associated single nucleotide polymorphism

(SNP) lllumina iSelect genotyping platform as described in Wang et al. (2014). SNP genotype
calling was performed with the Genome Studio Polyploid Clustering Module v1.0 software

developed in collaboration with lllumina, Inc. (Wang et al. 2014). The data were filtered to

remove monomorphic SNP, multi-allelic SNBNP with low call rate, SNP that produced

clusters, and SNP with small cluster distances to produce a set of 26,553 SNP. Manual curation
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returned 21,555 SNP calls on 299 genotypes, of which 21,564 SNP were missing <10% of calls.
The minor allele frequency (MAF) of 5,497 SNP was <5%. SNP with MAF <5% and SNP with
>10% of calls missing were removed to produce a set of 16,052 filtered SNP (Mary Guittieri,

University of Nebraska-Lincoln, personal communication).

The software package GAPIT (Genomic Association and Prediction Integrated Tool) in R (Lipka
et al. 2012) was used to determine the association between markers (using the 16,052 filtered
SNP) and phenotypic traits. A genetic nap of the SNP s obtained from
http://wheatgenomics.plantpath.ksu.edu/ (download date: June 15, 2015). The 16,052 filtered
SNP were comprised of 14,829 SNP uniquely mapped on the 21 wheat chromosomes and 1,223
unmapped SNP, which were assigned chromosome number 22. Of the 14,829 SNP, 5,971 were

distributed in the A-genome, 7,244 in the B-genome, and 1,614 in the D-genome (Table 27

Table 27. Distribution of markers across genomes and chromosome in the hard winter wheat
association-mapping panel (HWWAMP), provided by Mary Guittieri (University of Nebraska-
Lincoln, personal communication).

Genome

Chromosome A B D Total SNP

1 998 1,188 420 2,606

2 915 1,101 520 2,536

3 747 1,065 230 2,042

4 713 425 52 1,190

5 754 1,475 153 2,382

6 920 1,182 117 2,219

7 924 808 122 1,854
Mapped SNP 5971 7,244 1,614 14,829
Unmapped SNP 1,223
Grand total SNP 16,052

4.1.5.2. Model selection

Many SNP-trait association models were analyzed in GAPIT (Table 28). Each of the madels is

different combination of thépopulation parameters previously determin@BD) (Zhang et al.
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2010), kinship matrix, principal components, compression, trait, and environment. The model
could either include or exclude P3D. If P3D is excluded from the model, it takes much more time

(about one hour for each model) compared to the model with P3D.

Table 28 Positive R values obtained with different model combinations used for marker-trait
association (MTA) identification.

Kinship . Positi\{e R
matrix Types P3D Wlth P3D Wltho_ut No P3D an_d no
compression compression compression

IBS External all all n/a
rrfBLUP External all all n/a
Loiselle Internal all all n/a
VanRaden Internal most all n/a
EMMA Internal most most most

Kinship matrices were calculated externally and imported or internally calculated by GAPIT.
The internal kinship matrices calculated by GAPIT consisted of Loiselle, VanRaden, and
EMMA. These internal kinship matrices were not used for further analyses because VanRaden
and EMMA produced negative’RG. Sun et al. 2010), while Loiselle provided less significant
MTA than either IBS or rrBLUP, e.g., for Gpc in the LIRF Dry (Figure 10). The external kinship
matrices included Identitipy-State (IBS), which was calculated by Scott Reid (Department of
Soil and Crop Sciences, Colorado State University) using the TASSEL software package
(Bradbury et al. 2007), and rrBLUP (Endelman 2011), which was computed by Mary Gulttieri
(University of Nebraska-Lincoln, personal communication) in the rrBLUP package for R
(Endelman 2011). These two external kinship matrices showed similarity in terms of the matrix

generated and the MTA detected as well (Figure 10).

121



—10g10lP)

1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D UM

Chromosome

—10g10lP)

1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D UM

Chromosome

—logiolp)

1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D UM

Chromosome

Figure 10. Manhattan plots for Gpc in the LIRF Dry with the different kinship matrices used for
analysis. The X-axis is the genomic position of each SNP; the Y-axis is the neggdinéhio of

the P-value obtained from the GWAS model. The lines identify the two threshold lines of
significance. A, Loiselle kinship matrix used; B, IBS kinship matrix used; C, rrBLUP kinship
matrix used. UM, unmapped SNP.
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Principal components (PC) (Price et al. 2006) in mixed linear model (MLM) (Yu et al. 2006;
Zhang et al. 2010) were used for controlling population structure in this set of germplasm. The
number of PC varied depending on MTA model. The optimum number of PC for a model was
selected based on the Bayesian information criterion (BIC) (Schwarz 1978), the larger the BIC,
the better the number of PC. For MTA models with P3D, the number of PC up to five was
manually provided, then GAPIT itself ran all six options from zero to five and selected the

optimum number of PC for that MTA model.

An MTA model can be run with or without compression (Lipka et al. 2012). Based on the above
preliminary analysis of different models, it was decided to use P3D, rrBLUP kinship matrix,

optimum PC selection, and non-compression for reporting results.
Multiple comparison adjustment

GAPIT provides an unadjustdétivalue for each MTA. Because the analysis includes thousands
of SNP loci and hundreds of wheat lines, there is a multiple testing effect, causing many false
positive results. GAPIT also provided false discovery rate-adjistedue (FDR) (Benjamini &

Hochberg 1995).

The approach suggested by Bonferroni (1&35936) was included on the Manhattan plots. The
upper line in Figurel0 shows the Bonferroni significance threshold. To avoid the high
Bonferroni penalty, Gao et al. (2008) suggested using the adjusted point-wise significance level

(op) in GWAS, calculated as in the following equation.

Experimental wide error rate (o)

"~ Effective number of independent test (Mg¢f)

op

In the current study, ae was kept at nominal level of 0.05, whilesMvas 276, obtained from an

algorithm in R (Gao et al. 2008)s a result, op equaled 1.6 x 1f) which is the lower line in
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Figure 4.1.5.1indicating Gao’s significance threshold. Gao et al. (2008) reported that this
adjusted threshold is closer to the permutation-based correction and is more accurate than the
multiple testing adjusted approaches suggested by Bonferroni (1935 & 1936) or Li & Ji (2005).

Therefore, this study used ap as a significance threshold for strong MTA.
Phenotypic variation explained by SNP

The percentage of variation explained by the mafR&rwas calculated by subtractiij for the

model without a given SNP frof? for the model including the SNP.

The GAPIT program by default assigns a symbol indicating the allelic effeatagstiwith
respect to the nucleotide that is second in alphabetical order. For example, if the nucleotides at a
SNP are “A” and “T”, then a positive allelic effect indicates that “T” is favorable (GAPIT user

manual Version 2.0).

4.2. RESULTS
4.2.1. Trait distribution and means
Distribution

For all evaluated traits, both the original data and BLUPs were normally distributed according to
the Shapiro-Wilk test &>0.05. Therefore, it was not necessary to transform the data in any case
before further use. The frequency distributions of the lines for each of the five traits in each

environment are shown in Figure 15.
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Trait means

Grain yield in the dry treatments was significant§<Q.0001) lower than that in the wet
treatments. Grain yield in LIRF Dry was 2572.7 kgthabouta 47% reduction compared to Gy
in LIRF Wet. Grain yield in ARDEC Dry was 2535.6 kg haabouta 49% reduction in
comparison with Gy in ARDEC Wet (Tab9). This indicates that drought stress strongly

decreased Gy.

Grain protein concentration and Gac in the dry treatments were significBry0001) higher

than those in the wet treatments. In the LIRF Dry and LIRF Wet, Gpc was 152.7 and 145.4 g kg
1. and Gac was 15.2 and 14.9 g*kgespectively. In ARDEC Dry and ARDEC wet, Gpc was
148.7 and 131.3 g Kg and Gac was 15.1 and 14.7 g'kgespectively (Table 29). This suggests

that drought stress increased Gpc and Gac.

Test weight in LIRF Dry was significantly?€0.0001) higher than that in LIRF Wet, while Tw
in ARDEC Dry was significantly®<0.0001) lower than that in ARDEC Wet (Table 29). Grain
protein deviation did not differ significantly between dry and wet treatments in either LIRF or

ARDEC (Table 29).
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Table 29. Means, standard errors (SE) and ranges for five evaluated traits of the Hard Winteksathmation Mapping Panel in
LIRF 2011/12 and ARDEC 2012/13 growing seasons.

Dry Wet
Env. Traits! n Mean SE Min. Max. n M ean SE Min. Max. P-valuef
LIRF  Gpc.(gkgh) 298 152.7 0.46 1326 1765 298 1454 0.55 123.7 175.6 <0.0001

Gpd (gkg) 295 1.05 0.30 -12.11 1545 298 058 0.38 -16.95 20.81 0.3291
Gac. (gkd) 298 152 0.04 135 173 298 149 004 12.6  17.5 <0.0001

Tw(kghl) 299 800 009 730 839 299 750 021 615  81.0 <0.0001
Gy(kghal) 296 2572.7 23.4 1463.8 39452 299 4813.7 63.1 685.8 7700.4 <0.0001
ARDEC Gpc.(gkg) 298 148.7 031 1359 1650 299 131.3 037 1141 150.5 <0.0001

Gpd (gkg) 298 010 010 -4.12 537 299 048 0.18 -7.89 11.57 0.0593
Gac. (gkg) 298 151 004 134 183 299 147 005 127 183 <0.0001

Tw (kg hL'Y) 280 746 011 684 783 299 786 0.10 712 82.9 <0.0001

Gy (kgha!) 299 2535.6 6.2 2248.0 3021.2 299 4967.6 48.5 2635.0 7282.2 <0.0001
TGpc, grain protein concentration; Gpc, grain protein deviation; Gac, grain ash concentration; Tw, test weight; Gy, grain yield.

n, number of samples evaluated.

' Significance of difference between treatment means.
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4.2.2. Correlation among traits

Grain yield was significangl(P<0.001) and negatively correlated with Gpe=(-0.52 to- 0.67)

and Gac ( = -0.24 to -0.45) (Tables 30 and 31). This confirms that Gy had an inverse
relationship with Gpc and Gac, hindering improvement of both Gy and Gpc in breeding
programs. In contrast, Gy correlated positively with Tw. Correlation coefficients ranged from
0.14 P<0.05) in LIRF Dry to 0.65F<0.001) in LIRF Wet (Tables 30 and 31). This suggests

that selection for higher Tw is able to increase Gy.

Grain protein concentration, Gpd and Gac correlated positively with each other. Grain protein
concentration was highlyP&0.001) correlated with Gpd. Correlation coefficients ranged from
0.72 to 87 (Tables 30 and 31), indicating that selection for higher Gpd can improve Gpc. In
contrast, Gpc correlated negatively with Tw in three environments, but not in ARDEC Wet. The
coefficients between these traits were -0R80(01) in LIRF Dry, -0.22RK<0.001) in ARDEC

Dry, and -0.51R<0.001) in LIRF Wet (Tables 30 and 31). With low correlation, it is possible to

select both traits in the favorable direction although they had an inverse relationship.

Grain protein deviation significantly?€0.001,r=0.20) correlated with Gy only in LIRF Wet,
but not in the three other environments (Tal3@snd 31). Grain protein deviation had low and
unstable correlation with Gy, but very high correlation with Gpc, indicating that Gppdsisful

selection index to improve both Gy and Gpd simultaneously in a breeding program.
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Table 30. Pearson correlation coefficients (n = 295 to 299) among traits of the Hard Winter
Wheat Association Mapping Panel at LIRF, Greeley, CO in the 2011/12 growing season.
Correlations for the wet treatment are above the diagonal and those for the dry treatment are
below the diagonal.

Gyt Gpc Gpd Gac Tw
Gy -0.67*** -0.07 -0.45***  0.65***
Gpc | -0.61*** 0.74**  0.50*** -0.51***
Gpd | -0.20***  0.87*** 0.26*** -0.06
Gac | -0.25***  0.34***  (0.26*** -0.53***
Tw | 0.14* -0.15**  -0.10 -0.23***

* ** +*x indicates significance at the 0.05, 0.01, and 0.001 levels of probability, respectively.

¥ Gy, grain yield; Gpc, grain protein concentration at 12% moisture level; Gpd, grain protein
deviation; Gac, grain ash concentration; Tw, test weight.

Table 31. Pearson correlation coefficients among traits of the Hard Winter Wheat Association
Mapping Panel at ARDEC, Fort Collins, CO in the 2012/13 growing season. Correlations for the
wet treatment are above diagonal and those for the dry treatment are below the diagonal.

Gyt Gpc Gpd Gac Tw
Gy -0.52%** 0.01 -0.34*** 0.31***
299 299 299 299
Gpc | -0.55*** 0.72%** 0.44%** -0.07
298 299 299 299
Gpd | -0.04 0.80*** 0.28*** 0.19%**
299 298 299 299
Gac | -0.24%*** 0.38*** 0.30*** -0.17**
298 298 298 299
Tw | 0.34*+* -0.22%** -0.08 -0.19**
280 279 280 279

*, ** *** indicates significance at the 0.05, 0.01, and 0.001 levels of probability, respectively.

t Gy, grain yield; Gpc, grain protein concentration at 12% moisture level; Gpd, grain protein
concentration deviation; Gac, grain ash concentration; Tw, test weight.

t number of sample used.
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4.2.3. Heritability of traits

Broad-sense heritability estimates for Gy, Gpc and Gpd in ARDEC Dry were close to zero or
negative values. In ARDEC Dry, the heritability estimates were -0.31, 0.08 and -0.06 for Gy,
Gpc and Gpd, respectively (Table 32). This indicated that experimental errors or the estimation

method might have caused the problems.

The heritability estimates for all evaluated traits varied considerably over environments, from
low (<0.50) to high (>0.75). The heritability estimates for Gy were 0.19 in LIRF Dry and 0.79 in
LIRF Wet (Table 32). This suggests that experimental errors and/or environmental factars had

large effect on the results.

Generally, heritability estimates for Gpc, Gpd, Gac and Tw were moderate (>0.50) to high, with
the exception of Gpc and Gpd in ARDEC Dry. The heritability estimates for Gpc were 0.66, 0.91
and 0.92 in ARDEC Wet, LIRF Wet and LIRF Dry, respectively. The heritability estimates for
Gac and Tw showed more stability across environments, ranging from 0.69 to 0.81 for Gac and
from 0.67 to 0.88 for Tw (Table 32). These suggested that a large part of the expression of these
traits was genetically controlled, thus, it would be easier to obtain progress from selection in a

breeding program.

Table 32. Broad-sense heritability estimate$) (fldr five evaluated traits of the Hard Winter
Wheat Association Mapping Panel in LIRF 2011/12 and ARDEC 2012/13 growing seasons.

Broad-sense heritability
LIRF LIRF ARDEC ARDEC

Dry Wet Dry Wet
Grain yield 0.19 0.79 -0.31 0.34
Grain protein concentration 0.91 0.92 0.08 0.66
Grain protein deviation 0.53 0.83 -0.06 0.41
Grain ash concentration 0.69 0.70 0.69 0.81
Test weight 0.73 0.88 0.67 0.86
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4.2.4. Marker-trait associations

MTA with P <0.001

MTA detected at the unadjusted significance leve? &f0.001 for all five evaluated traits in the
four environments are shown in Table 33. Considering the criteri®g@D01, there were 307
significant MTA detected in the four environments for the five traits. The highest number of
MTA was recorded for Tw (94) followed by Gac (75), Gpc (69), and Gy (43), with the least for

Gpd (26).

130



Table 33. Marker-trait associations detected in the Mérder Wheat Association Mapping Panel at the wrstdpP-value < 0.001 for
five traits in four environments.

Trait  Env. SNP Chr. Position P FDR  MAF+t Ae'f'fee“é R?
Gy LIRFDry BS00021704 51 6A 1409 5.51E-05 0.57096 0.20 130.75 0.052
Excalibur_c4518 2931 6A  140.9 7.11E-05 0.57096 0.21  -125.91 0.050
wsnp_Ex_rep_c76495 73453891 6A  140.7 0.00026 0.74858 0.21 115.30 0.042
BobWhite_c26503_61 6A 99.0 0.00035 0.74858 0.43 92.22 0.040
RAC875_rep_c114621_ 200 2D 852  0.00035 0.74858 0.16 125.50 0.040
RAC875_rep_c114621 464 2D  82.6  0.00041 0.74858 0.16  -124.30 0.040
RAC875_c30919 311 2D 825 0.00044 0.74858 0.17  -121.63 0.039
Excalibur_c3969 1208 3A 1456 0.00062 0.74858 0.13 129.01 0.037
BS00097302_51 2D 828  0.00065 0.74858 0.13  -149.02 0.037
Ku_c21235 676 5A 98.9  0.00069 0.74858 0.13  -126.60 0.036
Tdurum_contig29607_294 6A  140.9 0.00082 0.74858 0.11 145.23 0.035
wsnp_RFL_Contig2104 1368653 2D 825  0.00088 0.74858 0.16  -117.71 0.035
IAAV2593 5B 1226 0.00095 0.74858 0.17  -114.83 0.035
RAC875 ¢29079 177 2D  80.5 0.00099 0.74858 0.09 148.84 0.034
Gy LIRFWet Excalibur_c28017 641 2A  109.2 0.00059 0.48607 0.32  -245.63 0.029
Ku_c13307_1116 3A 88.0  0.00068 0.48607 0.13 372.59 0.028
Kukri_c9595_ 242 6A 74.2  0.00071 0.48607 0.07 427.96 0.028
wsnp_Ku_c3286_6111360 3A 90.5 0.00078 0.48607 0.13  -371.44 0.028
wsnp_Ex_c52577_56128947 6A 74.2  0.00081 0.48607 0.07 434.17 0.028
Kukri_c7794 1247 6A 74.2  0.00082 0.48607 0.07 433.84 0.028
RFL_Contig4441 627 6A 74.2  0.00082 0.48607 0.07 433.84 0.028
Kukri_c16463_584 6A 742  0.00082 0.48607 0.07  -433.84 0.028
wsnp_Ku_c5243 9344536 3A 88.0  0.00085 0.48607 0.13  -363.55 0.027

wsnp_Ex_rep_c67878_66584488 6A  74.2  0.00099 0.48607 0.06  446.45 0.027
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAFf¥ 'ilflgg R?
Gy ARDECDry BobWhite rep _c52911 146 3D  143.0 0.00047 0.92168 0.49 -25.99 0.041
RAC875 c40654 206 4A  120.1 0.00062 0.92168 0.26 25.58 0.039
Gy ARDEC Wet wsnp_Ex_c29382 38422739 UM  118.8 2.50E-05 0.40116 0.33  -253.85 0.061
wsnp_Ex_c42372_48966781 6B 64.1  0.00017 0.54281 0.30 -222.43 0.048
Tdurum_contig64795_494 UM 1151 0.00022 0.54281 0.22  -244.84 0.047
BobWhite_c10852_309 6B 64.1  0.00025 0.54281 0.30 -216.93 0.046
BobWhite_c47831_87 6B 64.1  0.00025 0.54281 0.30 -216.93 0.046
RFL_Contig311_951 6B 64.1  0.00025 0.54281 0.30 -216.93 0.046
wsnp_Ex_c46160 51746546 6B 64.1  0.00025 0.54281 0.30 -216.93 0.046
RACS875_¢13240 96 2B 115.8 0.00032 0.54281 0.22  -236.46 0.044
RACS875_ 24962 1326 6B 64.1  0.00034 0.54281 0.30 -211.56 0.044
Excalibur_c5136_2314 6B 64.1  0.00034 0.54281 0.30 211.56 0.044
Excalibur_c11968_204 4A  103.0 0.00038 0.56104 0.09  -320.30 0.043
Excalibur_c79066_165 6B 64.1  0.00046 0.58204 0.23 231.94 0.042
BS00063365 51 2B 1148 0.00047 0.58204 0.34 204.94 0.042
Excalibur_c146_92 5B  183.9 0.00065 0.71735 0.09 316.29 0.039
wsnp_Ra_c4660_ 8405634 2B 115.8 0.00075 0.71735 0.41 191.62 0.039
wsnp_BE499016B _Ta 2 1 3B 75.4  0.00076 0.71735 0.39  -186.41 0.039
Tdurum_contig78534 314 2B 115.8 0.00076 0.71735 0.41 191.61 0.039
Gpc LIRF Dry BS00021706_51 2A  47.2 2.30E-05 0.36967 0.37 -2.17 0.048
Kukri_c14598 614 2A  47.2  0.00011 0.58118 0.38 -2.00 0.040
BS00064369 51 4A  118.7 0.00012 0.58118 0.28 2.11 0.040
Tdurum_contig22511 355 4A 89.1 0.0002 0.58118 0.18 2.36 0.037
Excalibur_c4518_2931 6A 1409 0.00021 0.58118 0.21 2.35 0.037
TA004558-1018 UM 1024 0.00043 0.58118 0.07 -3.48 0.033
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAFf} 'ilflgg R?
Gpc LIRFDry  Kukri c31121 1460 2D 80.1 0.00046 0.58118 0.19 -2.16 0.033
wsnp_RFL_Contig3501_365274 4A  118.7 0.00049 0.58118 0.31 1.88 0.032
wshp_Ex_c35465_ 43610634 6A 74.2 0.0005 0.58118 0.07 -3.50 0.032
IACX6453 6A 74.2  0.00056 0.58118 0.07 -3.54 0.032
Kukri_c50910 866 6A 74.2 0.0006 0.58118 0.07 3.56 0.031
wsnp_Ex_rep_c102845 879222 6A 74.2 0.0006 0.58118 0.07 3.56 0.031
wsnp_Ku_c7794 13356946 6A 74.2 0.0006 0.58118 0.07 3.56 0.031
BS00084846 51 6A 74.2 0.0006 0.58118 0.07 -3.56 0.031
Kukri_c3075 391 6A 74.2  0.00063 0.58118 0.07 3.47 0.031
Excalibur_c44325 339 2D  80.4  0.00067 0.58118 0.14 -2.33 0.031
IAAV583 6A 74.2  0.00072 0.58118 0.06 3.67 0.030
Kukri_c46526_103 5D 23.9  0.00079 0.58118 0.36 1.73 0.030
RFL_Contig2605_672 6A 74.2  0.00081 0.58118 0.07 3.40 0.030
BS00021704 51 6A 1409 0.00085 0.58118 0.20 -2.15 0.030
BS00072153 51 3A 88.0  0.00086 0.58118 0.07 3.28 0.030
BobWhite_c20782_697 B6A 77.1  0.00086 0.58118 0.07 -3.63 0.029
Kukri_c16463_584 6A 74.2 0.0009 0.58118 0.07 3.42 0.029
Kukri_c7794 1247 6A 74.2 0.0009 0.58118 0.07 -3.42 0.029
RFL_Contig4441 627 6A 74.2 0.0009 0.58118 0.07 -3.42 0.029
wsnp_Ex_c4436_7981037 1B 141.8 0.00097 0.60053 0.18 2.33 0.029
Gpc LIRFWet D _GBUVHFX02JKG4A 54 2D 225 9.01E-05 0.44258 0.36 -2.33 0.040
Excalibur_c44325 339 2D  80.4  0.00018 0.44258 0.14 -2.88 0.037
wsnp_Ku_c3286_6111360 3A 90.5  0.00023 0.44258 0.13 3.61 0.035
BS00023026 51 3A 90.5  0.00028 0.44258 0.12 -3.59 0.035
wsnp_Ex_c1149 2206471 3A 88.0  0.00028 0.44258 0.12 -3.59 0.035
Ex_c9685 1264 3A 90.5 0.00028 0.44258 0.12 3.59 0.035
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAFf¥ 'ilflgg R?
Gpc LIRFWet  GENE-3343_183 UM 49.9  0.00037 0.44258 0.12 -3.56 0.033
BS00068083_51 1B 78.4  0.00038 0.44258 0.26 2.35 0.033
BS00037537_51 3A 90.5  0.00039 0.44258 0.13 3.47 0.033
CAP12_c590 307 1B 136.0 0.00039 0.44258 0.06 4.36 0.033
IAAV6317 3A 88.0  0.00041 0.44258 0.12 3.50 0.033
Tdurum_contig29087_757 1B 136.0 0.00047 0.44258 0.06 4.28 0.032
wsnp_Ku_c32404 42016343  3A 88.0  0.00048 0.44258 0.12 -3.50 0.032
wsnp_Ex_c12269 19597415  3A 90.5  0.00055 0.44258 0.13 -3.36 0.031
BS00101401_51 3A 88.0  0.00059 0.44258 0.12 -3.44 0.031
tplb0030j08_1960 2D 18.5  0.00064 0.44258 0.32 -2.02 0.030
Ku_c14313_1194 3A 90.6  0.00065 0.44258 0.13 -3.26 0.030
wshp_Ra_c35889 44345459  3A 88.0  0.00067 0.44258 0.12 -3.43 0.030
IAAV1334 3A 88.0  0.00073 0.44258 0.12 -3.37 0.030
Ra_c38505 544 3A 90.5  0.00075 0.44258 0.13 3.27 0.030
RAC875_c66369 296 6A 77.0  0.00082 0.44258 0.19 -2.30 0.029
BS00070511_51 3A 88.0  0.00083 0.44258 0.12 -3.31 0.029
IAAV5030 3A 88.0  0.00083 0.44258 0.12 -3.31 0.029
Kukri_c31121_1460 2D  80.1  0.00084 0.44258 0.19 -2.31 0.029
wsnp_CAP12 c2297 1121142 3B  119.4 0.00087 0.44258 0.28 -2.11 0.029
Excalibur_c44325 638 UM 137 0.0009 0.44258 0.33 2.20 0.029
Kukri_c6288_ 364 3A 90.6  0.00099 0.44258 0.18 2.97 0.028
Gpc ARDEC Dry wsnp_Ex_c19207_28125072  4A 69.6 1.32E-05 0.21186 0.17 1.98 0.062
Kukri_c55081_219 3D 101.1 0.0003 0.95154 0.13 1.85 0.042
Excalibur_c24511_1196 4A 745  0.00037 0.95154 0.21 1.47 0.041
Excalibur_c46394 762 4A 745  0.00049 0.95154 0.22 1.40 0.039
Excalibur_c11727 837 2B 157.2 0.00072 0.95154 0.41 1.24 0.037
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Aélflfeel '; R?
Gpc ARDECDry GENE-0223_239 UM 20.5 0.00072 0.95154 0.18 1.57 0.037
BobWhite_c20322_183 4A 1375 0.00073 0.95154 0.10 -1.98  0.037
BobWhite_c20322_559 4A 1379 0.00086 0.95154 0.10 -1.93  0.036
wsnp_JD_c100_ 159424 1B 99.5  0.00087 0.95154 0.05 2.46 0.036
RAC875 c291 647 1B 99.5  0.00087 0.95154 0.05 -2.46  0.036
BS00072025_ 51 4A  66.3  0.00099 0.95154 0.22 -1.32  0.035
BS00045546 51 4A 1379 0.001 0.95154 0.10 1.82 0.035
Gpc ARDEC Wet wsnp_Ku_c2637_5009091 6D 19.0 0.0006 0.95069 0.26 1.52 0.037
BS00031339 51 5B  183.9 0.00061 0.95069 0.06 2.85 0.037
D _contig36160_ 443 3D 149.0 0.00072 0.95069 0.16 1.86 0.036
wsnp_Ex_c20457 29526403 6A 1235 0.00098 0.95069 0.07 2.72 0.034
Gpd LIRF Dry wsnp_CAP11 rep_c4066 192189 7A 62.7 4.27E-05 0.68503 0.09 -3.01  0.053
BS00064369 51 4A 1187 9.65E-05 0.72781 0.28 1.80 0.048
wsnp_Ku_c3237_6024936 4A 70.0  0.00018 0.72781 0.14 2.18 0.045
wsnp_Ex_c24474 33721784 4A 70.0  0.00024 0.72781 0.15 2.04 0.043
IAAV5704 1B 70.1  0.00034 0.72781 0.37 -1.95  0.041
Tdurum_contig54860_1393 TA 51.0 0.00038 0.72781 0.37 -1.57 0.040
Excalibur_c60612_236 UM 146  0.00067 0.72781 0.07 -2.64  0.037
wsnp_CAP7 c940 480745 1B 70.1  0.00098 0.72781 0.38 -1.78  0.034
Gpd LIRF Wet BS00039187 51 2B 152.6 7.64E-05 0.90722 0.31 1.96 0.052
Tdurum_contig51717_1463 6A 74.2  0.00034 0.90722 0.33 -1.83  0.042
BS00010811 51 6A 74.2  0.00035 0.90722 0.33 1.83 0.042
Tdurum_contig51717_1582 6A 74.2  0.00035 0.90722 0.33 1.83 0.042
Ra_c28284 223 6A 742  0.00057 0.90722 0.34 -1.76  0.039
RACS875 rep_c111781_179 3B 6.0 0.00072 0.90722 0.40 -1.53  0.038
RACS875 c4602 886 2B 153.1 0.00089 0.90722 0.41 1.54 0.036
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Aélflfeel '; R?
Gpd LIRF Wet Ra_c58335_ 189 3B 12.6  0.00094 0.90722 0.10 -2.89  0.036
wsnp_Ex_c24958 34212226 6A 74.2  0.00097 0.90722 0.31 -1.68  0.036
wshp_Ex_c43412_ 49738738 6A 74.2  0.00097 0.90722 0.31 -1.68  0.036
wshp_Ex_c7876 13389283 6A 74.2  0.00100 0.90722 0.32 1.68 0.035
Gpd ARDEC Dry wsnp_Ex_c41074 47987860 4A 80.1  0.00046 0.95111 0.29 1.12 0.041
RAC875_c20429 903 4A 80.1  0.00061 0.95111 0.30 1.07 0.039
wshp_Ex_c19207 28125072 4A 69.6  0.00064 0.95111 0.17 1.29 0.039
BS00072025_ 51 4A 66.3  0.00072 0.95111 0.22 -1.13  0.038
BS00037442 51 4B 715  0.00085 0.95111 0.06 -2.09  0.037
BS00056645 51 2B 161.4 0.001 0.95111 0.16 -1.34  0.036
Gpd ARDEC Wet D contig36160 443 3D 149.0 0.00034 0.88634 0.16 1.70 0.041
Gac LIRF Dry wsnp_Ra_c15715 24192817 4B 59.9 4.45E-05 0.27892 0.13 -0.29  0.053
BS00064935 51 4B 63.2 6.00E-05 0.27892 0.13 0.29 0.051
Excalibur_c26226_458 4B 59.9 6.71E-05 0.27892 0.12 -0.29  0.050
IAAV8654 4B 63.2 9.50E-05 0.27892 0.12 0.28 0.048
BS00064884 51 4B 63.2  0.00011 0.27892 0.11 -0.28  0.047
Ex_c7593_754 4B 63.2  0.00011 0.27892 0.12 -0.28  0.047
BS00065555 51 4B 63.2  0.00012 0.27892 0.13 0.27 0.047
BobWhite_c18721_ 190 6A 43.1  0.00018 0.36129 0.49 0.18 0.044
BobWhite ¢38340 243 4B 59.9  0.00021 0.36606 0.13 -0.26  0.043
IAAV4238 1A 1449 0.00026 0.37693 0.43 0.16 0.042
BS00063804 51 4B 63.4  0.00031 0.37693 0.13 0.25 0.041
Excalibur_c29141 864 4B 62.6  0.00043 0.37693 0.16 0.21 0.039
Kukri_c3986 346 6A 43.1  0.00044 0.37693 0.47 -0.17  0.039
Ra_c2253 1271 6A 37.1  0.00045 0.37693 0.48 -0.17  0.039
BS00011607 51 6A 71.2  0.00046 0.37693 0.13 -0.26  0.038
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R?
Gac LIRF Dry RACS875 c2253 238 6A 37.1  0.00047 0.37693 0.48 0.17 0.038
tplb0057e06_1607 6A 37.1  0.00047 0.37693 0.48 0.17 0.038
Tdurum_contig98255 84 4B 64.0 0.00048 0.37693 0.13 0.24 0.038
BS00059475 51 3B 1447 0.00057 0.37693 0.46 -0.17  0.037
RAC875_c2253 1255 6A 37.1  0.00059 0.37693 0.48 -0.16  0.037
Ra_c59822_ 1439 4B 63.2 0.0006 0.37693 0.13 -0.23  0.037
wsnp_Ex_c9763 16125630 6A 37.1  0.00061 0.37693 0.47 -0.16  0.037
BobWhite _c4810_ 190 4B 64.0 0.00066 0.37693 0.13 0.24 0.036
Tdurum_contig22511 355 4A 89.1 0.00067 0.37693 0.18 0.19 0.036
BS00077789 51 6A 37.0 0.00067 0.37693 0.49 -0.16  0.036
Excalibur_c8131_385 4B 64.0  0.00072 0.37693 0.13 0.23 0.036
wshp_Ku_c10377_17181816 6A 35.7  0.00075 0.37693 0.48 -0.16  0.036
RAC875 _c99174 63 6A 43.1  0.00075 0.37693 0.47 0.16 0.036
BS00067163_51 3D 130.1 0.00078 0.37693 0.43 0.14 0.035
TA004394-0527 UM - 0.00078 0.37693 0.12 0.24 0.035
BobWhite c1907 124 4B 62.6  0.00079 0.37693 0.16 -0.20  0.035
BS00009915 51 4B 62.6  0.00079 0.37693 0.16 -0.20  0.035
RAC875_c2253 1756 6A 37.1  0.00082 0.37693 0.47 0.16 0.035
GENE-1785_118 UM - 0.00082 0.37693 0.42 0.14 0.035
tplb0060j17_879 6A 40.6  0.00084 0.37693 0.48 0.16 0.035
RAC875 _c41786 587 6A 43.1  0.00085 0.37693 0.47 0.16 0.035
Kukri_c10377_88 6A 37.1 0.0009 0.37693 0.48 0.16 0.035
GENE-2847_1060 UM - 0.00095 0.37693 0.14 -0.23  0.034
Kukri_c65146_460 4B 63.4  0.00097 0.37693 0.14 -0.22  0.034
Kukri_c21270 1870 4B 59.9  0.00097 0.37693 0.14 0.22 0.034
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R?
Gac LIRF Wet BobWhite_c19554 544 2B 107.5 4.84E-05 0.45243 0.05 0.42 0.052
BS00088489 51 2B 108.0 0.00011 0.45243 0.05 0.39 0.046
GENE-1125_32 UM - 0.00011 0.45243 0.05 0.39 0.046
BS00022970 51 7A 64.6  0.00018 0.45243 0.48 0.17 0.044
D_GBUVHFX02JKG4A 54 2D 225 0.00018 0.45243 0.36 -0.18  0.043
Tdurum_contig54925 202 2B 107.4  0.00019 0.45243 0.05 0.38 0.043
Excalibur_c25471_225 7A 64.6 0.0002 0.45243 0.48 0.17 0.043
RFL_Contig337_1432 2B 108.0 0.00042 0.84449 0.06 -0.35  0.039
BS00023064 51 5B  122.0 0.00071 0.95409 0.21 -0.20  0.035
BS00067163_51 3D 130.1 0.00074 0.95409 0.43 0.15 0.035
Excalibur_c50584 358 5D 196.1 0.00084 0.95409 0.15 -0.22  0.035
GENE-1785_626 UM 399  0.00087 0.95409 0.42 -0.15  0.034
Tdurum_contig54925_ 415 2B 108.0 0.00092 0.95409 0.05 -0.33  0.034
GENE-1785 118 UM - 0.00097 0.95409 0.42 0.15 0.034
Gac ARDECDry RACS875 rep _c71149 148 2B 152.6 0.0002 0.9658 0.16 -0.23  0.044
wshp_CAP11_c1820 985143 2B 152.6 0.00032 0.9658 0.16 0.23 0.041
Ku_c16249 315 2B 152.6 0.00048 0.9658 0.16 0.22 0.039
Tdurum_contig42643_194 6A 1409 0.00054 0.9658 0.11 0.25 0.038
Excalibur_c5082_ 158 6A 1409 0.00059 0.9658 0.11 0.25 0.038
Gac ARDEC Wet Kukri_c66671_183 6A 1409 4.37E-05 0.70185 0.09 0.39 0.054
GENE-2559 63 UM - 0.00016 0.92887 0.19 -0.28  0.046
Kukri_c40099 249 5B  144.3 0.00027 0.92887 0.20 -0.26  0.042
RAC875_c45135_184 5B  144.3 0.00033 0.92887 0.20 0.25 0.041
Excalibur_c36630_2194 4B 55,5  0.00034 0.92887 0.23 0.23 0.041
Excalibur_c5082_158 6A 1409 0.00035 0.92887 0.11 0.31 0.041
BS00064884 51 4B 63.2  0.00042 0.92887 0.12 -0.32  0.040
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R?
Gac ARDEC Wet Tdurum_contig42643_194 6A 1409 0.00052 0.92887 0.11 0.30 0.038
BS00065555 51 4B 63.2  0.00057 0.92887 0.13 0.30 0.038
Excalibur_c26226_458 4B 59.9  0.00063 0.92887 0.13 -0.30  0.037
wshp_Ra_c15715 24192817 4B 59.9  0.00066 0.92887 0.13 -0.30  0.037
D_F1BEJMU02GB94Z 188 2D 8.5 0.00087 0.92887 0.22 -0.23  0.035
IAAV8654 4B 63.2  0.00088 0.92887 0.13 0.29 0.035
TA004394-0527 UM - 0.00088 0.92887 0.13 0.30 0.035
Ex_c7593 754 4B 63.2  0.00089 0.92887 0.12 -0.30 0.035
Ra c59822 1439 4B 63.2  0.00096 0.92887 0.14 -0.28  0.035
Tw  LIRF Dry BS00047114 51 3B 48.1 1.41E-05 0.09412 0.25 0.51 0.056
BS00065934 51 3B 459 1.73E-05 0.09412 0.26 0.50 0.054
RAC875_c5799 224 3B 45.9 1.76E-05 0.09412 0.22 0.53 0.054
IAAV3851 3A  169.9 4.96E-05 0.19930 0.17 0.55 0.048
RAC875_c43028 62 3B 47.1  0.00012 0.38586 0.13 -0.54  0.043
Excalibur_c76665_ 98 2B 109.2 0.00015 0.39087 0.21 -0.52  0.042
Excalibur_c56787_95 4B 58.1  0.00020 0.45162 0.43 0.43 0.041
Excalibur_c24391_ 321 3B 45.9  0.00033 0.47825 0.18 0.48 0.038
Tdurum_contig29467_99 6B 57.1  0.00034 0.47825 0.28 -0.47  0.037
BS00010332_51 3B 46.8  0.00036 0.47825 0.13 -0.50  0.037
CAP11_c3631_75 4B 59.9  0.00037 0.47825 0.36 -0.42  0.037
wsnp_Ra_c25590 35156699 1B 75.1  0.00039 0.47825 0.16 0.52 0.037
wsnp_Ex_c1495 2864718 1B 75.1  0.00039 0.47825 0.16 -0.52  0.037
CAP7_c3847_204 1B 43.9  0.00047 0.52999 0.49 0.38 0.036
CAP12_c590 307 1B 136.0 0.00053 0.52999 0.06 -0.77  0.035
Excalibur_c38928_ 307 6B 57.1  0.00058 0.52999 0.36 -0.43  0.034
CAP12 c424 402 1B 74.4  0.00062 0.52999 0.15 -0.54  0.034
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R2

Tw  LIRF Dry BS00078055 51 1B 75.1  0.00063 0.52999 0.17 -0.49  0.034
wsnp_Ra_rep_c74497_72390803 2B 119.1  0.00063 0.52999 0.29 0.42 0.034
Tdurum_contig11700_1247 6B 57.4 0.00075 0.60016 0.42 0.38 0.033
BS00079611 51 2A 128.9 0.00086 0.61574 0.08 0.58 0.032
BobWhite_c18540 351 2B 119.1  0.00098 0.61574 0.29 0.40 0.032
Ku_c22990 969 7B 142.9 0.00099 0.61574 0.07 -0.69 0.032
Ra _c7721 225 6B 57.1 0.00099 0.61574 0.36 0.41 0.032
wsnp_Ra rep ¢108218 9155658: 6B 57.1 0.00099 0.61574 0.36 -0.41 0.032

Tw  LIRF Wet RFL_Contig1115 407 2B 161.4 7.58E-05 0.78829 0.20 -1.17 0.044
BS00056645 51 2B 161.4 0.00011 0.78829 0.16 1.25 0.042
RAC875_c5799 224 3B 45.9 0.00029 0.78829 0.22 0.94 0.036
BS00012081 51 UM 3.8 0.00033 0.78829 0.34 0.92 0.036
Excalibur_c55959 651 1D 37.3 0.00038 0.78829 0.21 0.98 0.035
CAP7_c3847_204 1B 43.9 0.00041 0.78829 0.49 0.80 0.035
D_GA8SKES401DAEOJ 64 2D 34.1 0.00048 0.78829 0.07 1.39 0.034
BS00059475 51 3B 144.7  0.00060 0.78829 0.47 0.84 0.033
RAC875 ¢31358 214 UM 79.7 0.00061 0.78829 0.35 -0.87 0.033
RAC875_c15844 348 UM 78.7 0.00072 0.78829 0.35 -0.85 0.032
BS00047114 51 3B 48.1 0.00074 0.78829 0.25 0.84 0.032
BobWhite_c14271 1379 1B 43.9 0.00074 0.78829 0.45 0.76 0.032
BS00072840 51 2B 161.4 0.00074 0.78829 0.22 0.94 0.032
BS00068182 51 1B 62.6 0.00083 0.78829 0.24 -0.89 0.031
BS00072839 51 2B 161.4 0.00084 0.78829 0.22 0.93 0.031
RAC875_c43028 62 3B 47.1 0.00085 0.78829 0.13 -1.00 0.031
CAP11 c1820 244 2B 153.1  0.00092 0.78829 0.09 1.18 0.030
RACS875 rep_c119322 54 2B 157.2  0.00092 0.78829 0.09 1.18 0.030
Tdurum_contig91865 242 3A 66.5 0.00093 0.78829 0.46 0.77 0.030
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Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R?
Tw  ARDEC Dry BS00047114 51 3B 48.1 4.10E-05 0.29529 0.24 0.60 0.058
Excalibur_c56787_95 4B 58.1 4.24E-05 0.29529 0.44 0.57 0.058
BS00065934 51 3B 45.9 552E-05 0.29529 0.25 0.59 0.056
CAP11 c3631 75 4B 59.9 7.46E-05 0.29957 0.36 -0.57  0.054
RAC875 c48283 1574 4B 63.0 0.00016 0.48778 0.07 -0.91  0.049
Kukri_c35140 75 4B 64.3  0.00020 0.48778 0.48 -0.51  0.047
BS00021960 51 5B 129.8 0.00024 0.48778 0.20 0.59 0.046
BS00075960 51 7B 143.2 0.00027 0.48778 0.20 0.62 0.045
RAC875_c43028 62 3B 47.1  0.00027 0.48778 0.12 -0.67  0.045
BS00087825 51 3B 53.0 0.00039 0.51269 0.19 0.54 0.043
RAC875 c5799 224 3B 45.9  0.00040 0.51269 0.21 0.55 0.043
Tdurum_contig81548_426 5B  129.8 0.00043 0.51269 0.20 -0.56  0.042
Tdurum_contig83087_104 6A  140.7 0.00045 0.51269 0.28 0.51 0.042
Kukri_c29414 105 4B 64.3  0.00046 0.51269 0.48 0.49 0.042
Excalibur_c17607 542 4B 63.0 0.00048 0.51269 0.46 -0.47  0.042
BS00010332_51 3B 46.8  0.00051 0.51269 0.12 -0.64  0.041
RAC875_c27536_611 4B 54.6  0.00062 0.58143 0.08 0.75 0.040
Tdurum_contig51087_573 7B 67.5  0.00077 0.64787 0.15 -0.61  0.039
RAC875 c101563 102 4B 64.0 0.00080 0.64787 0.48 -0.47  0.038
RAC875 c12495 1391 4B 64.0  0.00084 0.64787 0.50 0.47 0.038
IAAV5175 4B 64.3  0.00085 0.64787 0.48 0.46 0.038
wsnp_RFL_Contigd151 4728831 4B 64.0  0.00098 0.68325 0.49 0.46 0.037
RAC875 rep c70391 128 4B 64.0 0.00098 0.68325 0.49 -0.46  0.037
Tw ARDEC Wet BS00047114 51 3B 48.1 1.82E-05 0.15064 0.25 0.57 0.056
BS00105846 51 1B 28.8 2.29E-05 0.15064 0.41 -0.52  0.055
BS00065934 51 3B 459 2.81E-05 0.15064 0.26 0.55 0.053

141



Table 33. (Continued)

Trait Env. SNP Chr. Position P FDR  MAF¥} Ae‘lflfeel '; R?
Tw  ARDEC Wet Kukri_c16814 103 7B 133.6 7.95E-05 0.31918 0.22 -0.58 0.047
Kukri_c11959 587 7B 133.6  0.00018 0.50572 0.23 -0.54 0.043
Excalibur_c7338 563 7B 133.6  0.00021 0.50572 0.23 -0.53 0.042
CAP7 _c3847_204 1B 43.9 0.00029 0.50572 0.50 0.43 0.040
GENE-0293 285 UM 21.6 0.00032 0.50572 0.42 0.40 0.039
wsnp_Ex_c4923 8767234 3A 104.9 0.00033 0.50572 0.14 -0.61 0.039
Excalibur_c56787_95 4B 58.1 0.00040 0.50572 0.44 0.45 0.038
Excalibur_c1055 565 7B 133.6  0.00041 0.50572 0.25 -0.49 0.038
BS00087825 51 3B 53.0 0.00044 0.50572 0.19 0.48 0.037
D _GBUVHFX02FQKHM_48 3D 148.4  0.00060 0.50572 0.17 -0.54 0.036
BS00012264 51 7B 133.6  0.00062 0.50572 0.24 0.47 0.035
RAC875 c4693 554 7B 133.6  0.00062 0.50572 0.24 -0.47 0.035
wsnp_Ex_c14027 21925404 3D 143.0 0.00064 0.50572 0.17 -0.55 0.035
RAC875 c56101 368 UM 80.9 0.00066 0.50572 0.47 -0.43 0.035
CAP11 c3631 75 4B 59.9 0.00069 0.50572 0.36 -0.44 0.035
Kukri_c43464 89 3D 149.0 0.00071 0.50572 0.18 -0.53 0.035
RAC875 ¢31922 138 3D 149.0 0.00075 0.50572 0.17 0.53 0.034
RAC875 c61950 1644 3D 148.4  0.00075 0.50572 0.17 0.53 0.034
Excalibur_c51312 218 3D 148.4  0.00075 0.50572 0.17 -0.53 0.034
Kukri_c35140 75 4B 64.3 0.00082 0.50572 0.46 -0.42 0.034
IACX11443 7B 133.6  0.00087 0.50572 0.25 -0.46 0.033
BS00023023 51 7B 120.8 0.00087 0.50572 0.26 0.42 0.033
IACX11047 7B 133.6  0.00090 0.50572 0.25 0.46 0.033
Tdurum_contig19413 656 UM 112.8 0.00094 0.50572 0.47 -0.42 0.033

¥ SNP, single nucleotide polymorphism; FDR, false discovery rate; MAF, minor allele freqERnpirenotypic variation explained
by SNP.
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Strong MTA with P <1.67x10*

Among the detected MTA, strong MTA witlP<1.67x10* are represented in Figure 11
(Manhattan plots) as SNP above the lower threshold line, alternatively in Figure 12 (QQ plot),
and in Table 34. Among strong MTA, only two (5%), which were recorded for Tw, were
observed in three environments and the remaining 38 MTA (95%) were detected in a single
environment (Table 34). The strong MTA for Gac were detected on chromosomes2BRE

Wet), 4B (7 in LIRF Dry), 6A (1 in ARDEC Wet), and unmapped (1 in ARDEC Wet and 1 in

LIRF Wet).

The strong MTA for Gpc were found on chromosomes 2A (2 in LIRF Dry), 2D (1 in LIRF Wet),
and 4A (1 in ARDEC Dry and 1 in LIRF Dry), while the strong MTA for Gpd were observed on
chromosomes 2B (1 in LIRF Wet), 4A (1 in LIRF Dry), and 7A (1 in LIRF Dry). SNP

BS00064369_51 on chromosome 4A was associated with both Gpc and Gpd in LIRF Dry.

The strong MTA for Gy were obtained on chromosomes 6A (2 in LIRF Dry) and unmapped
(UM) (1 in ARDEC Wet). The strong MTA for Tw were detected on chromosomes 1B (1 in
ARDEC Wet), 2B (1 in LIRF Dry and 2 in LIRF Wet), 3A (1 in LIRF Dry), 3B (2 in ARDEC
Dry, 2 in ARDEC Wet, and 4 in LIRF Dry), 4B (3 in ARDEC Dry), and 7B (1 in ARDEC Wet).
Two of the Tw SNPBS00047114 51 andBS00065934 51 on chromosome 3B, were repeatedly

observed in three environments, ARDEC Dry, ARDEC Wet, and LIRF Dry.
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Grain yield, LIRF Dry
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Figure 11. Manhattan plots for five traits of the Hard Winter Wheat Association Mapping Panel
evaluated in four environments. The X-axis is the genomic position of each SNP; the Y-axis is
the negative logarithm of tHe-value obtained from the GWAS model. The lower line represents
the significance threshold proposed by Gao et al. (2668)the upper line is the Bonferroni
significance threshold. UM, unmapped SNP.
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Grain yield, ARDEC Dry
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Figure 11. (Continued)
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Grain protein concentration, LIRF Dry
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Figure 11. (Continued)
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Grain protein concentration, ARDEC Dry
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Figure 11. (Continued)
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Grain protein concentration deviation, LIRF Dry
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Grain protein deviation, ARDEC Dry
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Grain protein deviation, LIRF Dry
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Grain ash concentration, ARDEC Dry
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Test weight, LIRF Dry
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Test weight, ARDEC Dry
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Grain yield
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Figure 12. QQ plots for five traits investigated in four environments: A, ARDEC Dry; B,
ARDEC wet; C, LIRF Dry; D, LIRF Wet.
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Grain protein concentration
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Grain protein deviation
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Grain ash concentration
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Test weight
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Table 34. Strong marker-trait associations in the Hard Winter Wheat Association Mapping detBctddeax10* for five traits in
four environments.

Trait Env. SNP Chr. Position  P-value FDR MAF é:tlfeel(':f[: R2
Gy ARDEC Wet wsnp_Ex_c29382_ 38422739 UM - 2.50x10° 0.40116 0.33 -253.85 0.061
LIRF Dry BS00021704 51 6A 1409 551x16 0.57096 0.20 130.75 0.052
Excalibur_c4518 2931 6A 140.9 7.11x106° 0.57096 0.21 -125.91 0.050
Gpc ARDEC Dry wsnp_Ex ¢19207 28125072 4A 69.6 1.32x16° 0.21186 0.17 1.98 0.062
LIRF Dry BS00021706_51 2A 47.2 2.30 x16® 0.36967 0.37 -2.17  0.048
Kukri_c14598 614 2A 47.2 0.00011 0.58118 0.38 -2.00 0.040
BS00064369 51 4A 118.7 0.00012 0.58118 0.28 2.11 0.040
LIRF Wet D_GBUVHFX02JKG4A 54 2D 22.5 9.01 x16® 0.44258 0.36 -2.33  0.040
Gpd LIRF Dry wsnp_CAP11 rep c4066 19218¢ 7A 62.7 4.27 x10° 0.68503 0.09 -3.01 0.053
BS00064369 51 4A 118.7 9.65x10° 0.72781 0.28 1.80 0.048
LIRF Wet BS00039187 51 2B 152.6 7.64 x10° 0.90722 0.31 1.96 0.052
Gac ARDEC Wet Kukri_c66671 183 6A 140.9 4.37x16 0.70185 0.09 0.39 0.054
GENE-2559 63 UM - 0.00016 0.92887 0.19 -0.28  0.046
LIRF Dry wsnp_Ra_c15715 24192817 4B 59.9 4.45x10° 0.27892 0.13 -0.29  0.053
BS00064935 51 4B 63.2 6.00 x1® 0.27892 0.13 0.29 0.051
Excalibur_c26226 458 4B 59.9 6.71 x16° 0.27892 0.12 -0.29 0.050
IAAV8654 4B 63.2 9.50 x16®° 0.27892 0.12 0.28 0.048
BS00064884 51 4B 63.2 0.00011 0.27892 0.11 -0.28  0.047
Ex _c7593 754 4B 63.2 0.00011 0.27892 0.12 -0.28 0.047
BS00065555 51 4B 63.2 0.00012 0.27892 0.13 0.27 0.047
LIRF Wet BobWhite_c19554 544 2B 107.5 4.84x10° 0.45243 0.05 0.42 0.052
BS00088489 51 2B 108.0 0.00011 0.45243 0.05 0.39 0.046
GENE-1125 32 UM - 0.00011 0.45243 0.05 0.39 0.046
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Table 34. (Continued)

Trait Env. SNP Chr. Position P-value FDR maf 'élflfi::f R?
Tw  ARDEC Dry BS00047114 51 3B 48.1 4.10x10° 0.29529 0.24 0.60 0.058
BS00065934 51 3B 459 552x10° 0.29529 0.25 0.59 0.056
Excalibur_c56787_95 4B 58.1 424 x10° 0.29529 0.44 0.57 0.058
CAP11 c3631_75 4B 59.9 7.46x10° 0.29957 0.36 -0.57 0.054
RAC875 c48283 1574 4B 63.0 0.00016 0.48778 0.07 -0.91 0.049
ARDEC Wet BS00105846 51 1B 28.8 2.29x10° 0.15064 0.41 -0.52 0.055
BS00047114 51 3B 48.1 1.82x1%° 0.15064 0.25 0.57 0.056
BS00065934 51 3B 459 2.81x10° 0.15064 0.26 0.55 0.053
Kukri_c16814 103 7B 133.6 7.95x10° 0.31918 0.22 -0.58 0.047
LIRF Dry Excalibur_c76665 98 2B 109.2 0.00015 0.39087 0.21 -0.52 0.042
IAAV3851 3A 169.9 4.96x10° 0.1993 0.17 0.55 0.048
BS00047114 51 3B 48.1 1.41 x10° 0.09412 0.25 0.51 0.056
BS00065934 51 3B 459 1.73x10° 0.09412 0.26 0.50 0.054
RAC875 c5799 224 3B 459 1.76 x1® 0.09412 0.22 0.53 0.054
RAC875 ¢c43028 62 3B 47.1 0.00012 0.38586 0.13 -0.54 0.043
LIRF Wet RFL_Contigl115 407 2B 161.4 7.58x10° 0.78829 0.20 -1.17 0.044
BS00056645 51 2B 161.4 0.00011 0.78829 0.16 1.25 0.042

Env., environment; SNP, single nucleotide polymorphism; Chr, chromosome; FDR, false discovery rate; MAF, minor allele
frequency; R, phenotypic variation explained by SNP.
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Number of MTA detected at different level of significance

A summary of the number of MTA detected for five evaluated traits in all environments is given
in Table 35. Considering the criterion B%0.001, there were 307 significant MTA detected in

the four environments for the five traits. Meanwhile, considering the criteriéh<df.67x10",

there were only 40 significant MTA detected in the four environments for the five traits. The
highest number of MTA was recorded for Tw (17), followed by Gac (12) and Gpc (5), with the
least for Gy (3) and Gpd (3). This suggests that different statistical approaches can enormously

affect the number of significant MTA.

Table 35. Number of MTA detectedR& 0.001 and aP <1.67x10"

Traits Number of MTA detected
MTA MTA Bonferroni FDR < 0.05
(P<0.001) (P<1.67x10%) (P <3.11x10°)

Grain yield 43 3 0 0
Grain protein concentratio 69 5 0 0
Grain protein deviation 26 3 0 0
Grain ash concentration 75 12 0 0
Test weight 94 17 0 0

Total 307 40 0 0

All€elic effect

The range of allelic effects of MTAP&0.001) was approximately -443 to 446 kg'Har Gy, -
3.6 t0 4.4 g kg for Gpg -3.0 to 2.2 for Gpd, -0.35 to 0.42 gképr Gac, and -1.2 to 1.4 kg HL
for Tw (Table 33). The range of allelic effects of strong MTA(L.67x10) for Gy, Gpc, Gpc,
Gac, and Tw was approximately -254 to 131 kd,ha.3 to 2.1 g kg, -3.1t0 2.0, -0.29t0 0.42 g

kgl, and -1.2 to 1.3 kg ht, respectively (Tabl4).

Phenotypic variation explained by MTA was approximately the same among SNP. The values

for Gy, Gpc, Gpc, Gac, and Tw were 3.0 to 6.0%, 3.0 to 6.0%, 3.0 to 5.0%, 3.0 to 5.0%, and 3.0
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to 6.0%, respectively (Table BSimilarly, phenotypic variation explained by strong MTA was
approximately the same among SNP, more or less 5% (Table 34). This suggests that the SNP
had almost the same proportion of effect, thus, making it challenging to identify the most

promising candidate genes for these evaluated traits.

4.3. DISCUSSION
Trait means, correlation, and heritability

The mapping panel used in this study was a collection of 299 genotypes representative of the
U.S. Great Plains region developed by public and private breeders. The purpose of this study was
to characterize the HWWAMP with the intention of identifying MTA/genes underlying grain

quality traits under contrasting soil moisture levels.

The measured phenotypic traits responded differently to water deficit. Grain yield was reduced
about 50% under drought conditions. This finding agrees with the previous report (Chapter 2 of
this dissertation) and other studies (El-Feki et al. 2013; Edae et al. 2014). Water deficit during
grain filling reduces sucrose and starch accumulation in grain (Ahmadi & Baker 2001), resulting

in grain yield reduction.

Under drought condition, Gpc increased. This result agrees with many previous reports (El-Feki
et al. 2013; Balla et al. 2011). Foulkes et al. (2001) reported that the restricted availability of
water by late grain filling consistently decreased green canopy area and that drought after
flowering accelerated canopy senescence. Drought stress changes the rates of the synthesis of
starch components and starch accumulation (Ahmadi & Baker 2001; Jenner & Rathjen 1975)

The reduced sucrose and starch content of wheat grain (Ahmadi & Baker 200%)imdsglier
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final grain protein concentration (Weightman et al. 2008). In addition, drought and heat stresses
are two events that often occur simultaneously in the field (Aprile et al. 2013). Triboi et al.
(2003) reported that the rate of N (indication of protein) accumulation increased with an increase
in post-anthesis temperature. It is suggested that under drought conditions, Gpcancagzge

due to higher rates of accumulation of grain nitrogen and lower rates of accumulation of

carbohydrates.

Grain yield and Gpare two major targets in wheat breeding programs. Grain protein deviation,
derived from regression between Gpc and Gy, could be used to identify genotypes having higher
or lower Gpc than expected based Gy (Monaghan et al. 2001Yhe mean post-anthesis N

uptake was notably and significantly associated with mean Gpd (Bogard et al. 2010). In the
current study, Gpd shad the same trends Gpc in responding to water stress. Both Gpd and

Gpc were higher in the dry treatments compared to the wet treatments. Therefore, thetyossibil

of using Gpd, the deviation from the Gy relationship, was evaluated. Guittieri et al. (2015)
suggested that Gpd was repeatable across environments and selection for increased Gpd may be

effective.

Grain ash, consisting of the inorganic materials or minersla, minor constituent of wheat

grain. Grain ashs mainly concentrated in the bran (Shelton et al. 2008). High heat and water
stress during grain filling increased Gac (Ahmed & Fayyaz-ul-Hassan 2015). Gac was positively
correlated with the drought susceptibility index under severe water deficit (Bogale & Tesfaye
2011). Bogale & Tesfaye (2011) also suggested that drought-susceptible wheat genotypes in a

field experiment accumulated more minerals in the kernels during grain-filling.

Correlations between pairs eValuated traits were analyzed for all four environments (Table 30

and 31). Grain yield @as significantly and negatively correlated with Gpc and Gac. The finding
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agreed with previous reports (Eki et al. 2013; Bilgin et al. 2010; Hruskova & Svec 2009). In
contrast, Gy has a positive correlation with Tw. Bilgin et al. (2010) feupokitive correlation
between these traits50.381,P<0.001). In the current study, Gpc, Gpd, and Gac are positively
correlated with each other in all environments. These findings agree with two previous studies in
the RIL and BC populations (Chapter 2 and 3 of this dissertatidieki et al. (2013) found

that Gpc and Gac haa significantly positive correlation that was d&bacross four

environmentsrE0.31, 0.43, 052, and 0.59) in the CO940610/Platte DH population.

Heritability estimates of the five investigated traits are represented in Table 32. The abnormal
heritability estimates were observed for Gy (-0.31), Gpc (0.08) and Gpd (-0.06) in ARDEC Dry.
This might be caused by experimental errors and/or estimation method. The entries in these
experiments were not replicated, with the exception of two checks (Hatcher and Settler CL) with
15 replicates for each. The environmental variance was determined based on the variation of
each check. The heritability estimates for all evaluated traits varied highly over environments,
from low to high. Except for the abnormal values stated above, the lowest estimate was for Gpd
(0.41) in ARDEC Wet and the highest for Gpc (0.92) in LIRF Wet. The variation in estimates is
probably caused by environmental fastas well as the estimation method used, which relies
heavily on the phenotypic variance of just two cultivafée high heritability estimates,
however, indicates that a large part of the expression of these traits is genetically controlled,
making progress from selection easier to achieve in a breeding program. Clarke et al. (2009)
reported that heritability estimates among environments for Gpc ranged from 0.43 to 0.84, thus
suggesting that Gpc was moderately to highly heritable and complexly inherited. Barnard et al.
(2002) estimated board-sense heritability of Gp©.57, concluding the inheritance of wheat

quality traits is complex due to the polygenic control of most of these characteristics. However,
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the heritability estimates of the traits in this current study varied from environment to
environment, indicating more environmental influence on heritability estimates of the traits.
Therefore, this study suggested that the selection of environment would influence the success of
breeding for improved traits. Heritability estimates are influenced by the number of replications,

years and locations tested, and by the genetics of the populations (Clarke et al. 2009).
Marker-trait associations

Grain yield and Gpc have an inverse relationship (Wang et al. 2012; Kibite & Evans 1984;
Pleijel 1999). Of three markers associated with Gy, two are located on chromosome 6A. In the
previous study of the RIL population (Chapter 2 of this dissertation), only markers on
chromosomes 1B and 7B were detected in association with Gy. In a spring wheat association
mapping panel grown at LIRF and in Ethiopia, Edae et al. (2014) found>th8dTA were
detected only on chromosomes 1BS, 2DS, 5B (73 and 76.4 cM) and 7B. However, other
researchers have found QTL for grain yield located on chromosome 6A (Heidari et al. 2011;

Kirigwi et al. 2007; Simmonds et al. 2014).

Only four SNP on chromosomes 2A, 2D, and 4A were highly significaftlyg (L.67x10%
associated with Gpc in the current study. These MTA were not repeated across environments. In
the previous study in the RIL population (Chapter 2 of this dissertation), there was only one
markerXgwmb69 on chromosome 7B detectdéyalue = 0.075) that was associated with Gpc.
El-Feki et al. (2013) detected QTL for Gpc on chromosomes 5B, 6A, 6B, 7B, and 7DDl the
population. This indicates that the MTA detected for Gpc did not consistently occur across
populations and environments. However, many others have found QTL associated with Gpc on
chromosomes 2A, 2D, and 4A (Wang et al. 2012; Prasad et al. 2003; Sun et al. 2008; Turner et

al. 2004; Elangovan et al. 2011), indicating the MTA found in the current study have precedents.
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In an association study of wheat protein composition, Plessis et al. (2013) detected markers

associated with grain protein loci on chromosomes 2DS and 4AL.

Grain protein deviation is a deviation from regression between grain protein and grain yield. Gpd
was highly positively correlated with Gpc (Table 30 and 31). Gpd is also an index for selecting
both Gpc and/or Gy in breeding programs (Monaghan et al. 2001; Guittieri et al. 2015; Mosleth et
al. 2015; Bogard et al. 2008). There were three MTA detected for Gpd on chromosomes 2B, 4A,
and 7A in the current study. A SNP on chromosomeBaB0064369 51, was associated with

Gpd and Gpc in LIRF Dry is an indicator of the close association between Gpc and Gpd, making
it a promising SNP for grain protein selection. Monaghan et al. (2001) suggested that Gpd is a
criterion for selection of both high Gpc aly in breeding programs. Gpd is an interesting
potential target in breeding programs as it appears to be relatively robust across different

environments (Bogard et al. 2010). However, MTA for Gpd was not robust in our study.

In the current study, there were 10 SNP associated with Gac detected on chromosomes 2B, 4B,
and 6A. These MTA were not repeated across environmehEeki et al. (2013) did not find

any QTL associated with Gac on these chromosomes in the CO940610/Platte DH population.
The previous study in the RIL population (Chapter 2 of this dissertation) did not detect any
markers associated with Gac on chromosomes 1B, 6B, and 7B. However, Zhang et al. (2008)
reported some QTL for Gac on chromosomes 1B and 6A in a population of 93 RILs of durum
wheat, where Kofa contributed the allele for high Gac for both QTLc i$5an important quality
parameter for the durum milling industry, and must not exceed 0.9%r$bgrade commercial

semolina (Troccoli et al. 2000).

Test weight was the trait having the highest number of MTA among the five traits investigated.

There were a total of 17 strong MTA in tfeur environments. Of these 17 MTA, two SNP,
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BS00047114 51 and BS00065934 51, on chromosome 3B were repeated across three
environments, ARDEC Dry, ARDEC Wet, and LIRF Dry. These 17 MTA were detected on 1B,
2B, 3A, 3B, 4B, and 7B; but most of them were on chromosome 3B (8) and 4B (3). The previous
study in the RIL population (Chapter 2 of this dissertation) detected markers on chromosomes
1B, 6B and 7B having association with Tw, and showing repeatability across two environments,
rainfed and fuly irrigated.El-Feki et al. (2013) also found QTL for Tw on chromosomes 1B, 6B,
7A, and 7D, but none of them was repeated across environments. In an association atudy in
spring wheatAM panel grown at LIRF and in Ethiopia, Edae et al. (2014) obtained the second
highest number of MTA for Tw on 2DL, 3BS, 4A, 4BL and 7BL, which congatibie location

of MTA detected in three out of the total four environments. (Elangovan et al. 2011) identified
26 QTL for Tw on 16 chromosomes, the lagaumber of QTL detected for any of their
evaluated traits. These results suggest that these MTA for Tw are repeatable, making them

promising targets for marker-based selection in breeding programs.

Association mapping has been used successfully to detect QTL in wheat for end-use quality traits
such as grain protein (Plessis et al. 2013; Zheng et al. 2009), kernel size and milling quality
(Breseghello & Sorrells 2006pnd for grain yield and yield components (Edae et al. 2014;
Maccaferri et al. 2011; Neumann et al. 2011; Dodig et al. 2012; Sukumaran et al. 2015).
However, in the current study, allelic effect estimates of each SNP were very snfalkfor
investigated traits. The allelic effect variation among SNP was also very small. This suggests that
the effect of each SNP was not outstanding and relatively similar, thus, presenting difficulties
identifying the true MTA for the traits and finding candidate gelésh the same experiments
(germplasm, locations, years, and treatments), but different traits investigated, Awad (2015) and

Grogan (2015) encountered similar problems of few MTA detected and small size of allelic
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effects. Some possible reasons can help explain this result. The investigated traits are complex
traits, thus largely affected by environmental factors. The genetic diversity for the investigated
traits may be low, especially in related elite germplasm, leading to more difficalfiaging an
outstanding candidate genes or MTA. The experimental errors in the studies may be lage. The
may include low homogeneity of field trial locat®e.g., for soil moisture or soil chemical and
physical properties), low precision of trait measurement, too few replicates, and a less than
optimum experimeial design. Statistical analysis can likely be improved as methods for GWAS
continue to evolve. There were no permutations used for MTA in the current study. The low

marker density across the genome could also contribute to the problem.
Conclusions

= Using different statistical criteria resulted in enormously different numbers of significant

MTA.

= No MTA (using Gao’s approach) were detected for grain quality traits on chromosomes

1B, 6B and 7B, except for one MTA for Tw on 7B.
= Effective size of MTA detected was not large.

= Grain protein deviation can be used to select favorable alleles for both grain protein

concentration and yield.

= The same two SNP were significant for Tw over three of four environments. These

should be further investigated.

168



CHAPTER 5: GENERAL CONCLUSIONS

A previous study found many QTL for grain quality traits in a population of 185
C0940610/Platte DH lines (El-Feki 2010). Three chromosome regions on 1B.1, 6B.1, and 7B
were of interest because clusters of QTL for grain quality traits co-located orre¢heses.El-

Feki reported on chromosome region 1B.1, QTL for Gpc in one environment, QTL for Kw in
two environments, and QTL for Kd in one environment. On chromosome 6B.1, he found QTL
for Gpc in two environments. On chromosome A8found QTL for Gpc in three environments

and QTL for Gac in three environments. In particular, at |@ausB1 on 1B andXwmcl182a on

6B, CO940610 contributed the higher value Gpc allele, while at Menx182b on 7B, Platte
contributed the higher value Gpc allele. Therefore, the overall goal of this dissertation research
was to validate the selected QTL detected in the CO940610/Platte DH population for grain
quality traits using three mapping populations, which included 186 CO940610/Platte RIL (RIL
population), 35 C0O940610/Plati&CsF. lines (BC population), and 299 hard winter wheat

association mapping panel (AM population), under contrasting soil moisture conditions.
MTA for Gpc, Kw, and Kd on chromosome 1B.1

One MTA for Gpc was detected in the BC population in the LIRF Dry environment, and Platte
contributed the higher value Gpc allele. In contrast, El-Feki found that CO940610 contributed
the higher value Gpc allele at this locus. However, this study used ETS mBxKevAR)

representative of this locus, while El-Feki usgatotein band.

MTA for Kw were found in the RIL population (two environments) and inBi@epopulation
(two environments), but was not tested in the AM population. This MTA was consistent with El-

Feki’s findings, and was robust across environments and populations.
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MTA for Kd were presented in the RIL population (one environment) and iB@hgopulation
(one environment), but was not studied in the AM population. This MTA agreed wikékEs-

findings. It was robust across populations, but not across environments.
MTA for Gpc on chromosome 6B.1

An MTA for Gpc (Xwmcl82a-Gpc association) was detected in the BC population (two
environments), but not in the RIL and AM populations. This MTA conformed tBekls

finding, although it was not robust across populations.
MTA for Gpc and Gac on chromosome 7B

One MTA for Gpc Kwmcl82b-Gpc association) was detected in the BC in the ARDEC Wet
environment, but not in the RIL and AM populations. This MTA conformeBltBeki (2010)

however, it was not robust across environments and populations.

An MTA for Gac was found in the RIL population and robust across two environments, and in
the BC population in the ARDEC Wet environment, but not in the AM population. These results
conformed toEl-Feki (2010). The MTA for Gac was likely robust across populations and

environments.
Linkage map construction on 6B.1 and 7B

Linkage maps constructed in the CO940610/Platte RIL and DH populations were mostly

consistent.

Four SSR markersXparcl136, Xwmc397, Xwmcl82a, and Xbarc198) were used to constructed
linkage map 6B.1. Span of the linkage map was 12.2 cM in El-Feki and 9.5 cM in this study.
However, marker orders are slightly different.

Eleven SSR markers were mapped to linkage group on 7B. Order of two mAgeer§69 and
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Xgwm606, was reversed in comparison witlel-Feki (2010). Three markers{wmc426,
Xwmcl7a, and Xwmc364 were added in comparison with the previous study. The other six
markers Xgwm76, Xwmcl82b, Xgwm573, Xgwm46, Xgwm333, and Barc278) had exactly the

same order as in El-Feki, although span of the linkages was much different. The linkage span in

the current study was 41.6 cM, while it was 19.5 cMElufeki (2010).
Two linkage groups around Xwmc182a and Xwmc182b

The linkage group aroungwmcl82a on 6B.1 contained three markebémmncl82a, Barc198,
and Xwmc397), and spanned 2.3 cM. These markers were associated with Tw, Kw, Kd, and Kh
in the RIL population. Markeixwmcl82a was associated with Gpc in the DH and BC

populations.

The linkage group aroun®wmcl82b on 7B contained four markerXwmcl82b, Xwmc426,
Xgwm573, and Xwmcl7a), and spanned 1.9 cM. Three of these markensnt426, Xgwm573,
andXwmcl7a) were associated with Gac, which was robust across two environments. Grain ash
concentration was stably and positively correlated with Gpc. Matkenc182b was associated

with Gpc in the DH and BC population.

Therefore, these tightly linked markers located arasinohc182a on 6B.1 andKwmcl82b on 7B

may be useful for breeding programs.
Marker-assisted selection

Three markerBx7-MAR, Xwmcl82a, and Xmwcl82b were used to develop marker-assisted
backcross (MABC) lines. Through theme-consuming process of crossing and selection, 35
BCsF> were obtained, then tested in three environments. TheC3b; Bines were classified in

eight allelic combinations, and it was hypothesizedtti@aicombinations PBL-CO and COSO-
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PL were the lowest and highest Gpc, respectively. The refsaits testing in the field trials
showed Gpc of the CGO-PL was higher thaRL-PL-CO in the ARDEC Wet environment. This

indicates that the finding conformed(t-Feki 2010) and that C@O-PL lines may be useful.
Genome-wide association study

Genome-wide association study (GWAS) is a powerful tool to detect genomic regions
controlling complex traits, but this study found relatively few MTA baseB-value <1.67x10

as suggested by Gao et al. (2008). Using different statistical criteria resulted in enormously
different numbers of significant MTAhis is a contentious issue and a best method has not been

established.

No MTA (using Gao’s approach) were detected for Gpc, Gac, Kw, and Kd on chromosomes
1B.1, 6B.1 and 7B, which were detectedthe DH population (El-Feki 2010). However, the
same two SNP (BS00105846 51 and BS00047114 51 on chromosome 3B) were associated with

Tw, and robust over three of four environments.

GWAS could be improved by using a larger and more diverse population, having denser
markers, improving the genetic map, reducing experimental errors, and improving statistical

analysis.
Futureworks

= Two linkage groups aroundwmcl82a and Xwmc182b may be valuable for grain quality
traits and should be validated before their usein breeding programs.

= The MABC lines with desirable allelic combinations need further investigation.

= Two SNP (BS00105846 51 and BS00047114 51 on chromosome 3B) associated with

Tw should be further investigated to detect candidate genes underlying the markers.
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APPENDIX

Table 36. Precipitation and irrigation from January to July 15 for 13 environments

Environments Populations Pre(crlnprlrt]:;ltlon Irr(lr%?g;) : ng?;
2007/08 Fort Collins Dry DH 65 70 135
2007/08 Fort Collins Wet DH 65 178 243
2008/09 Greeley Dry DH 118 77 195
2008/09 Greeley Wet DH 118 141 259
2009/10 Akron rainfed RIL 207 0 207
2009/10 Greeley irrigated RIL 251 195 446
2011/12 Greeley Dry AM 82 102 184
2011/12 Greeley Wet AM 82 335 417
2012/13 Fort Collins Dry AM 124 0 124
2012/13 Fort Collins Wet AM 124 222 364
2012/13 Greeley Dry BC 105 38 143
2012/13 Greeley Wet BC 105 114 219
2012/13 Fort Collins Wet BC 124 216 340

Data obtained from http://www.coagmet.colostate.edu/, accessed orf\2ay 5.

t DH, 185 C0940610/Platte doubled haploid lines; RIL, 186 C0940610/Platte recombinant
inbred lines; AM, Hard Winter Wheat Association Mapping Panel of 299 lines; BC, 35
C0940610/Platte B£E- lines.
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Table 37. Monthly maximum and minimum temperati€) (and precipitation (mm) from
January to July 15 for seven location-years, where experiments involved were conducted.

Cltz)(l)lirrtls Greeley Akron Greeley Greeley Cltz)ﬁirrts Greeley

2008 2009 2010 2010 2012 2013 2013

DHF DH RL RL AM "M p¢

BC

January Tmax n/a 13.3 11.2 18.0 17.8 15.0
Tmin n/a -25.6 -26.7 -16.7 -22.8 -25.6
Prec n/a 0.0 0.8 0.3 0.0 1.0
February Tmax 17.2 n/a 10.6 10.3 18.3 15.6 16.9
Tmin -15.6 n/a -19.2 -19.2 -158 -16.9 -19.2
Prec 0.0 nl/a 7.6 6.6 10.7 2.5 6.1
March Tmax 23.1 n/a 29.4 27.7 27.9 23.9 25.2
Tmin -12.8 n/a -7.8 -109 -17.1 -15.0 -16.6
Prec 11.4 nla 20.3 7.1 0.5 5.1 8.4
April Tmax 27.7 nla 28.9 26.7 30.7 26.1 27.1
Tmin -8.3 n/a -4.4 -7.1 -4.4 -14.3 -15.3
Prec 40.1 n/a 45.7 84.3 23.1 30.5 19.6
May Tmax 30.3 27.7 33.9 34.1 33.2 30.0 31.1
Tmin -7.3 4.4 -3.9 -2.6 06 -11.1 -6.9
Prec 10.4 21.3 43.2 50.0 28.2 35.6 39.9
June Tmax 32.8 33.1 36.7 35.7 37.4 36.7 36.6
Tmin 7.3 6.5 6.1 6.7 8.6 3.9 4.6
Prec 0.0 87.4 58.4 80.5 19.3 12.7 8.4
July Tmax 36.4 3509 37.8- 376 367 37.4
Tmin 8.7 8.7 8.9 12.4 10.6 10.2
Prec 12.2 48.0 48.3 41.7 41.7 38.1 28.7

Data obtained from http://www.coagmet.colostate.edu/, accessed on Nov&hagdis3

t DH, 185 C0940610/Platte doubled haploid lines; RIL, 186 C0940610/Platte recombinant
inbred lines; AM, Hard Winter Wheat Association Mapping Panel of 299 lines; BC, 35
C0940610/Platte BfE- lines.

* Tmax or Tmin, maximum or minimum temperature, respectively; Prec, precipitation.
n/a, data are not available for the whole month

Colored cells indicate that data are not available for one or more days in the meuti#" R
23" Yellow, 20" to 3+ Green, 1to 16" Blue, F'to 20", and Purple, 16
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Grain yield
Akron rainfed: P-value: <0.0001 Greeley fully irrigated: P-value: <0.0001
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Figure 13. Frequency distributions for the traits for CO940610/Platte RIL population in 2009/10 growing Reaboes are for the
Shapiro-Wilk test of normality, with *R§<0.05) indicating deviation for normality.
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Akron rainfed: P-value: 0.5321
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Plant height
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Grain protein concentration

Akron rainfed: P-value: 0.0185

o b—13F— -

Figure 13. (Continue)
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Grain ash concentration

Akron rainfed: P-value: 0.0007
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Figure 13. (Continue)
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Greeley fully irrigated: P-value: <0.0001
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Kernel weight
Akron rainfed: P-value: <0.0001 Greeley fully irrigated: P-value: 0.1233
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Kernel diameter
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Figure 13. (Continue)
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Kernel hardness
Akron rainfed: P-value: 0.0167 Greeley fully irrigated: P-value: 0.2463

Figure 13. (Continue)
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Plant height

ARDEC wet: P = 0.7044
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Figure 14. Frequency distributions for seven traits for the CO940610/Platte//Platte backcross populations in the 2013 growing seasons.
P-values are for th8hapiro-Wilk Test of normality, with *R<0.05) indicating deviation from normality.
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Grain protein concentration

ARDEC wet: P = 0.0197*
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Figure 14. (Continued)
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Grain ash concentration

ARDEC wet: P = 0.5597
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Test weight

ARDEC wet: P = 0.7426
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Figure 14. (Continued)
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LIRF dry: P = 0.5830
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Kernel weight
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Figure 14. (Continued)
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Kernel diameter

ARDEC wet: P =0.7455
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Figure 14. (Continued)
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Kernel hardness

ARDEC wet: P =0.1133
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Figure 14. (Continued)

206

LIRF dry: P = 0.5554
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Grain yield

LIRF Wet, 2011/12: P = 0.975671 LIRF Dry, 2011/12P = 0.996444
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Figure 15. Frequency distributions for five traits investigated in the Hard Winter Wheat Association Ma@h&-Ralues are for
the Shapiro-Wilk Test of normality, with *H<0.05) indicating deviation from normality.
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Grain protein concentration

LIRF Wet, 2011/12: P = 0.976598
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Figure 15. (Continued)
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LIRF Dry, 2011/12: P = 0.993310
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ARDEC Dry, 2012/13: P = 0.993179
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Grain protein deviation

LIRF Wet, 2011/12: P = 0.993431 LIRF Dry, 2011/12: P = 0.996062
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Figure 15. (Continued)
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Grain ash concentration

LIRF Wet, 2011/12: P = 0.988344
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Figure 15. (Continued)
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Test weight

LIRF Wet, 2011/12: P = 0.915723
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Figure 15. (Continued)

211

LIRF Dry, 2011/12: P = 0.973142
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