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Overall Abstract 

Soil waterlogging (WL) affects wheat production worldwide, including the southern of the U.S. 

Little is known about the genetics of tolerance mechanisms to WL, particularly of potentially 

toxic elements such as aluminum, iron and sodium. The objectives of this study were to use 

association mapping (AM) to identify SNP associated with the EC in the vegetative tissue of a 

set of 240 diverse soft winter wheat genotypes (AM panel) grown under field WL  and to 

determine the impact of WL on wheat yield (GY) and yield components in a set 28 adapted 

cultivars (YT) 

YT study showed reductions in GY of 42%, resulting of the combined effect of decreases 

in total biomass, kernel-weight per spike and spikes m
-2

. Strong negative correlations were 

observed between GY and accumulation of aluminum, iron and sodium, indicating likely 

elemental toxicity. Cultivars ‘Jamestown’ and ‘USG3555’ were found to be the most tolerant to 

WL, as these prevented large reductions in spikes m
-2

, kernel weight per spike, kernel number 

per spike, thousand kernel weight and thus total grain yield.   

The AM panel was evaluated over two growing seasons in both Stuttgart Arkansas (AR 

13 and AR14) and St. Joseph Louisiana (LA13 and LA14) under WL. Elemental accumulation 

(EC) measured using ICP-AES found significant genotypic variation for Al in both AR13 and 

LA14, for Fe in AR13 and for Na in AR13 and AR14, with the percent of phenotypic variation 

explained by genotype ranging from 0 to 60%. Overall, EC were higher in the 2012-2013 than in 

2013-2014 growing season. AM for aluminum, sodium and iron identified nine chromosomes 

that had marker-trait associations that were consistently detected at the same SNP or SNPs in LD 

(<30 cM) across multiple data-sets. Overall, detected individual SNPs explained a small percent 

of the phenotypic variance, ranging from R
2
 = 0.03 to 0.07, indicating variation in EC to be 



 
 

quantitatively inherited within this AM panel. Chromosomes 2B and 5A were found to contain 

the majority of SNP with Fe, Na and Al concentration. This is the first study evaluating genetic 

diversity for the EC in wheat under WL.
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Introduction 

Wheat is the most important staple food for humans, supplying more than 20% of total consumed 

calories (Peng et al. 2011; Shepherd et al. 2010) and cultivated on 17% of all crop land 

worldwide (Peng et al. 2011).  As a result of its widespread cultivation, wheat production faces 

many constraints, including both biotic and abiotic factors (Spiertz 2012). With global climate 

change predicted to result in increased winter precipitation and waterlogging of cereals, 

improving the tolerance of wheat to soil waterlogging is a growing priority area for breeders in 

affected regions.  Waterlogging is described as the saturation of the pore spaces in the soil and 

results in an energy crisis within the plant due to low ATP (Adenosine triphosphate) production 

resulting from a decrease in root respiration and an increase in trace element availability 

resulting in toxicity (Colmer and Voesenek 2009).  In combination, these two abiotic factors can 

decrease wheat yield by as much as 50%, resulting from poor establishment and root 

development, decreased biomass and plant senescence. In Arkansas more than US$20 million  in 

economic losses were reported in 2011 as a result of soil waterlogging and flooding (Watkin et 

al. 2011). Adaptive traits known to be involved in tolerance to waterlogged soils include the 

development of root aerenchyma, vigorous stem elongation and resistance to element toxicity. 

Collectively, these adaptive traits contribute to a stay-green phenotype and more biomass for 

yield production.   

 Despite the impact of waterlogging on wheat yield, very little is known about the genetic 

control of tolerance mechanisms and in particular tolerance to ion accumulation and elemental 

toxicity during waterlogging. Therefore, the objectives of this research are as follows:   
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Objective 1. Determine the impact of vegetative stage waterlogging on wheat yield and yield 

components in adapted soft red winter wheat.    

 

Objective 2. Determine the genetic diversity for elemental toxicity tolerance in adapted soft red 

winter wheat and its impact on wheat yield and tolerance to waterlogged soils.   

 

Objective 3. Identify quantitative trail loci (QTL) associated with elemental toxicity tolerance 

using an association mapping approach. 

 

To accomplish these three objectives, two studies were carried out.  The first study evaluated 28 

adapted soft red winter wheat (SRWW) cultivars and breeding lines under waterlogged and non-

waterlogged conditions in two locations. In this study, the impact of waterlogging on wheat yield 

and yield components and the relationship between elemental accumulation and wheat yield 

were investigated.  The results of this study provide a better understanding of the impact of soil 

waterlogging on yield, tolerance mechanisms and recommendations to producers on the 

tolerance levels of currently grown SRWW cultivars.  The second study characterized elemental 

accumulation under waterlogging in a panel of 240 soft winter wheat lines and identify single 

nucleotide polymorphism markers associated with variation in elemental accumulation using an 

association mapping approach. The results of this study provide molecular markers to wheat 

breeders that can be used for marker assisted selection to improve adaptation to environments 

prone to waterlogging.
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Literature review 

Wheat background 

Wheat is the most important staple food for humans, supplying more than 20% of total consumed 

calories (Peng et al. 2011; Shepherd et al. 2010).  Wheat-derived products provide essential 

amino acids, minerals, vitamins, beneficial phytochemicals and dietary fiber components to the 

human diet (Shewry 2009).  A serving of 100 grams of commercially prepared whole-wheat 

bread provides 247 Kcal, including 12.95 grams of protein, 3.35 grams of total lipids, 41.29 

grams of carbohydrates, 6.6 grams of total dietary fiber and 5.57 grams of total sugars (USDA 

2011).  

Wheat is cultivated on 17% of all crop land worldwide (Peng et al. 2011).  Although 

optimal conditions are required for wheat to perform at its highest potential, it is a broadly 

adapted crop in terms of latitude, temperature, soil moisture and precipitation (Mergoum et al. 

2009).   Wheat is primarily grown in China, the European Union, India and the United States. In 

the United States, this field crop is third in planted area, as well as in gross return for farmers, 

after corn and soybean.  Since 1992, the United States has contributed 10% to total wheat 

production worldwide (USDA 2012b).  During 2011-2012, wheat was grown on 22.01 million 

hectares throughout the country with total production of 54.413 million metric tons (USDA 

2012a).  

Wheat belongs to the Poaceae family and Pooideae sub-family of grasses, with a center 

of origin in the Levant region of the Near East (Mergoum et al. 2009). Wheat is an allopolyploid 

species, with hexaploid bread wheat (Triticum aestivum, 2n= 6x=42, genomes AuAuBBDD) and 

tetraploid pasta wheat (T. durum, 2n=4x=28, genomes AuAuBB) being the predominantly 

cultivated forms.  Hybridization of wild diploid wheat (T. urartu, genome AuAu) and goat grass 



5 
 

 

1 (Aegilops speltoides, genome SS), a close ancestor of the BB genome, generated wild emmer 

wheat (T. dicoccoides, AuAuBB) (Dubcovsky and Dvorak 2007). Through selection, a cultivated 

emmer (T. dicoccum, genomes AABB) was created and its hybridization with A. tauschii 

(genome DD) produced T. spelta (genomes AuAuBBDD).  Subsequent natural mutation resulted 

in the evolution of free threshing ears in both emmer and spelt, resulting in T. durum and T. 

aestivum, respectively (Peng et al. 2011).  

The economic importance of wheat has led to many cytogenetic and genetic studies.  

However, due to the complexity and genome size (15961 Megabases for bread wheat; 11660 

Megabases for durum), genomic resources for wheat still lag behind other species such as rice 

Oryza sativa, maize Zea mays and soybean Glycine max.   Nevertheless, a more comprehensive 

understanding of the wheat genome is being developed using new techniques and technologies 

that are quickly advancing (Paux et al. 2012).  Recent sequencing of the diploid ancestors of the 

A genome (Ling et al. 2013) and D genome (Jia et al. 2013) will aid in future gene discovery and 

genetic improvement.   

 

Wheat breeding for yield and stress tolerance 

With increasing population, the demand for wheat and wheat-derived products also increases.  

Therefore, wheat supply needs to be augmented in order to overcome the deficit (Paux et al. 

2012; Sajjad et al. 2012).   In addition, cultivated land area is limited, hence wheat breeding for 

increased yield, particularly in stressed environments is a current and future challenge to 

breeders (Araus et al. 2008; Mergoum et al. 2009; Sajjad et al. 2012).  
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Increasing yield has always been the main objective in wheat breeding programs.  This can be 

achieved through both conventional breeding, which considers grain yield as the targeted trait 

and analytical breeding, which takes in consideration the heritability and genotype-by-

environment interaction of traits such as grain yield, yield components, and quality traits (Araus 

et al. 2008; Mergoum et al. 2009).  Such traits are considered to be quantitatively inherited, are 

controlled by many genes known as quantitative trait loci (QTL) and are significantly influenced 

by the environment (Collard et al. 2005).  

The creation of new wheat varieties through conventional schemes considers 

performance evaluation of a genotype in different environments and subsequent selection of 

stable genotypes containing as many desirable characters as possible (Araus et al. 2008; 

Mergoum et al. 2009).  Due to the complexity of many important agronomic traits, other 

approaches including molecular biology and physiological trait breeding are often used within a 

breeding program to complement the overall wheat improvement goal (Reynolds and Trethowan 

2007).  Breeding for tolerance to cold, drought, heat, pre-harvest sprouting, salinity and 

waterlogging (WL) have been associated with improved genotype performance and can therefore 

be incorporated in breeding programs to improved overall yield potential (Mir et al. 2012). 

 

Wheat production is affected by waterlogging 

In general, crop production has many constraints, including both biotic and abiotic factors 

(Spiertz 2012).  WL affects up to 10% of global land area, (Ruttan 2005) including 10% to 25% 

of the worldwide area planted to wheat (Powell et al. 2012), and has become an increasing 
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problem throughout the United States.  In Arkansas more than US$20 million in economic losses 

were reported in 2011 (Watkin et al. 2011). 

Waterlogging affects the physiology and metabolism of the plant, resulting in reduced 

growth and accelerated development, ultimately lowering yield and yield components. Wheat 

has shown a 68% root growth  reduction,  up to 50% reduction in tiller number and a 37% shoot 

growth reduction, all negatively influencing the number of spike-bearing tillers, number of ears, 

grain weight and yield (Dickin and Wright 2008; Robertson et al. 2009; Yavas et al. 2012). In 

soft red winter wheat, yield losses of 44% have been reported, due mainly from a reduction in 

kernel number and tiller number (Collaku and Harrison 2002). Araki et al. (2012) investigated 

the effect of WL after heading and found root growth to be intensely affected and that recovery 

of root biomass and development of new roots is difficult after the stress has ceased.   Khabaz-

Saberi et al. (2006) reported as much as 52% reduction in shoot dry weight while Ali et al. 

(2012) reported a reduction of 1.5% in grain yield, 0.7% of spikes m
-2

 and 1.3% for grain weight 

for each day of WL treatment.  In the same study, Ali et al. (2012) showed that ten days of WL 

are sufficient to have a significant effect on yield and yield components.  

 Robertson et al. (2009) investigated the effect of a 14-day WL treatment and observed a 

50% reduction in tiller number due to less production of secondary tillers and fewer spike-

bearing tillers, resulting in 71% lower shoot dry weight. Shao et al. (2013) investigated the effect 

of WL on photosynthetic and yield traits in winter wheat at different growth stages.  The authors 

reported a significant decrease in root length, root mass and root/shoot ratio when the stress was 

applied a both the tillering and booting stages.  Measurements of transpiration rate, stomatal 

conductance and net photosynthetic rate (PN) were also affected after 4 days of WL.  Overall, PN 

was decreased by 13.6% when WL stress was applied at the tillering stage and by 12.2 % for 
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booting stage stress, with the observed decrease in photosynthesis resulting from stomatal 

closure.  In the same study, a grain yield decrease of 7.1 to 11.2% resulting from fewer spikes ha
-

1
, impacted by a delay in flowering time and maturity.  The study concluded that reduction in 

photosynthesis and thus yield could be explained by less leaf turgor and stomatal conductance 

due to decreased hydraulic conductivity, leading to a CO2 (carbon dioxide) deficit and a shortage 

of assimilate accumulation.  Other studies have also shown negative effects on crop 

establishment, yield and yield components by Li et al. (2011), Yaduvanshi et al. (2012) and 

Yavas et al. (2012). 

Few studies have been conducted to evaluate the genetic variation for waterlogging and 

tolerance to elemental toxicity.  Research by Collaku and Harrison (2002), showed that there is 

significant genetic variation among wheat genotypes for waterlogging tolerance in terms of yield 

performance in both commercial cultivars and breeding lines. Similarly, studies have reported 

wheat tolerance to  elemental toxicity by Khabaz-Saberi et al. (2012) under waterlogging stress. 

 

Plant adaptation to waterlogging  

Waterlogging is described as the saturation of the pore spaces in the soil (Colmer and Voesenek 

2009), which occurs as a result of excessive rainfall followed by both inadequate drainage and 

reduced percolation through the soil profile.  Waterlogging causes hypoxia and anoxia, which is 

a reduction and depletion of oxygen, respectively, and consequently influences gas exchange, 

mineral nutrition and micro elemental toxicity in plants (Sairam 2008).  A WL-tolerant genotype 

would survive or maintain its yield under non-drained conditions compared to well-drained 

conditions.  Studies have reported various plant WL tolerance mechanisms, including 
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morphological and metabolic adaptations, as well as elemental toxicity mechanisms (Hossain et 

al. 2012; Hossain and Uddin 2011) 

 The development of roots is affected by waterlogged soils and root dry mass is reduced under 

WL conditions in several crop species including corn (Abiko et al. 2012), barley (Pang et al. 

2004) and wheat (Malik et al. 2001).  Morphological adaptations include the ability to persist and 

maintain growth of seminal roots, the formation of adventitious roots, the formation of 

aerenchyma tissue (Hague et al. 2012) and root porosity, and the ability to reduce radial oxygen 

loss (ROL) (Hossain and Uddin 2011).  Aerenchyma is a tissue containing air-filled cavities that 

provide a low resistance internal pathway for the exchange of O2 between root and shoots, 

therefore allowing aerobic respiration and maintenance of growth under hypoxia and anoxia 

stresses (Hossain and Uddin 2011). Ultimately, waterlogging tolerant plants develop suberin or 

lignin on epidermis, which act as barriers to radial oxygen loss  (Pearson et al. 2011)   

Metabolic adaptations, including glycolysis, ethanolic fermentation and lactic fermentation, 

provide tolerant genotypes the ability to supply its demanded energy through anaerobic 

respiration. These pathways are activated because of the increased activity of fermentative 

enzymes such as aldolase, enolase, ADH (Alcohol dehydrogenase) and PDC (Pyruvate 

dehydrogenase complex) (Albrecht et al. 2004).  In wheat for example, higher ethanol production 

is due to higher activity of ADH and PDC enzymes under low oxygen supply (Hossain and 

Uddin 2011).  Anaerobic respiration requires the availability of glucose and fructose provided by 

high sucrose synthase (SS) activity and greater sugar reserves (Sairam et al. 2009), which has 

been seen in hypoxia tolerant wheat genotypes (Hossain and Uddin 2011). 
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Several soil chemical and biochemical reactions occur when oxygen is depleted, which 

affects plant metabolism and consequently growth and development.  Modifications in a 

waterlogged soil include: higher concentration of ethylene, accumulation of ethanol and 

acetaldehyde, dissociation of fatty acids and phenols, and changes in element solubility and 

availability (Abiko et al. 2012; Shabala 2011). These changes, mainly due to changes in pH and 

redox potential, disturb soil properties and propitiate inadequate nutritional status (Setter et al. 

2009).  This may result in micronutrient toxicities, such as manganese (Mn), iron (Fe) (Shabala 

2011), sulfur S (Colmer and Voesenek 2009) and Al (Khabaz-Saberi et al. 2012) in addition to 

possible N, P, K, Mg, Cu, Zn, Mn deficiencies (Setter et al. 2009; Steffens et al. 2005)    

Plants can tolerate WL by enhancing elemental toxicity tolerance.  Khabaz-Saberi et al. 

(2012) indicated that wheat genotypes tolerant to elemental toxicity, including Mn, Fe and Al, 

had improved early root growth and shoot growth with maturity much less affected by WL than 

susceptible genotypes. Both external and internal mechanisms have been suggested to be 

associated with elemental toxicity tolerance. External mechanisms include: exudation of 

phosphate and organic acids, immobilization of elements at the cell wall, efflux across the 

plasma membrane, element exclusion through alteration of rhizosphere pH and selective 

permeability of the plasma membrane (Hossain et al. 2012).  Meanwhile, chelation of elements 

in the cytosol, compartmentation in the vacuole, elevated enzyme activity and element-binding 

proteins have been suggested as internal mechanisms associated with elemental toxicity 

tolerance for aluminum (Reynolds et al., 2001) and other elements (Hossain et al. 2012; Millaleo 

et al. 2010).   
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Linkage and association mapping   

The majority of traits associated with yield performance and abiotic stress tolerance are governed 

by quantitative trait loci (QTL).  A QTL is described as a region within the genome that contains 

segregating genes associated with a given trait, with each gene causing a small effect on the 

phenotype (Semagn et al. 2010).  Genetic mapping is a strategy widely used to explain the 

phenotypic variation within a population and bi-parental linkage mapping has traditionally been 

used for achieving this goal (Collard et al. 2005; Paux et al. 2012).  

By analyzing the recombination frequencies and the mean genetic value for alleles at a 

locus, linkage mapping provides information about markers linked to a QTL, allowing for a 

better understanding of the genetic control of phenotypic variation for a trait (Semagn et al. 

2010).  For waterlogging tolerance, a good example of a large effect QTL would be the Sub1A 

(ethylene-response gene) in rice which was mapped to chromosome 9 and explained as much as 

69% of the phenotypic variation for tolerance to flooding stress (Xu et al. 2006). 

Although linkage mapping remains a fundamental tool for genetic studies, it has some 

limitations, including low mapping resolution (QTLs located in 10-20 cM intervals), time and 

resource consuming and a limitation to the number of segregating alleles present within the 

population.  Consequently, association mapping, also known as linkage disequilibrium or LD 

mapping is growing in popularity as an alternative to bi-parent QTL analysis.  LD mapping takes 

advantage of natural variation and multiple historical recombination events (Al-Maskri et al. 

2012; Hall et al. 2010; Paux et al. 2012), resulting  in higher QTL resolution,  faster population 

development and screening time, and the ability to use previously collected phenotype data for 

the association analysis (Sajjad et al. 2012). 
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In wheat, several QTL for both complex and simply inherited traits have been detected 

from bi-parental segregating populations.  However, QTLs detected for qualitative traits have 

been more useful to plant breeders as these provide suitable molecular markers to screen large 

segregating progenies, the ability to discard undesirable genotypes at early generations and 

assisting in marker-assisted backcrossing programs.  For quantitative traits, markers are scarcely 

used due to lack of precision and reproducibility in different genetic backgrounds, (Buerstmayr 

et al. 2009; Gupta et al. 2010; Paux et al. 2012).   

Likewise, association mapping studies have been published on wheat. Sajjad et al. (2012) 

reviewed some association mapping studies in wheat, addressing various agronomical and 

quality traits, utilizing SSRs, SNPs and DArT markers.  Main results encompass significant 

associations with kernel width (chromosome 2D), protein content (chromosomes 1B, 1D), plant 

height and grain per spike (chromosome 4A), grain yield (chromosomes 1B, 3B and 6B), yield 

components, leaf rust resistance (chromosome 1B), as well as drought tolerance and earliness 

(chromosome 4B)    

Similar studies have found associations with aluminum tolerance in triticale (Niedziela et al. 

2012) yield and yield stability in barley (Kraakman et al. 2004) and drought tolerance in maize 

(Lu et al. 2012).  Studies on elemental toxicity (Al, Fe, Mn) tolerance under WL stress have 

demonstrated genetic variation of wheat genotypes (Khabaz-Saberi et al. 2012) . However, LD 

methodologies; which would dissect the genetic control of WL tolerance given by ion-toxicity 

tolerance remain unknown.  Moreover, knowledge on markers associated with tolerance 

mechanisms to elemental toxicity would provide valuable information for genetic improvement 

in wheat by assisting in the screening and selection of tolerant parental lines for future crosses 

and development of WL tolerant wheat varieties. 
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Quantitative trail loci for waterlogging tolerance  

QTL studies contribute to a better understanding of the genetic basis of crop performance under 

environmental constraints such as WL.  Various studies have been conducted to analyze the 

genetic control of tolerance to WL in different crops species for a number of traits (Hattori et al. 

2009; Li et al. 2008; Mano et al. 2005; Pearson et al. 2011; Reyna et al. 2003; Setter and Waters 

2003; Yeboah et al. 2008; Zhou 2011). 

 Mano et al. (2005) mapped QTL for adventitious root formation in an F2 population 

derived from a cross between the maize progenitor teosinte and the maize inbred line B64 

subjected to a two-week WL treatment during seedling stage.  A single QTL was reported for 

adventitious root formation on chromosome 8, provided by the teosinte parent, suggesting a 

genetic resource to introducing waterlogging tolerance into commercial adapted maize lines. Qiu 

et al. (2007) performed a QTL analysis on 288 F2:3 lines and reported a major QTL on 

chromosome 9 associated with both root and shoot dry weight that co-localized with the sucrose 

synthase 1 gene known to be responsive to anaerobic conditions.  QTLs associated with the same 

traits have also been reported by Zhang et al. (2013), including and a QTL located on 

chromosome 9.   

 In barley (Hordeum vulgare L.), QTL have been mapped for leaf chlorosis, plant survival 

and plant biomass under waterlogging and many of these QTL have been shown to be conserved 

across populations and studies (Li et al. 2008; Zhou 2011). Zhou (2011) reported four QTLs in a 

double haploid population for leaf chlorosis, including two major QTLs explaining 24% and 

17% of the phenotypic variation and two minor QTLs explaining 8% and 7% of the phenotypic 

variance. From this study, four molecular markers were identified suitable for incorporation into 

screening routines for waterlogging tolerance.  
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 The most successful genetic studies of flooding tolerance come from rice where QTL 

studies have subsequently led to the map based cloning of several agronomical important genes.  

For example, the Sub1 locus was originally identified as a QTL on chromosome 9 that provided 

WL tolerance by reducing energy consumption during stress and providing the ability to 

withstand flash floods (Xu and Mackill 1996).  This QTL was eventually isolated through map-

based cloning and shown to be an ERF gene (Xu et al. 2006).  QTLs regulating internode 

elongation in deep water rice were also mapped, including SNORKEL1 (SK1) and SNORKEL2 

(SK2) (Hattori et al. 2008)  and isolated through map-based cloning.  Both SK1 and SK2 are 

ethylene response factors that are highly expressed under WL conditions.   

VanToai et al. (2001) identified a QTL related to waterlogging tolerance in two soybean 

recombinant inbred line (RIL) populations derived from the crosses Archer/Minsoy and 

Archer/Noir I. The positive allele from Archer was responsible for increasing plant growth by 

11% to 18% and increasing grain yield by 47% to 180%.  Cornelious et al. (2005) evaluated a 

population of 103 RILs derived from A5403/Archer and identified a QTL associated with 10% 

of the phenotypic variation for leaf chlorosis and plant death under waterlogging conditions. This 

QTL was located near to the maker Satt385 on the linkage group Al with the positive allele 

inherited from Archer.  In the same study, a QTL close to the marker Satt269 on the linkage 

group F was identified in a population of 67 P9641/Archer RILs. Again, the favorable allele was 

inherited from Archer and explained 16% of the phenotypic variation (Cornelious et al. 2005). 

 In wheat, Boru et al. (2001) determined WL tolerance to be quantitatively inherited and 

controlled by a minimum of 4 genes however this paper does not show genetic mapping 

information.  Yu and Chen (2013) reported multiple QTL distributed throughout the wheat 

genome, including 17 alleles present in synthetic wheat.   



15 
 

 

The genetic mechanisms of WL tolerance in wheat remain relatively unknown, especially when 

compared to reports in other crop species.  Knowledge on the genetics of tolerance to this 

important constraint would provide tools to enhance yield performance under waterlogging 

stress, including molecular tools to detect important agronomic and physiological traits 

correlated with yield performance.  

 

Quantitative trait loci associated with elemental toxicity tolerance 

Chemical and biochemical reactions that occur during WL stresses disturb soil properties, create 

inadequate nutritional status and expose crops to inadequate element concentrations in the soil 

solution (Khabaz-Saberi and Rengel 2010).  Khabaz-Saberi et al. (2012) demonstrated that 

genotypes tolerant to Al, Mn and Fe perform better while growing under WL stress. Cai et al. 

(2008) mapped three QTLs for aluminum resistance in wheat, located on chromosomes 2A, 3BL 

and 4DL. The 4DL QTL was found to co-segregate with a molecular marker located within the 

promoter of an aluminum-activated malate transporter gene (ALMT1) making it a suitable 

marker for marker-assisted selection for aluminum tolerance.  Ma et al. (2005) had previously 

reported the same QTL explaining as much as 50% of the phenotype variation for root growth 

and root tolerance index.   

 Aluminum, manganese and iron tolerance under WL were studied byKhabaz-Saberi and 

Rengel (2010) who suggested that wheat genotypes carrying ion toxicity tolerance would also 

exhibit WL tolerance. However, there are currently no reports on genetic mapping of QTL for 

elemental concentration and ion toxicity tolerance in wheat growing under WL.  With climate 

change and given the extension of the cultivated land area prone to WL constraints, knowledge 
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on the genetic control of elemental concentrations and ion toxicity for cereals, including wheat 

becomes an important goal of current wheat improvement efforts.  These tools would provide 

new screening and selection tools for breeders that would make development and selection of 

tolerant genotypes more efficient 
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CHAPTER II 

ELEMENTAL TOXICITY: IMPACT ON GRAIN YIELD AND ASSOCIATION 

MAPPING FOR ALUMINUM, SODIUM AND IRON CONCENTRATION 
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Abstract 

Soil waterlogging affects 25% of the worldwide area planted to wheat and continues to be an 

important problem for crop production in the United States, including in Arkansas, where more 

than US$20 million in economics losses were reported in 2011. Enhanced elemental toxicity 

tolerance is a desirable trait that has been reported to confer increased tolerance to soil 

waterlogging. This study evaluated the impact of elemental accumulation as a result of 

waterlogging stress at the vegetative stage on wheat yield production in 28 adapted soft-red 

winter wheat breeding lines and performed association mapping for elemental concentration 

(EC) in a panel of 240 wheat genotypes. Overall, WL reduced mean GY by 42% in the 28 

genotypes with the fold change for ECs ranging from 0.8 to 12. Pearson correlations between 

grain yield and Al (r = -0.76), Na (r = -0.41) and Fe (r = -0.72) were strongly negative under WL, 

indicating that elemental toxicity likely contributed to reductions in grain yield. In the panel of 

240 genotypes, significant genotypic variation for elemental accumulation was shown for Al, Fe 

and Na, dependent on environment, with the percent of phenotypic variation explained by 

genotype ranging from 0 to 60%. Overall, elemental concentrations were higher in the 2012-

2013 than in 2013-2014 growing season. Association mapping for aluminum, sodium and iron 

using 5,227 single nucleotide polymorphism markers identified nine chromosomes, including 

1B, 2B, 5A, 3A, 3B, 5A, 5B, 6A and 7A which had marker-trait associations that were 

consistently detected at the same SNP or SNPs in LD (<30 cM) across multiple data-sets. 

Overall, detected individual SNPs explained a small percent of the phenotypic variance, ranging 

from R
2
 = 0.03 to 0.07, indicating variation in tissue elemental accumulation to be quantitatively 

inherited within this panel of lines. Chromosomes 2B and 5A were found to contain the majority 

of markers associated with Fe, Na and Al concentration in this study. In agreement with the high 

phenotypic correlation between Al and Fe concentrations (r =0.89), IWA8118 on chromosome 
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5B was found to be associated with both Al and Fe accumulation, suggesting there could be a 

similar tolerance mechanism. This study represents the first study aiming to evaluate genetic 

diversity for the elemental accumulation in a diverse panel of wheat under WL stress. 

Introduction 

Wheat is cultivated on 17% of all crop land worldwide and supplies more than 20% of total 

consumed calories (Peng et al. 2011; Shepherd et al. 2010).  Soil waterlogging (WL), the 

saturation of the pore spaces in the soil (Colmer and Voesenek 2009), and affects up to 25% of 

the worldwide area planted to wheat (Powell et al. 2012). It has become an increasing crop 

production constraint throughout the United States, including Arkansas where more than US$20 

million in economics losses were reported in 2011 (Watkin et al. 2011).   

Waterlogging affects the physiology and metabolism of the plant, resulting in reduced 

growth and accelerated development, ultimately lowering yield and yield components. Wheat 

has shown a 68% root growth reduction, up to 50% reduction in tiller number and a 37% shoot 

growth reduction (Robertson et al. 2009), all negatively influencing the number of spike-bearing 

tillers, number of ears, grain weight and yield (Dickin and Wright 2008). In soft red winter wheat 

(SRWW), yield losses of 44% have been reported, due mainly from a reduction in kernel number 

and tiller number (Collaku and Harrison 2002). 

Waterlogging causes hypoxia and anoxia, influencing mineral nutrition and micro 

elemental toxicity in plants resulting from chemical and biochemical reactions which occur while 

oxygen is depleted (Sairam et al. 2008). These changes, due mainly to changes in soil pH and 

redox potential, disturb the soil properties and propitiate inadequate nutritional status (Setter et 

al. 2009).  This can result in micronutrient toxicities, including for manganese (Mn), iron (Fe) 

(Shabala 2011), sulfur (S)
 
(Colmer and Voesenek 2009)

 
and aluminum (Al) (Khabaz-Saberi et al. 
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2012), in addition to possible deficiencies in nitrogen (N), phosphorus (P) , potassium (K), 

magnesium (Mg), copper (Cu) , zinc(Z) and Mn (D. Steffens 2005; Setter et al. 2009). 

Enhanced elemental toxicity tolerance has been suggested as an adaptive trait that confers 

waterlogging tolerance. Khabaz-Saberi et al. (2012) found that wheat genotypes tolerant to toxic 

concentrations of Mn, Fe and Al had improved early root growth and shoot growth with maturity 

much less affected by WL than susceptible genotypes. Both external and internal mechanisms 

have been suggested to be associated with elemental toxicity tolerance. External mechanisms 

include: exudation of phosphate and organic acids, immobilization of elements at the cell wall, 

efflux across the plasma membrane, element exclusion through alteration of rhizosphere pH and 

selective permeability of the plasma membrane (Hossain et al. 2012). Meanwhile, chelation of 

elements in the cytosol, compartmentalization in the vacuole, elevated enzyme activity and 

element-binding proteins have been suggested as internal mechanisms associated with  tolerance 

for Al (Reynolds et al. 2001), Mn  (Millaleo et al. 2010) and heavy metals (Hossain et al. 2012)   

Quantitative trait loci (QTL) studies contribute to a better understanding of the genetic 

basis of crop performance under environmental constraints such as WL. Various studies have 

been conducted to analyze the genetic control of tolerance to WL in different crops species for a 

number of traits including rice (Hattori et al. 2009), barley (Li et al. 2008); Zhou (2011), maize 

(Mano et al. 2005), ryegrass (Pearson et al. 2011) and small grains including oats and wheat 

(Ballesteros et al. 2015; Setter and Waters 2003). Ballesteros et al. (2015) studied a recombinant 

inbred line population and reported one QTL for chlorophyll content in chromosome 1B, two in 

1D and one in 3B that explained 32%, 20%, 24%, and 25% of the phenotypic variance 

respectively. They also reported QTL with a large effect for root fresh biomass on 1B, shoot dry 

biomass on 3B and shoot fresh biomass on 5B. Boru et al. (2001) determined WL tolerance in 



28 
 

 

wheat to be quantitatively inherited and controlled by a minimum of four genes. Yu and Chen 

(2013) reported multiple QTL distributed throughout the wheat genome, including 17 alleles 

present in synthetic wheat. Cai et al. (2008) mapped three QTLs for aluminum resistance in 

wheat, located on chromosomes 2A, 3BL and 4DL. The 4DL QTL was found to co-segregate 

with a molecular marker located within the promoter of an aluminum-activated malate 

transporter gene (ALMT1) making it a suitable marker for marker-assisted selection for 

aluminum tolerance. Ma et al. (2005) had previously reported the same QTL explaining as much 

as 50% of the phenotype variation for root growth and root tolerance index. With the exception 

of these studies, the genetic mechanisms of waterlogging and elemental toxicity tolerance in 

wheat remain relatively unknown, especially when compared to reports in other crop species.  

Association mapping (AM) has grown in popularity as an alternative and complementary 

approach to bi-parent QTL analysis. AM takes advantage of historical recombination events and 

natural variation (Al-Maskri et al. 2012; Hall et al. 2010; Paux et al. 2012), resulting in higher 

QTL resolution, faster population development and screening time, and the ability to use 

previously collected phenotype data for the association analysis (Sajjad et al. 2012). AM studies 

have been conducted for a number of traits in wheat, including agronomic and quality traits, 

utilizing simple sequence repeats (SSRs), single nucleotide polymorphisms SNPs and diversity 

array technologies (DArT) markers. Recent advances in high-throughput genotyping platforms 

such as the Illumina® 9K array and 90K arrays and genotype-by-sequencing (GBS), whole 

genome selection for traits highly desirable in multi environments is now possible (Ballesteros et 

al. 2015; Niedziela et al. 2012; Sajjad et al. 2012).  

Khabaz-Saberi and Rengel (2010) suggested that wheat genotypes carrying ion toxicity 

tolerance would also exhibit WL tolerance, but there are currently no reports on genetic mapping 
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of QTL for elemental concentration and ion toxicity tolerance in wheat subjected to WL stress. 

With current climate change prediction models and given the extent of cultivated land area prone 

to WL, knowledge on the genetic control of elemental concentrations and ion toxicity for cereals, 

including wheat, becomes an important goal of current wheat improvement efforts. Therefore, 

this research aimed to perform an association mapping study on elemental accumulation in the 

vegetative tissue of a diverse set of wheat genotypes grown under field waterlogging conditions. 

Results of this study will provide new screening methods and tools for selection of WL tolerant 

genotypes by plant breeders. 

 

Material and Methods 

Plant material and experimental design for association mapping  

A panel of 240 soft winter wheat lines was used for this study (referred to herein as AM panel), 

comprised of both public and private cultivars, advanced breeding lines and other germplasm 

representative of the genetic diversity in soft winter wheat adapted to the eastern and southern 

United States (Supplementary Table 1). Field experiments were carried out at the Rice Research 

and Extension Center in Stuttgart Arkansas during the 2012-2013 and 2013-2014 growing 

seasons (AR13 and AR14) and the Northeast Louisiana Research Station in Saint Joseph, LA 

(LA13 and LA14) during the 2012-2013 and 2013-2014 growing seasons. Stuttgart soils are 

characterized by a silt loam surface layer and a clay subsoil with low permeability (NRCS 2013) 

and are prone to periodic waterlogging.  In Louisiana, the waterlogged experiment was carried 

out in a sharkey clay which are poorly drained soils that have a clayey surface layer and are 

prone to waterlogging (NRCS 2001). Plots at both locations consisted of two 1.5 meter rows at 

115 seed m
-2

 arranged in a randomized complete block design with two replications. In AR13 
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and AR14, all plots were fertilized with 170 kg N ha
-1

 as urea in a split application, with 60% 

applied prior to the WL treatment and 40% applied post WL treatment. In LA13 and LA14, all 

plots were fertilized with 225 kg N ha
-1

 as urea in a split application, with 50% applied prior to 

the WL treatment and 50% applied post WL treatment. At both sites, field WL was imposed by 

establishing 0.30 m high levees surrounding the experimental field and applying water to saturate 

the soil twice weekly for the duration of the treatment (Fig 1). In the AR13, the WL treatment 

was started on March 20, 2013 at Feekes stage 4 and continued until April 17, 2013 at Feekes 

stage 5. In AR14, the treatment was started on April 1 at Feekes stage 4 and continued until April 

14 at Feekes stage 5. In LA13 no treatment was applied due to excessive rainfall.  In LA14, the 

WL treatment was started on Feb 24 and continued until March 19.  

 

Plant material and experimental design for yield trial  

In addition to the AM panel, a yield trial was conducted in 2012-2013 using a set of 28 adapted 

soft red winter wheat cultivars and advanced breeding lines, including entries from both public 

and private breeding programs (Supplementary Table 1). The field experiment was carried out at 

the Rice Research and Extension Center in Stuttgart, Arkansas. Plots were drill seeded on at a 

rate of 118 kg of seed hectare-1 in seven row plots measuring 1.25 meters wide x 6 meters long 

in a split plot with randomized complete blocks design with 4 replications and two treatments 

(waterlogged and non-waterlogged). Crop maintenance and WL treatment conditions were the 

same as those for the AM Panel. Grain yield (GY) in g m
-2

 was determined on whole plots by 

combine harvesting, drying and weighing the grain, and adjusted to 13% moisture. 
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Elemental accumulation analysis  

For both the AM Panel and yield trial at all site-years, vegetative biomass was harvested from a 

0.10 m
2
 section of plot one day after the WL treatment was terminated or at Feekes stage 5. 

Samples were decontaminated of soil and dust particles using deionized water, dried at 65˚C for 

72 hours or until tissue reached a constant weight. Tissue was then ground and homogenized to a 

0.5-1.0-mm particle size. A 0.25 g sample of ground and homogenized tissue was digested with 

concentrated HNO3, heat (125
o
C during one hour for digestion and 80

o
C for sample drying after 

digestion) and 30% H2O2  according to the Organic Matter Destruction-Wet Ashing protocol by 

Campbell and Plank (1992). Total phosphorus (P), potassium K, calcium (Ca), magnesium (Mg), 

manganese (Mn), iron (Fe), aluminum (Al), boron (B), copper (Cu), and zinc (Zn) content were 

determined in shoots using inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

according to Donohue and Aho (1992). Soil samples were also taken both pre and post 

waterlogging and analyzed using ICP-AES to determine pH, soil organic matter and plant-

available elements including P, K, Ca, Mg, Na, Fe, Mn, Zn, Cu, B and S accumulation 

(Supplementary table 3) 

 

Statistical analysis of phenotypic data 

Phenotypic traits were analyzed using PROC MIXED in SAS 9.3 (SAS Institute Inc. 2011, Cary, 

NC). For the yield trial, an analysis of variance (ANOVA) was performed using Type 3 sum of 

squares with the treatment (WL vs. non-WL) as a fixed effect and all other components 

(genotype, rep and genotype x treatment interaction (GxT)) treated as random in order to 

determine significant differences between treatment means. For the AM panel, least square 

means (LSMeans) were calculated for each line and trait with genotype considered a fixed effect 
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and location, year, replication and interactions considered random. In addition, best linear 

unbiased predictors (BLUPs) for each trait and line were estimated with all effects including 

genotype considered random. Variance components were estimated using Type 3 sum of squares 

with all effects, including genotypes considered random and were used for determining the 

percent of total variation explained by each component. The Shapiro-Wilk test for normality 

determined that the elemental concentrations were normally distributed (P ≤ 0.0001). Pearson’s 

correlation using PROC CORR in SAS was used to determine associations between GY and 

measured elemental concentrations.  

 

Genome wide association analysis (GWAS) 

The AM panel was genotyped for single nucleotide polymorphism (SNP) markers using either 

the 9K (Cavanagh et al. 2013) or 90K (Wang et al. 2014) Illumina Infinium iSelect array 

(Illumina Inc. San Diego, CA), in collaboration with the USDA-ARS Regional Genotyping 

Centers in Fargo North Dakota and Raleigh North Carolina. Genome locations were obtained 

from consensus maps published by Cavanagh et al. (2013) and Wang et al. (2014). Allele 

specific KASP assays for major genes for vernalization (Vrn-A1 and Vrn-B1) and photoperiod 

(Ppd-A1, Ppd-B1 and Ppd-D1) were also evaluated (Diaz et al. 2012; Guedira et al. 2014; 

Nishida et al. 2013). Polymorphic SNP markers were used for assessment of population structure 

using principal component analysis implemented in TASSEL (Bradbury et al. 2007) and for 

calculating a  kinship matrix using the VanRaden method (VanRaden 2008) implemented in the 

Genomic Association and Prediction Integrated Tool – GAPIT R package (Lipka et al. 2012). 

The same SNP markers were utilized for the estimation of linkage disequilibrium patterns using 

JMP Genomics 6.0 (SAS Institute Inc. Cary, NC).  
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A total of 5287 SNP  markers  with minor allele frequency (MAF) greater than 0.04 and 

less than 10% missing data were used to conduct GWAS on elemental concentrations (EC) 

determined by ICP for aluminum, iron and sodium under WL stress. The elements Al, Na and Fe 

were selected for analysis in the AM panel based on their negative correlation with GY. A 

compressed mixed linear model (CMLM) implemented in GAPIT was used for GWAS (Lipka et 

al. 2012; Zhang et al. 2010). This model was selected by its ability to account for population 

structure (fixed effect) and genetic relatedness (random effect), as well as the computational 

performance as it uses the EMMA (efficient mixed model association) algorithm, which reduces 

computational time. In this model, principal components were included as fixed effects, and 

kinship relationships as a variance-covariance structure of the random effect of individuals. 

Marker trait association of 5287 SNP markers and measured elements was performed using both 

LSMeans and BLUPs (best linear unbiased predictor), however association results were highly 

similar and therefore only associations obtained by using LSMeans for each element are 

reported.  

 

Results 

Correlations of yield and elemental accumulation under waterlogging 

For the yield trial consisting of 28 SRWW genotypes, a significant WL treatment effect (P ≤ 

0.05) was observed for GY and all elemental concentrations (EC) with the exception of Mg and 

S (Table 1). Overall, WL reduced mean GY by 42% with the fold change for elements ranging 

from 0.8 to 12. The elements Al, Na and Fe showed the greatest increase under WL compared to 

control, with fold-changes of 12, 5 and 5 respectively. The percent of total variance explained by 

the WL treatment ranged from 4 to 91%, with greater than 50% explained for GY, Zn, K, B, Mn, 
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Fe, Na and Al. A significant GxT was observed for GY, Zn, Cu, K, Mg, S and Ca which 

contributed to non-significant genotype variation within the 28 genotypes evaluated.  Pearson 

correlations between GY and ECs under WL ranged from r= -0.76 to 0.55, with negative 

correlations observed for all elements with the exception of Ca, Mn, P, and Cu (Fig. 2). Al (r = -

0.76), Na (r = -0.41) and Fe (r = -0.72) were all found to be strongly negatively correlated with 

GY under WL. 

 

Elemental accumulation in the AM panel 

A total of 240 wheat genotypes were screened for tissue Al, Fe and Na EC under WL stress in 

four site-years in Arkansas and Louisiana (AR13, AR14, LA13 and LA14). Overall, EC was 

higher in 2013 compared to 2014 for both locations and all elements, with higher mean 

concentrations observed in the Arkansas sites. Mean Al, Fe and Na concentrations were highest 

in the AR13 site-year, with mean ECs of 392 ppm, 534, ppm and 1496 ppm, respectively. Fe 

concentration reached maximum of 2,329 ppm in AR13 in genotype ‘NC08-23925’. Plank and 

Donohue (2000) reported sufficient Fe levels at seedling to tillering stage and flag leaf maturity 

to be between 30-200 ppm and as such the levels observed here may indicate potentially toxicity 

No reports were found for Na and Al to establish a sufficient or toxic amount in tissue at the 

vegetative stage (Supplementary table 4). 

Significant genotypic variation was observed for Al in both AR13 and LA14, for Fe in 

AR13 and for Na in AR13 and AR14, with the percent of phenotypic variation explained by 

genotype ranging from 0 to 60%.  
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Population structure, kinship and linkage disequilibrium in the AM panel 

Principal component analysis, performed using a total of 5227 SNP markers, found the first three 

principal components (PCs) to explain 16% of the genotypic variance in the AM panel. No 

apparent population stratification was extracted from first two PCs, however, plots of PC2 

(5.6%) and PC3 (4.3%) separated the population into two clusters (Fig. 3 and Fig. 4), and thus 

both were included in the mixed model of marker-trait association. Determination of linkage 

disequilibrium (LD) showed different patterns of LD decay, increasing with genetic distance, and 

varied based on linkage group and genome (Fig. 5). Markers mapped on chromosomes of the A 

genome exhibited high LD values with r
2
 > 0.50 at a genetic distance of up to 80 cM. Markers 

mapped on chromosomes of the B genome exhibited r
2
 > 0.50 in distances up to 70 cM, with the 

exception of chromosome 7B, which showed an r
2 
= 0.90 at 100 cM. The D genome, likewise 

showed different patterns of LD decay, for example on chromosomes 1D, 2D and 6D which 

showed r
2 
≥ 0.50 at a genetic distance of up to 120 cM. Chromosomes 3D and 5D showed more 

rapid LD decay (10 cM) and chromosome 4D very low LD (r
2 
≤ 0.20 at 25 cM).   

 

Genome-wide association analysis (GWAS) for elemental accumulation 

Trait means for each line in the four site-years and in a combined analysis were used for GWAS. 

Three models were used for identifying marker trait associations (MTA), including; 1) a general 

linear mixed model; 2) mixed model using the kinship matrix (K), and; 3) mixed model using 

PCs and K (P+K). Only markers which were significant at P=0.01 using the P+K mixed model 

with the first three PCs are reported herein. A total of 92 marker trait association (MTA) were 

detected for EC of the three elements, including 5 for Al, 43 with iron and 44 with sodium (Table 

3 and Supplementary Table 2). Of these association, 9 chromosomes, including 1B, 2B, 5A, 3A, 
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3B, 5A, 5B, 6A and 7A had MTA that were consistently detected at the same SNP or SNPs in 

LD (<30 cM) across multiple site-years or in most cases a single site-year and the combined 

analysis. Overall, detected individual SNPs explained a small percent of the phenotypic variance, 

ranging from R
2
 = 0.03 to 0.07.    

 

Genome-wide association analysis for Aluminum                                                                                  

MTA for Al tissue concentration were located on chromosomes 2B and 5A with –log (P) ranging 

from 3.1 to 4.3 and the variance explained by the markers ranging from 5% to 7% (Table 3). 

Markers IWA5261 and IWA3942 in LD on chromosome 2B were significant in AR14 and 

LA14, respectively. IWA3942 explained 7% of the phenotypic variance for AL EC in LA14 with 

an average allele effect of 58 ppm, the largest effect SNP observed for Al. On chromosome 5A, 

IWA8118 was associated with Al EC in AR13 and the MEAN, explaining 5% of the phenotypic 

variance with an allele effect of 17 ppm. 

 

Genome-wide association analysis for iron 

Marker-trait associatins for Fe tissue concentration were located on chromosomes 3B, 5A, 5B 

and 7A, including 4 MTA for AR13, 5 for AR14 and two for LA14 (Table 3). Genome regions 

on 5A and 5B were detected in both AR13 and AR14. SNPs IWA2446 and IWA8118 on 

chromosome 5A were in LD and located at 111 cM with allele effects ranging from 9-17 ppm. 

On chromosome 5B, three SNPs (IWA1342, IWA2610 and IWA4631) located from 54-82 cM, 

were associated with Fe concentration in AR14, AR13 and LA14, respectively, with allele 

effects ranging from 17-23 ppm. 



37 
 

 

Genome-wide association analysis for Sodium 

Marker-trait associations for Na were located on chromosomes 1B, 2B, 3A, 5A, 6A and 7A, with 

the phenotypic variance explained ranging from 3 to 6%. Genome regions on chromosomes 1B, 

2B, 5A, and 6A had MTA which were detected in more than one site-year. On chromosome 1B, 

SNPs IWA6063 and IWA7560 were associated with Na concentration in AR13 and LA14, 

respectively, with allele effects of 17 and 19 ppm. IWA905 and IWA6554 in LD on 2B showed 

significant MTA for LA13 and LA14, with allele effects of 19 and 25 ppm. Chromosome 

position 188 cM on 5A showed a significant MTA for Na in LA13, AR13 and LA14, with allele 

effects ranging from 13 to 18 ppm. Similarly, IWA416 was significant in AR13 and LA14, with 

allele effects of 18 and 19 ppm, respectively. A second SNP, IWA7349, in LD with IWA416 was 

also found to be significantly associated with Na in AR13.  

 

Discussion 

GY reduction associated with accumulation of elements  

The WL stress response in plants is influenced by genetics in addition to the timing, intensity and 

duration of the hypoxia or anoxia, as well as other environmental conditions such as temperature 

and soil type (Fageria et al. 2011; Setter and Waters 2003). Redox potential changes due to 

anaerobiosis influence Fe and other element availability which are potentially toxic. In 

evaluating a set of 28 wheat cultivars, a 42% reduction in GY was observed, in agreement with 

previous studies reporting losses of 32 to 44% (Collaku and Harrison 2002; Robertson et al. 

2009). Based on the observed negative correlation between GY and accumulation of micro-

elements under WL (Fig. 2), particularly for aluminum, iron, sodium and magnesium, and the 

increase in tissue concentration of these elements (Table 1) reductions in grain-yield observed in 
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this study can, at least in part, be attributed to potential elemental toxicity. Enhanced tolerance to 

increased aluminum and iron concentrations have previously been suggested as a mechanism for 

WL tolerance in acidic soils by Khabaz-Saberi et al. (2006) and similar findings were reported 

by Setter et al. (2009) for environments in India and Australia. Therefore, it is important to not 

only continue improving wheat for GY, but also emphasize the importance of stacking genetic 

diversity for other traits that confer adaptability to stressed environments, including WL and 

resulting elemental toxicity.  

Evaluation of the panel of 240 wheat genotypes for EA of Na, Fe and Al found significant 

genetic variation which was highly determined by environment (Table 2). Setter et al. (2009) 

also reported that WL response does not always relate to responses in other environments, in 

agreement with the results presented here, where genotype explained a large proportion of the 

phenotypic variation for EC within individual locations, mainly in the 2013 site-years, but to a 

lesser extent in 2014 (Table 2).  EC data in the AM panel showed a large range within the 

genotypes, up to levels reported to be toxic to wheat productivity (Plank and Donohue 2000). 

These results suggest the presence of mechanism of tolerance and/or exclusion for Al, Fe and Na 

within this diverse panel as can be seen in the wide range between lowest and highest values for 

within this population. Elemental toxicity tolerance and exclusion mechanisms  have been 

documented for Fe and other metals (Hossain and Uddin 2011). However, this is the first study 

screening for Al, Na and Fe accumulation under WL of diverse wheat genotypes using 

inductively coupled plasma multi-element detection, which establishes a starting point for the 

characterization of the genetic diversity for this important adaptive trait that confers WL 

tolerance in wheat.  
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Population structure of the AM panel 

Overall, the AM panel showed low population structure, indicating diversity (Fig. 3), consistent 

with findings in other association studies (Benson et al. 2012) and likely due in part to both the 

majority of genotypes being SRWW and cooperation among wheat breeding programs which 

enables exchange of genetic material. These finding are not unexpected as LD patterns differ 

between populations due to population size, effective recombination rate, mutation and gene 

flow (Yu et al. 2014).  

This AM panel showed overall LD decay in a distance of 30 cM (Fig 4). There are gaps 

in the marker coverage in the genetic map used for this study, particularly in the D genome that 

showed rapid LD.  Also, an inbreeding species such as wheat could have slow LD decay due to 

reduced effective recombination rates (Caldwell et al. 2006) 

Determining LD patterns is crucial to AM studies and is influenced by factors such as 

population structure, genetic linkage, genetic drift and cultivar selection (Würschum et al. 2013). 

Assessing LD of marker pairs and observed LD decay at a distance of 10 cM found high r
2
 

values at long chromosome distances, although the number of paired markers that were in 

complete LD was very low and this was consistent across all wheat chromosomes. Previous 

studies have reported similar results investigating genetic diversity in spring wheat with LD 

decay at approximately 2 cM in the A and B genomes and ~7 cM in the D genome (Edae et al. 

2014). In this study, genome D showed low r
2
 measurements and rapid LD decay, likely due to 

the low marker coverage.  Sukumaran et al. (2015) reported genome D to have the highest LD 

and LD decay at 5 cM (r
2
 = 0.02), and similar values of LD in genome were observed on this 

study. Edae et al. (2014) also reported LD decay in genome D below r
2
 = 0.20 at 6.8 cM, which 
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is in agreement to results here reported, where most of the chromosomes of genome D had low 

LD values at distances greater than 5 cM.  

 

Genome-wide association analysis for Al, Fe and Na 

Genetic variation within the AM panel allowed detection of MTA between concentrations of Al, 

Fe and Na with SNP markers (Table 3). A total of 92 MTA were detected for EC including MTA 

on 1B, 2B, 5A, 3A, 3B, 5A, 5B, 6A and 7A that were detected across data-sets. The genetic 

effects of detected MTA were generally small, with R
2
 values ranging from 0.03 to 0.07%, 

indicating a quantitative inheritance of EC tolerance within the AM panel. A region on 

chromosome 5A at 111 cM significant for Al and Fe is in a similar region as was reported by 

Sukumaran et al. (2015) associated with grain yield (5A at 115 cM), thousand-kernel weight and 

grain number m
-2

 (5A at 98 cM). Likewise, MTA detected on chromosome 1B at 72 cM for Na is 

2 cM from that reported for peduncle length by Sukumaran et al. (2015). This is also in 

agreement with Ballesteros et al. (2015) who reported adaptive QTL in chromosome 1B for 

shoot biomass, root biomass and tiller number.  

Chromosomes 2B and 5A were found to contain the majority of markers associated with 

Fe, Na and Al concentration in this study. In agreement with the high phenotypic correlation 

between Al and Fe concentrations (r = 0,89, data not shown), IWA8118 on chromosome 5B was 

found to be associated with both Al and Fe accumulation, suggesting there could be a similar 

tolerance mechanism which has previously been suggested for heavy metal toxicity in plants 

(Hossain et al. 2012). A similar pleiotropic effect has been observed for Al and Fe in rice using 

ICP analysis in two recombinant inbred lines populations (Zhang et al. 2014). 
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In conclusion, this study reports important wheat genome regions associated with the 

accumulation of Al, Fe and Na under WL and represents the first study aiming to evaluate 

genetic diversity for the elemental accumulation in a diverse panel of wheat under WL stress. 
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Table 1 Descriptive statistics for yield and elemental concentrations and percentage of variance attributed to genetic, treatment, 

genotype x treatment and other effects in 28 wheat genotypes evaluated under waterlogging and non-waterlogging conditions in 

Stuttgart, AR 2012-2013. 

 Trait 

Source 

GY 

(g m
-2

) 

Zn 

(ppm) 

Cu 

(ppm) 

K 

(%) 

Mg 

(%) 

S 

(%) 

Ca 

(%) 

P 

(%) 

B 

(ppm) 

Mn 

(ppm) 

Fe 

(ppm) 

Na 

(ppm) 

Al 

(ppm) 

Descriptives 

Control 451 41 21 4.27 0.12 0.25 0.26 0.27 2.22 133 89 292 25 

Waterlogging 263 29 15 3.33 0.11 0.27 0.32 0.34 3.75 257 474 1571 307 

Standard error 41 2 1 0.08 0.004 0.01 0.01 0.02 0.15 12 59 56 52 

Fold change 1 1 1 0.78 0.94 1.09 1.20 1.25 1.69 2 5 5 12 

Variance component of each effect divided by the total of all variance components  

Treatment 59* 61** 35** 68**** 4 9 23* 39* 59**** 80**** 72** 91**** 66** 

Rep (Treatment) 24**** 9**** 5** 1* 16**** 15**** 7**** 25**** 2* 4**** 9**** 1*** 14**** 

Genotype 0 1 0
 

0 1 1 0 0 0 0 0 0 0 

GenotypexTreatment 4** 5* 9* 11**** 17** 11* 32**** 4 4 1 0 0 0 

Residual 14 25 51 21 62 64 38 32 34 15 19 7 20 

* Significant at P = 0.05,** Significant at P = 0.01, *** Significant at P = 0.001, **** Significant at P = 0.0001 
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Table 2 Descriptive statistics for elemental concentrations and percentage of variance attributed to genetic and other effects in 240 wheat 

genotypes evaluated under waterlogging conditions across four site-years. 

  Aluminum (ppm) 
 

  

Iron (ppm) 
 

Sodium (ppm) 

Source AR13 AR14 LA13 LA14
a
   AR13 AR14 LA13 LA14

a
   AR13 AR14 LA13 LA14

a
 

Descriptives 

Mean 392 66 199 33 
 

534 168 376 94 
 

1496 1182 196 104 

Minimum 23 4 75 6 
 

87 51 157 38 
 

480 352 78 45 

Maximum 2223 382 553 145 
 

2329 1038 1010 306 
 

3347 2996 605 308 

Standard error 298 54 68 20   290 79 110 44   439 419 77 38 

Analysis of variance 

Genotype 12*** 0 11* 
  

28**** 7 8 
  

60**** 25**** 8 
 

Replication 41**** 0 0 
  

33**** 15**** 2** 
  

2*** 2 15**** 
 

Residual  47 100 89 
  

39 78 90 
  

39 73 77 
 

* Significance at P = 0.05  

** Significance at P = 0.01 

*** Significance at P = 0.001 

**** Significance at P = 0.0001 
a 
One replication was analyzed in this environment 
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Table 3 Summary of marker-trait associations for aluminum, iron and sodium concentrations in 240 wheat genotypes using 5227 

markers.  
  

Trait (Chr) 

 

 

Env 

 

 

Marker 

 Name 

 

SNP 

 

 

Position 

 

 

-Log (P)
a 

 

 

Maf 

 

 

Mean 

Major 

 Allele 

Mean 

minor  

allele 

Allele 

Effect
b 

 

R
2 

 

 

Al (2B) AR14 IWA5261 A/G 196 3.1 0.38 58 75 22 0.05 

  LA14 IWA3942 A/C 198 4.3 0.05 32 75 58 0.07 

Al (5A) AR13 IWA8118 T/G 111 3.1 0.44 358 433 17 0.05 

  MEAN IWA8118 T/G 111 3.2 0.44 159 183 13 0.05 

Fe (3B) AR14 IWA2712 T/C 110 2.6 0.12 161 195 18 0.04 

  MEAN IWA6002 A/C 218 2.9 0.04 276 779 65 0.05 

Fe (5A) MEAN IWA2144 T/C 20 2.6 0.20 272 310 12 0.04 

  AR13 IWA2144 T/C 20 2.9 0.20 514 639 20 0.04 

  MEAN IWA2145 T/C 20 2.6 0.20 272 310 12 0.04 

  AR13 IWA2145 T/C 20 2.9 0.20 514 639 20 0.04 

Fe (5A) AR14 IWA2446 T/C 111 3.0 0.20 159 191 17 0.05 

  MEAN IWA8118 T/G 111 2.4 0.44 266 294 9 0.04 

  AR13 IWA8118 T/G 111 2.6 0.44 494 585 16 0.04 

Fe (5B) AR13 IWA2610 A/G 54 2.7 0.38 566 483 17 0.04 

 AR14 IWA1342 T/C 61 2.9 0.07 162 209 23 0.05 

  LA14 IWA4631 T/C 82 2.7 0.24 87 112 22 0.04 

Fe (5B)  AR14 IWA7123 T/C 122 2.9 0.26 158 186 15 0.05 

  MEAN IWA721 A/C 121 2.7 0.07 275 331 17 0.04 

Fe (7A) AR14 IWA4620 T/C 207 3.3 0.44 155 176 12 0.05 

  MEAN IWA614 A/G 178 2.7 0.10 274 336 19 0.04 

 Fe (7A) LA14 IWA3655 A/G 107 2.8 0.41 100 83 21 0.04 

  MEAN IWA3987 T/C 101 2.7 0.31 269 299 10 0.04 

Na (1B) AR13 IWA6063 T/C 72 2.9 0.21 1544 1321 17 0.04 

  LA14 IWA7560 A/C 99 3.3 0.13 101 125 19 0.05 
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Table 3 (Cont.) 

Na (2B) MEAN IWA4189 A/G 218 3 0.38 728 768 5 0.04 

  LA14 IWA4189 A/G 218 2.9 0.38 99 113 12 0.04 

Na (2B) LA13 IWA905 A/G 164 3.6 0.15 203 163 25 0.06 

 LA14 IWA6554 T/C 164 2.8 0.15 101 124 19 0.04 

Na (3A) MEAN IWA5212 T/G 210 3.2 0.21 730 806 9 0.04 

  AR14 IWA5212 T/G 210 3.4 0.21 1149 1317 13 0.05 

Na (5A) LA13 IWA2 T/G 188 2.5 0.47 208 184 13 0.04 

  AR13 IWA454 T/C 188 3.7 0.18 1455 1685 14 0.05 

  LA14 IWA454 T/C 188 2.7 0.18 100 122 18 0.04 

Na (5A) MEAN IWA7303 T/C 17 2.6 0.13 734 801 8 0.03 

  LA14 IWA7303 T/C 17 2.7 0.13 101 123 18 0.04 

Na (6A) AR13 IWA416 T/G 106 2.6 0.34 1576 1338 18 0.03 

  LA14 IWA416 T/G 106 2.7 0.34 110 93 19 0.04 

  AR13 IWA7349 A/C 106 2.8 0.34 1398 1678 17 0.04 

 Na (7A) MEAN IWA7306 A/G 10 2.6 0.13 734 801 8 0.03 

  LA14 IWA7306 A/G 10 2.7 0.13 101 123 18 0.04 

Na (um) MEAN IWA1170 A/G 97 2.5 0.13 734 798 8 0.03 

  LA14 IWA1170 A/G 97 3.1 0.13 101 127 20 0.05 
a
-Log (P) Negative logarithm of the p-value,  

b
Allele effect absolute value of allele effect relative to major allele, 

Maf Minor allele frequency, AR13 Arkansas 2013, AR14 Arkansas 2014, LA13 Louisiana 2013, LA14 Louisiana 2014, MEAN overall 

least square mean across all site-years 
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Fig. 1 Waterlogging treatment in Stuttgart, AR 2014 

Photograph: Mason, 2014
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Fig. 2 Correlogram of P phosphorus, K potassium, Ca calcium, Mg magnesium, S sulfur, Na sodium, Fe 

iron, Mn manganese, Zn zinc, Cu copper, B boron, Al aluminum and GY grain yield in a wheat under 

waterlogging stress in Stuttgart, AR. Diameter of the circle increases with the correlation value 
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Fig. 3 Principal component analysis for population structure in 240 wheat genotypes using 5227 

single nucleotide polymorphism markers 
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Fig. 4 Heat map of the kindship relationship in 240 wheat genotypes using 5227 SNP markers 
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Fig. 5 Linkage disequilibrium decay (r
2
-decay) plot for all chromosomes in in 240 wheat 

genotypes. 8M refers to unmapped markers 
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Abstract  

Wheat is grown on 17% of all crop land worldwide and because of its widespread cultivation 

faces many production constraints, such as soil waterlogging (WL), which has been reported to 

reduce grain yield by as much as 50%. With global climate change predicted to result in 

increased winter precipitation, improving the tolerance of wheat to soil WL is a priority area for 

breeders in regions prone to WL such as the southern U.S. In this study, 28 soft red winter wheat 

breeding lines and cultivars were evaluated over two growing seasons (YR1 and YR2) from 

2012-2014. Experiments were planted in a randomized complete block design with four 

replications and two treatments, WL and non-WL.  In YR1 a 28 day WL treatment reduced grain 

yield by 42%, compared to 13% in YR2 where a 14 day WL treatment was applied. GY 

reduction in YR1 resulted from the combined effect of reductions in total biomass, kernel weight 

per spike and spikes m
-2

. In YR2, the largest reductions were observed for kernel weight per 

spike, thousand-kernel weight and kernel-number per spike. In YR1 a genotype by treatment 

effect (GxT) was observed for all traits with the exception of thousand kernel weight, indicating 

differences in genotype performance under WL and non-WL conditions. In YR2, lower GxT was 

observed, with more of the phenotypic variation explained by genetic variation between 

cultivars. All yield components were positively correlated with grain yield, regardless of 

treatment, with spikes m
-2

 the most important for yield production and total biomass highly 

correlated with grain yield under WL conditions. Overall, the cultivars ‘Jamestown’ and 

‘USG3555’ were found to be tolerant to waterlogging across both growing seasons, preventing 

large reductions in spikes m
-2

, kernel weight per spike, kernel number per spike and thousand 

kernel weight which contributed to a lower reduction total grain yield.  
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Introduction 

Soil waterlogging (WL) affects up to 10% of global land area, including 25% of the worldwide 

area planted to wheat (Powell et al. 2012). WL has continued to become an increasingly 

important problem for crop production in the United States including in Arkansas, where more 

than US$20 million in economics losses were reported in 2011 (Watkin et al. 2011). During WL 

stress, saturation of the air pore spaces in the soil results in hypoxia, or low oxygen availability, 

or anoxia, the complete absence of oxygen for plants (Colmer and Voesenek 2009). Low oxygen 

availability disturbs plant physiology and metabolism, resulting in reduced growth, delayed 

development and lower total wheat yield and yield components (Dickin and Wright 2008). 

Reduction in grain yield production is physiologically explained by a decreased number of 

molecules of adenosine triphosphate (ATP) produced in a hypoxic environment, which triggers 

lactic acid and alcohol fermentation, subjecting the plants to less water and less nutrients 

available for growth and development compared to aerobic conditions (Colmer and Greenway 

2011).   

The severity of yield reduction for wheat exposed to soil WL depends greatly on the intensity 

and duration of the WL stress, as well as the developmental stage when the stress is imposed. 

Under 14 days of waterlogging at the tillering stage, wheat showed a 50% reduction in tiller 

number resulting in 71% lower shoot dry weight (Robertson et al. 2009). A reduction of 50% of 

tillers per unit area following 44 days of WL was observed by Dickin and Wright (2008) who 

suggested that maintaining 450-550 m
-2

 spike-bearing tillers should be addressed to maintain 

yield under WL conditions in Australia. Collaku and Harrison (2002) reported that five weeks of 

uninterrupted waterlogging at the tillering stage resulted in a 44% reduction in grain yield in soft 

red winter wheat (SRWW), resulting mainly from a reduction in kernel number and tiller 

number. Araki et al. (2012) investigated the effect of  8 days of WL after heading and found root 
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growth to be largely affected and that recovery of root biomass and development of new roots 

was difficult even after the stress had ceased. Khabaz-Saberi et al. (2006) reported up to a 52% 

reduction in shoot dry weight while Ali et al. (2012)  reported a reduction of 1.5% in grain yield, 

0.7% for spikes m
-2

 and 1.3% for grain weight for each day of WL stress applied at the four-to-

five leaf stage. In the same study, the authors showed that ten days of WL are sufficient to have a 

significant effect on yield and yield components. Shao et al. (2013) investigated the effect of WL 

on photosynthetic and yield traits in winter wheat at different growth stages (tillering, jointing-

booting, onset of flowering and milky stage) and reported a significant decrease in root length, 

root mass and root/shoot ratio when the stress was applied at both the tillering and booting 

stages. Measurements of transpiration rate, stomatal conductance and net photosynthetic rate 

(PN) were also affected after 4 days of WL. Overall, PN decreased by 13.6% when WL stress 

was applied at the tillering stage and by 12.2% for booting stage stress, with the observed 

decrease in photosynthesis resulting from stomatal closure. In the same study, a grain yield 

decrease of 7.1 to 11.2% was observed, resulting from fewer spikes ha
-1

 and also impacted by a 

delay in flowering time and maturity. The study concluded that reduction in photosynthesis and 

thus yield could be explained by less leaf turgor and stomatal conductance due to decreased 

hydraulic conductivity, leading to a CO2 deficit and a shortage of assimilate accumulation.  

 Despite the economic impacts of soil WL on wheat production, previous reports on the 

tolerant germplasm in SRWW are limited to a single study in which Collaku and Harrison (2002) 

evaluated 15 SRWW cultivars under 5 weeks of continuous stress. This lack of information is an 

obstacle toward determining genetic sources of tolerance traits that can be integrated for 

developing wheat cultivars with improved WL tolerance. Therefore, the focus of this study was 
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to evaluate the performance of 28 SRWW cultivars and breeding lines adapted to the 

southeastern U.S. subjected to WL stress during the vegetative stage.  

 

Material and Methods 

Plant material and field experiments 

A set of 28 adapted SRWW cultivars and advanced breeding lines was used for this study, 

including entries from both public and private breeding programs. Field waterlogging, 

experiments were carried out at the Rice Research and Extension Center in Stuttgart Arkansas in 

the 2012-2013 and 2013-2014 growing seasons. Stuttgart soils are characterized by a silt loam 

surface layer and a clay subsoil with low permeability (NRCS 2013) and are prone to periodic 

WL. Plots were drill seeded at a rate of 118 kg of seed hectare
-1

 in seven row plots measuring 

1.25 meters wide x 6 meters long. The experimental design was a split plot with randomized 

complete blocks with 4 replications and two treatments (WL and non-WL). All plots were 

fertilized with 170 kg of nitrogen as urea in a split application, with 60% applied prior to the WL 

treatment and 40% applied post WL treatment.  

Field WL was imposed by establishing 0.30 m high levees surrounding the experimental 

field and applying water to saturate the soil twice weekly for the duration of the treatment (Fig 

1). In the 2012-2013 season (YR1), the WL treatment was started on March 20, 2013 at Feekes 

stage 4 and continued until April 17, 2013 at Feekes stage 5. In 2013-2014 season (YR2), the 

treatment was started on April 1 at Feekes stage 4 and continued until April 14 at Feekes stage 5.  
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Trait measurement  

Yield components including spike density (Sm2), kernel number per spike (KNS), kernel weight 

per spike (KWS), total biomass (TB), and harvest index (HI) were estimated by harvesting 50 

spike-bearing culms from each plot at maturity prior to whole plot harvest. The Seedburo 801 

(Seedburo Equipment Company, Des Plaines, IL) was used to count and calculate the weight of 

1000 kernels (TKW). Plant height (PH) was measured at maturity from the soil surface to the top 

of each plot, excluding awns. Days-to-heading (HD) was measured in Julian days when 50% 

spike emergence for each plot. Grain yield (GY) in g m
-2

 was determined on whole plots by 

combine harvesting, drying and weighing the grain with final GY adjusted to 13% moisture. Test 

weight (TW) was determined on a volume basis in kg hl
-1

 using a GAC2500AGRI DICKEY-

John Grain Moisture Tester (Churchill Industries, Minneapolis, MN). 

 

Statistical analysis 

Data were analyzed using procedures in SAS 9.3 (SAS Institute Inc. 2011, Cary, NC). To 

determine the impact of the WL treatment, an analysis of variance was performed using Type 3 

sum of squares with WL treatment (WL vs non-WL) as a fixed effect and genotype, 

rep(treatment) and genotype by treatment interaction (GxT) as random effects. Variance 

components were estimated using Type 3 sum of squares with all effects, including treatment 

treated as random and were used to determine the percentage of total phenotypic variation 

explained by individual variance components. Pearson’s correlation using PROC CORR were 

used to determine associations among the measured phenotypic traits. This correlation analysis 

was conducted individually for the WL and non-WL treatments.  
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Results 

Impact of WL on yield and yield components 

In 2012-2013 (YR1), a significant WL treatment effect (p ≤ 0.05) was observed for PH, GY, 

KWS, TKW, KNS, TB, SB and HI. Mean GY was reduced by 42%, with genotypes showing a 

range in reduction from 15 to 60%.  TB, KWS, Sm2 and TB were the traits most affected while 

TW and HI were the least affected by WL. Likewise, in the 2013-2014 season (YR2), a 

significant treatment effect (p ≤ 0.05) was observed for PH, TW, KWS, TKW, KNS and HI. 

Although not significant (p ≤ 0.05), a 13% GY reduction was observed in YR2 with genotypes 

showing a range in reduction of 1 to 47%. The most affected traits in YR2 were KWS, TKW and 

KNS, while the least impacted were Sm
-2

, SB and TB.  Overall a greater GY reduction was 

observed with the 28 days of WL inYR1 than the 14 days of WL in YR2. Similarly, there was a 

greater reduction in YR1 for yield components including KWS, KNS, TB and Sm2 than in YR

 

Analysis of variance 

In YR1, treatment accounted for the largest portion of phenotypic variance for most traits, 

ranging from 9% for TW up to 59% for GY, with genotypic variation observed only for TKW 

(Table 1). Significant genotype by treatment (GxT) interaction was observed for all traits, 

indicating that genotypes performed differently under WL versus non-WL conditions and this 

contributed to the low level of observed genotypic variation. This was in contrast to YR2, where 

significant genotype variation was observed for all traits, with genotype explaining from 11 to 

44% of the phenotypic variance (Table 2). While a large portion of the phenotypic variance was 

still explained by the WL treatment, a lower level of GxT, significant for only KWS and TKW, 

explaining only 5% of the variation for both.  
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Trait correlations 

All measured yield components were positively correlated with total GY, although the 

magnitude of the correlations differed between treatments. Spike density (Sm2) was the most 

strongly correlated with GY regardless of treatment, with r = 0.88 and r = 0.74 under WL and 

control treatments, respectively. Total biomass (r = 0.79) and straw biomass (r = 0.63) were more 

strongly correlated to GY under WL stress compared to control conditions (r = 0.49 and r = 0.09, 

respectively), while plant height showed a strong correlation under control (r = 0.70) with a low 

but significant correlation (r = 0.19) observed under WL conditions. 

 

Differences between cultivars 

Overall there was a wide range in cultivar performance for the majority of phenotypic traits 

measured (Table 1 and Table 2). However, differences in cultivar performance and WL tolerance 

based on percent reduction under WL versus non-WL conditions was highly dependent on year 

(Table 4). For example, cultivar ‘Baldwin’ had the highest GY in YR1 under waterlogging and 

was the most WL-tolerant with only a 15% GY reduction. ‘Baldwin’ was the least impacted in 

YR1 because of its ability to maintain KNS (5% reduction) and Sm2 (14% reduction). In 

contrast, ‘Baldwin’ showed a 40% GY reduction in YR2, including 39% KWS reduction and 

22% TB reduction. In contrast, Cultivar ‘AR01163-3-1’, had the highest GY under control 

conditions in YR1 but was also the most susceptible and lowest yielding under WL, with a 60% 

GY reduction, 23% KNS reduction, 53% Sm2 reduction and 70% TB reduction. 
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Cultivar ‘Pioneer 26R20’ had high GY performance in both WL and non-WL in YR1, however 

in response to WL stress, it reduced GY by 38%, with KWS and TB being the most reduced 

yield components at (29% and 35% respectively). Likewise, ‘Terral TV8861’ had the highest 

GY under control conditions in YR1 and YR2, but had a 53% GY reduction in YR1 and 23% 

reduction in YR2 (Table 4). Cultivar ‘AR01167-3-1’ was the 5
th

 most tolerant line with 1% GY 

reduction showing no reduction in Sm2 and TB.  

  Cultivar ‘USG3555’ was the most stable genotype, ranking in the top five most WL-

tolerant in both YR1 and YR2. ‘USG3555’ maintained yield by preventing large reductions in 

KWS, KNS and TKW (Table 4). Cultivar ‘Jamestown’ showed similar results, ranking in the top 

five most WL-tolerant in both YR1 and YR2 by maintaining KWS and KNS in YR1 and Sm2 

and TB in YR2. 

 

Discussion 

Impact of WL stress on wheat yield 

This study evaluated the impact of a 28 (YR1) or 14 (YR2) day field WL treatment on yield and 

yield components in 28 adapted soft red winter wheat cultivars. Overall, WL stress reduced mean 

GY by 40%, with a maximum reduction of 60% observed in susceptible cultivars. Yield 

components including KWS, KNS and TKW were also significantly reduced. These findings are 

similar to reported findings by Collaku and Harrison (2002), who evaluated 15 wheat cultivars 

under 5 weeks of continuous WL and reported yield losses up to 44%. 

For GY, a significant GxT effect was observed in YR1 but not in YR2, which resulted in 

increased genotypic variation in YR2. A likely explanation for differences observed between 
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years is variation in the level of the stress intensity across the two years, with the 28 day WL 

treatment too drastic to detect differences in the genotype response (Musgrave and Ding 1998). 

As mentioned before, the soils properties play an important role in WL impact, for example the 

drainage rate in clay soils (type of soil in this experiment) which could increase the effective 

duration of the stress and could explain the inability to detect genetic variation in YR1. These 

results could also simply mean that tolerance for WL is limited in these commercial cultivars and 

reaffirms the importance on continuing with cultivar development and introgression of traits 

associated with WL tolerance, such as KWS, TKW, KNS which are highly correlated with yield 

in both waterlogged and control growing conditions and were greatly reduced in WL conditions 

(Table 3).  

These results reinforce the importance of screening breeding lines under waterlogged 

soils in the southern of the United States, which continues to be a region prone to waterlogged 

soils. Furthermore, genotype by WL treatment interaction observed suggests that the evaluation 

of cultivars under WL regimes across different years and locations is highly relevant if genetic 

gain for WL tolerance is to be made in modern wheat cultivars.  

 

Cultivar performance 

Results of this allow for important observations of genotype performance. Cultivars ‘Terral 

TV8861’, ‘Pioneer 26R10’, ‘AR01167-3-1’ were found to be among the top yielding cultivars 

under control conditions in YR1 and YR2, but only high yielding under WL in YR2. Meanwhile, 

‘GA-031086-10E29’ and ‘Pioneer 26R22’ were high yielding under WL in YR1 and YR2 but 

only high yielding in control conditions in YR2. These cultivars maintained their high 
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performance by combining high Sm2 and TB under WL, which have previously been suggested 

as traits associated with WL tolerance by Collaku and Harrison (2002). When comparing 

performance under WL versus control, Pioneer 26R87 was found to have the lowest reduction in 

GY, Sm2, TB and SB among the cultivars evaluated, in agreement with the high correlation of 

Sm2 and biomass with GY under WL (Table 3). These findings are in agreement with the study 

by Zhang et al. (2007) who reported number of ears to be crucial to prevent GY losses and also 

with Collaku and Harrison (2002) that suggested tiller and kernel number as key traits for WL 

tolerance traits under WL. Other cultivars including USG3555, Jamestown, and Pioneer 26R22, 

which were high yielding under WL, were found to have a lower reduction in KNS, TKW, Sm2 

and TB.   

Taken together, cultivar performance under control and WL conditions and the 

correlation of yield components with GY suggests that attention should be given to not only 

cultivars that maintain higher total biomass and tiller number per unit area, but also to KNS, 

TKW and KWS, which can lead to higher yielding cultivars performing well regardless of WL 

stress. Overall, these results add important knowledge that can be used by wheat breeders 

regarding important traits and potential germplasm to be incorporated in future varieties adapted 

to flood prone areas such as the southeastern U.S. Along with traits reported in this research, 

future work may target physiological traits such as aerenchyma development and root porosity 

(Hossain and Uddin 2011), high chlorophyll content and photosynthetic rates (Ballesteros et al. 

2015), adventitious root development (Saqib et al. 2005) and tolerance to elemental toxicities 

(Shabala 2011) and nutrient deficiencies (Yavas et al. 2012).
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Table 1. Descriptive statistics for yield and yield components and percentage of variance attributed to genetic, treatment, genotype x treatment and other effects 

in 28 wheat genotypes evaluated under waterlogging and non-waterlogging conditions in Stuttgart, AR 2012-2013. 

Source 

 

HDa 

(days) 

PH 

(cm) 

GY 

(g m-2) 

TW 

(kg hl-1) 

KWS 

(g) 

TKW 

(g) 

KNS 

 

Sm2 

 

TB 

(g) 

SB 

(g) 

HI 

% 

Means 

   Control  117 84.0 451 73.0 1.03 42.0 25.0 439 844 19961 0.54 

   Waterlogging 121 79.0 263 70.0 0.74 37.0 20.0 347 505 12304 0.51 

   Range 112 - 127 61 - 99 25 - 601 68 - 84 0.29 - 1.50 29 - 63 9 - 33 52 - 813 47 - 1359 1054 - 40925 0.36 – 0.95 

   Reduction (%) +3 -6 -42 -3 -29 -13 -19 -21 -40 -38 -5 

Analysis of variance 

   Treatment - 16* 59* 9.0 57*** 32*** 37* 15 52* 36* 5.0* 

   Genotype - 0.0 0.0 0.0 0.0 4.0** 0.0 0.0 0.0 0.0 4.0 

   G*T - 22**** 4.0** 28**** 12**** 13 11** 12** 7.0**** 16**** 14* 

   Rep (T) - 9.0**** 24**** 6.0*** 7.0**** 1.0 12**** 31**** 25**** 21**** 0.0 

   Residual - 53 14 56 24 49 40 41 16 27 77 

* Significant at P = 0.05 

** Significant at P = 0.01 

*** Significant at P = 0.001 

**** Significant at P = 0.0001 

HD Heading date PH  Plant height GY Grain yield, TW Test weight KWS Kernel weight spike-1TKW Thousand-kernel weight  KNS Kernel number per spike Sm-2 

Spike m-2 TB Total biomass SB Straw Biomass HI Harvest index T Treatment, G Genotype Rep Replication 

a Data taken on one replication 
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Table 2 Descriptive statistics for yield and yield components and percentage of variance attributed to genetic, treatment, genotype x treatment and other effects 

in 28 wheat genotypes evaluated under waterlogging and non-waterlogging conditions in Stuttgart, AR 
 

Source 

 

HDa 

(days) 

PH 

(cm) 

GY 

(g m-2) 

TW 

(kg hl-1) 

KWS 

(g) 

TKW 

(g) 

KNS 

 

Sm2 

 

TB 

(g) 

SB 

(g) 

HI 

% 

 

Means  

   Control  117 70.0 306 74.0 0.86 37.0 24 362 953 31874 0.31  

   Waterlogging 118 63.0 265 71.0 0.63 31.0 20 426 926 33465 0.28  

   Range 115 - 125 46 - 86 58 - 494 66 - 77 0.34 – 1.35 22 - 50 13 – 38 66 - 878 10 - 1694 150 -  65493 0.20 – 0.49  

   Reduction (%) +1 -10 -13 -3 -26 -14 -14 +17 -3 +5 -10  

Analysis of variance  

   Treatment 4.0 33* 5.0 7.0* 58**** 47**** 28*** 4.0 0.0 0.9 25***  

   Genotype 44**** 12*** 14.** 12.* 11** 35**** 25**** 14** 24**** 13** 11*  

   G*T 0.0 0.0 0.0 1.0 5.0* 5.0**** 4.0 0.0 0.0 0.0 5.0  

   Rep (T) 4.0 15**** 6.0** 0.0 0.0 2.0*** 1.0 3.0 13**** 4.0**** 0.0  

   Residual 48 40 76 81 26 12 43 80 64 83 58  

* Significant at P = 0.05  

** Significant at P = 0.01  

*** Significant at P = 0.001  

**** Significant at P = 0.0001  

HD Heading date PH  Plant height GY Grain yield, TW Test weight KWS Kernel weight spike-1TKW Thousand-kernel weight  KNS Kernel number per spike Sm-

2 Spike m-2 TB Total biomass SB Straw Biomass HI Harvest index T Treatment, G Genotype Rep Replication 
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Table 3 Phenotypic correlations (r) of yield and yield components with total 

grain yield in 28 wheat genotypes. 

Trait 
Control  

treatment 

Waterlogging  

treatment 

Heading date 0.14 0.09 

Plant height 0.70**** 0.19** 

Test weight 0.22*** 0.28**** 

Kernel weight per spike 0.54**** 0.39**** 

Thousand kernel weight 0.25**** 0.15* 

Kernel number per spike 0.41**** 0.35**** 

Spike m
-2

 0.74**** 0.88**** 

Total biomass 0.49**** 0.79**** 

Straw biomass 0.09 0.63**** 

Harvest index 0.04 0.11 

* Significant at P = 0.05   

** Significant at P = 0.01   

*** Significant at P = 0.001   

**** Significant at P = 0.0001   
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Table 4 Five most tolerant and susceptible cultivars based on percent reduction of yield and yield components under waterlogged versus non-waterlogged 

conditions. 

Description Cultivar % reduction 

  Grain  

Yield 

 

Kernel weight 

spike-1 

 

Kernel  

number 

spike-1 

Spikes 

m-2 

 

Total  

Biomass 

 

Straw  

Biomass 

 

Thousand  

kernel weight 

 

Tolerant YR1 Baldwin -16 -15 -5 -15 -38 -47 -11 

 
Terral LA841 -20 -13 -5 -14 -27 -33 -10 

 
LA02015E201 -23 -18 -11 -6 -28 -35 8 

 
USG3555 -29 1 -1 -28 -21 -11 +1 

 
Jamestown -30 +6 +2 -36 -23 -12 +3 

Susceptible YR1 AR01163-3-1 -61 -22 -23 -53 -69 -75 +1 

 

Pioneer 26R10 -61 -32 -19 -41 -59 -57 -21 

 LA0320DE-2 -54 -24 -22 -45 -43 -21 -4 

 Terral TV8861 -53 -37 -36 -25 -43 -30 -2 

 AGS 2060 51 -44 -38 -27 -58 -63 -9 

Tolerant YR2 LA01110D-150 +35 -14 +3 +63 +36 +36 -16 

 
AGS 2060 +3 -22 -7 +34 +12 +16 -16 

 
USG3555 +3 -10 +1 +11 3 5 -10 

 
Jamestown 0 -19 -12 +27 +14 +20 7 

 
AR01167-3-1 -1 -30 -21 +43 +9 +14 -12 

Susceptible YR2 AGS 2035 -47 -36 -19 -17 -35 
-28 

 
-21 

 
AR01179-4-1 -45 -23 0 -28 -39 -15 -22 

 Baldwin -40 -39 -16 -3 -22 15 -26 

 Pioneer 26R87 -40 -33 -15 -9 -28 -23 -21 

 AGS 2038 -35 -43 -33 -5 -19 -11 -15 
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Cocnlusion chapter I 

Waterlogging impacts wheat yield production worldwide, including the southern of the United 

States. With current and future precipitation changes due to climate change, it is expected that 

this soil-type environmental stress will continue to increase its impact and wheat demand will not 

be sufficiently supplied.  Few studies have been conducted that evaluate waterlogging tolerance 

in current wheat cultivar, which is key for wheat breeders as knowing which traits to select for is 

crucial in the breeding process.  

During waterlogging, the soil properties are affected and plants undergo nutritional unbalances, 

including nutrient deficiencies such as Nitrogen and Magnesium deficiencies, as well as potential 

nutrient and elemental toxicity such as Manganese and Iron.  Elemental toxicity tolerance is an 

adaptive trait that has been suggested to confer better waterlogging tolerance in wheat.  

Knowledge on the genetic control for waterlogging tolerance and elemental toxicity tolerance is 

therefore crucial for future wheat breeding efforts.  

 

Conclusions Chapter II 

This study suggest that reduction in total grain yield in wheat grown under waterlogging, is 

partially due to toxicities of Sodium, Aluminum an Iron, as strong negative correlations of these 

elements with grain yield were found in the yield trial. 

Genetic diversity for elemental accumulation in soft winter wheat was found. This diversity is 

important for current and future wheat breeding schemes, especially for the southern of the 

United States programs, where soils are constantly prone to waterlogging and potential elemental 

toxicity could be observed in soft red winter wheat.   
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Several genetic regions were detected to be involved in the control of elemental accumulation in 

wheat growing under waterlogging. Chromosomes 2B and 5A were found to contain the majority 

of markers associated with Aluminum, Iron and Sodium suggesting that there could be a similar 

tolerance mechanism in wheat for the toxicity tolerance of these elements. This research 

represents the first study aiming to evaluate genetic diversity for the elemental accumulation in a 

diverse panel of wheat under waterlogging stress.  

Conclusions Chapter III 

Grain yield reduction and yield components reduction depends on the duration of the 

waterlogging stress and the year of evaluation.   There was a total grain yield reduction of 42% 

under 28 days of waterlogging and of 13% under 14 days of waterlogging. Yield reduction in the 

28-day waterlogging period resulted of the combined effect of reduction in total biomass, kernel 

weight per spike and spike m
-2

.  Genetic variance among the adapted soft red winter cultivars 

was found in year 2 with the shorter period of waterlogging but not with the 28-day waterlogging 

period. Very low genotype-by-waterlogging was observed in year 1, whereas the opposite was 

observed for year 2, where low genotype-by-waterlogging effect was found.     All yield 

components were found to be positively correlated with total grain yield regardless of the period 

of waterlogging and spikes m
-2

 and total biomass accumulation were found to be the most 

important yield components  that need to be  enhanced  if genetic gain for  waterlogging 

tolerance is to be made.  
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APPENDIX A. Supplementary Table 1 Germplasm included in yield trial and association mapping studies 

Entry #  Genotype name Entry #  Genotype name Entry #  Genotype name Entry #  Genotype 

Adapted soft red winter germplasm 

1 AGS 2035 8 GA-031086-10E29 15 Pioneer 26R10 22 Syngenta Magnolia 

2 AGS 2038 9 GA-031257-10LE34 16 Pioneer 26R20 23 Syngenta Oakes 

3 AGS 2060 10 GA-04570-10E46 17 Pioneer 26R22 24 Syngenta SY Harrison 

4 AR01163-3-1 11 Jamestown 18 Pioneer 26R41 25 Terral LA841 

5 AR01167-3-1 12 LA01110D-150 19 Pioneer 26R53 26 Terral TV8861 

6 AR01179-4-1 13 LA02015E201 20 Pioneer 26R87 27 USG 3120 

7 Baldwin 14 LA0320DE-2 21 Syngenta Coker 9553 28 USG3555 

Soft winter wheat association mapping diverse panel 

1 McNair_1003 61 McNair_1813 121 SS8641_JJ 181 09283-G1-G1 

2 Arthur_CG 62 McNair_701 122 NC-Neuse_PM 182 051336-B-B-1 

3 Branson 63 Oasis 123 NC-Cape_Fear 183 081515-G1-G2 

4 Coker_747_CG 64 Pat 124 NC-Yadkin 184 011388-8-4-5 

5 Coker_9134_CG 65 Pioneer_2568 125 NC06-19896_ 185 071694-G5-G5-G1pub 

6 Coker_9553 66 Pioneer_25W60 126 NC07-24445 186 001169-7E15 

7 Coker_9803_CG 67 Roy 127 NC07-25169 187 01063-1-3-6-2-G2 

8 Dominion 68 Sabbe 128 NC07-23880 188 011124-1-42-13 

9 FG95195 69 Severn 129 NC08-23089 189 031086-44-4-2 

10 Jackson_CG 70 Stacey 130 NC06-20401 190 NC96BGTD1 

11 LA97113UC-124 71 VA_96W-247 131 MO_980525 191 NC96BGTD2 

12 Massey_CG 72 IL00-8633 132 NC07-22432 192 NC96BGTD3 

13 Merl 73 IL00-8641 133 NC08-21273 193 NC96BGTA4 

14 MPV_57_CG 74 IL05-4236 134 NC08-23090 194 NC96BGTA5 

15 Oakes 75 IL06-13721 135 NC08-23323 195 NC96BGTA6 

16 Panola 76 IL06-23571 136 NC08-23324 196 NC97BGTD7 

17 Pioneer_2548_CG 77 IL08-24578 137 NC08-23383 197 NC97BGTD8 

18 Pioneer_2555_CG 78 IL96-6472 138 AGS_2000_JJ 198 NC97BGTAB9 

19 Pioneer_2580_CG 79 INW0304 139 Blueboy_JJ 199 NC97BGTAB10 

20 Pioneer_2643_CG 80 P99840C4-8 140 Coker_68-15_PM 200 NC99BGTAG11 

21 Pioneer_2684_CG 81 P03528A1-10 141 Coker_916_JJ 201 NC06BGTAG12 

22 Pioneer_26R15 82 P07290A1-12 142 Coker_9663_Syn 202 NC09BGTUM15 

23 Pioneer_26R24_CG 83 P0570A1-2 143 Coker_9835_PM 203 NC09BGTS16 

24 Pioneer_26R31_CG 84 Chesapeake 144 FL_302_JJ 204 NC08-23925 

25 Pioneer_26R46_CG 85 McCormick 145 Jamestown_PM 205 USG_3295 
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Supplementary Table 1. (Cont.) 

26 Potomac_CG 86 MD00W16-07-3 146 Pioneer_26R61_JJ 206 ARS05-0074 

27 Roane_CG 87 MD99W64-05-11 147 Saluda_PM 207 ARS05-0241 

28 Sisson_CG 88 VA01W713 148 Tribute_PM 208 ARS05-0401 

29 SS_520 89 KY03C-1237-39 149 USG_3209_PM 209 ARS07-0203 

30 SS_5205 90 KY02C-1076-07 150 USG_3555_JJ 210 ARS07-0404 

31 Tribute_CG 91 KY03C-1002-02 151 Hunter 211 ARS07-0558 

32 VA00W-38 92 KY02C-1121-11 152 Coker_797_JJ 212 ARS07-0815 

33 VA01W-21 93 KY02C-2215-02 153 Delta_King_GR9108 213 ARS07-0912 

34 VA03W-211 94 KY02C-1043-04 154 Coker_9134_Syn 214 ARS07-1208 

35 VA03W-235 95 KY02C-1058-03 155 AGS_2035 215 ARS08-0111 

36 Wakefield_CG 96 222-22-5 156 AGS_2010 216 ARS09-776 

37 Wakeland_CG 97 AGS_2060 157 AGS_2031 217 MD01W28-08-11 

38 Wheeler_CG 98 LA01069D-23-4-4 158 AGS_2485 218 VA05W-139 

39 AG_2020 99 LA0110D-150 159 USG_3592__ 219 VA05W-151 

40 Boone 100 LA01139D-56-1 160 Oglethorpe 220 MO_081652 

41 Caldwell 101 LA01164D-94-2-B 161 Baldwin 221 MO_080104 

42 Chancellor 102 LA02015E201 162 USG_3120 222 AR00255-16-1 

43 Clark 103 Shirley_CG 163 VA_90 223 AR00343-5-1 

44 Clemson_201 104 LA02015E58 164 VA_259 224 AR01039-4-1 

45 Coker_65-20 105 LA02024E12 165 MO_011126 225 AR01040-4-1 

46 Coker_762 106 LA02024E7 166 AGS_2020 226 AR01044-1-1 

47 Coker_9152 107 LA03012E-27 167 AGS_2026 227 AR01156-2-1 

48 Coker_9375 108 LA03118E117 168 AGS_CL7 228 AR01163-3-1 

49 Coker_9766 109 LA03136E71 169 Gore_JJ 229 AR01167-3-1 

50 Doublecrop 110 LA03148E12 170 GA001170-7E26 230 AR01179-4-1 

51 Elkhart 111 LA03155D-P13 171 GA031238-7E34 231 AR01209-2-1 

52 Ernie_CS 112 LA03161D-P1 172 GA00067-8E35 232 AR02061-1-1 

53 Flint 113 LA03217D-P2 173 GA001138-8E36 233 LA02015E42 

54 GA_1123 114 LA03217E2 174 GA011493-8E18 234 AR910 

55 Holley 115 LA04013D-142 175 GA021338-9E15 235 AR97124-4-3 

56 Jaypee_CS 116 LA04041D-10 176 GA021245-9E16 236 GA971127 

57 Knox_62 117 LA821 177 GA001142-9E23 237 Hazen 

58 Kristy 118 LA841 178 991227-6A33 238 Keiser 

59 Madison_CS 119 LA95135 179 991371-6E12 239 Nelson 

60 Mallard 120 Magnolia 180 071628-G3-G1-G4-G1 240 Rosen 
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APPENDIX B Supplementary Table 2. Summary of marker-trait associations in soft red winter wheat under waterlogging      

Trait 

(Chr) 

 

Environment 

 

Marker name 

 

SNP 

 

Position 

 

-Log 

(P) 

 

Maf  

 

Mean  

major 

allele 

Mean  

minor 

allele 

Allele 

difference 

R
2 

 

Al (2B) Ar14 IWA5261 A/G 196 3.1 0.38 58 75 22 0.05 

  La14 IWA3942 A/C 198 4.3 0.05 32 75 58 0.07 

Al (5A) Ar13 IWA8118 T/G 111 3.1 0.44 358 433 17 0.05 

  All IWA8118 T/G 111 3.2 0.44 159 183 13 0.05 

Fe (3A) Ar14 IWA2737 A/G 10 4.2 0.08 161 245 34 0.07 

  Ar14 IWA4066 T/C 15 2.9 0.43 156 176 11 0.05 

Fe (3B) Ar14 IWA2712 T/C 110 2.6 0.12 161 195 18 0.04 

  All IWA6002 A/C 218 2.9 0.04 276 779 65 0.05 

Fe (5A) All IWA2144 T/C 20 2.6 0.2 272 310 12 0.04 

  Ar13 IWA2144 T/C 20 2.9 0.2 514 639 20 0.04 

  All IWA2145 T/C 20 2.6 0.2 272 310 12 0.04 

  Ar13 IWA2145 T/C 20 2.9 0.2 514 639 20 0.04 

  Ar14 IWA2446 T/C 111 3 0.2 159 191 17 0.05 

  Ar14 IWA7129 T/C 91 2.6 0.12 161 195 18 0.04 

  All IWA8118 T/G 111 2.4 0.44 266 294 9 0.04 

  Ar13 IWA8118 T/G 111 2.6 0.44 494 585 16 0.04 

Fe (5B) Ar14 IWA1342 T/C 61 2.9 0.07 162 209 23 0.05 

  Ar13 IWA2610 A/G 54 2.7 0.38 566 483 17 0.04 

  La14 IWA4631 T/C 82 2.7 0.24 87 112 22 0.04 

  All IWA4708 A/C 77 2.9 0.04 278 279 0 0.05 

  Ar14 IWA7123 T/C 122 2.9 0.26 158 186 15 0.05 

  All IWA721 A/C 121 2.7 0.07 275 331 17 0.04 

Fe (7A) Ar14 IWA4620 T/C 207 3.3 0.44 155 176 12 0.05 

  All IWA614 A/G 178 2.7 0.1 274 336 19 0.04 

  La14 IWA3655 A/G 107 2.8 0.41 100 83 21 0.04 
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Supplementary Table 2. (Cont) 

  All IWA3987 T/C 101 2.7 0.31 269 299 10 0.04 

Na (1B) Ar13 IWA6063 T/C 72 2.9 0.21 1544 1321 17 0.04 

  La14 IWA7560 A/C 99 3.3 0.13 101 125 19 0.05 

Na (2B) All IWA4189 A/G 218 3 0.38 728 768 5 0.04 

  La14 IWA4189 A/G 218 2.9 0.38 99 113 12 0.04 

  La14 IWA6554 T/C 164 2.8 0.15 101 124 19 0.04 

  La13 IWA905 A/G 164 3.6 0.15 203 163 25 0.06 

Na (3A) All IWA5212 T/G 210 3.2 0.21 730 806 9 0.04 

  Ar14 IWA5212 T/G 210 3.4 0.21 1149 1317 13 0.05 

Na (5A) La13 IWA2 T/G 188 2.5 0.47 208 184 13 0.04 

  Ar13 IWA454 T/C 188 3.7 0.18 1455 1685 14 0.05 

  La14 IWA454 T/C 188 2.7 0.18 100 122 18 0.04 

  All IWA7303 T/C 17 2.6 0.13 734 801 8 0.03 

  La14 IWA7303 T/C 17 2.7 0.13 101 123 18 0.04 

Na (6A) Ar13 IWA416 T/G 106 2.6 0.34 1576 1338 18 0.03 

  La14 IWA416 T/G 106 2.7 0.34 110 93 19 0.04 

  Ar13 IWA7349 A/C 106 2.8 0.34 1398 1678 17 0.04 

Na (7A) Ar13 IWA5132 T/C 129 2.7 0.44 1413 1601 12 0.03 

  All IWA7306 A/G 10 2.6 0.13 734 801 8 0.03 

  La14 IWA7306 A/G 10 2.7 0.13 101 123 18 0.04 

Na (um) All IWA1170 A/G 97 2.5 0.13 734 798 8 0.03 

  La14 IWA1170 A/G 97 3.1 0.13 101 127 20 0.05 

-Log (P) Negative logarithm of the p-value Maf Minor allele frequency Allele difference Absolute value of allele effect relative to 

major allele 

 Ar13 Arkansas 2013 Ar14 Arkansas 2014 La13 Louisiana 2013 La14  Louisiana 2014 All Overall least square mean across 

environments 
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Supplementary Table 3. Results of waterlogged and non-waterlogged soil analysis  

Procedure: Inductively coupled plasma spectrometer SPECTRO ARCOS ICP 

Year Treatment pH EC Phosphorus Potassium Calcium Magnesium Sulfur Sodium Iron Manganese Zinc Copper Boron 

2012 - 2013 Pre-waterlogging 5.51 77 25 160 1193 126 12 56 465 123 2.75 1.00 0.30 

 

Non-waterlogged 5.49 110 21 131 1253 122 11 65 464 125 2.49 0.98 0.29 

 

Waterlogged 5.30 132 25 162 1201 131 12 61 462 124 2.75 1.03 0.29 

2013-2014 Non-waterlogged 5.22 91 21 98 1106 107 5 42 534 60 0.59 1.33 0.30 

  Waterlogged 5.30 142 22 142 1151 124 8 54 495 160 2.74 1.16 0.28 
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Supplementary Table 4 Low, critical , sufficient and high levels of vegetative stage 

elemental concentration in wheat Triticum aestivum L. 

Element Low Critical Sufficient High 

Boron (ppm) No report 1.00 1.50-4.00 No report 

Calcium (%) 0.10 - 0.20 0.15 0.21-1.00 >1.00 

Copper (ppm) 3.00 - 5.00 3.00 5.0 - 50.0 51.0-70.0 

Iron (ppm) <10.00 25.00 10.0 -300 301 - 500 

Potassium (%) 1.00 - 1.50 2.00 1.51-3.00 3.01-5.00 

Magnesium (%) 0.10 - 0.15 0.10 0.16-1.00 >1.00 

Manganese (ppm) 10.0 - 15.0 15.00 16.0 -200 201 - 350 

Phosphorus (%) 0.11- 0 .20 15.00 0.21-0.50 0.51-0.80 

Sulfur (%) No report 0.10 0.15-0.65 No report 

Zinc (ppm) 11.0 - 20.0 15.00 21.0-70.0 1.0 - 150 

Reference 

Plank and Donohue, 2000 

Mill, Benton and Wolf, 1996 
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