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1 General Introduction

1.1 Wheat

Wheat is one of the oldest and most significant staple crops in the world. Currently, wheat has a
great social, economic and biological value since it is a major source of food for humans and the
most widely grown cereal crop with diverse uses such as food, animal feed and biofuel that
makes it as a key factor in the world crop trade (IDRC, 2015).

Genetically, wheat has different ploidy levels; its progenitors belong to the Poaceae family,
genus Triticum (T. urartu and T. monococcum, AA genome; 2n = 2x = 14) and Aegilops (Ae.
speltoides, BB genome; 2n = 2x = 14) and due to hybridization of diploid wheat, the tetraploid
durum wheat (T. turgidum ssp. durum, AABB genome; 2n = 4x = 28) was formed in the Fertile
Crescent around 500,000 years ago (Salamini et al., 2002; Matsuoka, 2011; Marcussen et al.,
2014). Durum wheat is mainly used in making pasta (spaghetti and macaroni), burghul and
couscous. Hexaploid bread wheat developed by hybridization of tetraploid wheat (AABB) with
diploid Aegilops species, (Ae. tauschii, DD genome; 2n = 2x = 14) to form Triticum aestivum
(AABBDD genome; 2n = 6x = 42) which is one of the most important cereal grain crops used to
make bread (Kihara, 1924; International Wheat Genome Sequencing, 2014; Rasheed et al.,
2018).

The first appearance of hexaploid wheat was around 9,000 years ago in the Fertile Crescent
(Shewry, 2009) and nowadays it is the third produced crop after rice and maize. Wheat is mostly
grown by Asian and Europeans countries (Figure 1a). According to The United Nations Food
and Agriculture Organization (FAO), the global annual wheat production was dramatically
increased over the last 25 year and reached around 775 million tons at 2017 compared to around
500 million tons in 1994 (Figure 1b) (FAOSTAT, 2018). The increment in wheat yield
production was mostly due to the efficient progress in breeding programs for producing high
yielding cultivars since the harvested area did not significantly change from 1994 (215 million
hectare) to 2017 (218 million hectare, Figure 1b) (FAOSTAT, 2018). Nowadays, hexaploid
wheat grain production constitutes 95% of the produced wheat and the remaining 5% are
tetraploid wheat (Shewry, 2009).

The global distribution of bread wheat is attributed to its unique characteristic to form a gluten

network that is composed of two protein classes: glutenin and gliadin proteins and these
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characteristics enable wheat flour to have superior rheological properties of the resulting dough

and then high quality baked products like bread, cookies, and cakes (Ando et al., 2002).
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Figurel. (a) Wheat production in different continents, (b) wheat global harvested area and
production in the world. FAOSTAT | FAO Statistics Division 2018 (FAOSTAT, 2018).

1.2 Grain anatomy

Wheat as a member of the grass family Gramineae (synonym to Poaceae) produces dry, one-
seeded fruits that are called caryopsis, grain or kernel. Wheat grain is the nutrients’ storage place
which is coated with a hull (husk) which is separated from the grain during threshing (Figure 2).
Grain structural components are divided into three major parts: 80-85% endosperm (the largest
tissue in the wheat grain), 13-17% bran and 2-3% germ (Yadav, 2011). The endosperm consists
of starch granules that are embedded in a protein matrix in addition to a very small amount of
minerals. The starchy endosperm is considered as the main source of white flour which results

after the milling process. The outer layer of the grain is called bran which is consisting of several
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layers including nucellar tissue, testa and pericarp and its function is grain protection. More than
half of the bran consists of fibers as well as a number of minerals and vitamin B. Bran is
considered as a beneficial source for human nutrition and therefore its integration in food helps
to improve health and to prevent some diseases, such as colon cancer and cardiovascular diseases
(Bjorck et al., 2012; Balandran-Quintana et al., 2015). The germ or embryo is the main source of
fat but also contains a small amount of protein, sugar, and minerals (Delcour and Hoseney,
2010). Bran and its layers including aleurone layer are removed during the first step of the
milling process (Sramkova et al., 2009) that leads to loss of nutrient value of wheat flour
(Sramkova et al., 2009). In contrast, whole wheat flour that contains the starchy endosperm,

germ and bran provides high nutritious flour.

Bran

i= Hypodermis
Epidermis

Germ

Figure 2. Wheat grain structure and layers (source: Encyclopedia of Food Sciences and
Nutrition).

1.3 Wheat nutrients and mineral distribution in the grain

Wheat grain contains 78% carbohydrates, 15% proteins, 2.1% fats and 2.1-1.6% minerals
(Yadav, 2011). As well, bread wheat serves as a staple food for 35% of the world’s population
and even more for the population who relays basically on bread for surviving (Paux et al., 2008;
Shewry, 2009). Wheat is considered an insufficient source of minerals like iron (Fe), zinc (Zn)
and calcium (Ca) (Tang et al., 2008). Fe is found in the outer layer of the bran and in the
aleurone (Singh et al., 2013; De Brier et al., 2015) and Zn is located mainly in the aleurone and
embryo (Ozturk et al., 2006) with a very small concentration of Zn in the endosperm (Ozturk et

al., 2006). The highest Ca concentration is distributed in the outer layer of the bran (De Brier et
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al., 2015). Wheat grain is often consumed after milling process, which leads to simultaneous
removal of the embryo and bran layer (pericarp, seed coat, nucellar epidermis and aleurone)
(Barron et al., 2007; Delcour and Hoseney, 2010). That means loss of mineral-rich parts and
leaving the starchy endosperm (the poor source of minerals) to produce white flour, therefore the
overall minerals concentration is decreased from 1.6 to 0.4% after milling (Fujino et al., 1996;
De Brier et al., 2016). Accordingly, whole wheat flour is found to have a higher concentration of
the minerals related to the wheat bran and aleurone fractions; therefore it is better for the human
health and can remarkably improve the nutritive value of the daily dietary intake (Lopez et al.,
2002; Bjorck et al., 2012; De Brier et al., 2015).

1.4 Minerals deficiency and consequences on plant nutrition and human health

In the same context, the minerals that are most frequently lacking in human diet are Fe, Zn and
iodine (1), in addition to Ca, magnesium (Mg), copper (Cu) and selenium (Se) that can be
deficient for some population who is relying only on the staple food consumption without diet
diversification. The State of Food Security and Nutrition in the World 2018 has mentioned that
about 821 million people (~11% of the total world’s population) worldwide were malnourished
at 2017 (Figure 3, (FAO, 2018)). According to FAO (2018), Africa is still the continent with the
highest prevalence of undernourishment (PoU) in the world with almost 21% of undernourished
people (more than 256 million people). The situation is also deteriorating in South America,
where around 5.0% of the population (21.5 million) were undernourished at 2017 compared to
4.7% (19.3 million) in 2014 (FAO, 2018). In general, the increment of PoU in the world may be
related to climate changes and economic slowdowns in addition to persistent political
instabilities leading to worsened food security. Therefore, more breeding strategies focusing on
improving the vyield and yield stability to overcome the undernourishment problem and

eradicating hunger in the world are imperative.
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Figure 3. The number of undernourished people in the world has been on the rise since 2014,
reaching an estimated 821 million in 2017. FAO | The State of Food Security and Nutrition in the
World 2018 (FAO, 2018).

The most prevalent mineral deficiency occurrence is related to Fe, Zn or Ca deficiency where
around 2 billion people are suffering (Figure 4 and Figure 5). Also it is quite obvious that the
population who changed from bean-based diet to cereal-based diet has a high prevalence of Ca
deficiency because of the chemical structure of the cell wall of cereal (monocot) which has low
Ca concentration in contrast to bean species (eudicot) under the same conditions (Figure 6)
(White and Broadley, 2005). At the same time, these minerals (Fe, Zn and Ca) are essential not
only for human health but also for plant nutrition. Zn is vital for plant growth due to its inclusion
in several enzymatic reactions and protein synthesis as well as in metabolic processes, regulation
of auxin synthesis, pollen formation and oxidation-reduction reactions (Cakmak, 2000; 2002). Its
deficiency resulted in the development of abnormalities in plants such as stunted growth,
chlorosis, smaller leaves and spikelet sterility; as well, Zn deficiency adversely affects the plant
yield, increases the sensitivity of plants to injury by high light or temperature and to infection by
fungal diseases (Cakmak, 2000; 2002). On the other hand, insufficient dietary intake of Zn and
low absorption of Zn in the human intestine may lead to Zn deficiency. Zn deficiency symptoms
include hair and memory loss, skin problems, and weakness in body muscles. During pregnancy,
it causes stunted brain development of the fetus (Lukaski, 2004; Shenkin, 2006).



Fe plays a crucial role in the plant metabolic processes such as DNA synthesis, respiration, and
photosynthesis; also it is essential for the activation of several metabolic pathways and acts as a
co-factor for many enzymes. When plants absorb the low amount of Fe from the soil, this leads
to Fe chlorosis which is characterized by yellow pigments on the plants leaves (Rout and Sahoo,
2015). Fe deficiency also affects human health by causing retardation in the physical growth and
affecting the motoric development, leading to fatigue with low productivity, as well Fe
deficiency is the main cause of anemia (Bouis, 2002; 2007).

Ca acts as strengthening agent for the structure of plant cell wall, plant architecture, quality, yield
formation and as a secondary messenger for different signals, while its deficiency makes the
plant more sensitive to biotic and abiotic stresses (Dayod et al., 2010). Adequate Ca intake is
essential for human health especially during adolescence, because it is critical in reducing the
rate of bone loss, rickets and osteoporosis. However, lower Ca intake provokes health risks such
as hypocalcemia, hypertension, colorectal cancer as well as bone weakness and fractures

accompanied with aging (Centeno et al., 2009; Dayod et al., 2010; Piste et al., 2012).

Figure 4. Iron (Fe) deficiency and distribution in the world (WHO, 2011).
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Figure 6. Calcium (Ca) deficiency risk worldwide (Kumssa et al. (2015))

1.5 Biofortification

Biofortification or biological fortification is a strategy for improving the nutritional quality
including vitamin and mineral density in the crop’s edible parts by breeding, agronomy and
genetic modification (Bouis et al.,, 2011). Use of traditional short term strategies like
supplementation, food fortification or dietary diversification programs, that may help in
overcoming malnutrition problems, is not always a practical solution particularly in the
developing countries where poverty is spreading and people earn under US$2 per day (White and
Broadley, 2005; Zhu et al., 2007). Therefore, wheat is among the targeted crops in
biofortification programs which can be biofortified by using the previously mentioned methods
(agronomical practices, transgenic modification and breeding programs) (Zhu et al., 2007; Garg
et al., 2018). Wheat agronomic biofortification for Fe was applied by the inclusion of Fe in the

foliar urea fertilizers instead of using Fe fertilizers due to the low mobility of Fe in the soil.
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Therefore, Fe fertilizers have little impact on Fe levels in the plants. For that reason, using a
foliar spray of FeSO, or iron chelates enhances the uptake and absorption of Fe by the plant and
returns with a positive effect on iron accumulation in the plant (Aciksoz et al., 2011). In contrast,
Zn is mobile in the soil and applying the Zn fertilizers such as ZnSO, led to increasing grain Zn
concentration and returned with positive consequences on human health (Cakmak, 2008).
Selenium and iodine fertilizers are also mobile in soil and plants; therefore, the application of
these fertilizers was successful in increasing the values of these minerals in the plant (Garg et al.,
2018). Agronomical biofortification by the supplementation of fertilizers is the simplest way to
improve the quality and nutrients of the resulting grains or fruits. Agronomical biofortification
strategy can be directly applied but still, this method has a lot of limitations due to the
differences in soil compositions and properties in addition to the mineral mobility and
accumulation sites within the plant (Zhu et al., 2007; Garg et al., 2018). Furthermore, it is not
always possible to target the micronutrient into the plant edible parts, because the nutrients may
accumulate in the non-edible portions of plants like leaves. Therefore, agronomic biofortification
is only successful for certain minerals and specific plant species (Zhu et al., 2007).

Another biofortification approach is known as conventional breeding which can be applied if
there is genetic diversity among the genotypes related to the desired characteristics of nutrient
and agronomic traits. Then breeders can utilize this variation to select parental lines with the
desired traits for the crossing which requires several generations to produce varieties with the
desired traits (Garg et al., 2018). This method is sustainable, convenient and not costly for the
consumer. Therefore, several international organizations have initiated breeding programs to
improve the nutritional quality of crops. For example, the Health Grain Project (Health grain
project) was established in the European Union (2005-2010) gathering several partners from
different countries to promote human health by introducing safe and high quality of cereal foods.
Another international organization is called HarvestPlus (Harvestplus) which is initiated by
cooperation between the Consultative Group on International Agricultural Research (CGIAR)
along with the International Center for Tropical Agriculture (CIAT) and the main branch is
located in USA, while other branches are situated in Africa, Asia, and Latin America. The
International Food Policy Research Institute (IFPRI) was founded in USA as the main branch
with other branches distributed in Africa Region, South Asia Region and East and Central Asia.

This organization is focusing on biofortification of three key nutrients: vitamin A, iron and zinc


https://healthgrain.org/healthgrain-project/
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in wheat, rice, maize, cassava, pearl millet, beans and sweet potato in Asia and Africa. Several
high Zn wheat varieties were released by HarvestPlus with higher Zn content, six wheat varieties
were released in India (2014) and then four wheat varieties in Pakistan (2015) (Garg et al.,
2018). Another wheat variety with high Zn has been released recently by Punjab Agricultural
University, India and another wheat variety with high Zn and Fe content has been released by
Indian Institute of Wheat and Barley Research in India (Garg et al., 2018).

The transgenic approach is one of the alternative options for developing biofortified crops and
researchers turned into this approach, if there is limited or no genetic variation of nutrients
content among plant varieties or when a particular micronutrient does not naturally exist in crops
(Zhu et al., 2007). This approach is based on transferring the desirable genes from one plant
species to another plant species. One of the successful examples of the transgenic approach is
enhancing the Fe content in wheat by the expression of a ferritin gene from soybean (Garg et al.,
2018). Meanwhile, the biofortification approach has a number of limitations because of the low
acceptability of genetically modified (GMO) food or crops by the farmers and people. Another
limitation of GMOs is that countries have complicated and expensive systems with long
regulation processes for the acceptance and commercialization of transgenic crops. For example,
golden rice which is the most popular transgenic crop is still not available for farmers due to the

non-existence of governmental approval for releasing it (Garg et al., 2018).

1.6 Genome-wide analyses

Marker-assisted selection (MAS) is a component of the new discipline of molecular breeding
that based on the wide availability of DNA markers to detect the allelic variation linked with
genes that underlie a trait (phenotype) of interest (Collard Bertrand and Mackill David, 2008).
MAS is used in plant improvement since the 1990s and aimed to accelerate the breeding process
by studying the genetic basis of the phenotype and the relationship between genotype and
phenotype (Pérez-de-Castro et al., 2012). The development of molecular markers with different
molecular techniques such as restriction fragment length polymorphisms (RFLP), amplified
fragment length polymorphisms (AFLP), microsatellite or simple sequence repeat length
polymorphisms (SSR), random amplified polymorphic sequences (RAPD), cleavable amplified
polymorphic sequences (CAPS), single-strand conformation polymorphisms (SSCP) and single
nucleotide polymorphisms (SNPs) in parallel with the dramatic decrease in the cost of DNA

sequencing has led to several guantitative genetic studies. Recently, this trend increased by the
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development of various SNP-arrays for whole genome genotyping of many plant lines (Rasheed
et al., 2017), allowing selection at genomic level to be realistic (Mohan et al., 1997; Rafalski,
2002; Pérez-de-Castro et al., 2012). One of the relatively new approaches that are used for
assessing the genotype-phenotype relationship by association mapping or linkage disequilibrium
(LD) mapping is the so-called genome-wide association studies (GWAS) which are used for
detecting associated markers of quantitative trait loci (QTL) (Hu et al., 2018). This approach is
more applicable over the traditional approach which is known as a bi-parental analysis or linkage
mapping that is based on using bi-parental populations resulting from a cross between two inbred
parents. The development of suitable mapping populations is costly and time-consuming (Pérez-
de-Castro et al., 2012; Hu et al., 2018). In linkage mapping studies, the used populations are
generally F2 or its derivatives (F3, F4 etc.,), backcrossed lines, doubled-haploids, recombinant
inbred lines (RIL), immortalized F2 and near isogenic lines (NIL). In contrast, the GWAS
approach is based on natural variation using a diverse collection of varieties or accessions with a
high dense map in order to detect marker-trait associations (MTAs) are underlying such
variation. Association mapping is mostly influenced by population structure among individuals
that requires special statistical models to reduce the rate of false positive associations, improve
mapping precision and power (Weir, 2010). Meanwhile, using the mixed linear model (MLM) is
a powerful method that implements the correction of the population structure by principal
component analysis (PCA) or kinship matrix model in order to reduce the rate of false positives
results (Yu et al., 2006; Li et al., 2017). Therefore, association mapping is capable to identify the
markers underlying the natural variation with their allelic effects for the given trait.

Recently, another genome-wide analysis appeared to be suitable for the selection of polygenic
traits for accelerating the breeding process which is known as genomic prediction (GP). GP
approach aimed to use both large and small effects of genome-wide markers to predict the
genomic estimated breeding values (GEBVs) of a complex trait (Meuwissen et al., 2001). In this
type of analysis, the genotypic and phenotypic data are provided for the training population to
predict GEBVs in a test population upon their genotypic data (Meuwissen et al., 2001; Habier et
al., 2011). Several statistical models have been proposed to estimate the marker effects in the
training population where the most robust ones are: Bayesian models (Meuwissen et al., 2001;
Habier et al., 2011), ridge regression best linear unbiased predictions (rrBLUP) (Piepho et al.,
2012; Calus et al., 2014) and Genomic best linear unbiased prediction (GBLUP) (Ober et al.,
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2011; Calus et al., 2014). Therefore, the GP approach became widely used in recent quantitative

genetics research as a promising direction in breeding programs (Crossa et al., 2017).
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1.7 Organization and objectives of the dissertation

The dissertation is written in the form of a cumulative thesis, which includes a general
introduction (chapter 1), three scientific peer-reviewed articles (chapters 2.1, 2.2 and 2.3) and a
general discussion based on all results (chapter 3). In chapter 1 (general introduction), the
general information about wheat, grain anatomy, wheat nutrients and mineral distribution in the
grain, mineral deficiency and consequences on human health and plant nutrition, biofortification
and genome-wide analyses are provided. Chapters 2.1, 2.2 and 2.3 are published peer-reviewed
papers and are in general self-contained i.e. they contain own introduction, materials and
methods, results and discussion parts. In chapter 3, the major results from chapters 2.1, 2.2 and
2.3 are discussed in order to explain how the presented findings are related to improving nutrient
quality traits.

The overall aim of this study was to perform the genome-wide analysis of Fe, Zn and Ca
concentrations in hexaploid (Triticum aestivum L.) wheat grains using the latest high-dense SNP
arrays in diverse germplasm including elite wheat varieties (355 winter wheat lines and 14 spring
wheat lines).

The specific objectives of this thesis are:

1. Investigation of the natural phenotypic variation of Ca, Zn and Fe concentration in wheat
grains

2. Genome-wide association analysis of Ca, Zn and Fe concentrations in wheat grains in the
wheat panel by using different marker arrays

3. Identification of putative genomic target regions and identification of putative candidate genes
of Ca, Zn and Fe concentrations

4. Estimating the genome-wide prediction of Fe concentration.

12
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Genome-Wide Association Study
of Calcium Accumulation in Grains
of European Wheat Cultivars

Dalia Z. Alomari', Kai Eggert’, Nicolaus von Wirén', Klaus Pillen? and Marion S. Réder?

! Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany, 2 Institute of Agricultural and Nutritional
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Mineral concentrations in cereals are important for human health, especially for people
who depend mainly on consuming cereal diet. In this study, we carried out a genome-
wide association study (GWAS) of calcium concentrations in wheat (Triticum aestivum L.)
grains using a European wheat diversity panel of 353 varieties [339 winter wheat (WW)
plus 14 of spring wheat (SW)] and phenotypic data based on two field seasons. High
genotyping densities of single-nucleotide polymorphism (SNP) markers were obtained
from the application of the 90k iISELECT ILLUMINA chip and a 35k Affymetrix chip.
Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to
measure the calcium concentrations of the wheat grains. Best linear unbiased estimates
(BLUES) for calcium were calculated across the seasons and ranged from 288.20 to
647.50 among the varieties (ug g~ ' DW) with a mean equaling 438.102 (ug g~ ' DW),
and the heritability was 0.73. A total of 485 SNP marker—trait associations (MTAS)
were detected in data obtained from grains cultivated in both of the two seasons
and BLUE values by considering associations with a —logg (P-value) >3.0. Among
these SNP markers, we detected 276 markers with a positive allele effect and 209
markers with a negative allele effect. These MTAs were found on all chromosomes
except chromosomes 3D, 4B, and 4D. The most significant association was located on
chromosome 5A (114.5 cM) and was linked to a gene encoding cation/sugar symporter
activity as a potential candidate gene. Additionally, a number of candidate genes for
the uptake or transport of calcium were located near significantly associated SNPs.
This analysis highlights a number of genomic regions and candidate genes for further
analysis as well as the challenges faced when mapping environmentally variable traits
in genetically highly diverse variety panels. The research demonstrates the feasibility of
the GWAS approach for illuminating the genetic architecture of calcium-concentration
in wheat grains and for identifying putative candidate genes underlying this trait.

Keywords: wheat, calcium, GWAS, MTAs, mineral concentration

INTRODUCTION

Hexaploid wheat (Triticum aestivum L.) is one of the most essential and widely planted crops
worldwide with its products feeding most of the global population (FAO, 2016)'. Many people
relying strongly on wheat-based food stuff suffer from nutrient deficiencies, especially of Fe, Zn,
Ca, and Mg (Welch and Graham, 2004; White and Broadley, 2005, 2009; Yano et al., 2016), because

Uhttp://www.fao.org/worldfoodsituation/csdb/en/
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wheat grains contain low amounts of these nutrients. Genetic
biofortification is one strategy involving plant breeding, which
offers a sustainable and long-term approach for developing
mineral-rich crop varieties (Bouis, 2007; Velu et al, 2014).
This requires a better understanding of the genetic basis of
mineral element accumulation in wheat grains that improves
wheat quality and its value for human dietary consumption.
Calcium plays an important role in cell wall structure, plant
architecture, quality, and yield formation, while its deficiency
makes the plant more sensitive to biotic and abiotic stresses
(Dayod et al., 2010). Most of calcium dietary consumption in
humans is lower than the recommended daily intake (RDI)
of 800-1,300 mg per capita (Kranz et al, 2007). Adequate
calcium intake especially during adolescence is critical to
reduce the rate of bone loss, rickets, and osteoporosis, while
lower intake provokes health risks, such as hypocalcemia,
hypertension, colorectal cancer as well as bone weakness
and fractures accompanied with aging (Centeno et al., 2009;
Dayod et al, 2010; Pravina et al, 2013). Increasing Ca
accumulation in wheat grains is thus an important goal in wheat
breeding.

Several studies on different plant species and crops identified
putative quantitative trait loci (QTL) for calcium in grains
of wheat, rice, sorghum, barley, maize, pear]l millet, or beans
(Peleg et al., 2009; Zhang et al, 2009; Goel et al., 2011;
Orazaly et al., 2015; Fedorowicz-Stroniska et al., 2017; Sharma
et al., 2017). In a tetraploid wheat population of recombinant
inbred lines (RILs), derived from a cross between durum wheat
and wild emmer, nine significant QTLs were associated with
calcium concentration in grains (Peleg et al., 2009). Goel et al.
(2011) reported that 31 genes are responsible for calcium
accumulation in rice and 28 genes in sorghum. Five QTLs
were identified in Arabidopsis thaliana, in which they explained
36.4% of the variation in calcium content (Vreugdenhil et al.,
2004).

European countries are among the top wheat producers and
exporters in the world (FAO, 2017)"; thus we chose a panel of
recent European wheat varieties to explore the genetic variation
of calcium in 353 varieties [339 winter wheat (WW) and 14 spring
wheat (SW) varieties], and to identify QTLs associated with this
trait by using a genome-wide association study (GWAS) in order
to detect potential candidate genes.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

A European wheat panel consisting of 353 varieties mainly
coming from Germany and France was used in this study.
This panel included 339 WW and 14 varieties of SW. Field
experiments were carried out at the Leibniz Institute of Plant
Genetics and Crop Plant Research in Gatersleben, Germany
(51°490N, 11°170E, 112 m), during two consecutive seasons
(2014/2015 and 2015/2016). The individual plot size was
1 m x 1.5 m with four rows spaced 0.20 m apart. All varieties
were sown in autumn and subjected to standard agronomic wheat
management practices.

Determination of Calcium

Concentrations

Phenotypic analysis was conducted for the whole set of wheat
varieties in each season. For each sample, 50 kernels were
counted using a digital seed analyzer/counter Marvin (GTA
Sensorik GmbH, Neubrandenburg, Germany) and the thousand-
grain weight (TGW) was estimated. The samples were milled
using a Retsch mill (MM300, Germany) and the milled samples
were dried overnight at 40°C. Calcium concentrations were
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 6000, Thermo Fisher Scientific,
Germany) combined with a CETAC ASXPRESS™ PLUS rapid
sample introduction system and a CETAC autosampler (CETAC
Technologies, Omaha, United States). Fifty micrograms of dried
and ground samples from each variety were wet digested in
2 ml nitric acid (HNOs3, 69%, Bernd Kraft GmbH, Germany)
using a high-performance microwave reactor (UltraClave IV,
MLS, Germany). Digested samples were filled up to 15 ml
final volume with de-ionized distilled water (Milli-Q® Reference
System, Merck, Germany). Element standards were prepared
from Bernd Kraft multi-element standard solution (Germany).
Calcium as an external standard and Y (ICP Standard Certipur®,
Merck, Germany) were used as internal standards for matrix
correction.

Phenotyping and Statistical Analysis
The resulting calcium values for wheat grains of each variety
and environment were used to calculate the best linear unbiased
estimates (BLUESs), by applying the residual maximum likelihood
(REML) algorithm with mixed linear models (MLMs) function
(Yu et al, 2006) and considering genotype as fixed effect
and environment as random effect. These calculations were
accomplished using GenStat v16 software (VSN International,
Hemel Hempstead, Hertfordshire, United Kingdom).

The broad sense heritability of Ca was calculated using the
equation:

H* = og/(o¢; + (o;/nE)

where o7 is the variance of the genotype, o? represents

the variance of the residual and »nE is the number of the
environments.

Analyses of variance (ANOVA) and Pearson’s correlation
coeflicient were calculated for the calcium trait across the two
environments with SigmaPlot package 13.

Genotyping

All wheat varieties were genotyped by the company Trait
Genetics GmbH, Gatersleben, Germany* using a new 90k
iSELECT Infinium array (Wang et al, 2014) which contained
7761 mapped polymorphic single-nucleotide polymorphism
(SNP) markers and a 35k Affymetrix-SNP array (Axiom® Wheat
Breeder’s Genotyping Array’) which contained 7762 mapped
polymorphic SNPs. For the reference map, the ITMI-DH

2www.traitgenetics.com

3http://www.cerealsdb.uk.net/
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population (Sorrells et al., 2011; Poland et al., 2012) was used
to anchor all SNP-markers. Only mapped markers with a minor
allele frequency (MAF) >3% (equaling 11 varieties out of 353)
were used for association analysis.

GWAS Mapping and Linkage

Disequilibrium Characteristics

GWAS analysis for the phenotypic and genotypic dataset was
performed by using GenStat v16 software (VSN International,
Hemel Hempstead, Hertfordshire, United Kingdom).
Association analysis was performed using the “Single trait
association analysis” function with Kinship matrix (K) as
a relationship model to control for population structure
by GenStat v16, though no obvious population structure
was observed in the described population (Kollers et al,
2013).

To declare the significant marker—traits associations (MTAs),
we considered a threshold P-value of —logjp (P) >3. When
Bonferroni correction with P < 0.05 was applied the resulting
—logip (P) threshold rose to 5.49. The proportion of the
phenotypic variation (R?) was calculated using the software
package TASSEL 5.0. Marker effects (positive/negative) were
estimated by GenStat v16 based on the effect of specific allele in
the varieties.

BLUEs of the trait, each variety and across the seasons
(2015 and 2016) were calculated by applying the “mixed
models REML” module with the “linear mixed models” of
GenStat v16.

Linkage disequilibrium (LD) which is the non-random
association between pairs of loci was studied in the whole
panel, observed by using squared allele frequency correlation and
calculated within each chromosome. Loci in the LD region were
determined according to the squared allele frequency correlations
(r?) and were considered to be in significant LD when r? >0.2. LD
plots were performed by GenStat (v16) to examine the average LD
decay within each chromosome.

Physical Mapping Resources of Wheat
and Identification of Putative Candidate

Genes

While in GWAS analysis the marker data were connected with
the phenotypic data in order to identify significant MTAs, in
this step we identified the flanking sequence of SNP markers
defining significant associations with the calcium trait. Markers
which were located in significant LD regions were obtained
from the wheat 90k database (Wang et al, 2014) and 35k
database (see text footnote 3). The wheat marker sequences were
blasted on the wheat genome assembly IWGSC1 and POPSEQ
(The International Barley Genome Sequencing Consortium,
2012) and the website of Ensemble Plants® to obtain their
corresponding genes, transcripts, and gene identifiers (IDs).
Related regions for these significant associations were anchored
using the wheat sequence assembly. For the resulting gene
IDs the Human-Readable Descriptions were selected to define

“http://plants.ensembl.org/Triticum_aestivum/Tools/Blast

annotated gene functions by ftp://ftpmips.helmholtz- muenchen.
de/plants/wheat/TWGSC/genePrediction_v2.2. The whole set of
marker sequences was blasted using the software package
Geneious 10° and the most significant hit was selected (Kearse
et al, 2012). A similar strategy was applied to find a
candidate gene for eyespot resistance in wheat (Zanke et al,
2017).

RESULTS

Description of Phenotypic Data

Calcium measurements were performed for the whole set of
European wheat varieties (WW = 339, SP = 14) grown in
two seasons (2015 and 2016) (Supplementary Table S1). In
each season calcium concentrations covered a wide range of
variation (Figure 1A). In the season 2015, the highest measured
grain Ca concentration was 797 ug g~! DW, while in 2016
the highest Ca value was around 647 g g~! DW (Figure 1B).
Estimated BLUEs ranged from 288.2 to 647.5 jug g~ ! DW with
a mean of 438.1 g g~! DW (Figure 1B). Based on BLUEs
the highest scored value for calcium in the whole set of wheat
varieties was 647.5 ug g~ ! DW for the variety Nirvana from
France (Figure 2). The ANOVA showed significant effects of
the genotype and the environment on calcium concentrations in
the grain (Supplementary Table S2). The Pearson’s correlation
measured for calcium trait among the growing environments
and BLUEs, ranged from 0.59 to 0.91 (P < 0.001, Figure 1C).
The highest correlation was between season 2015 and BLUEs
(r = 091, P < 0.01), while the lowest but still significant
correlation was between seasons 2015 and 2016 (r = 0.59,
P < 0.01). The broad sense heritability equaled 0.73 across the
two environments for 353 varieties indicating that the phenotypic
values in the two years are relatively stable for the different
varieties.

Detection of MTAs

GWAS analysis was performed using a MLM with 90k
and 35k SNP markers for the calcium data from the two
growing seasons 2015 and 2016. Additionally the MTAs for
the BLUEs from both years were calculated. Our analysis
detected 485 significant [—logjp (P-value) >3] association
signals for both environments and BLUEs (Supplementary
Table S2). A number of 276 significant markers showed
a positive allele effect, while the remaining markers (209
markers) had negative allele effects. These MTAs were located
on all chromosomes except chromosomes 3D, 4B, and 4D
(Figure 3). The most significant association was detected on
chromosome 5A. On the other hand, most of the significant
MTAs for grain calcium were identified on chromosome 2A
(111 MTAs) and chromosome 5B (127 MTAs). On chromosome
2A, most of the MTAs were located in the genomic region
of 64.3-67.4 cM. Based on the analysis, we found 31
consistent associations, which were present in both environments
plus BLUEs and 20 consistent associations are above the

“http://www.geneious.com
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plots of calcium values for two single season and BLUEs in 353 varieties. (C) Pearson correlation coefficients among (2015/2016) seasons and BLUE value.

660 -
2
=)
8 650
o
=
§ - 640 -
W
£5
g 2630 -
o
5 tn
S 5
E 620 - © ©
= - e
3 . ™ & N
(W) oM oM o~ o~
610 1 | & o © a
600 T T T T T
Aubusson  Welford  Capnor Muza Inoui Nirvana

FIGURE 2 | Calcium concentrations of the top 6 accessions [Ca > 600 (g g~ DW)] based on BLUE values + SE. Numbers on the y-axis represent the calcium
concentration.
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Bonferroni correction threshold which equals 5.49 (Table 1).
The explained phenotypic variances (R?) ranged from 0.81 to
11.27%.

The additive effects of five representative significant markers
based on BLUEs are depicted in Figure 4. Two significant
markers [RAC875_c8642_231 marker (M2) (MAF = 0.09)
and wsnp_Ex_c17575_26299925 marker (M5) (MAF = 0.16)]
had positive allele effects. Another three significant markers
[BS00049644_51 (M1), GENE-0168_7 (M3), and AX-94644169
(M4)] showed negative effects. Marker RAC875_c8642_231

(M2) had a highly significant positive effect (P < 0.001) with
43.3 ug g~ ! DW (Figure 4).

Connection of the Significant Markers to
the Wheat Genome Sequence and
Identification of Candidate Genes

In order to identify potential candidate genes for calcium
concentrations in wheat grains, the significant SNP markers
[-logio (P-value) >3], together with other markers in LD
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TABLE 1 | Summary of consistently significant markers detected in the two environments and BLUES.

Marker* Chromosome Position (cM) —log4o (P) BLUEs Effect BLUEs % R2 BLUEs
BS00049644_51 2A 66.6 8.46 —20.89 4.60
RAC875_c24517_558 2A 64.3 4.73 —156.17 1.68
Kukri_c40035_258 2A 64.3 4.98 —15.60 1.85
AX-95169653 2A 66.6 6.27 18.27 312
AX-94940052 2A 66.6 5.97 —-17.96 1.61
AX-94536561 2A 66.6 8.11 —20.42 3.44
AX-94881950 2A 64.3 5.17 —16.02 2.25
AX-94850365 2A 64.3 5.06 —15.85 2.19
AX-94560505 2A 64.3 4.42 —14.61 1.70
AX-94544896 2A 64.3 4.53 —14.78 1.78
AX-94404038 2A 64.3 4.96 —15.55 2.13
RFL_Contig1175_354 3A 109 4.47 19.60 0.81
wsnp_Ex_c20899_30011827 5A 177 7.87 45.80 7.83
RAC875_c8642_231 5A 114.5 12.31 43.28 11.27
AX-95077733 5A 177 7.87 45.80 8.26
snp_CAP8_c1210_739429 5B 149.8 4.61 —33.57 1.86
CAP7_c5481_96 5B 149.8 4.61 —33.57 1.86
RAC875_c30011_426 5B 78.7 6.93 —18.44 3.44
BS00062731_51 5B 78.7 6.41 —17.70 1.03
GENE-0168_7 5B 7843 7.81 —21.80 4.67
AX-94644169 5B 103.2 8.08 —21.88 4.43
AX-94541836 5B 101.7 7.98 —20.14 2.80
AX-94547820 5B 100.9 7.32 —18.95 3.61
AX-94452355 5B 100.9 6.56 —17.89 2.40
Jagger_c8037_96 5D 167 3.87 13.73 1.64
wsnp_Ex_c17575_26300030 6A 37.3 7.27 24.98 3.55
wsnp_Ex_c17575_26299925 6A 37.3 7.33 25.12 3.72
Tdurum_contig62141_496 6A 37.3 7.27 24.98 3.55
Kukri_rep_c104648_439 6A 37.3 7.27 24.98 3.55
Kukri_c35661_63 6A 37.3 7.27 24.98 3.55
AX-94415776 6A 37.3 7.04 24.69 3.88

*Consistently significant markers appeared in the two environments (2015 and 2016) and BLUE values with threshold of —log1o (P-value >3). The highlighted markers

with gray color are above the Bonferroni threshold which equals 5.49.

(r? >0.2), were used to query the available wheat genome
sequence data in the POPSEQ assembly (Supplementary
Table S4). The rationale behind this strategy was that the available
DNA chips did not cover all genes in the wheat genome and that
a highly significant marker may either be the causative gene itself
or in close linkage to the causative gene.

Blast analysis of these markers using POPSEQ showed that
chromosomes 2A, 5A, 5B, 5D, and 6A harbored many calcium-
transporting genes. The most significant SNP (RAC875_
c8642_231) in our analysis was located on chromosome
5A (114.5 cM). The gene underlying this marker encodes a
cation/sugar symporter, while the second significant locus
(wsnp_Ex_c20899_30011827) on the same chromosome
(117.7 cM) carries a gene that encodes an AP2-type transcription
factor. We further detected two genes, which may be related to
calcium transport near this significant region (114.5-117.7 cM):
one gene (Traes_5AL_898DAA873) is related to plasma
membrane ATPases while another gene (Traes_5AL_637EB761F)
encodes an HT-ATPase. Furthermore, in the same region, we

found a gene (Traes_5AL_AE6B41A0A) related to divalent metal
cation transport together with two further genes (Traes_
5AL_6C9A5537F and Traes_5AL_6C8BD96CB) related to heavy
metal transport/detoxification. Along this chromosome we were
able to find loci associated with Ca-permeable ion channels,
such as Traes_5AL_E1F7DD9EA and Traes_5AL_C89AC9640
coding for cyclic nucleotide-gated channels (CNGCs) or
Traes_5AL_F1522B81F and Traes_5AL_98814295D encoding
mechanosensitive ion channels. However, these genes were
not closely located to the significant markers (Supplementary
Table S4).

In the LD region of chromosome 2A, we found a number
of genes, which are related to calcium transport functions,
such as Traes_2AL _72F83E7B0 and Traes_2AL_6069A8864
(mechanosensitive ion channel family protein), Traes 2AL_
D33454518 (cation/H™ antiporter), and Traes_2AL_CF9
F964E6 underlying a calcium-transporting ATPase. The most
significant association on chromosome 5B was the locus Traes_
5BL_DF8D1B819, which is related to an ammonium transporter.
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Other closely linked genes are Traes_5BS_4AEE5C2AE
encoding a mechanosensitive ion channel family protein and
Traes_5BS_98C73F5CA, Traes_5BS_06F7D0060, Traes_5BS_
272FDBF9D, Traes_5BL_4AACBDDAA, and Traes_5BL_
E4BE45756, all related to cation/H' antiporters. Near to
the highly significant markers of chromosome 5B (depicted
in yellow in Supplementary Table S4) a gene for a CNGC
(Traes_5BL_411EF97B9) is located, while a cation/calcium
exchanger (Traes_5BL_6A7BE3F0C) is located quite distantly
from the significant markers and are therefore not likely as
candidate genes.

DISCUSSION

European Wheat Germplasm Harbors a
Large Genotypic Variability in Calcium

Accumulation

Genetic fortification strategies are highly suitable for developing
wheat varieties with high mineral element contents. Therefore,
this study focused on investigating the natural genetic variation
in European wheat varieties and on identifying candidate
genes contributing to calcium accumulation in wheat grains.
Phenotypic analysis for calcium concentrations showed a wide
variation between the varieties based on BLUEs which ranged
from 288.2 to 647.5 png g~ ! DW. The heritability was high
(0.73) indicating that the major part of the variability was due
to genotypic effects, which is in agreement with previous studies

(Vreugdenhil et al., 2004; Garcia-Oliveira et al., 2009; Peleg
et al., 2009). Very strong, significant correlation coefficients
were detected between the two seasons indicating that the
phenotypic measurements were quite stable in the different
years. This conclusion was also supported by a high heritability.
Considering the analysis across the two growth seasons, the
results showed that genotypic variances due to genotypes were
significant (at P < 0.01). Marker effects (R?) which explained
the proportion of phenotypic variance for consistently significant
markers (appearing significant in both seasons and BLUEs)
contributed a modest proportion ranging from 0.81 to 11.27%.
The ANOVA results indicated that genotypes and environmental
factors have a significant effect on calcium concentration in wheat
grains. A similar conclusion was reached by (Gu et al., 2015) for
grain Ca in maize.

Calcium Accumulation in Grains Is
Controlled by Multiple Loci

In the present study, genome mapping revealed that most of
the significant MTAs for the consistently significant markers in
2015, 2016, and BLUEs (Table 1) are conferred mostly by genome
A (chromosomes 2A, 3A, 5A, and 6A), while one locus was
related to the B genome (chromosome 5B) and another one
related to the D genome (chromosome 5D). A mapping study of
a RIL population in tetraploid wheat detected significant QTL for
calcium concentration on chromosomes 1A, 4A, 6A, 2B, 4B, 5B,
6B, and 7B (Peleg et al., 2009). Another study on bread wheat for
calcium-dependent protein kinases (CDPKs) which are crucial
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sensors of calcium concentration changes in plant cells, identified
20 CDPK genes (Li et al., 2008). To our knowledge, this is the first
report on GWAS for grain calcium concentration in hexaploid
wheat. Thus, further genetic and functional analysis of associated
genomic regions may shed further light on the genetic basis of
improved calcium concentration in wheat grains.

Putative Candidate Genes for Ca-related
QTLs

In general, calcium transporters are involved in the cellular
compartmentalization of calcium in different plant organs.
Three major gene families of calcium transporter proteins
have been described: (i) Ca?T-transporting P-type-ATPases
[endoplasmic reticulum-type Ca?*-ATPase (ECA/ITIA Type)
and autoinhibited Ca2*-ATPase (ACA/1IB-type)], (ii) divalent
cation-H' antiporters/exchangers [cation/H™ antiporters
(CAX), CCX and CHX], and (iii) Ca-permeable ion channels
that include mechanosensitive calcium-permeable channels
(MSCCs), glutamate receptors (GLRs), CNGCs and two-pore
channels (TPC) (Vinoth and Ravindhran, 2017). The highly
significant SNP-markers (Table 1 and Supplementary Table S3)
could either be derived from the causative genes themselves
or be in linkage to the causative genes for the identified QTLs
for Ca. In Table 2, we compiled the list of Ca-related genes
or transporters which are in close vicinity to highly significant
SNP-markers and which are therefore potential candidate genes
for the Ca-related QTLs.

Based on our investigations, we found 41 potential calcium-
transporting genes distributed over six chromosomes (2A, 3A,
5A, 5B, 5D, and 6A). These include 8 Ca/proton exchangers,
4 Ca-ATPases, and 31 channels in addition to other genes
that are putatively related to calcium transport, such as
Traes 5AL_6C9A5537F which is annotated as heavy metal
transporter (Supplementary Table S4). On chromosome
5A, the most significantly associated MTA with a R? value
equaling to 11.27% and a favorable additive effect, is related to
Traes_5AL_F49663738 gene encoding a putative cation/sugar
symporter. The second significant gene (Traes_5AL_19637DE03)
with R? equaling 7.83 encodes an AP-2 complex subunit alpha-2-
like protein that is possibly related to calcium transport function
(Matros et al, 2017). Another significant SNP-marked gene
(Traes_5AL_320913F7A) also located on the same chromosome
and related to a gene of the 2S albumin superfamily, which
encodes as a storage protein (Yamazaki et al., 2008). All of
these three genes are located on a region between 114.5 and
117.7 cM on chromosome 5AL. In addition to six Ca*™? channels
associated with these markers: Traes_5AL_BBFBC2F48,
Traes_5AL_B598F5A0D, Traes_5AL_E1F7DD9EA, Traes_5AL
_C89AC9640, Traes_5AL_F1522B81F and Traes 5AL_9881
4295D distributed along chromosome 5A (Table 2 and

Supplementary Table S4), we also detected on this
chromosome, two genes (Traes 5AL_6C9A5537F and
Traes 5AL_6C8BD96CB) that encode for heavy metal

transport/detoxification superfamily proteins involved in
metal ion binding (Hall, 2002). Near the significant region,
the Traes_5AL_AE6B41A0A marker relates to divalent metal

cation transporters that may also act as calcium transporter.
Significant associations were also noted on chromosome 2A
with 11 SNP markers located within this region (64-66.6 cM)
and some of them encoding a disease resistance protein, CBS
domain-containing protein, receptor-like protein kinase 2,
phosphatidylinositol-4-phosphate ~ 5-kinase family protein,
NHL domain-containing protein or Rho GTPase-activating
protein besides other genes with unknown function. The LD
region on chromosome 2A is widely spread on the physical
map of the genome assembly of IWGSCI extending to the
long and the short arm of chromosome 2A. Discrepancies
in the order of the contigs in this genome assembly were
already described in Zanke et al. (2017). This region contains
a number of genes potentially related to calcium-accumulation
such as mechanosensitive ion channel family proteins
(Traes_2AL_6069A884, Traes_2AL_72F83E7B0) and a number
of heavy metal transport/detoxification superfamily proteins
(Traes_2AS_95611CAD2, Traes_2AL_6DD37E6BE, Traes_2AL_
9B175F3Da, Traes_2AL_F360E3FE3, Traes_2AL_13CBA4FEA,
Traes_ 2AS_AA84E72D4, and Traes_161086245). Nine signifi-
cant SNPs occurred on chromosome 5B encoding for different
functions and some of them may be involved in calcium
transport, like Traes 5BL_DF8D1B819 gene which is located
on 100.9 cM and is encodes an ammonium transporter.
On chromosome 5D, there were two significant markers:
Jagger_c8037_96 and BS00032035_51 with unknown functions.
On chromosome 6A are located six significant SNP markers,
which are related to two genes encoding histone superfamily
proteins with a role in the activation of calcium/calmodulin-
dependent protein kinases (Davis et al., 2003). Based on our
results, the annotated functions of significant genes and genes in
the LD region suggested the presence of several genes controlling
the calcium uptake. These genes can be considered as putative
candidate genes for calcium accumulation in wheat grains and
provide a solid resource for future work. However, further
functional validation of these genes and their role in calcium
uptake in wheat grains is still needed.

CONCLUSION

Apart from focusing on the concentrations of iron and zinc in
wheat, which has taken much attention in previous studies, only
few genetic studies are available on calcium concentrations in
wheat grains are available. Improving levels of grain calcium
concentration in hexaploid wheat remains one of the most
important breeding objectives for the nutritional security of the
whole population and especially for the poor from the nations
where wheat is the main source of calories. Overall, through
measurable phenotypic and genotypic variation for grain calcium
concentrations as well as by considering the detected favorable
QTLs distributed across various chromosomes and potentially
responsible genes in the current research, we aimed to deepen
the understanding of the genetic basis of calcium accumulation
in wheat grains and to open the door to more efficient ways to
increase calcium concentration in the grain and thereby overall
wheat quality.
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Wheat (Triticum aestivum L.) is one of the major staple food crops worldwide. Despite
efforts in improving wheat quality, micronutrient levels are still below the optimal
range for human nutrition. In particular, zinc (Zn) deficiency is a widespread problem
in human nutrition in countries relying mainly on a cereal diet; hence improving Zn
accumulation in grains is an imperative need. This study was designed to understand
the genetic architecture of Zn grain concentrations in wheat grains. We performed a
genome-wide association study (GWAS) for grain Zn concentrations in 369 European
wheat genotypes, using field data from 3 years. The complete wheat panel was
genotyped by high-density arrays of single nucleotide polymorphic (SNP) markers (90k
iISELECT Infinium and 35k Affymetrix arrays) resulting in 15,523 polymorphic markers.
Additionally, a subpanel of 183 genotypes was analyzed with a novel 135k Affymetrix
marker array resulting in 28,710 polymorphic SNPs for high-resolution mapping of
the potential genomic regions. The mean grain Zn concentration of the genotypes
ranged from 25.05-52.67 ng g~ ' dry weight across years with a moderate heritability
value. Notably, 40 marker-trait associations (MTAs) were detected in the complete
panel of varieties on chromosomes 2A, 3A, 3B, 4A, 4D, 5A, 5B, 5D, 6D, 7A, 7B,
and 7D. The number of MTAs in the subpanel was increased to 161 MTAs whereas
the most significant and consistent associations were located on chromosomes 3B
(723,504,241-723,611,488 bp) and 5A (462,763,758-466,582,184 bp) having major
effects. These genomic regions include newly identified putative candidate genes,
which are related to Zn uptake and transport or represent bZIP and mitogen-activated
protein kinase genes. These findings provide the basis for understanding the genetic
background of Zn concentration in wheat grains that in turn may help breeders to select
high Zn-containing genotypes to improve human health and grain quality.

Keywords: Zinc, Triticum aestivum, wheat quality, micronutrient, GWAS

INTRODUCTION

Wheat is among the primary staple crops in the world and its production reached almost 750
million tons per year (FAOSTAT, 2016'), while 68% of the yield is used for human nutrition
(FAOSTAT, 2012). Wheat provides substantial amounts of mineral elements, which are beneficial
for human health. Several reports emphasize that over 2 billion of people are suffering from hidden

Uhttp://faostat.fao.org

Frontiers in Plant Science | www.frontiersin.org 1

September 2018 | Volume 9 | Article 1313


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2018.01313
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2018.01313
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2018.01313&domain=pdf&date_stamp=2018-09-10
https://www.frontiersin.org/articles/10.3389/fpls.2018.01313/full
http://loop.frontiersin.org/people/452687/overview
http://loop.frontiersin.org/people/10818/overview
http://loop.frontiersin.org/people/188777/overview
http://loop.frontiersin.org/people/258861/overview
http://loop.frontiersin.org/people/476473/overview
http://loop.frontiersin.org/people/84930/overview
http://loop.frontiersin.org/people/133398/overview
http://faostat.fao.org
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Alomari et al. Genetic Architecture of Zinc Concentration
hunger (Welch and Graham, 2004), ie., Zinc (Zn) MATERIALS AND METHODS
and Iron (Fe) deficiency, mainly in middle- or low-

income countries where staple crops are the major food
source (Sands et al, 2009); recently, the problem was
also reported in developed countries (Pandey et al,
2016).

Zn plays significant roles in different metabolic processes
and is an essential cofactor for many enzymes and regulatory
proteins. The symptoms of insufficient dietary Zn intake
for humans can be observed as growth and development
retardation, excessive weight loss, diarrhea, and depression
(Ozturk et al., 2006; Kambe et al., 2014; Krishnappa et al,
2017). Consequently, improving the nutritional quality of wheat
grains by enhancing Zn concentrations is a long-term goal
for breeding novel wheat cultivars with a positive effect on
grain yield, nutritional quality of the plant, as well as human
health (Cakmak, 2008; Genc et al., 2008; Crespo-Herrera et al.,
2016).

Since Zn accumulation in grains is a genetically complex
trait, genome-wide association study (GWAS) is a powerful tool
to detect the genetic factors underlying the natural variation
in such complex traits (Hamblin et al., 2011). Several studies
identified quantitative trait loci (QTL) for micronutrients, such
as Fe and Zn, or macronutrients like Ca in wheat (Morgounov
et al., 2007; Tiwari et al., 2009; Crespo-Herrera et al., 2016;
Alomari et al., 2017). Peleg et al. (2009) found six QTLs on
chromosomes 2A, 2B, 3A, 4B, 5A, 6A, 6B, 7A, and 7B for
Zn in a durum wheat x emmer wheat recombinant inbred
lines (RILs) population. Four QTLs for grain Zn concentration
were identified by Genc et al. (2008) on chromosomes 3D, 4B,
6B, and 7A in a doubled haploid wheat population. Another
study mentioned seven QTLs located on chromosomes IA,
2D, 3A, 4A, 4D, 5A, and 7A for Zn content in wheat grains
of which four QTLs are shared with Zn concentration (Shi
et al., 2008). Shi et al. (2013) found that chromosome 4D and
5A probably very vital in controlling mineral status in wheat
grains.

Previous studies on Zn concentration mainly used bi-parental
population, for instance, RIL (Xu et al., 2012; Pu et al., 2014;
Srinivasa et al., 2014) but a few studies have used GWAS
with high dense single nucleotide polymorphic (SNP) arrays to
investigate the genomic regions underlying the accumulation of
micronutrients including Zn in the grains of major cereals like
wheat (Guttieri et al., 2015). Therefore, understanding the genetic
background of Zn accumulation in wheat grains by GWAS
provides the basis for devising the plant breeding strategies and
for improving the grain Zn status by introducing the putative
candidate genes based on the newly available wheat reference
(IWGSC RefSeq v1.0) and using advanced bioinformatics tools.

The main goals of this study were (i) to investigate the natural
phenotypic variation on grain Zn concentrations for 369 wheat
varieties of 3 years field experiments, (ii) to study the genetic
architecture of Zn grain concentration by GWAS analysis with
three different high dense SNP arrays including 44,233 SNPs
providing a high-resolution genetic map, and (iii) to identify the
genomic regions and potential candidate genes for consistently
significant QTLs.

Plant Material and Field Trials

In this study, we used 369 European elite wheat varieties
including 355 genotypes of winter wheat and 14 spring wheat
genotypes, originating from Germany, France, Poland, Denmark,
Austria, Czech Republic, United Kingdom, Sweden, Switzerland,
Hungary, Italy, Belgium, and Netherlands described in (Kollers
et al., 2013). Field trials were conducted at IPK, Gatersleben,
Germany within 3 years (2014/2015 for 358 genotypes, 2015/2016
for 365 genotypes, and 2016/2017 for 360 genotypes). Few
genotypes were missing in each individual year due to poor
performance and loss in the field. Each plot size was 2 m x 2 m
with six rows spaced 0.20 m apart. Plants were grown in
clayey loam soil with phosphorus ranges between 7.1-9.0 pg
g ! and pH = 7 across years. Standard agronomic wheat
management practices were applied without using fertilizers
to avoid the effect of additional fertilizers on the actual Zn
concentrations.

Wheat Grain Samples Preparation and
Milling

The complete panel of genotypes was analyzed for each individual
year. For each genotype, thousand kernel weight (TKW) was
measured using a digital seed analyzer/counter Marvin (GTA
Sensorik GmbH, Neubrandenburg, Germany). Grains were
milled using a Retsch mill (MM300, Germany) and the complete
panel of the milled samples was dried by incubating overnight at
40°C.

Measuring Grain Zinc Concentration

Fifty milligrams of dried and milled wheat grain flour was
taken to be digested by (2 ml) nitric acid (HNO3 69%, Bernd
Kraft GmbH, Germany). The digestion process was performed
using a high-performance microwave reactor (UltraClave IV,
MLS, Germany). All digested samples were filled up to 15 ml
final volume with de-ionized distilled (Milli-Q®) water (Milli-
Q Reference System, Merck, Germany). Element standards were
prepared from Bernd Kraft multi-element standard solution
(Germany). Zinc as an external standard and yttrium (Y)
(ICP Standard Certipur® Merck Germany) were used as
internal standards for matrix correction. Zinc concentrations
were measured by inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 6000, Thermo Fisher Scientific,
Germany) combined with a CETAC ASXPRESS™ PLUS rapid
sample introduction system and a CETAC autosampler (CETAC
Technologies, Omaha, NE, United States).

Statistical Analysis
The broad-sense heritability (H?) was calculated using the
equation:

H’ =64/(0% + (0 /nE) (1)

where o2 is the variance of the genotype, o? represents
the variance of the residual, and nE is the number of the
environments.
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Analyses of variance (ANOVA) and Pearson’s correlation
coefficient were calculated for the grain Zn trait across 3 years
with Sigma Plot package 13.

Best linear unbiased estimates (BLUEs) based on mixed linear
models (MLMs) function with applying the residual maximum
likelihood (REML) algorithm were calculated to analyze the
phenotypic data and estimate the mean of each individual
over the years (Yu et al., 2006). To this end, the genotype
term was considered as a fixed effect and we denote year
as environment term, which was considered as a random
effect. These calculations were accomplished using GenStat v16
software (VSN International, Hemel Hempstead, Hertfordshire,
United Kingdom).

SNP Genotyping and GWAS Analysis

The complete wheat panel consisting of 369 varieties was
genotyped by TraitGenetics GmbH, Gatersleben, Germany”
using two marker arrays: a 90k iSELECT Infinium array
(Wang et al.,, 2014) and a 35k Affymetrix-SNP array (Axiom®
Wheat Breeder’s Genotyping Array’; Allen et al, 2017).
Additionally, a novel 135k Affymetrix array designed by
TraitGenetics was used to genotype a subpanel of 183 genotypes
from the complete panel of genotypes (Zanke et al, 2017).
For the reference map, the ITMI-DH population (Sorrells
et al., 2011; Poland et al., 2012) was used to anchor
the SNP-markers of the 90k and 35k arrays. The 135k
array markers were genetically mapped on four different F,-
populations and then physically anchored on the reference
sequence RefSeq v1.0 of hexaploid wheat* from International
Wheat Genome Sequencing Consortium (IWGSC). For SNP
markers quality control, we applied a minor allele frequency
(MAF) < 3% (equaling 11 varieties out of 369) with rejecting
SNPs having missing values or heterozygosity > 3%, resulting
in 7,761 mapped polymorphic SNP markers from the 90k
iSELECT, 7,762 SNPs from the 35k Affymetrix-SNP, and 28,710
from the 135k Affymetrix, which were used for association
analysis. The investigated genotype panel and its population
structure were described in a previous study by Kollers et al.
(2013).

Association mapping based on a MLM was conducted
primarily using the Genome Association and Prediction
Integrated Tool (GAPIT; Lipka et al, 2012) in R: a language
and environment for statistical computing. It includes
the phenotypic data with SNP markers coming from the
high-density arrays. We incorporated PCA for population
correction and stratification. For significant marker-
trait associations (MTAs) detection, we set a threshold
P-value of —logp (P) > 3. Quantile-quantile plots were
drawn based on the observed and expected —logyp (P)
values. Explained phenotypic variance (R?) and marker
effects (positive/negative) were extracted from GWAS
results.

Zhttp://www.traitgenetics.com
Shttp://www.cerealsdb.uk.net/
“https://urgi.versailles.inra.fr/WheatMine/begin.do

Connecting Significant SNPs With the

Physical Sequence of Wheat

The flanking sequence of significant SNP markers defining
significant associations with the grain Zn concentration trait
was obtained from the wheat 90k database (Wang et al., 2014),
35k database’ and 135k Affymetrix array (unpublished data,
TraitGenetics). These flanking sequences were blasted by Galaxy
software, which is an IPK-internal web-based platform® by using
megablast to fetch the whole sequence of the genomic region of
interest based on IWGSC RefSeq v1.0. The extracted sequences
were submitted to the annotation pipeline MEGANTE’ in order
to identify potential candidate genes and their gene ontologies.

RESULTS

Natural Phenotypic Variation of Grain Zn

Concentrations in Two Wheat Panels

Zn measurements were obtained from grain samples of 369
European wheat varieties, which were grown under field
conditions in three consecutive years (2015, 2016, and 2017).
Zn concentrations of each individual wheat genotype for the
complete panel of 369 genotypes and for the subpanel with
183 genotypes are presented in Supplementary Table SI.
The phenotypic distribution of the Zn concentrations in
the individual years appeared to be normally distributed
(Supplementary Figure S1). A wide range of variation in the Zn
concentration was observed for the complete panel (Figure 1A)
and the subpanel (Figure 1B) in all 3 years and most of the
variation within the complete panel was also captured in the
subpanel (Figure 2A and Table 1). The results of BLUEs across 3
years’ data ranged from 25.05 to 52.67 jug g~ 'DW with a mean
of 34.92 1ug g~! DW. The genotype “Haven” had the highest
Zn concentration equaling 52.67 jLg g~! DW in the complete
panel of wheat grain genotypes based on the BLUEs (Figure 2B).
A significant positive Pearson’s correlation ranging from r = 0.18
to 0.39 (P < 0.001) among the years (Figure 2C) indicated a
relatively stable measurement of the phenotypes. A significant
positive Pearson’s correlation was found between Zn and TKW
in all 3 years (Supplementary Figure S2). The broad-sense
heritability for Zn concentration across the years was H? = 0.54.
The results of ANOVA for Zn concentration indicated significant
effects of genotype and environment, i.e., years (Supplementary
Table S2).

Association Mapping of Grain Zn
Concentrations in Two Diverse Wheat
Panels

Genome-wide association mapping was performed for the
complete panel and subpanel of wheat genotypes with Zn
concentration data for each individual year in addition to BLUEs,
using the implemented MLM with applying principal component

>http://www.cerealsdb.uk.net
Chttp://www.galaxyproject.org/
“https://megante.dna.affrc.go.jp/
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analysis (PCA) as a correction factor for population structure.
The complete panel of wheat genotypes was analyzed by a
combination of markers from the 90K iSELECT INFINIUM array
and the 35K Affymetrix array resulting in 15,523 polymorphic
SNP markers which were anchored in a genetic reference map.
The subpanel was analyzed by merging 90K iSELECT array,
35K and 135k Affymetrix arrays resulting in a total of 44,233
polymorphic SNP markers based on their physical locations
in order to increase the density of markers, achieve good
mapping resolution, and to further enhance the power of GWAS
output within the germplasm panel. Significant MTAs were
detected above the threshold of -logl10 (P-value) > 3 as shown
in Manhattan plots for both panels (Figures 3A, 4A). The
GWAS results were presented along with the QQ plots for
SNPs, revealing that the distributions of observed association
P-values were close to the distribution of expected associations
(Figures 3B, 4B). A total of 40 MTAs were detected in the
complete panel on chromosomes 2A, 3A, 3B, 4A, 4D, 5A, 5B,
5D, 6D, 7A, 7B, and 7D with R?-values ranging from 2.5 to 5.2%.
A total of 21 MTAs had positive effects related to the minor allele
and 19 MTAs had negative effects (Supplementary Table S3).
While most MTAs were only detected in 1 year, an MTA on
chromosome 3B was detected in all 3 years in similar mapping
locations of 64.5 to 66.8 cM. The most significant MTA was

detected on chromosome 5A with —log (p) value equaling 4.87
in the genomic region of 114.5 cM and explaining an R? value
of 5.2%. The number of MTAs in the subpanel was increased to
161 including 31 unmapped markers on chromosomes 1A, 1B,
2A, 2B, 3A, 3B, 3D, 4A, 4D, 5A, 5B, 6A, 6B, 7A, and 7B with
R?-values ranging from 5.5 to 13.7% (Supplementary Table S4).
A genomic region on chromosome 3B between the physical
location of 716,993,339 and 736,712,355 (IWGSC RefSeq v1.0) is
defined by 26 MTAs in the years 2016, 2017 and BLUEs with the
highest R? of 11.3% at AX-95129199. A continuous range of 27
significant MTAs was detected on chromosome 5A ranging from
physical location 353,989,023-698,510,016 including all 3 years
and BLUEs. The most significant marker AX-158550766 located
at position 464,479,275 explained 12.3% of phenotypic variation.
A total of six markers for chromosome 3B (64.5-66.8 cM) and
two markers for chromosome 5A (98.1-114.5 cM) were shared
between the complete panel of varieties and the subpanel.

Defining Physical Regions of Candidate
Genes Underlying Zn Accumulation in

Wheat Grains

The highly significant SNP markers that located on chromosome
3B and 5A (Figure 5) were selected for BLAST analysis,
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TABLE 1 | Grain Zn concentration mean, median, minimum, and maximum values within the complete and subpanel of wheat genotypes for each individual year.

Year-panel Observation number Mean pg g~! Median pg g~ Minimum pg g~1 Maximum pg g~
2015-Complete panel 358 37.10 35.90 25.00 5717
2015-Subpanel 176 37.34 35.75 28.34 5717
2016-Complete panel 365 36.92 35.70 25.10 61.70
2016-Subpanel 180 36.83 35.80 25.10 61.70
2017-Complete panel 359 30.61 30.12 20.56 60.09
2017-Subpanel 176 30.80 29.64 21.00 60.09

using the web-based platform Galaxy®. The physical region of
these SNPs at chromosome 3B located between 723,504,241 to
723,611,488 bp and for 5A on 462,763,758 to 466,582,184 bp
(Figure 5) that were queried against IWGSC RefSeq v1.0.
The fetched sequence output from Galaxy was submitted to
MEGANTE’, which is a web-based system for integrated
plant genome annotation to perform genome annotations.
On chromosomes 3B and 5A, we found a number of genes
encoding proteins with known functions and others reported
as hypothetical proteins (Supplementary Table S5). Putative

candidate genes based on their function included a transcription
factor (TF) belonging to the basic leucine zipper (bZIP) family
and the TF bHLH76, a homeobox-leucine zipper protein
HOX4, a SWAP (suppressor-of-white-apricot)/surp domain-
containing protein and several genes related to the mitogen-
activated protein kinase (MAPK) gene family (Table 2). Thus,
we conclude that these two genomic regions on chromosomes
3B and 5A harbor a number of putative candidate genes,
which may have a significant role in the process of grain Zn
accumulation.
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DISCUSSION

Wide Variation for Zn Accumulation in
Wheat Grains

The poor bioavailability of essential nutrients in cereal grains
leads the breeders to use plant breeding which is a seed-based
approach to develop cultivars with improved and adequate
levels of nutrients (Tiwari et al., 2016). Plant breeding or
genetic biofortification was found to be comparative with
other costly and non-sustainable approaches such as agronomic
biofortification which is based on using fertilizers or other
approaches that are based on food fortification and daily
consumed supplementations (Garcia-Oliveira et al, 2018).
Therefore, genetic biofortification is considered as one of the vital

approaches that can help to overcome malnutrition problems
either by classical plant breeding or approaches involving GMOs
(genetically modified organisms) (Borrill et al, 2014; Singh
et al., 2017). Many reports mentioned that the targeted range
for biofortified grains and to develop cultivars with high Zn
concentration is between 40-50 ug g~! (Howarth et al, 2011;
Cakmak and Kutman, 2017). The phenotypic variation that
found in our germplasm ranged from 25.05-52.65 g g~ ! which
is compatible with the target range and provides the chance
to use the highest grain Zn-containing genotypes in breeding
programs. Similar Zn concentration ranges were also reported by
Graham et al. (1999) and Guttieri et al. (2015) who found that
Zn concentrations in 132 bread wheat genotypes ranged between
25-53 and 13.1-45.2 jug g~ ! in hexaploid wheat. Additionally, in
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FIGURE 4 | (A) Summary of genome-wide association plots output of Zn concentration for the subpanel of wheat genotypes (183) which analyzed by 90k, 35k, and
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durum wheat, the variation ranged from 24.8-48.8 ng g~ ! for Zn
which is comparable with our observations (Magallanes-Lopez
etal., 2017).

Grain Zn concentrations across years were weakly to
moderately correlated (r = 0.18-0.39; P < 0.001) which may
be attributed to environmental effects across years and its
interaction with genotypes as was also reported for grains of
other crops (Singh et al, 2017). The calculated heritability
(H?> = 0.54) for our trait of interest represents a moderate
contribution of the genotype to the overall variation in grain
Zn concentration, which was also affected by the environment
in experiments being conducted across 3 years. Similarly, Tiwari
et al. (2016) and Khokhar et al. (2018) found the moderate
effect of genotypes on wheat grain Zn concentrations. We
observed a significant positive correlation between Zn and

TKW, which implies that both traits improve simultaneously
each other and this observation has also been made in other
studies with wheat (Morgounov et al, 2007; Peleg et al,
2009; Krishnappa et al, 2017). Our findings provide a list
of improved cultivars with high Zn concentration that can
be utilized in future breeding programs for boosting grain
quality.

Zn Grain Concentration as a Complex

Trait

Genetic dissection for grain Zn concentration in our diversity
panel showed that this trait is under control of many

genetic loci. The constant significant MTAs across the years
2015, 2016, 2017 and BLUE values are conferred by loci
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TABLE 2 | Summary of putative candidate genes associated with Zn grain concentration in wheat.

Gene number  Description GO ID GO term GO category Chr.

mRNA_2.1 Mitogen- activated G0:0004672 Protein kinase activity, Molecular 3B

mMRNA_3.1 protein kinase kinase G0:0006468 protein phosphorylation, function,

mRNA_10.1 kinase G0:0015031 protein transport biological

mRNA_23.1 process

mMRNA_24.1

mRNA_32.1 SWAP (suppressor-of-white-APRICOT)/surp G0:0003723 RNA binding Molecular function 3B
domain-containing protein

mMRNA_11.1 Homeobox-leucine zipper protein HOX4 G0:0003677/ DNA binding/DNA binding transcription Molecular function 5A

GO:0003700 factor activity

mMRNA_34.1 Protein FAR1-RELATED SEQUENCE 11 (FRS11) G0:0008270 Zinc ion binding Molecular function B5A

mRNA_42.1 BZIP protein G0:0003700 DNA binding transcription factor activity Molecular function 5A

mRNA_44 .1 Transcription factor bHLH76 G0:0046983 Protein dimerization activity Molecular function 5A

on chromosomes 3B (723,504,241-723,611,488 bp) and 5A
(462,763,758-466,582,184 bp) in the complete panel as well as
in the subpanel of wheat genotypes (Figure 5). Previously, a
QTL for Zn concentration was reported in a similar location on
chromosome 3B by Crespo-Herrera et al. (2017) in a population
of hexaploid wheat RILs. Another study detected on chromosome
5A a QTL for grain Zn concentration in a RIL population derived
from a cross between durum wheat and wild emmer wheat (Peleg
et al,, 2009). A previous study in rice mentioned that many
QTLs for grain Zn have been mapped based on eight different
mapping populations, where the most constant QTL for grain
Zn content across environments was located on chromosome 12
(Swamy et al., 2016), which has synteny to chromosome 5A in
wheat (Salse et al., 2009). Therefore, our results indicate potential
genomic regions controlling Zn in wheat that can be used in
further genetic investigations.

Identification of Candidate Genes

The gene content of the two genomic regions on chromosomes
3B and 5A harbors many hypothetical and functionally annotated
genes or proteins including TFs and transporter proteins
(Supplementary Table S5). For instance, we found five genes on
chromosome 3B related to the MAPK family (Table 2) and this
gene is well documented in biotic and abiotic stress signaling
(Xu and Zhang, 2015). Recently, several publications reported
that different MAPK genes play major roles in sugar, nitrogen,
phosphate, iron, potassium, or Zn signaling pathways (Lastdrager
et al., 2014; Briat et al., 2015; Chardin et al., 2017), which
makes them promising candidates for being involved in grain Zn
accumulation. The gene annotations of the MEGANTE pipeline
showed that one of the MAPK-related genes encoded a vacuolar
protein sorting-associated protein. Interestingly, a recent report
showed that vacuolar protein sorting-associated protein was
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identified as one of the candidate genes mediating elevated Zn
concentrations in chickpea seeds (Upadhyaya et al., 2016). In
the same study, a SWAP/surp domain-containing protein was
reported to be linked with seed Zn concentration in chickpea and
a SWAP was found in the present study as putative candidate
gene on chromosome 3B (Table 2).

On chromosome 5A, a homeobox-leucine zipper protein
HOX4 that annotated as TaHDZIP1 was found to be associated
with grain Zn concentrations in the used panel. Another
regulatory element detected in this genomic region is the putative
TF bHLH76 and it has been reported that bHLH is one of the
binding factors of the cis-element G-box which was found in
promoter regions of all TaMTPs (metal tolerance proteins), which
are involved in trace metal homeostasis and have a potential
role in cereal grain biofortification with essential micronutrients
including Zn (Menguer et al., 2017; Vatansever et al., 2017).
Additionally, we found that chromosome 5A harbored a TF
belonging to the bZIP (basic-region leucine-zipper) family which
have a crucial role in nutrient and Zn homeostasis (Ishimaru
et al., 2011; Evens et al., 2017; Cifuentes-Esquivel et al., 2018).
In Arabidopsis thaliana, the TFs bZIP19 and bZIP23 were shown
to regulate the adaption to Zn deficiency in roots (Assuncio
et al., 2010; Inaba et al,, 2015). A total of 187 TabZIP genes
have been identified in wheat (Li et al., 2015) and a specific
group of TabZIP genes conferred functional complementation of
Zn deficiency-hypersensitive such as bzip19 bzip23 (Evens et al.,
2017; Henriquez-Valencia et al., 2018). So far, most functional
studies of bZIPs were related to roots or leaves while little
information about bZIP-dependent regulatory mechanisms is
available for grains. Therefore, novel bZIP genes could play a
critical role in improving Zn accumulation in grains. However,
this requires further genetic and functional validation. Finally,
the FARI protein detected on chromosome 5A (Supplementary
Table S5) and its molecular function based on gene ontology
analysis is related to zinc ion binding (Table 2), which also makes
it a potential candidate gene.

CONCLUSION

The present analysis showed the power of the GWAS
approach for identifying putative candidate genes for grain
Zn accumulation in wheat. This study discovered genetic
factors controlling grain Zn accumulation that may establish
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Abstract: Malnutrition of iron (Fe) affects two billion people worldwide. Therefore, enhancing grain
Fe concentration (GFeC) in wheat (Triticum aestivum L.) is an important goal for breeding. Here we
study the genetic factors underlying GFeC trait by genome-wide association studies (GWAS) and the
prediction abilities using genomic prediction (GP) in a panel of 369 European elite wheat varieties
which was genotyped with 15,523 mapped single-nucleotide polymorphism markers (SNP) and a
subpanel of 183 genotypes with 44,233 SNP markers. The resulting means of GFeC from three field
experiments ranged from 24.42 to 52.42 ug-g~! with a broad-sense heritability (H?) equaling 0.59
over the years. GWAS revealed 41 and 137 significant SNPs in the whole and subpanel, respectively,
including significant marker-trait associations (MTAs) for best linear unbiased estimates (BLUEs) of
GFeC on chromosomes 2A, 3B and 5A. Putative candidate genes such as NAC transcription factors
and transmembrane proteins were present on chromosome 2A (763,689,738-765,710,113 bp). The GP
for a GFeC trait ranged from low to moderate values. The current study reported GWAS of GFeC for
the first time in hexaploid wheat varieties. These findings confirm the utility of GWAS and GP to
explore the genetic architecture of GFeC for breeding programs aiming at the improvement of wheat
grain quality.

Keywords: Wheat; mineral; iron; GWAS; SNP; candidate genes

1. Introduction

Wheat is the second most produced and consumed food crop worldwide and its products form a
fundamental diet in the daily life for people in the whole world (FAOSTAT 2016; http:/ /faostat.fao.
org). Wheat grains contain mainly carbohydrates with a small proportion of proteins and essential
micronutrients such as iron (Fe) and zinc (Zn) [1-3]. Micronutrient deficiency including Fe and Zn are
among the most prevalent deficiencies in the developing countries and high-risk groups are women
and children [4]. More than 2 billion people are affected with Fe deficiency which has an adverse
effect on health, such as retarding the physical growth and affecting the motoric development, leading
to fatigue and low productivity [5,6]. Therefore, in regions where the people depend mostly on
cereal-based foods, deficiencies in micronutrients become a challenge. On the other side, improving Fe
concentrations in the edible part of crops are linked with positive consequences on both grain yield
and nutritional status as well as a positive effect on human health [7].
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Understanding the genetic basis of Fe concentration in wheat grains is imperative for enhancing
Fe values in newly developed varieties. Therefore, we performed a genome-wide association study
(GWAS) approach which is one of the main approaches for dissecting complex traits including
nutritional quality traits that are controlled by many genes and influenced by the environment [8,9].
Several genetic regions controlling mineral concentration traits in wheat have been identified by
applying traditional quantitative trait loci (QTL) analysis using bi-parental mapping populations.
For instance, Peleg et al. [10] detected five QTLs on chromosomes 2A, 3B, 5A, 6B and 7A for Fe
concentration in a tetraploid wild emmer x durum wheat recombinant inbred lines (RILs) population.
Another study identified five QTLs underlying grain Fe concentration (GFeC) in a Triticum spelta x
T. aestivum RIL population, of which three mapped to chromosome 1A while two QTLs mapped to
chromosomes 2A and 3B [11]. To our knowledge two GWAS studies have been reported on synthetic
wheat lines. Gorafi et al. [12] studied grain iron content in 47 synthetic hexaploid wheat germplasm
lines and Bhatta et al. [13] performed GWAS for various grain minerals including Fe on 123 synthetic
hexaploid wheat lines. Association mapping for seed Fe content was also performed for other crops
such as pearl millet [14] and seed Fe concentration in chickpea [15]; however, no GWAS study on
released wheat varieties is available to our knowledge.

Recently, genomic prediction (GP) or genomic selection (GS) approaches were developed based
on genome-wide marker information to predict the breeding value of complex traits for which only
genotyping data are provided (test population) [16]. These predicted values are called genome estimate
breeding values (GEBVs) and are based on actual phenotypic data related to genotypes in a training
population [17]. Several methods were adopted for GP or GS calculation such as Bayesian methods,
rrBLUP and Genomic best linear unbiased prediction (GBLUP), while the main affecting factor within
these methods is the density of the markers [18]. Application of GP will be helpful particularly for
complex traits and for traits that are costly to phenotype; therefore, applying GP could speed up
the genetic gains in the development of nutrient-dense wheat varieties. To date, numerous plant
breeding studies have been published to investigate complex traits such as nutritional quality traits in
wheat [19,20].

The goals of this study were (i) to study the natural phenotypic variation of wheat GFeC in a
panel of 369 elite wheat varieties grown for three years in the field, (ii) to investigate the genetic
architecture of this trait and to identify QTLs by applying a GWAS approach, (iii) to define the gene
content in the respective genomic region of the wheat reference sequence as well as to identify potential
candidate genes, and (iv) to examine the prediction ability in the present wheat panel by using different
statistical models.

2. Results

2.1. Phenotypic Analysis and Correlations

The analyses of variance (ANOVA) for Fe concentration in grains showed a significant effect
of both genotype and years (p < 0.001) (Table S1). Wide genetic variation of GFeCs was found
between the genotypes in both the whole panel and subpanel in each year (Figure S1, Table S2). The
genotypic variation of Fe concentrations in each year appeared to be normally distributed (Figure S2).
The average of grain Fe based on BLUE values was about 34 ug-g~! dry weight (DW) in the whole
and subpanel of genotypes (Figure 1) with a range of 24.42-52.42 ng-g~! DW in the whole panel and
26.99-48.52 ug-g~! DW in the subpanel of genotypes (Figure 1). This trend of GFeC decrease among
years may be attributed to environmental effects including rain fall and temperature (Figure S3). In fact,
this conclusion was supported by the resulting heritability for Fe concentration across the years which
is equal to H? = 0.59.
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Figure 1. (A) Grain iron concentration (ug-g~') in all wheat genotypes of the whole panel for the years
2015, 2016 and 2017 and BLUE values. (B) Grain iron concentration (ug- gfl) for wheat genotypes in
the subpanel for the years 2015, 2016 and 2017 and BLUE values.

A significant positive correlation ranging from r = 0.26 to 0.39 (p < 0.001) was found for grain
Fe in all three years (Figure 2). As well, a significant positive correlation (0.11-0.26, p < 0.001) was
present between Fe and thousand kernel weight (TKW) in all three years (Figure S4) and a strong
correlation was found between Fe and Zn with values ranging between 0.51-0.68 (p < 0.001) over years
(Figure S4). In the whole wheat panel, genotype “SW Tataros” showed the highest Fe concentration
equaling 52.67 ug-g~! DW based on the BLUEs (Figure 3).

Fe-2016 0.37*
Fe-2017 | 0.26* 0.39%
Fe-2015 Fe-2016

-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00

Figure 2. Pearson correlation between Fe grain concentrations (ug-g~') in the years 2015, 2016 and
2017. The degree of significance indicated as * p < 0.05.

Genotype

40 42 44 46 45 50 52 34 36

Grain Fe Concentration

Figure 3. The scale of the top five genotypes with the highest Fe concentration (ug-g~!) value crossing
years (BLUE).
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2.2. Genetic Analysis and Genes Underlying GFeC Trait

GWAS analysis for the whole panel identified 41 significant MTAs (—logio (p-value) > 3)
(Figure 4A) which were distributed over the genome with R? values ranging between 2.7% to 5.22%.
In total 41 MTAs, of which 17 were located on chromosome 3B between 46.6 to 59.8 cM (Table S3). Due
to no common associations among years, our analyses were based on BLUEs by including the most
significant 3 SNPs for further analysis (Table S3). In the subpanel, the number of significant associations
including unmapped markers was higher and mounted to 137 MTAs (Figure 5A) with R? values
ranging from 5.60% to 13.09% (Table S4). The highest phenotypic variation was related to unmapped
markers (AX-158577508 and AX-158577509) and equaled 10.38% and 13.09%, respectively. Fifteen, four
and two significant SNPs which were present on chromosomes 2A (763,689,738-765,710,113 bp), 3B
(731,263,238-731,264,585 bp) and 5A (538,758,878-539,958,539 bp) were targeted for further analysis.

The QQ plots for SNP results revealed that the distribution of observed association p-values were
close to the distribution of expected associations (Figures 4B and 5B); that means the model which
we implemented for GWAS was sufficiently stringent to control for false positive associations. In a
previous study a total of 8 markers in the whole panel and 31 markers in the subpanel (Tables S3 and
S4) had been found significant for grain Zn concentration in the same germplasm [9]. Based on BLUEs,
significant markers from the whole and subpanel were selected for a query against INGSC RefSeq
annotation v1.0 to get their annotations.

In the subpanel, we detected several potential candidate genes that located on chromosome 2A
(763,689,738-765,710,113 bp) (Table S5). Based on the functional annotation, we found genes which
encode either a transcription factor (TF) related to the NAC (NAM (no apical meristem)) domain
family or a transmembrane protein (Table 1). These genes are well known to play a role in nutrient
remobilization in plants [21,22]. Therefore, we conclude that this genomic region harbors several
putative candidate genes, which may have a significant role in grain Fe accumulation.
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Figure 4. (A) Summary of genome-wide association scans for the whole panel of wheat genotypes (369)
which were analyzed by using the 90K iSELECT Infinium array and the 35K Affymetrix SNP array for
each year (2015/2016/2017) and BLUEs. The horizontal red color line indicated the threshold of —log
(p-value) of 3. (B) Quantile-quantile scale representing expected versus observed —logjg (p-value).
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Figure 5. (A) Summary of genome-wide association scans for the subpanel of wheat genotypes (183)
which analyzed by using the 90K iSELECT Infinium array, the 35K Affymetrix SNP array and the
135K Affymetrix SNP array for each year (2015/2016/2017) and BLUEs. The horizontal red color line
indicated the threshold of —logjg (p-value) of 3. (B) Quantile-quantile scale representing expected
versus observed —logjo (p-value).

Table 1. Potential candidate genes underlying GFeC trait in wheat.

Gene ID Gene Annotation Chr. Start (bp) End (bp)
TraesCS2A01G562600, . 763,796,420 763,799,183
TraesCS2A01G562700  Tansmembrane protein, (DUF247) 2A 63800755 763,804.683
TraesCS2A01G563600, . 764,149,111 764,150,898
TraesCS2A01G565000  ransmembrane protein, (DUF594) - 2A 70/ go'vas 74 900,078
TraesCS2A01G565900, 765,277,860 765,278,647
TraesCS2A01G566000, 765,373,519 765,375,363
TraesCS2A01G566100, () g0 L A 765392440 765393650
TraesCS2A01G566200, ° co g prote 765,441,104 765,442,258
TraesCS2A01G566300, 765,514,989 765,518,243
TraesCS2A01G566400 765,546,770 765,547,909

2.3. Genomic Prediction of GFeC Trait

GP was evaluated for GFeC trait with three statistical models including GBLUDP, ridge regression
best linear unbiased prediction (RR-BLUP) and Bayes-Crt in the whole panel. Prediction ability values
were 0.29 to 0.38, 0.27 to 0.35, and 0.20 to 0.35 based on using these methods: GBLUP, RR-BLUP and
Bayes-Crt respectively (Figure 6). The highest value is equal 0.38 (GBLUP) and 0.35 (RR-BLUP and
Bayes-Cm) based on Fe BLUE values. The prediction values within years were almost the same and
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equaled around 0.2 (Figure 6). Based on the GP results, more accurate estimates of breeding values
through marker-based relationship matrices could be obtained by increasing the number of genotypes
in the training data.

045 mGELUP
04 rrBLTUP
0.35 wBayes-Cn

0.3
0.25
0.2
015
0.1
0.0s
0

Prediction ability

Fe 2015 Fe_2016 Fe 2017 Fe BLUE
Fe grain concentration

Figure 6. Prediction ability values for grain Fe concentration (ug-g~!) according to different years (2015,
2016 and 2017) and BLUESs by using three different statistical models: GBLUP, rrBLUP and BayesC.

3. Discussion

3.1. The Usefulness of the Natural Phenotypic Variation

In human nutrition, the estimated average requirement (EAR) of Fe is 1460 pg/day/person,
while the target level for sufficient Fe concentration in wheat grains was established as 52 pg-g~! [23].
In our mapping panel, we observed high phenotypic variation in grain Fe concentrations ranging
between 16.77-62.87 ug-g~! among years and identifying 23 lines equal or above the required target
(>52 pg-g~1). A similar range of GFeCs was reported for a wheat RIL population (17.8-69.0 pg-g~!)
which resulted from crossing Triticum boeoticum with Triticum monococcum [24]. Morgounov et al. [25]
found GFeCs in the range of 34-43 pg-g~! for 41 winter w-ug heat cultivars except for one spring
wheat cultivar, that had GFeC of 56 pg-g~!. Also, the range of Fe concentrations in Indian and Pakistan
hexaploid wheat grains was found to be in the range of (9.2 to 49.7 ug-g ') [26]. Therefore, using lines
with elevated GFeC are important to develop new varieties for crop improvement.

The heritability of Fe concentration among the years was moderate equaling H? = 0.59, suggesting
a quantitative nature of inheritance and a considerable environmental influence on the expression
of the trait. Gorafi et al. [12] reported a broad-sense heritability value of Fe grain concentration in
synthetic hexaploid wheat germplasm of 0.80. Khokhar et al. [27] reported broad-sense heritability
equal to 0.75 for Fe grain concentrations in field-grown Indian wheat.

GFeCs showed a significant positive correlation among years (r = 0.25-0.38, p < 0.001), indicating a
relatively stable measurement of the phenotypic data. The resulting correlation values were moderate;
that may be attributed to the influence of genetics and environment on the GFe accumulation which can
also explain the moderate heritability value (0.59) of GFe. Tiwari et al. [24] found a constant correlation
between different locations for grain Fe concentrations which is compatible with our results.

The positive and highly significant correlation between Fe and Zn in addition to a significant
positive correlation between Fe, Zn and TKW found in the current study, was also reported in earlier
studies in wheat [10,25]. For instance, our results agree with Pandey et al. [26], who reported a positive
correlation between GFeCs and Zn concentrations in 150 bread wheat lines. Additionally, Fe and Zn
have the same families of transporter proteins in several steps during the transportation from the
soil to the grain, for example nicotianamine (NA) related enzymes are important for both of Fe and
Zn radial movement through the root [28,29]. As well, such a high correlation between Fe, Zn and
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TKW suggest that these traits (Fe and Zn) may have the same genetic basis and could be improved
simultaneously with TKW or TKW determinants such as starch and protein. Krishnappa et al. [30]
found common genetic regions between Fe, Zn, TKW and protein content. Peleg et al. [10] showed a
positive correlation between Fe, Zn, TKW and protein content in wheat. Therefore, it is important to
shed light on the genetic makeup of these traits together.

3.2. Putative Candidate Genes

Based on GWAS analysis, we found that different loci are controlling Fe accumulation in wheat
grains indicating that it is a complex trait with polygenic control. In the whole panel, 137 significant
associations were underlying grain Fe and were distributed on chromosomes 1A, 1B, 2A, 2B, 3A, 3B,
4A,5A,5B, 5D, 6A, 6D, 7B and 7D of which 3 significant SNPs were located on 3B (46.60—-47.42 cM).
There were no obvious candidate genes detected within the aforementioned region. In the subpanel,
three physical regions contained significant SNPs, on chromosomes 2A (763,689,738-765,710,113 bp),
3B (731,263,238-731,264,585 bp) and 5A (538,758,878-539,958,539 bp), but only the 2A region conferred
candidate genes involved in iron uptake or homeostasis.

Chromosome 2A conferred six putative genes related to the NAC (NAM (no apical meristem))
domain family proteins (Table 1), which are well known to be involved in accelerated senescence
and an increase of nutrient remobilization from leaves to grains. Several studies reported about
NAC gene and increasing Fe and Zn content in the grains of wheat [13,21,31,32]. Uauy et al. [21]
described that a NAC TF (NAM-B1) accelerated senescence and nutrient remobilization from leaves to
grains. The reduction in RNA levels of the multiple NAM homologs by RNA interference delayed the
senescence process and reduced wheat grain protein, Zn, and Fe content by more than 30%. In the
same context, Ricachenevsky et al. [31] showed that NAM-B1 which is one of the NAC TFs has a major
role in regulating key genes responsible for the senescence process which leads to higher Fe and Zn
concentrations in wheat grains.

Another four genes encoded transmembrane proteins on chromosome 2A. It has been reported
that transmembrane proteins are responsible for nutrient uptake in plants and play an important role
in enhancing the micronutrient content of grains [22,33]. Therefore, these genes could be important for
GFeC in wheat; however, functional characterization studies are required to validate the function of
these genes.

3.3. Genome-Wide Prediction Accuracy

GP or GS has been proposed as a method to improve the breeding efficiency of quantitative
and complex traits. Therefore, we extended our analyses and included GP as a suggested tool for
improving a polygenic trait such as GFeC in wheat. Our predictability results showed low to moderate
values according to three different years and BLUE values, which agrees with another report that
obtained low to moderate predictability values for the macro- and micro-nutrients including Fe in
wheat landraces [19]. In spring wheat, GP showed moderate to high prediction accuracy for grain
Fe by imputing different statistical models [20]. Based on our findings, GP may be considered as a
promising approach for enhancing GFeC in wheat especially when larger size germplasm panels with
additional genotypes are used to have more accurate estimates of breeding values.

4. Materials and Methods

4.1. Plant Germplasm

A population comprised of 369 elite European wheat varieties including 355 genotypes of winter
wheat and 14 genotypes of spring wheat, mainly from Germany and France was used in this study:.
Field experiments were carried out at IPK, Gatersleben, Germany over three consecutive years
(2014/2015, 2015/2016 and 2016/2017) using plot with a size of 2 x 2 m for each genotype with
six rows spaced 0.20 m apart and more details were described in a previous study by Alomari et al. [9].
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The grains were collected randomly from more than 250 plants of each plot to be used in the study.
Standard agronomic wheat management practices were subjected without applying fertilizers to
the soil.

4.2. Milling Process

Three hundred sixty-nine wheat genotypes harvested from three different field experimental trials
were prepared for milling process by collecting 50 kernels for each genotype to measure thousand-grain
weights (TGW) using a digital seed analyzer/counter Marvin (GTA Sensorik GmbH, Neubrandenburg,
Germany). Wheat grains were milled by using a Retsch mill (MM300, Mettmann, Germany), afterward,
the whole panel of the milled wheat grains was dried by incubating overnight at 40 °C in the oven.

4.3. Iron Concentration Measurements

Fifty mg of dried and milled wheat grain flour was taken to be digested by (2 mL) nitric
acid (HNOj3; 69%, Bernd Kraft GmbH, Germany). The digestion process was completed using a
high-performance microwave reactor (UltraClave IV, MLS, Leutkirch im Allgdu, Baden-Wiirttemberg,
Germany). All digested samples were filled up to 15 mL final volume with de-ionized distilled
(Milli-Q) water (Milli-Q® Reference System, Merck, Germany). Element standards were prepared
from Bernd Kraft multi-element standard solution (Germany). Fe as an external standard and
Yttrium (Y) (ICP Standard Certipur® Merck, Germany) were used as internal standards for matrix
correction. Fe concentrations were measured by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES, iCAP 6000, Thermo Fisher Scientific, Dreieich, Germany) combined with a
CETAC ASXPRESS™ PLUS rapid sample introduction system and a CETAC autosampler (CETAC
Technologies, Omaha, NE, USA).

4.4. Statistical Analysis

We used Sigma Plot package 13 to perform the ANOVA and Pearson’s correlation coefficient ()
which were calculated for the grain Fe data resulted from the three years. The broad-sense heritability
was calculated using the equation:

H? = 0%/ (0%G + (0?e/nE),

where ¢ is the genotype variance, 02, represents the variance of the residual and nE is the
environments number.

Mixed linear model function and the residual maximum likelihood (REML) algorithm were
applied to calculate the Best linear unbiased estimates (BLUEs) of Fe concentration in wheat grains for
each genotype across the years [34] by considering the genotype as a fixed effect and the environment
as a random effect. All these calculations were accomplished using GenStat v18 software (VSN
International, Hemel Hempstead, UK).

4.5. Genotyping

The whole wheat germplasm (369 varieties) was genotyped using two marker arrays: a 90K
iSELECT Infinium array [35] and a 35K Affymetrix SNP array (Axiom® Wheat Breeder’s Genotyping
Array, http:/ /www.cerealsdb.uk.net/) [36] and these two arrays were genotyped by TraitGenetics
GmbH, Gatersleben, Germany (www.traitgenetics.com). Moreover, a novel 135K Affymetrix array was
used to genotype a subpanel of 183 genotypes from the whole genotypes panel [9,37] and this chip
was designed by TraitGenetics GmbH. As a reference map, the ITMI-DH population [38,39] was used
to anchor the SNP markers of the 90K and 35K chips. The 135K chip markers were genetically mapped
on four different F,-populations and then physically anchored on the chromosome-based sequence of
hexaploid wheat [40].
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4.6. GWAS Analysis

To identify the MTA and QTL (i.e., genomic regions) for Fe concentration in wheat grains,
association analyses were conducted between SNP markers and Fe data for each genotype in each
year and BLUEs value. For SNP markers, quality control was applied by considering a minor allele
frequency (MAF) <3% (equaling 11 varieties out of 369) with rejecting SNPs having missing values
or heterozygosity >3%, resulting in 15,523 polymorphic SNP markers from both of the 90K iSELECT
array and the 35K Affymetrix array and 28,710 polymorphic SNP markers from the 135K Affymetrix
array, which were used for association analysis.

GWAS was carried out for Fe concentration data from both panels (whole and subpanel) over
individual year plus BLUE values by applying the implemented mixed linear model (MLM) and
principal component analysis (PCA) as a correction factor for population structure. Whole wheat
genotypes panel was analyzed by using the combination of two SNP chips (90K and the 35K chips)
based on their genetic reference map whereas, the subpanel was analyzed by the combination of 90K,
35K and 135K chips which were anchored based on physical locations. The purpose of combining
the SNP chips was to increase the density of the used markers, achieving good mapping resolution
and to further enhance the power of GWAS output within the germplasm panel. All the detected
marker-trait associations (MTAs) above the threshold of —logiy (p-value) > 3 where considered as a
significant MTA.

GWAS analysis was computed based on a MLM and PCA which was used for population
correction and stratification by using Genome Association and Prediction Integrated Tool (GAPIT) in
R [41]. The appropriateness of the used model was evaluated through Q-Q plots that were obtained
by plotting “expected—log1 (p-values)” on the x-axis and “observed —logjo (p-values)” on the y-axis.
The population structure of the investigated genotypes panel was described in a previous study by
Kollers et al. [42].

4.7. Blasting and Annotation

The significant SNP markers which defined the significant associations underlying GFeC trait
were listed to obtain their annotation based on the newly released reference genome sequence of
Chinese Spring by blasting their sequance against IWGSC RefSeq annotation v1.0 to detect potential
candidate genes [43,44].

4.8. Genomic Prediction

4.8.1. GBLUP

We used GBLUP to impute GP for GFeC trait data by using Tassel version 5.2.10 [45]. In this
model, we evaluated the prediction accuracy by using fivefold cross-validation with 20 iterations as
implemented in Tassel software.

4.8.2. RR-BLUP and Bayes-Cnt

We evaluate the prediction ability with the two GS models that are ridge regression best linear
unbiased prediction (RR-BLUP) and Bayes-Cm [16,46]. For both models, GSs were implemented in
R using a fivefold cross-validation as described in previous literature Jiang et al. [47]. Simply, all the
individuals were randomly divided into five subsets, in which four of the five were used as estimation
set and the remaining one were used as test set. After all the genotypic values of individuals were
obtained, we calculate the prediction ability that is the correlation between observed and predicted
values. The whole process was repeated 100 times and then the mean value was used as the final
prediction ability.
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5. Conclusions

This study characterized many lines of a diverse wheat panel for GFeCs to understand the
natural diversity that exists for Fe grain trait and to identify potential genes that contribute to this
phenotypic variation and to examine the prediction accuracy. Broad-sense heritability calculation
revealed moderate variation that could be attributed to both genetic and environmental effects. Overall,
the resources generated in this study can be used to identify suitable candidate genes for further
validation analysis. Results of applying GP models to GFeC showed that the correlation between
observed and predicted values was relatively moderate; therefore, it would be useful to study the
effects of GxE interactions that may improve the predictability value.

Supplementary Materials: Supplementary Materials can be found at http:/ /www.mdpi.com/1422-0067/20/1/
76/sl.
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3. General Discussion

3.1 Strategies for dealing with complex traits like nutritional quality traits

3.1.1. General prerequisites for GWAS

Robustness and effectiveness of GWAS for dissecting complex traits in crops relies on several
factors (Myles et al., 2009; Korte and Farlow, 2013). For instance, sufficient natural phenotypic
variation with medium to high broad-sense heritability of a given trait within the population is
imperative for performing GWAS and finding significant associations to identify the causative
loci/gene(s) (Soto-Cerda and Cloutier, 2012). A GWAS study is more effective and productive
when several environments such as years or locations are used to test a selected diverse
population in order to identify stable QTL among the different environments. The investigated
population is preferred to consist of a high number of individuals /accessions, i.e. hundreds of
lines (Korte and Farlow, 2013). To reach the GWAS aims of detecting the responsible
loci/gene(s) underlying the trait of interest, a high dense map (several thousands of SNPs) with
high-resolution of physical or genetic positions and adequate allele frequencies are also required.
Population structure must be considered during the GWAS to clarify the confounding effects
among the used individuals based on their genetic relatedness (Myles et al., 2009). Therefore,
applying the proper statistical methods that take into account all of the aforementioned factors
especially population structure are crucial for having true associations (Myles et al., 2009; Korte
and Farlow, 2013). Another analysis which is important to be considered during the GWAS is
LD analysis (Myles et al., 2009). A combination of all of these conditions empowers researchers
to reveal QTLs for natural variation that can be analyzed using state of the art bioinformatics

tools to detect the underlying gene(s).

3.1.2 Plant material, population size and phenotypic analysis

In the three studies presented at chapter two, we exploited European elite wheat germplasm of
369 genotypes including 355 winter wheat and 14 spring wheat varieties. The wheat germplasm
was grown in the field located within IPK campus for three consecutive years (2014/2015,
2015/2016 and 2016/2017). Planting was done within plots and each plot was containing around

250 plants to ensure an ideal plant density for each genotype and then wheat grains were
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collected from each plot. Fifty wheat grains were taken randomly for each genotype and year and
prepared for phenotypic analysis and further measurements. Using representative samples of
three years of field experiments helped to ensure an accurate and precise estimation of the
phenotypes, i.e. the mineral grain concentrations. The soil texture was clay loam and the soil
analysis of the three field experiments demonstrated that the soil samples were homogeneous
with the same characteristics, such as pH = 7 across years. The field was planted during the fall
under rainfed conditions without adding fertilizers in order to ensure standard agronomic wheat
management practices and to avoid any effects on the realistic natural variation of minerals
accumulation in wheat grains (Table 1). The same criteria of germplasm size and growing plants
across different years were also used in a previous study, e.g. Velu et al. (2018) who used 330
bread wheat lines to characterize grain Zn concentrations across multiple environments. In
contrast, most of the GWAS studies in wheat used a population panel up to 250 individuals
which may lead to reduced phenotypic and genotypic variation (Wang et al., 2017; Liu et al.,
2018; Maulana et al., 2018). Therefore, the power of GWAS depends on the population size
(sufficient number of individuals) in order to identify the highly significant MTAs with a larger
effect, acceptable frequency within the population and to detect rare variants. Recently, Bhatta et
al. (2018) used almost the same conditions of growing the plants and collecting grains for
GWAS study of grain minerals in a diverse panel containing 123 synthetic hexaploid wheat lines
which were grown in clay loam soil with a pH around 7-8 and without adding fertilizers for two
years of field experiments. In our study, we applied a realistic criteria to ensure high quality of
analysis and output in the investigated European winter wheat elite varieties where we found a
wide natural genetic diversity for the studied traits (Fe, Zn and Ca) during three years (Table 1)
(Alomari et al., 2017; Alomari et al., 2018; Alomari et al., 2019). Previous GWAS studies that
characterized minerals in wheat used several wheat populations without including released
varieties. For instance, different recent GWAS studies characterized minerals in synthetic
hexaploid wheat, spring wheat and in Aegilops tauschii (Bhatta et al., 2018; Velu et al., 2018;
Arora et al., 2019). Another QTL analysis study investigated minerals in winter wheat without
including elite wheat varieties (Shi et al., 2013). So far, our presented results are the first GWAS

to characterize minerals in grains of European elite winter wheat varieties.
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Tablel. Phenotypic variation for the measured traits during three years and the calculated

heritability

Trait 2014/2015 2015/2016 2016/2017 H?

Fe Range 29.83-62.87 24.30-56.20 16.77-54.97 0.59
Mean 41.00 36.21 26.44

Zn Range 25.07-57.17 25.10-61.70 20.56-60.09 0.54
Mean 37.10 36.92 30.61

Ca Range 334.6-797.2 234.3-797.2 208.5-597.8 0.73
Mean 497.0 438.1 314.8

TKW Range 31.20-63.33 37.55-65.60 40.60-65.58 0.74
Mean 48.51 52.96 52.59

3.1.3 Analysis of phenotypic data and environmental effects

Broad-sense heritability (H?) is usually used by plant breeders to measure the strength of the
relationship between the phenotypic performance and the genetic effect of an individual
genotype or in other words it is the genetic contribution to phenotypic variability. The measured
heritability values may be ranged between 0 (no genetic contribution) and 1 (variation under
genetic control) while values within the range of 0.30 to 0.60 are considered as moderate. Broad-
sense heritability (H?) estimates for Fe and Zn were moderate (0.59 and 0.54 respectively) and
high (0.73) for Ca (Table 1) (Alomari et al., 2017; Alomari et al., 2018; Alomari et al., 2019),
indicating high to moderate contribution of genotypic effect to the overall variation in the
minerals’ accumulation in wheat grains. Our findings corresponded with Crespo-Herrera et al.
(2016) who found a moderate heritability for Fe and Zn concentration in wheat and with
Khokhar et al. (2018) who found high heritability for grain Ca in wheat. In conclusion, wide
natural genetic diversity with moderate to high heritability is a prerequisite to QTL detection and
makes the breeding process feasible by selecting the superior genotypes.

A significant positive correlations were found between thousand kernel weight (TKW) with
grain Fe concentration (0.11-0.25; P<0.001) and between TKW with grain Zn concentration
(0.01-0.24; P<0.001), while TKW was not correlated or negatively correlated with grain Ca
concentration (-0.28-0.04; P<0.001) (Figure 7). These results are consistent with some other
reports; Shi et al. (2013) revealed a significant positive correlation between TKW and grain Fe
whereas a negative correlation between TKW with grain Ca in wheat. Another recent report
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observed a weak to almost no correlation between TKW with Fe and Zn in wheat grains (Arora
etal., 2019).

The correlation analysis of the mineral concentrations among each other revealed that grain Ca,
Fe and Zn were ranging between almost no correlations (0.06; P<0.001) to moderate significant
and positive correlation (0.45; P<0.001). A significant moderate correlation between Ca and Zn
was observed in two years (0.30, 0.45; P<0.001) in contrast to a correlation between Ca and Fe
which was significantly low in two years (0.06, 0.08; P<0.001). Khokhar et al. (2018) reported a
significant positive correlation between Ca with Zn in wheat grains equaling 0.36 with P<0.001
and Shi et al. (2013) reported about a slightly negative correlation between grain Ca and grain Fe
concentrations equaling -0.08 in wheat. A strong significant and positive correlation (0.51 to
0.69; P<0.001) was detected between Fe and Zn suggesting the presence of common genetic
factors affecting the accumulation of these minerals in grains and eventually the improvement of
one of these minerals could positively affect the other one (Figure 7). Our findings support what
is found repeatedly in previous studies (Zhao et al., 2009; Xu et al., 2012; Srinivasa et al., 2014;
Khokhar et al., 2018) about the existence of a highly positive correlation between Fe and Zn.
Therefore it might be possible to breed for both minerals (high Fe and Zn) in parallel.

A comparison between the top 15 accessions with highest concentrations of Ca, Fe and Zn
(Table 2) observed that six accessions were common between Fe and Zn while only one
accession was in common between Ca and Zn. These results confirmed what we found in the

aforementioned correlation analysis between Ca and Zn and between Fe and Zn.
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Figure 7. Person correlation for calcium (Ca), iron (Fe) and zinc (Zn) with thousand kernel

weight (TKW) across three years, *P<0.001.

Table 2. List of wheat accessions with highest grain zinc (Zn), iron (Fe) and calcium (Ca)
concentrations (ug g™ dry weight (DW)) based on BLUES.

Variety Genotype Zn Variety Genotype Fe Variety Genotype Ca
Name name name
Fridolin GW0251 56.41 SW Tataros GWO0334 56.98 Nirvana GWO0169 647.5
Ares GW0337 51.98 Actros GWO0001 56.8 Inoui GWO0156 636
Rainer GW0253 50.81 Tamaro GWO0197 53.37
Tamaro GW0197 50.52 Baguette 11  GWO0376 49.74 Capnor GW0018 625.2
Lars GW0293 50.36 Runal GW0189 49.73 Welford GWO0333 623.7
Vitus GW0254 50.32 Heroldo GW0040 49.33 Autan GWO0119 623.1
Xenos GW0255 50.1 Ludwig GWO0050 48.93 Lona GWO0163 585.4
Zyta GW0290 49.68 Alidos GWO0004 48.86 Pytagor GW0183 584
SW Tataros GW0334 48.6 Savannah GWO0355 582.1
Jafet GW0380 48.07 Zyta GWO0290 48.55 Ostka GW0281 5735
Heroldo GW0040 47.88 Lucius GWO0049 48.39 HO05581A GWO0209 572.4
Fregata GW0268 47.64 Vitus GWO0254 47.86 Samurai GWO0190 565.6
Aperitiv GW0291 47.13 Fregata GW0268 47.82 Calisto GW0129 563.1

3.1.4. The effectiveness of high-density SNP arrays

High-density single nucleotide polymorphism (SNP) genotyping arrays are a powerful tool for

studying genomic diversity, understanding ancestral relationships among individuals in

populations and detecting MTAs in mapping populations (Tian et al., 2011; Zhao et al., 2011).
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The robustness and effectiveness of SNPs are based on several parameters such as the coverage
percentage of the markers across the genome, minor allele frequency (MAF) and LD (Rasheed et
al., 2017). In our study, we used one of the most common arrays in wheat that provides a dense
coverage of the wheat genome which is known as 90k iSELECT Infinium array and provided an
initial number of 46,977 SNP markers (Wang et al., 2014) and 7,761 SNPs after applying the
quality control test with MAF >3%. Resulting in a density coverage equaling 2.7 SNP markers
per cM in our dataset (Alomari et al., 2017; Alomari et al., 2018; Alomari et al., 2019). This
array has been widely used for GWAS and QTL-mapping in wheat for studying various
agronomic traits (Wen et al., 2017; Sukumaran et al., 2018; Velu et al., 2018). In the GWAS
studies presented in chapter 2.1, 2.2 and 2.3, the map was improved by using a newly released
array in wheat, the so-called 35k Axiom® Wheat Breeders’ Genotyping Array which includes
35,143 SNP markers (Allen et al., 2017). After applying the quality control test including MAF
>3%, the number reached 7,762 SNPs in our dataset and the marker density equaled 2.6 markers
per cM (Alomari et al., 2017). Therefore, the combination of both arrays increased the marker
density to reach 4.5 markers per cM that resulted in 15,523 polymorphic markers and led to
increase the resolution of association mapping and to facilitate the detection of the candidate
genes underlying Ca and Zn (Alomari et al., 2017; Alomari et al., 2018).

In chapters 2.2 and 2.3, a third novel array was added to the analysis, called 135k Affymetrix
marker array and designed with an initial number of markers equaling 136,780 SNPs; the
number of functional markers then reduced to 77,765 high-quality markers and after applying the
MAF >3% we had in total 28,710 mapped SNPs which were involved in the genetic analyses.
This array was applied to a subpanel of 183 genotypes from the whole genotype panel. A
combination of all of these arrays increased the density up to 14 markers per cM which is to our
knowledge the first time to present such a high-resolution map in a wheat association panel.
Another feature of using these arrays is that the SNPs could be anchored to the wheat physical
map providing the possibility to identify physical positions of candidate genes precisely.

The rationale behind incorporating several high-dense SNP arrays was to increase the marker
numbers and density and to ensure a high resolution of the association mapping output which
was confirmed later by the resulted findings. In conclusion, using high quality and density of
SNPs along with a diverse panel of wheat genotypes enabled us to identify highly significant

marker-trait associations and candidate genes (Alomari et al., 2018; Alomari et al., 2019).
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Other important parameters to improve the mapping resolution in our studies (chapter 2.1, 2.2
and 2.3) are relying on the size and structure of the mapping population, a sharp decay in LD and
the extent to which these markers are in LD to the causative genes (Mackay, 2001; Zondervan
and Cardon, 2004). Population structure and genetic relatedness among the individuals and the
lack of appropriate correction for population structure can lead to spurious associations. It is,
therefore, important to know the structure of the population with respect to genetic relatedness
among pairs of all the individuals used in the study in order to select the optimal GWAS model
(Pritchard et al., 2000). In our study, there was no obvious population structure (Kollers et al.,
2013) which can be regarded as a beneficial point to the analysis even though different
correction methods were incorporated with mixed linear model (MLM) analysis. The Kkinship
matrix model was used to deal with the Ca grain trait while correction with PCA was used to
deal with Fe and Zn traits revealing associations with more stringent QQ-plots (Alomari et al.,
2017; Alomari et al., 2018; Alomari et al., 2019).

LD is the nonrandom association of alleles at two or more loci in the population. It is measured
as the squared allele frequency correlation (r2). The genetic or physical distance over which LD
decays gives a suitable measure for the number and density of markers required determines the
resolution in association mapping studies. If the LD exists between a marker or locus associated
with a trait, then specific marker alleles of haplotypes can be associated with phenotypes at a
high level of statistical significance (Cardon and Bell, 2001). Values of LD between the linked
markers decreased with the increase in distance between them. In our investigated germplasm
panel, we found the genome-wide LD extend of ~5cM at r* >0.2 and this result corresponded to
other literature findings where the LD decay ranged between 5-10 cM in wheat (Chao et al.,
2010). The aforementioned features in our studies resulted in successfully identified numerous

genetic loci that are associated with phenotypic traits of mineral grain concentrations.

3.2 Quantitative nature of inheritance for Ca, Fe and Zn concentrations in wheat grains

Complex traits are generally controlled by multiple loci and influenced by environmental factors;
most of the agronomic and developmental traits including mineral concentrations in grains are
guantitative and complex. One of the most widely used tools in genetic mapping and
characterization in order to dissect the complex traits are linkage mapping and association
mapping (Hu et al., 2018). Most of the mapping studies published on Ca, Fe and Zn in wheat are
linkage mapping studies. For instance, earlier studies have reported QTLs based on linkage
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mapping populations for Ca concentration on chromosomes 1A (Peleg et al., 2009; Shi et al.,
2013), 2A (Shi et al., 2013), 2D (Shi et al., 2013), 2B, 4A, 4B, 5B, 6A, and 7B (Peleg et al.,
2009). A very recent GWAS study about grain minerals accumulation in synthetic hexaploid
wheat found that chromosomes 1B, 2B, 2D, 3A, 3B, 3D, 6A, 6B and 7A were controlling Ca
concentration in wheat grains (Bhatta et al., 2018), while three MTAs for Fe concentration were
identified on chromosomes 1A and 3A and 13 MTAs on chromosomes 1A, 2A, 3A, 3B, 4A, 4B,
5A, and 6B were found to be associated with Zn concentration.

It is difficult to align our findings with earlier studies because of the employment of different
marker systems (SSR versus SNPs) (Krishnappa et al., 2017) and the lack of precise location
information in previous literature due to different types of populations (Manickavelu et al.,
2017). The identified genomic regions for Ca, Fe and Zn indicated that some of the significant
markers are shared between these traits on the same chromosomes and positions. For instance,
there were several markers that were found to be associated with Fe and Zn, e.g. 11 SNPs on
chromosome 3B, 6 SNPs on chromosome 1B, 6 SNPs on chromosome 5A, and 1 SNP on
chromosome 2A (Table 3). As well we observed one significant marker shared between Ca, Fe
and Zn on chromosome 5A at 114.5 cM which will be discussed in the following section related

to the candidate genes.
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Table 3. List of significantly shared SNP makers between studied traits.

Traits Chrom. Position (bp) SNP ID Shared SNP Number
Fe-Zn 3B 723,276,117- BS00022039_51 11
731,264,585 BS00022025_51

Ra_c23717_305
Excalibur_c19367_76
AX-95129199
CAP8_c1113 199
IACX3169
Excalibur_c2850 126
RAC875_rep_c118396_333
RAC875_rep_c117294 342
AX-94457592

Fe-Zn 1B 655,347,159- AX-158556877 5
655,797,883 AX-158537662
AX-158595781
AX-109326596
AX-109510374

Fe-Zn 5A 673,720,244- AX-94416605 5
676,890,191 AX-94995722
AX-94857628
Kukri_c49033 52
AX-94723827

Fe-Zn 2A 719,566,769 AX-94461119 1

Ca-Fe-Zn 5A 698,509,966 RAC875_c8642_231 1

3.3 Identification of putative candidate genes for wheat grain mineral concentrations

The ultimate goal of association mapping analysis is to dissect complex traits in order to identify
the functional genes or alleles that are responsible for natural phenotypic variation. Identification
of significant genomic regions by GWAS analysis includes the genes based on highly associated
markers in addition to genes within the LD region (r? >0.2) in order to study all potential
candidate genes corresponding to the desired trait. This requires the presence of a reference
sequence or at least a physical map. For wheat the Genome Zipper which provided an ordered
scaffold of wheat genes based on synteny of well-established genomes, such as rice (Oryza
sativa), Sorghum bicolor and Brachypodium distachyon became available in 2013 (Spannagl et
al., 2013); later a wheat draft sequence was published by the International Wheat Genome
Sequencing Consortium (IWGSC) (2014), while the wheat reference sequence only became
available in August 2018 (Appels et al., 2018).

Accordingly, in the first study we exploited the Genome Zipper together with the first wheat
genome assemblies IWGSC1 and POPSEQ (2014) in order to identify the candidate genes for Ca
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concentration in wheat grains (Alomari et al., 2017), while in chapters 2.2 and 2.3, we were able
to exploit the pre-published IWGSC RefSeq v1.0 and the published wheat genome reference
sequence v 1.0 respectively for data analysis during the development of these papers (Alomari et
al., 2018; Alomari et al., 2019).

We were capable to detect numerous putative candidate genes underlying the natural variation of
Ca, Fe and Zn concentrations in wheat grains (Table 4); the detected putative candidate genes
were involved in metal uptake, transportation and hemostasis. Generally, a limited number of
studies focused on studying genes for nutrient accumulation in wheat grains. A significant SNP
(RAC875 _c8642 231) marked a candidate gene (TraesCS5A02G542600) that annotated as
transmembrane transporter activity which possibly plays a role for Ca transportation within the
plant. The significant marker (RAC875_c8642_231) was common for all three investigated
elements Ca, Fe and Zn on chromosome 5A at 114.5 cM indicating that it may play an important
role not only in Ca accumulation but also for Fe and Zn accumulation in wheat grains.

Other candidate genes identified for Ca transportation included plasma membrane ATPase, H(+)-
ATPase, heavy metal transport/detoxification, divalent metal cation transporter, calcium-
transporting ATPase, mechanosensitive ion channel family protein and cyclic nucleotide-gated
channel (Goel et al., 2011; Vinoth and Ravindhran, 2017).

Several putative candidate genes found to be associated with grain Zn accumulation based on
their function in Zn signaling pathways included a transcription factor (TF) belonging to the
basic leucine zipper (bZIP) family and the TF bHLH76, a homeobox-leucine zipper protein
HOX4, a SWAP (suppressor-of-white-apricot)/surp domain-containing protein and several genes
related to the mitogen-activated protein kinase (MAPK) gene family (Upadhyaya et al., 2016;
Chardin et al., 2017).

Based on the functional annotation, we found genes which encoded a transcription factor (TF)
related to the NAC (NAM (no apical meristem)) domain family which is involved in accelerated
senescence and nutrient remobilization from leaves to grains as well nicotianamine (NA) related
enzymes which are important for both of Fe and Zn radial movement through the root; several
studies reported about NAC genes and increasing Fe and Zn content in the grains of wheat (Uauy
et al., 2006; Ricachenevsky et al., 2013; Nadolska-Orczyk et al., 2017; Bhatta et al., 2018).

Although the further investigation and functional validation of the roles of these genes in wheat
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grains are still needed, the detected genes can be considered as potential candidate genes which

provide a resource for enhancing nutrients in wheat grains in future breeding programs.

Table 4. Putative candidate gene predicted in genomic regions harboring grain minerals marker-
trait associations.

Candidate gene description Chromosome Trait
Mechanosensitive ion channel family protein 2A Ca
Cation/H" antiporter 2A Ca
Divalent metal cation transporter MntH 5A Ca
Plasma membrane ATPase 5A Ca
H(+)-ATPase 5A Ca
Heavy metal transport /detoxification 5A Ca
Divalent metal cation transporter 5A Ca
Cyclic nucleotide-gated channel 5B Ca
SWAP 3B Zn
MAPK 3B Zn
bzIP 5A Zn
bHLH76 5A Zn
HOX4 5A Zn
NAC 2A Fe

3.4 Examination of the potential for applying Genomic Prediction to grain Fe
concentration
Since GP approach has a great potential to accelerate the genetic gains for traits that are costly to

phenotype, such as grain quality and nutritional traits; GP can increase the genetic gain per
generation through early prediction of the breeding values for individuals. Therefore, we
extended our analysis to include GP to predict the breeding values for grain Fe concentration.
Different wheat studies revealed that the majority of GP accuracies are within the range of 0.05
and 0.8, depending on the traits, statistical methods, and experimental designs. Cross-validated
prediction accuracies of grain Fe based on BLUEs in the used wheat panel was amounting to
0.38 by applying GBLUP statistical model and 0.35 by applying RR-BLUP or Bayes-Crt model.
Our result is in the range of findings of the breeding value prediction accuracies of grain Fe
concentration in wheat landraces which showed a moderate degree of accuracy (Manickavelu et
al., 2017). Velu et al. (2016) examined the prediction ability for grain Fe in spring wheat for two
years and observed predicted breeding values which were ranged between 0.324 to 0.734 for five
different environments with an average of 0.44 which is similar to our results. Low to moderate
prediction accuracies could be improved by using a bigger reference germplasm panel, a higher

density of SNP markers, and more powerful statistical tools.
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3.5. Conclusions for application in breeding and genetic biofortification

Major food crops like wheat are insufficient sources of micronutrients and minerals required for
normal human nutrition. Biofortification using different strategies such as breeding, agronomy,
and genetic modification has been suggested as a promising approach to improve micronutrient
and mineral contents in crop plants. Several biofortified food crops such as cereals, legumes,
vegetables, and fruits were found to be successful in providing sufficient levels of micronutrients
and minerals to the targeted populations (Garg et al., 2018). Considerations must also include the
micronutrient and mineral accumulations in the edible portions of crops in addition to the amount
of nutrients that can be absorbed by the targeted people after processing and cooking. To achieve
this goal, collaboration between plant breeders, nutrition scientists, genetic engineers, and
molecular biologists is essential. In spite of challenges which biofortified crops are still facing,

there is a promising future to diminish malnutrition by using this approach.
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4 Summary

Minerals are important components required by humans in their daily food. The genetic basis
underlying the natural variations in the minerals’ accumulation in wheat grains remains largely
unknown. The studies were designed to discover the phenotypic and genotypic variation of Ca,
Zn and Fe. To this end, a large hexaploid wheat (Triticum aestivum L.) germplasm panel
consisting of 369 elite varieties was grown under field conditions for three years. Mineral
concentrations in wheat grains were measured using inductively coupled plasma optical emission
spectrometry (ICP-OES). High-throughput SNP arrays were implemented in GWAS analysis in
order to detect the causative loci/genes underlying the mineral accumulation for a deeper
understanding of genetic factors.

Wide natural phenotypic variation was found for the studied traits among the genotypes over the
three years with moderate heritability for Fe and Zn to high heritability for Ca, indicating that
these minerals are mostly controlled by genetic factors. Correlation analysis revealed a strong
positive relationship between grain Fe and Zn concentrations which were both positively
correlated with TKW. Even though the correlation between Ca with Zn and Fe concentrations
was positive, Ca concentration was slightly negatively correlated with TKW. These findings
suggest common genetic factors controlling Zn, Fe and TKW that may enable to improve them
simultaneously in future breeding programs.

GWAS results indicated several QTLs distributed on several chromosomes contributing to the
concentrations of the investigated minerals. While one QTL region located on chromosome 5A
(698,509,966 - 698,510,066 bp) appeared as a vital common genetic region for all three minerals,
a genomic region on chromosome 3B (723,276,117- 731,264,585 bp) was shared between Fe and
Zn. The first wheat genome assemblies IWGSC1 along with Genome Zipper and POPSEQ were
utilized to detect candidate genes associated with Ca trait. For Zn and Fe concentration with their
related genes, we used the recently published wheat genome reference sequence v 1.0. The
identified putative candidate genes are annotated for metal hemostasis, transportation and uptake,
while some of them are known to be involved in minerals’ accumulation process and other new
candidates still need further characterization. For instance, calcium-transporting ATPase was
linked with Ca, bZIP transcription factors and mitogen-activated protein kinase genes were

associated with Zn whereas NAC gene was a candidate for Fe.
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The results of genomic prediction (GP) revealed moderate prediction accuracy for grain Fe by
applying different statistical models like Bayes-Cr, GBLUP and RR-BLUP. These findings
could be a promising result for using genomic selection (GS) to accelerate the breeding programs
in the area of enhancing minerals in wheat grains. Our study provides crucial insights into the
genetic basis of minerals’ variation and accumulation in wheat grains and serves as an important

foundation for further genetic and molecular mechanisms analysis.
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Zusammenfassung

Mineralien sind wichtige Komponenten der menschlichen Erndhrung. Jedoch ist wenig tber die
genetische Basis, welche der Akkumulation von Mineralien in Weizenkornern zu Grunde liegt,
bekannt. In dieser Arbeit sollte die phanotypische und genotypische Variation von Ca, Zn und Fe
studiert werden. Dazu wurde eine grof3e Kollektion von Weizenlinien (Triticum aestivum L.),
welche 369 Elitesorten beinhaltete, fir drei Jahre auf dem Feld angebaut. Die
Mineralienkonzentrationen  in  den  Weizenk6érnern ~ wurden  mittels  optischer
Emissionsspektrometrie mit induktiv gekoppeltem Plasma (ICP-OES) bestimmt. Hochdurchsatz
SNP-chips wurden fir die GWAS Analyse genutzt, um die ursdachlichen Loci/Gene fir die

Mineralienakkumulation zu finden und die genetischen Faktoren besser zu verstehen.

Fir die untersuchten Merkmale wurde eine weite natiirliche phénotypische Variation zwischen
den Genotypen Uber die drei Jahre hinweg beobachtet; dabei waren die Heritabilitaten fur Fe und
Zn moderat und hoch fiir Ca, was eine starke Kontrolle von genetischen Faktoren impliziert.
Hohe positive Korrelationen wurden fur Fe und Zn Konzentrationen in den Kérnern gefunden,
welche beide positiv mit TKG korreliert waren. Obwohl die Korrelationen von Ca Konzentration
mit Fe und Zn positiv waren, war die Ca Konzentration leicht negativ mit TKG korreliert.
Daraus kann man schlieRen, dass gemeinsame genetische Faktoren flr die Kontrolle von Zn, Fe
und TKG existieren und diese Merkmale daher gemeinsam ziichterisch bearbeitet werden

kdnnen.

GWAS resultierte in mehreren QTL auf verschiedenen Chromosomen fiir die Konzentrationen
der untersuchten Mineralien. Wéhrend eine QTL-Region auf Chromosom 5A (698.509.966-
698.510.066 bp) relevant flr alle drei Mineralien war, war eine genomische Region auf
Chromosom 3B (723.276.117- 731.264.585 bp) signifikant fir Fe und Zn. Die erste
Weizengenomassemblierung IWGSC1, sowie der Genome Zipper und POPSEQ wurden fir die
Detektion von Kandidatengenen fir Ca genutzt. Fir die Auffindung der Gene fir Zn und Fe
Konzentrationen nutzten wir die erst kurzlich publizierte Referenzsequenz v1.0. Die
identifizierten moglichen Kandidatengene hatten Annotationen fur Metallhdmostase, Transport,
Aufnahme und Akkumulierung, wahrend andere Kandidaten noch weiterer Charakterisierung

bediirfen. So waren eine ,calcium-transporting ATPase‘ mit Ca, bZIP Transkriptionsfaktoren und
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,mitogen-activated protein kinase genes‘ mit Zn und ein ,NAC gene‘ mit Fe Konzentration

assoziiert.

Ergebnisse fiir ,genomic prediction® (GP) fir Fe Konzentration im Korn zeigten moderate
Vorhersagegenauigkeiten flr verschiedene statistische Modelle einschlieBlich Bayes-Cr,
GBLUP and RR-BLUP. Diese Ergebnisse beleuchten den Einsatz von genomischer Selektion
(GS) um Zichtungsprogramme flr einen erhohten Mineralstoffgehalt in Weizenkérnern zu
beschleunigen. Diese Studie gibt entscheidende Einblicke in die genetische Basis der Variation
und Akkumulierung von Mineralien in Weizenkornern und stellt eine wichtige Grundlage fur

weitere genetische und molekulare Studien zur Aufklarung der Mechanismen dar.
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