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ABSTRACT 

BREEDING FOR PHOSPHORUS USE EFFICIENCY IN WHEAT (TRITICUM 

AESTIVUM L.) 

 

Emily Gordon          Advisor: 

University of Guelph, 2018        Dr. Alireza Navabi 

 

Improving phosphorus use efficiency (PUE) in wheat (Triticum aestivum L.) can reduce 

dependence on phosphorus (P) fertilizer. The objectives of this research were to: 1) evaluate the 

genetic diversity in a population of synthetic hexaploid wheat derived lines (n=194); 2) identify 

genomic regions in wheat related to PUE, and 3) to assess the suitability of using this plant 

material in a breeding program. Three field trials were conducted under 0 kg ha-1 and 125 kg ha-1 

monoammonium phosphate over two years. It was determined that significant variation exists in 

this population for P-related traits, root morphology and agronomic traits. Using 6 904 

polymorphic SNP markers, 32 markers were identified for agronomic traits, three markers for 

average root diameter, and 7 markers for P-use related traits. Superior genotypes were identified 

that could be used as parents in wheat breeding programs for improved PUE.  
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1.1 Abstract 

Phosphorus (P) is a non-renewable resource, where current reserves are being depleted due to 

high demand for P fertilizer. Increased fertilizer use over the last century has contributed to the 

pollution of surrounding water bodies, negatively impacting nearby ecosystems. Several 

motivations for improving P use efficiency (PUE) in wheat (Triticum aestivum L.) have been 

suggested, including meeting current grain demands for today’s economically- and 

environmentally-sustainable world. Significant variation exists for P uptake and internal P 

utilization efficiency in wheat. Phosphorus uptake can be facilitated by root traits that increase 

the availability of P from the soil and increase soil-root contact. Internal P utilization involves 

the processes that occur within the plant that mobilize P from the roots to form a multitude of 

plant structures, aid in many biochemical processes and provide the backbone for genetic 

material. Improving both P uptake and internal P utilization efficiency is feasible but may be 

challenging as they have shown to be negatively associated. Many genomic regions related to P 

uptake have been identified in wheat, while genetic studies on internal P utilization are limited. 

Conclusively, wheat has the potential to be improved for PUE.  

 

1.2 Introduction 

During the early 1960s there were concerns regarding the world food supply and increasing 

population growth. These concerns led to the adoption of new technologies, intensive 

agricultural production and high yielding crop varieties. It is believed that modern high yielding 

wheat (Triticum aestivum L.) cultivars typically require higher levels of macro-nutrients 

including phosphorus (P) compared to older cultivars (Clark et al. 1990). Plants acquire P from 

the soil in the form of orthophosphate, which is easily adsorbed or precipitated by salts or oxides 

in the soil, greatly reduce the element’s availability (Holford 1997). Bioavailable P can make up 

less than 0.1% of total P present in the soil (Khan et al. 2010). The application of fertilizer can 

relieve some P availability challenges; however, soil type and soil structure are important 

determinants of how much P will be available for plant use. In addition, less than 30% of P 

fertilizer applied is typically taken up by the plants in the same growing season (Syers et al. 

2008). The majority of applied P fertilizer becomes part of different soil pools, where it can 
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become bioavailable over timescales of months to several years (Johnston et al. 2014). Plants use 

P in photosynthetic regulation, carbon metabolism and growth and development (Abel et al. 

2002). Therefore, the availability of P in the soil is essential for plant growth and development 

(Shenoy and Kalagudi 2005). 

 The global demand for wheat is expected to increase from 642 million tonnes to 840 

million tonnes by 2050 (Sharma et al. 2015), and current high P inputs are unsustainable. 

Phosphate rock is a non-renewable resource, and it is estimated that agricultural production 

worldwide harvests 160 to 170 million tonnes of phosphate rock annually for fertilizer use 

(Roberts and Johnston 2015). Uncertainties regarding P requirements for wheat arise due to 

internal nutrient efficiencies that are dependent on climate, nutrient supply, and crop 

management (Hinsinger 2001, Pathak et al. 2003). Phosphorus removal rates of wheat range 

from 2.5 to 8.0 kg P per tonne of grain (van Duivenbooden et al. 1995). It is well established that 

phosphate uptake is greatest during the early development stages of wheat due to the high P 

requirements at this time (Römer and Schilling 1986). Grain yield is more affected by P 

availability before anthesis rather than after anthesis (Horst et al. 1993). Römer and Schilling 

(1986) found that P uptake in wheat is not necessarily dependent on the P requirements of the 

plant, but that an increase in P demand enhances the translocation of P from the roots and older 

leaves to newly developing plant tissues. Phosphorus pools in the roots are able to regulate the P 

influx and P efflux ratio, and P uptake and utilization are loosely coupled through enzyme-

regulated equilibria in the plant (Römer and Schilling 1986). Often, the critical nutrient 

requirements of the crop are not considered during fertilizer application (Fan et al. 2012). 

 In general, there has been an increased demand for P due to global intensification and 

expansion of agriculture systems. For example, biofuel production, prompted by global climate 

change, has to compete with crop production for phosphorus fertilizer or phosphorus rich soils 

(Cordell et al. 2009). In regions with access to high quality fertilizer, over application of P is a 

common practice (Cordell et al. 2009),  likely because less than 30% of what is applied is 

actually used by the plant (Syers et al. 2008). Over application of P becomes a concern when 

fields are in proximity to water bodies (i.e., coastal regions, rivers, and lakes), particularly on 

low P-sorbing soils where imbalances can lead to P loss. For example, using data from a wheat-
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corn cropping system in Northern China, Vitousek et al. (2009) determined that P inputs far 

exceed P outputs by more than two-fold. Excessive fertilizer application from agricultural 

production is a major source of phosphorus loading into water bodies around the world, 

including China (Fan et al. 2012), North America (Makarewicz et al. 2012), and the Baltic sea 

region (Conley et al. 2002). Phosphorus loading (i.e., eutrophication) contributes to increased 

biomass production and algal blooms, which, depending on algae species and severity, can pose 

serious risk to aquatic species, wildlife and humans  (International Joint Commission 2014). The 

shoreline of Lake Ontario contains algal mats across 57% of its lake bottom (Wilson et al. 2006). 

Algal mats provide a microhabitat for Clostridium botulinum type E toxin, a toxin responsible 

for the death of birds and fish in the Great Lakes (Wijesinghe et al. 2015), as well as other 

bacterial pathogens (Nevers et al. 2014). During the summer of 2014, Toledo, Ohio required half 

a million of its citizens who source their drinking water from Lake Erie, to refrain from using 

their tap water after toxins were found at the water treatment plant. In 1972, the Great Lakes 

Water Quality Agreement was established between the Canadian and American governments to 

establish an agreement to reduce nutrient loading. The Great Lakes Water Quality Agreement, 

which was revised in 2012, has promoted an increase in research for improving P use in 

agriculture.  

 In developing regions of the world, soils are becoming depleted in available P due to crop 

intensification, poor soil management and P outputs exceeding inputs (Sanchez 2002). This is 

likely a reflection of the high input cost of fertilizer (Simpson et al. 2011), as one-sixth of 

farmers across the world have no access to fertilizer due to lack of purchasing power (Cordell 

and White 2015). The push for government subsidized fertilizer in sub-Saharan Africa has been 

shown to positively impact crop yields and soil health in the region of Malawi (Sanchez 2002; 

Denning et al. 2009). The finiteness of P suggests that fertilizer prices will continue to increase 

with increased P extraction. In addition, there is an uneven distribution of phosphate rock 

globally, with reserves under the control of a small number of countries (Cordell et al. 2009). 

Improving global P use will require an integrated approach that considers not only reducing 

fertilizer applications but also how phosphorus is utilized within a given cropping system.  

 Improving phosphorus use efficiency (PUE) in wheat can aid in improving food security, 
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and to mitigate the negative impacts phosphorus pollution has on our environment, wildlife and 

health of individuals. There are many conservation practices that help manage P in a cropping 

system. Structural conservation practices that reduce sediment and nutrients from surface runoff 

include buffer strips and grassed waterways (Yates et al. 2007). Management strategies that 

reduce the amount of P leaving the field include conservation tillage, the timing, rate and method 

of P fertilizer applications (Sharpley et al. 2006). On flat fields where tile drainage is 

implemented to directly transfer sub-surface water to the waterway, buffers provide little benefit 

(International Joint Commission 2014). In addition, structural and management strategies to 

reduce the amount of P captured in runoff does not address the conservation of finite P resources 

(Sharpley et al. 2006) and therefore, to improve the P balance and efficiency of the entire 

cropping system, management solutions at the plant-level are required. Implementing P 

management strategies in conjunction with using P efficient cultivars provides a solution for 

improving P uptake and use, and ultimately will reduce the amount of P that can be carried off of 

the field (Simpson et al. 2011). Plant genetic technology has the ability to improve wheat in 

terms of PUE because significant genetic variation for PUE exists in wheat (Ozturk et al. 2005, 

Liao et al. 2008). This thesis presents current literature on the opportunities and challenges 

associated with breeding for PUE in wheat. First, different mechanisms and phenotypes 

associated with PUE will be presented, followed by breeding strategies for selecting P-efficient 

genotypes based on recent progress in the literature. Finally, sources of genetic variation will be 

reviewed for improvement of P-use in wheat.  

 

1.3 Mechanisms of PUE  

Phosphorus use efficiency is a complex trait with multiple definitions in the literature (Bovill et 

al. 2013); however, it is generally accepted that PUE is the combined effect of P uptake 

efficiency and internal P utilization efficiency. Phosphorus uptake efficiency is the ability for a 

crop to take up P and produce high yield, despite the P conditions in the soil, the symbiotic 

relationship with mycorrhiza or competition with the surrounding microbial communities 

(Hinsinger 2001). Phosphorus uptake is relatively inefficient in most cropping systems 

(Raghothama 1999); not only is P highly immobile in the soil (Lambers et al. 2006), but its 
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availability is not distributed evenly throughout the soil profile (Wang et al. 2010b). Phosphorus 

uptake is supported by root morphological traits of the entire crop’s root system (Simpson et al. 

2011) because roots have direct contact with the soil’s nutrients. Internal phosphorus utilization 

efficiency is how efficient the plant allocates and mobilizes P for growth and development within 

the plant. Plants with efficient internal utilization of P are able to produce more biomass per unit 

of P taken up, thus requiring less P fertilizer per unit of yield (Richardson et al. 2011). Although 

some mechanisms of internal P utilization efficiency have been identified, breeding or 

genetically engineering for increased P efficiency has typically been unsuccessful due to the 

complexity of the various biochemical pathways (Wang et al. 2010b). Many modern day 

cultivars have been developed for their yielding potential under high input cropping systems 

(Wissuwa et al. 2009) and as a result, plant strategies to improve P uptake have been lost if the 

energy cost compromised yield (Lambers et al. 2006). Nevertheless there is a considerable 

amount of genetic variation for P use and root traits in wheat (Narayanan and Vara Prasad 2014), 

which may allow breeders to improve P uptake and utilization efficiencies. The following 

sections outline several ways in which wheat can be improved for PUE through optimizing P 

uptake and internal P utilization mechanisms. 

 

1.3.1 Root Morphology and Architecture 

The prevalence of root traits in plant development and function is exemplified by over 300 

quantitative trait locus (QTL) identified on hexaploid wheat chromosomes, with the exception of 

chromosome 1D for root traits (see Xie et al. (2017) and references therein). In low soil P, plants 

can improve P uptake by developing a number of morphological components including: a highly 

branched, shallow root system consisting of a reduced number of primary roots, an increase in 

lateral roots, more root hairs and an increase in total root length (Bovill et al. 2013). A shallow 

root system with many lateral roots is ideal as P concentration in the soil typically decreases with 

increasing soil depth. Greater lateral rooting has been correlated with higher P acquisition 

abilities and increased biomass in maize (Liu et al. 2004; Zhu and Lynch 2004; Li et al. 2007; 

Zhang et al. 2013). Root growth angle has shown to be associated with improved acquisition of 

P. For example, genotypes inefficient at using P have been shown to have deep roots in common 
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bean, while P efficient genotypes were able to produce shallow roots in response to P stress 

(Liao et al. 2001). A shallow root growth angle results in greater root mass in the topsoil where 

greater concentrations of P reside (Richardson et al. 2011). 

 As P has low mobility in the soil, root systems that cover a greater volume of soil will 

increase the root-soil contact and ultimately improve the uptake of P (Manske et al. 2000). Root 

length density (the total root length per volume of soil) has shown to be the most important traits 

for improved P absorption and positively correlated with P uptake efficiency in wheat (Manske 

et al. 2000). Total root length has also been positively associated with grain yield in wheat 

(Barraclough 1984), in the progeny of a bi-parental cross between wheat and a spelt landrace 

(Xie et al. 2017). Gong and McDonald (2017) found two QTLs in barley that were associated 

with both total root length and P uptake efficiency and grain P concentration. To improve P 

acquisition, root traits should be developed under minimal carbon cost and optimize the amount 

of P uptake relative to P required for root growth (Lynch and Brown 2001). Therefore, a 

reduction in average root diameter has been correlated with improved P uptake efficiency 

(Elanchezhian et al. 2015). Developing thin roots allow for greater soil-contact with a reduced 

metabolic cost. Consequently, it has been shown that root diameter increases with increasing P 

availability (Crush et al. 2008) 

 Root hairs are also important for the acquisition of P (Clarkson 1985) and because of their 

arrangement on the root surface, they are able to increase the root surface area (Singh Gahoonia 

and Nielsen 2004) at a fairly low carbon cost. The significance of root hair length and number of 

root hairs in nutrient uptake has been widely documented in cereals (Gahoonia et al. 2001, 

Delhaize et al. 2012, 2015, James et al. 2016). In general, under low soil P conditions, plants will 

develop longer root hairs (Bovill et al. 2013) and decrease root hair length at higher P supply 

levels (Horst et al. 1993). The length of root hairs is under genetic control (Gahoonia and Nielsen 

2004). For example, Gahoonia and Nielsen (1997) used two barley cultivars, Salka and Zita with 

long and short root hairs, respectively, to determine P uptake and biomass production. They 

found that the long root haired cultivar Salka absorbed more P and produced higher shoot 

biomass than the short root haired, Zita. Targeting traits related to root hair development is an 

attractive avenue for improving P uptake efficiency because large genetic variation exists for 



 

 

 

 

 

 

8 

root hair size (Gahoonia and Neilson 2004) and root hair length is a highly heritable trait 

(Caradus and Snaydon 1986). 

 

1.3.2 Mycorrhizal symbiosis and P uptake 

Arbuscular mycorrhizal (AM) fungi and plants share a mutualistic relationship, where organic 

carbon is transferred from the plant to the fungi and soil nutrients are transferred from the fungi 

to the plant (Smith and Smith 2011). Arbuscular mycorrhizal fungal hyphae function similar to 

root hairs, in that they acquire nutrients from the soil but they can exploit a larger volume of soil, 

because they extend further from the root than root hairs (Richardson et al. 2011). Additionally, 

AM fungal hyphae are known to acquire P at lower soil concentrations than the roots (Manske et 

al. 2000) and can compensate for reduced or short root hair genotypes, in terms of P acquisition 

(Caradus 1981; Jakobsen et al. 2005). 

 Despite the noted benefits of AM symbiosis, there are mixed views toward the ability of 

AM to improve nutrient acquisition. Arbuscular mycorrhizal fungi usefulness appears to 

decrease under increasing P availability. Manske et al. (2000) found that AM-colonized spring 

wheat had double the P accumulation at low P (11.3 mg P pot-1), compared to wheat without AM 

(5.0 mg P pot-1). However, under high P availability, AM-colonized wheat accumulated only 

one-third greater P than wheat without AM (33.9 mg P pot-1 compared to 22.0 mg P pot-1). 

Interestingly, AM improved biomass production at low soil P (10 g pot-1 compared to 7.8 g pot-1 

in the absence of AM) but actually suppressed biomass production at high soil P (31.6 g pot-1 

compared to 35.5 g pot-1 in the absence of AM) (Manske et al. 2000). Ryan and Angus (2003), 

on the other hand, suggested that AM fungi colonization does not improve P uptake in winter 

wheat even in low soil P soils, indicating that benefits of AM colonization for wheat is 

dependent on the genotype. In addition, AM fungi may only show benefits in P uptake during 

early growth when P demands are high (Li et al. 2008) and in addition, cereals are likely less 

dependent on AM fungi hyphae for nutrient acquisition compared to legumes (Singh Gahoonia 

and Nielsen 2004). Finally, some have suggested that AM-colonized plants can cause decreased 

growth due to the carbon cost to the plant by hosting AM fungi (Richardson et al. 2011). Graham 

and Eissenstat (1994) stated that the cost of forming AM fungi at high soil P levels includes a 
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50% greater root allocation in the plant with 39% for the maintenance of fungal tissue on the 

roots and 11% for building the lipid-rich roots. Graham and Abbott (2000) found that early 

growth of wheat was suppressed by AM fungi. However, Li et al. (2008) determined that wheat 

growth suppression caused by AM symbiosis decreased with increasing plant density. Breeding 

wheat for greater AM fungi colonization will depend on the specific genotype, the soil nutrient 

quality and the surrounding environment (Singh Gahoonia and Nielsen 2004). Significant 

variation for AM colonization exists (Zhu et al. 2001) and it is suggested that beneficial plant-

microbe interactions have not been selected for in modern wheat cultivars (Wissuwa et al. 2009). 

It is proposed that colonization of AM fungi does not significantly improve P uptake in wheat 

(Ryan and Angus 2003), however the effectiveness of AM colonization at taking of P may be 

reduced when root hairs are present, as shown in barley (Jakobsen et al. 2005). Nevertheless, 

identifying genetic variation in wheat for AM colonization may help breeding for improved 

uptake of P in low P environments.    

 

1.3.3 Rhizosphere acidification for improved P uptake 

Soil pH is an important determinant of phosphorus availability because orthophosphate can 

combine with soil cations forming insoluble complexes in both acidic and alkaline soils (Akhtar 

et al. 2013). For example, alkaline calcareous soils have poor P-availability because 80% of P 

may exist as Ca-P complexes (Akhtar et al. 2013). In response to low P availability, organic acid 

exudates released from plant roots can improve the availability of P with the release of protons 

and the up regulation of phosphatase enzymes. Organic acids are able to release P bound to Al or 

Fe in acidic soils or P bound to Ca in alkaline soils (Veneklaas et al. 2012) through anion 

exchange, chelation of metal cations and suppression of precipitated P (Shenoy and Kalagudi 

2005). For example, in a calcareous soil, white lupine (Lupinus albus) decreased rhizosphere pH 

from 7.5 to 5.8 through the secretion of citric acid (Dinkelaker et al. 1989). Protons are released 

by ATPase, an enzyme that uses adenosine triphosphate to pump protons out of root cells into 

the rhizosphere, particularly by P deficient roots (Vance et al. 2003). Proton efflux allows for the 

mobilization of P from Ca-P complexes, particularly in calcareous soils (Shahbaz et al. 2006). To 

understand the mechanisms behind rhizosphere modification, overexpressing genes responsible 
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for engineering the modification can elicit the hypothesized mechanism. Koyama et al. (2000) 

used transformed Arabidopsis thaliana grown in acid soil to produce high concentrations of 

citrate. In the transformed plants, citrate concentrations in the roots were more than double the 

concentration in the non-transformed plants; subsequently, this resulted in the most efficient 

transformed plants having 9.88 mg P g-1 in the leaves (dry weight) compared to 7.52 mg P g-1 in 

the most inefficient non-transformed plants. Shahbaz et al. (2006) found that rhizosphere 

acidification through the release of protons in response to low soil P in the soil is dependent on 

plant species and cultivars within the species; when provided rock phosphorus (characterized by 

having low soil P availability), buckwheat, oilseed rape and legumes were more efficient at 

extracting P from the rock source through proton release.   

 Phosphatase is an enzyme in plant roots that aids in P solubilization in the rhizosphere 

under P stress (Yun and Kaeppler 2001). An increase in phosphatase activity appears to increase 

the hydrolysis of organic phosphate esters and increasing the availability of plant available P 

(Singh Gahoonia and Nielsen 2004). Wang et al. (2009) transformed soybean to overexpress a 

phosphatase gene in the roots. Phosphatase activity increased 1.5-fold in transgenic soybean 

roots compared to non-transformed soybean. Subsequently, the transformed soybean exhibited 

higher P efficiency (over 100% increase in biomass) and increased plant P content (90% greater) 

compared to non-transformed soybean. Additionally, Manske et al. (2000) found that 

phosphatase activity in semi-dwarf spring bread wheat was correlated with P uptake efficiency at 

anthesis (i.e., stage of wheat were the flower is open and functional); however, phosphatase 

activity was not correlated with P uptake efficiency at maturity, because phosphate uptake is the 

greatest during the early development stages of wheat due to the high P requirements at this time 

(Römer and Schilling 1986).  

 Despite the apparent functions organic acids, protons and phosphatases play in modifying 

soil for improved P availability, there are little breeding efforts focusing on the enhancement of 

these traits. There is a lack of fundamental knowledge regarding organic acids in the soil, 

particularly in their interaction with soil and how to effectively quantify organic acids in the soil 

(Jones et al. 2003). Additionally, it is important to recognize that there are metabolic costs 

associated with these root activities (Lynch and Brown 2001).  
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1.3.4 Internal P mobilization and utilization efficiency 

The P signaling pathway within the plant is complex; there are many components involved in the 

regulation of P responses (Bovill et al. 2013). The phosphorus transport rate (PTR) is the rate at 

which P is transported from the roots to the shoots of a plant (Yaseen and Malhi 2011). 

Phosphorus is transported in the plant by various physiological and biochemical processes using 

high-affinity phosphate transporters (PHTs), which are enzymes important in the P signaling 

pathway. These enzymes facilitate uptake of P from the rhizosphere, as well as mobilization and 

remobilization within the plant (Aziz et al. 2014). Under P deficient conditions, PHTs show 

activity in shoots and roots, as P stress causes the gene to become up-regulated under P stress 

(Huang et al. 2011). Homologous PHTs have been found in many crop species including wheat 

(Miao et al. 2009; Guo et al. 2013), barley (Huang et al. 2011), maize (Nagy et al. 2006) and rice 

(Ai et al. 2009). Much of our understanding of the P signaling pathway, however, comes from 

Arabidopsis; there is limited knowledge regarding the genes involved in the P-signaling pathway 

for crops such as wheat or barley (Bovill et al. 2013). Ouyang et al. (2016) recently identified 

three TaPHO2 genes in wheat that are involved in P uptake and translocation of P. They found 

that a tapho2 mutant had a higher total P concentration in the grain, higher biomass production 

and greater grain yield than the wild type under low P conditions. Additionally, tapho2 mutants 

had a higher expression of PHTs, than the wild type, leading to a higher rate of translocation of P 

from the roots to the shoots. Targeting the genomic region of TaPHO2 on chromosome 1A is 

expected to aid in the breeding of more P efficient wheat cultivars. 

 Remobilization of P within the plant is necessary for maintaining plant growth under 

fluctuations of P availability in the soil (Bovill et al. 2013). There are many ways in which P is 

remobilized within the plant. Under P stress, plants increase acid phosphatase activity to increase 

P recycling from various intracellular structures (Bovill et al. 2013). Phosphatases are present in 

the cytosol, plastid and vacuoles (Abbadi and Gerendás 2015). Phosphorus can be accumulated 

and stored under P sufficient conditions in vacuoles and released under P deficient conditions 

(Wang et al. 2010b). Additionally, phosphatase can also contribute to P utilization efficiency 

through the remobilization of P from old leaves to new leaves, as demonstrated in common bean 
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by Kouas et al. (2009). It has been suggested that as much as 90% of P in senescing leaves is 

exported out of the leaves (Aerts and Chapin 2000). There is significant genetic variation for 

how P and P compounds are allocated to different organs in wheat (Aziz et al. 2014). In addition, 

the significance of P remobilization during different growth stages varies across species. In 

wheat, P uptake is greatest prior to anthesis, when P is being stored in vegetative organs. During 

grain-filling period, P is remobilized from vegetative tissue to the grain and most of the P uptake 

from the soil ceases (Rose et al. 2007). Further research is required to identify the mechanisms 

behind internal P responses in wheat and how these mechanisms can be manipulated to optimize 

internal P use. 

 

1.4 Applying breeding strategies 

The need for a shift toward more sustainable crop production is made apparent by the increasing 

global population, the uncertain future of high quality P fertilizer and the conservation of 

agricultural lands. It has been suggested that most modern crop cultivars grown today have been 

selected under highly fertile soils and therefore may not possess genes that confer adaptation to 

nutrient stress (Wissuwa et al. 2009), especially if those adaptations to stress compromised yield. 

Most wheat cultivars grown today are relatively responsive to applied fertilizer, indicating that 

breeding is required to improve wheat adaptation to low input soils and marginalized land. 

Multiple ways of estimating PUE at the seedling stage and at maturity have been reported 

(Hammond et al. 2009a, Bovill et al. 2013). It has been suggested that P uptake efficiency and 

internal PUE should be selected for separately (Jones et al. 1989). In theory, internal PUE is 

dependent on P uptake efficiency and selection for improved internal PUE should complement P 

uptake efficiency (Rose and Wissuwa 2012). 

 Phenotyping for P uptake efficiency requires screening methods associated with the 

amount of P taken up by the plant (van de Wiel et al. 2016). It has been suggested that breeding 

efforts have mostly focused on improving the acquisition and uptake of P (Wissuwa et al. 2009) 

rather than internal PUE. Phenotyping for internal PUE is generally measured as the metabolic 

efficiency of the plant per unit of P taken up by the plant, and can be partitioned into root, shoot 

and grain PUE (Rose and Wissuwa 2012). The following sections outline specific breeding 
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strategies for selecting improved PUE in wheat under controlled conditions and field conditions. 

 

1.4.1 Breeding for PUE under controlled conditions 

In spite of uncertainties regarding future P security, there is evidence of ‘legacy’ or residual P, 

defined as the applied P that becomes tightly bound to soil particles over-time. It has been shown 

that long-term applications of P fertilizer can increase available P in the soil (Benbi and Biswas 

1999). Accessing insoluble P requires a focus on an improvement in how roots acquire and 

intercept P (Wissuwa et al. 2009). Strategies previously mentioned including, exudation of 

organic acids, release of protons and phosphatases can help to release inaccessible P. The way in 

which roots interact with soil mycorrhizal fungi to symbiotically improve P availability has been 

described. The interception of P relies on the amount of soil being explored by the roots and root 

structures. The role root traits play in the uptake of P has been addressed, however, there are 

many challenges associated with phenotyping root characteristics. Root systems are highly 

influenced by the soil pH, soil type and nutrient availability (Hoad et al. 2001), but are evidently 

difficult to assess and screen under field conditions. The development of high throughput 

phenotyping technologies have allowed for screening field-grown roots (Araus and Cairns 2014); 

however, in-field image capture of root systems is still in its infancy and tends to be expensive 

and simply infeasible for large breeding populations (Gahoonia and Nielsen 2004). 

Consequently, screening root traits under controlled conditions remains the most feasible 

phenotyping method for breeders (Christopher et al. 2013, Watt et al. 2013, Gong and McDonald 

2017).  

 Multiple high throughput phenotyping methods for screening root traits in controlled 

conditions exist. Briefly, seedlings can be grown in hydroponic systems (Rose et al. 2016), pot 

systems (Su et al. 2006), rhizotrons (Yuan et al. 2015), gel-based systems (Bengough et al. 

2004), growth pouch systems (Xie et al. 2017) and using a clear pot method (Richard et al. 

2015). For complete control of nutrient levels, hydroponic systems represent a relatively simple 

way to manipulate all nutrient levels and easily determine root structure. In hydroponics, plants 

are grown on a medium and supplied a nutrient solution, allowing the user to implement a 

fertilizer based on their study. Hydroponic systems have been used to investigate nitrogen use 
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efficiency in wheat (An et al. 2006), to measure phosphatase activity in wheat (George et al. 

2008), and to study the expression of high-affinity P transporters in wheat tissue (Davies et al. 

2002). The disadvantage of using hydroponics systems is that root hair development is poor 

because roots do not scavenge for resources; this implies that hydroponically-grown roots may 

not be a true representation of the root phenotype under field conditions. In contrast, pot grown 

seedlings allow for a more realistic growing platform through the curation of a heterogeneous 

soil environment, or through the use of native soils extracted from the field, as demonstrated by 

Korkmaz et al. (2009), James et al. (2016) and Gong and McDonald (2017). A challenge with 

pot grown seedlings is that roots need to be thoroughly washed to remove soil particles and 

organic matter without damaging the root structure. This process is laborious, especially with 

large breeding populations. 

 Root traits are relatively simple to quantify using root image analysis software and have 

been quantified in wheat using various software programs including WinRHIZO Pro image 

analysis system (Regent Instruments, Inc., Quebec City, QC, Canada), RootNav (Pound et al. 

2013), and SmartRoot (Lobet et al. 2011), among others. Previous studies have shown seedling 

root traits under controlled conditions correlate well with field-grown root traits during the 

critical P uptake stage (Watt et al. 2013), and that P uptake demonstrated in seedlings can be 

correlated to P uptake under field conditions (Su et al. 2009). Furthermore, Su et al. (2009) 

detected many loci controlling P uptake at the seedling stage under controlled conditions as well 

as at maturity and Xie et al. (2017) identified multiple QTLs coincident for root traits and yield 

related traits, suggesting that root traits identified under controlled conditions can provide 

selection criteria for grain yield.  

 There are some concerns regarding how transferrable root traits identified under controlled 

conditions are in the field. Despite the well accepted role roots play in the uptake of P, root traits 

identified under controlled conditions may not have the same effect under field conditions. For 

example, James et al. (2016) found that rhizosheath (the soil particles bound to the plant’s root 

hairs (McCully 1995)) size influences P uptake and is associated with increased shoot biomass 

under controlled environments, whereas Gong and McDonald (2017) found that rhizosheath size 

was not correlated with grain yield under field conditions. In addition, Hayes et al. (2004) 
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concluded that assessing P related traits in wheat grown in solution culture is not a reliable 

indication of P uptake under field conditions. Root morphology is strongly influence by the soil 

environment and mimicking the exact soil environment under controlled conditions may not be 

possible. Nevertheless, whether results from controlled condition studies of environmentally-

dependent traits such as root architecture are transferrable to field grown traits, including P 

uptake efficiency and grain yield should continue to be explored. 

 Rather than focusing on specific root traits related to P uptake or specific mechanisms of 

internal PUE, a quantitative approach to assess how well plants use P under controlled conditions 

has been well documented in wheat (Su et al. 2006, Korkmaz et al. 2009, Zhang and Wang 

2015), where: 

 

PUE = shoot dry weight (g)
P content in shoots (g)

        [1] 

 

 

Particularly with hydroponic systems, variations in PUE is likely based on different P utilization 

efficiencies, rather than uptake efficiencies. Difference in roots morphological traits will have 

less of an impact on PUE under different levels of P availability because roots will not have to 

scavenge for available P (van de Wiel et al. 2016). Nevertheless, phosphorus uptake efficiency, 

or root efficiency (Jones et al.1989) can be measured as the amount of P taken up by the plant 

per unit of root length (Trolove et al. 1996) or root weight (Liao et al. 2008; Jones et al. 1989): 

 

RE = P uptake in biomass (mg)
unit root dry weight (g)

        [2] 

 

RE addresses the concept that PUE is associated with root morphological traits, namely root 

length, density, growth rate and surface area (Simpson et al. 2011), and suggests that genotypes 

with higher P uptake under less root mass are more efficient.  

 

Ozturk et al. (2005) determined overall PUE as a ratio: 



 

 

 

 

 

 

16 

 

P efficiency ratio = shoot dry weight under P stress
shoot dry weight under adequate P

      [3] 

 

This ratio has also been under controlled conditions in Liu et al. (2015). Assessing traits under 

low P environments relative to optimal environments provides breeders with an indication of P 

deficiency tolerance. This parameter also has applications under field conditions and is discussed 

below. 

 

1.4.2 Breeding for PUE under field conditions 

Observations made under controlled environments need to be validated under field conditions, 

particularly in many different locations to test for productivity and PUE (Manschadi et al. 2014). 

Prior to planting, soil samples should be taken to determine the level of available P in the soil; 

this can be done according to Olsen et al. (1954). Bai et al. (2013) determined that in general the 

critical soil P levels for wheat is 13.3 mg Olsen-P kg-1, which is in agreement with Tang et al. 

(2009) who found a range of 11 to 15 mg Olsen-P kg-1. Screening for wheat genotypes grown on 

P deficient soils has demonstrated substantial genetic variation for P related responses (Manske 

et al. 2000, Ozturk et al. 2005, Gong et al. 2016). Before anthesis, a visual analysis allows for the 

determination of early vigor and the severity of P deficiency symptoms. Ozturk et al. (2005) 

scored plants grown under low soil P using a rating from 1 (very severe symptoms) to 5 (very 

slight or no symptoms) by analyzing severity of P deficiency symptoms. Phosphorus deficiency 

symptoms include dark-green colored leaves and reduced leaf size and shoot elongation (Ozturk 

et al. 2005) and progressive desiccation from tips of older leaves to the base of the leaf (Wang et 

al. 2010a). The majority of P taken up in wheat is prior to anthesis, thus early vigor and early 

biomass production have been used to screen for P uptake efficiency (Ryan et al. 2018).  

 To specifically assess P utilization efficiency under field conditions, P efficiency ratio 

(PER) (Yaseen and Malhi 2010) and P harvest index (PHI) (Jones et al. 1989) have been used 

where:  

PER = grain yield
grain P uptake

         [4] 
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PHI = grain P content
unit P uptake 

           [5] 

In the literature, PER has been stated as both total dry matter over total P uptake (Gerloff and 

Gabelman 1983) and as grain yield per unit P uptake Jones et al. (1989); the former is likely 

from a physiological approach while the latter is from an agronomic approach. Phosphorus 

harvest index (PHI) is an important parameter to consider when selecting for P efficient 

genotypes that assesses the proportion of P allocated to the grain (Jones et al. 1989) and provides 

an indication of how much P is in the grain compared to the straw. The PHI does not usually 

consider the P that can be retained in roots. Rose et al. (2007) found that 22% of total P in the 

plant was found in the roots of wheat at maturity.  

 Uptake of P by the portion of the crop that is harvested should be in equilibrium with P 

fertilization (Richardson et al. 2011), and therefore, measurement of PUE related specially to the 

grain is important because it can provide an indication of P balance efficiency of the entire 

system. Weaver and Wong (2011) suggest that 45 to 55% of P taken up by the plant is exported 

to the grain, and therefore P physiological efficiency index (PPEI) (Yaseen and Malhi 2010) may 

be a better measure for PUE than PHI or PE, where:  

 

PPEI = Total Economic yield (kg)
Total P uptake (kg)

        [6] 

 

 

A more general measurement of PUE should be considered for field conditions due to the fact 

that measuring uptake of P and internal use of P can be laborious and costly. A general 

assessment of PUE, namely P deficiency tolerance can be quantified using grain yield under 

contrasting P environments as:  

 

P deficiency tolerance = grain yield under limiting conditions
grain yield under non-limiting conditions

	     [7]  

 

P deficiency tolerance, or grain yield under low soil P relative to grain yield under optimal soil P 
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(Graham 1984) has been used to assess PUE previously in barley and sorghum (Leiser et al. 

2015, Gong et al. 2016) and has been shown to be strongly influenced by the environment, 

suggesting the need for multi-environment trials. Phosphorus deficiency tolerance provides an 

indication of how well a genotype uses P under P-limiting conditions (Gong et al. 2016) and 

selection of genotypes with a greater relative yield value would lead to genotypes that are more 

adapted to low soil P conditions. Using yield-based selection criteria of a genotype ideal when 

selecting for P efficient genotypes (Gong et al. 2016). Grain yield is ultimately the most accurate 

measurement of the many physiological processes which have occurred through the interactions 

of the environment and the crop’s genotype throughout the growth period (Pask et al. 2012).  

 

1.5 Variation for P use in wheat 

Significant variation for P uptake and internal P use has been documented in wheat (Su et al. 

2006, 2009, Wang et al. 2010a, Zhang and Wang 2015). Su et al. (2009) detected significant 

variation for P uptake and internal PUE among genotypes within a double haploid population 

and between two contrasting P levels. Similarly, Ozturk et al. (2005) found variation for P 

deficiency tolerance (referred to as P efficiency) in a population of bread and durum wheat. In 

terms of genetic breeding efforts, the majority of work has focused on the use of biparental 

populations, where transgressive segregation occurred for P related traits (Su et al. 2009, Zhang 

and Wang 2015). 

 The genetic variation found in common hexaploid wheat is an underrepresentation of the 

genetic diversity found in each of the three donors, as wheat evolved through the hybridization of 

a limited number of individuals of the donor species (Li et al. 2014). Due to this severe genetic 

bottleneck in common wheat, breeders are investigating methods to increase genetic diversity of 

hexaploid wheat through the genetic variation found in each of the three genomes. A relatively 

recent approach for increasing the genetic diversity of modern wheat is to replicate the 

hybridization event that occurred between T. turgidum (AABB) and Ae. tauschii (DD) by 

producing synthetic hexaploid wheat (SHW) (Li et al. 2014). The International Maize and Wheat 

Improvement Centre (CIMMYT) contains over 1000 primary SHW lines from crosses between 

accessions of Ae. tauschii (DD) and primarily, modern tetraploid wheat (T. turgidum L.; AABB) 
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(Trethowan and Mujeeb-Kazi 2008). These SHW lines contain a higher level of diversity than 

cultivated hexaploid wheat (Lage et al. 2003b) and have shown significant variation for 

agronomic and desirable quantitative traits (Liu et al. 2006, Okamoto et al. 2013, Yu et al. 2014), 

higher rates of photosynthesis (del Blanco et al. 2000), tolerance to biotic stress, including pest 

and disease resistance (Lage et al. 2003; Trethowan and Mujeeb-Kazi 2008) and tolerance to 

abiotic stress, including drought (Trethowan and Mujeeb-Kazi 2008; Ashraf et al. 2015). 

Additionally, Del Blanco et al. (2001) found a significant yield increase in synthetic-derived 

lines compared to their recurrent parents. In the wheat gene pool, the D genome from Ae. 

tauschii contributes little genetic diversity compared to the A and B genomes (Dubcovsky and 

Dvorak 2007); thus, the D genome of Ae. tauschii contains novel genetic variation that may be 

useful in cultivated wheat. 

 

1.6 Molecular breeding efforts 

Traits related to P use efficiency are mostly polygenic (van de Wiel et al. 2016, Yuan et al. 2017) 

and therefore more difficult to identify than single-gene traits. Nevertheless, the identification of 

QTLs for P related traits facilitates a promising avenue for improving P use in wheat. Progress in 

identifying QTLs for P use in wheat has been stagnant and most breeding efforts have focused on 

identifying QTLs for P uptake efficiency and P deficiency tolerance rather than internal P use. 

Accordingly, several QTLs for P uptake efficiency have been identified across 13 chromosomes, 

including reproducible QTLs for P uptake efficiency on chromosomes 3B, 4B and 5A (Su et al. 

2009). Similarly, Su et al. (2006) found multiple QTLs for P deficiency tolerance on 

chromosomes 4B, 5A and 5D. Chromosome 4B has been associated with QTLs for abiotic stress 

tolerance, including nitrogen use efficiency (An et al. 2006) and heat stress tolerance (Elbashir et 

al. 2017).  

 It has been suggested that the winter wheat genepool may contain beneficial alleles for 

improving P uptake efficiency. Vernalization genes have been associated with genes related to P 

deficiency tolerance (Su et al. 2006). Winter wheat may have a more extensive root system due 

to its vernalization requirements, which would lead to higher P uptake capabilities. Root traits 

invariably play a key role in improving P uptake in wheat and QTLs for root traits have been 
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identified on all of the wheat chromosomes except 1D (Xie et al. 2017). While not a specific root 

trait, rhizosheath size has been associated with chromosome 1D (James et al. 2016), concluding 

that all chromosomes in wheat influence root architecture. Rhizosheath size is correlated with 

root hair length and multiple QTLs for rhizosheath size in wheat have been identified (Delhaize 

et al. 2015, James et al. 2016).  

 

1.7 Future directions 

Wang et al. (2010b) conducted an extensive review that posed the question of whether breeders 

should focus on uptake or internal use in terms of improving PUE. They conclude that more 

attention has been given to improving P uptake, and therefore, crops are relatively efficient at 

taking up available P. They suggest that researchers should focus on improving how plants use P. 

They address the concern that improving P acquisition through modifying root traits may add a 

carbon cost to the cropping system and thus lessen the yield potential of the crop. An increase in 

root hairs and root hair length has shown to enhance P acquisition and uptake at a low metabolic 

cost (Kouas et al. 2009). Nevertheless, considering the metabolic costs associated with the 

development of root structures for improved P uptake is necessary when making selection 

decisions. Jones et al. (1989) suggests that improving internal PUE provide little value in wheat 

breeding programs; however, this is likely dependent on the motivations for improving PUE. For 

example, in regions with chronic P deficient soils, improving the ability for root to acquire and 

take up P is undoubtedly important. In contrast, in regions that regularly apply P fertilizer, P 

deficiency is less of a concern and thus, these regions would benefit from improving how 

efficient P is turned into grain Gong et al. (2016). Breeding for both P uptake efficiency and 

internal PUE is feasible; however, disentangling internal P use from P uptake has shown to be 

difficult (Rose et al. 2011), and resulted in little progress in improving internal PUE. To further 

complicate matters, negative correlations between the two traits have been observed in wheat (Su 

et al. 2006, 2009, Cao et al. 2009). Genotypes with high P uptake efficiency likely do not suffer 

from P deficiency, and therefore, by definition, require a lower internal PUE to produce equal 

yield (Rose et al. 2011). Nevertheless, continuously exploring novel genetic material may elicit 

unidentified traits and QTLs for improving both P uptake efficiency and internal PUE.  
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  Little work with SHW has focused on nutrient stress. Cakmak et al. (1999) found that zinc 

deficiency symptoms were more severe in tetraploid wheat than in SHW when grown with zinc 

deficiency. Interestingly, SHW had greater root and shoot growth under Zn deficient conditions 

compared to tetraploid wheat but not under Zn sufficiency conditions. Recently, Liu et al. (2015) 

determined several candidate genes related to P deficiency tolerance on the D genome 

progenitor, Ae. tauschii. Findings from this study indicate that synthetic wheat, particularly from 

the contribution of the D genome, possess valuable genetic material to improve nutrient 

efficiency in wheat.  

 

1.8 Research Hypotheses 

1. SHW derived lines show significant variation in phosphorus use efficiency and related P 

indices 

2. SHW derived lines contain positive alleles at the QTL regions influencing phosphorus use 

efficiency 

3. SHW derived lines are an important source of germplasm for breeding programs 

 

1.9 Research Objectives 

1. To examine the phenotypic variation of traits related to phosphorus use efficiency of SHW 

derived lines 

2. To identify genomic regions associated with phosphorus use efficiency in SHW derived 

lines 

3. To assess the usefulness of SHW derived lines in a breeding program 
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Chapter 2: Genetic Diversity and Population Structure of Synthetic 

Hexaploid-Derived Wheat (Triticum aestivum L.) Accessions 
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2.1 Abstract 

A comprehensive understanding of the population structure and genetic diversity of potential 

germplasm is necessary for making breeding decisions and to fully interpret marker-trait 

associations. The purpose of this study was to examine the genetic diversity and population 

structure of a panel of 194 synthetic hexaploid-derived wheat (SHW; Triticum aestivum L.) 

accessions using 6,904 polymorphic single nucleotide polymorphism (SNP) markers. Ancestry-

based dissimilarity indices and marker-based genetic distances were positively correlated 

(r=0.67, p > 0.001). The variation in the primary synthetic parent in the pedigrees accounted for 

4.52%, while the degree of the synthetic contribution accounted for only 1.06% of variation in 

the genetic distance. In addition, variation in the Aegilops tauchii accession and T. turgidum 

accession used in the initial cross accounted for 3.48% and 2.75% of the variation in genetic 

distance, respectively. Using a model-based population structure approach, seven subpopulations 

were identified in the panel. Most of the results of the model-based population structure analysis 

were in agreement with the distance-based clustering using unweighted pair group method with 

arithmetic mean (UPGMA) of the genetic distance or ancestry data and the principle component 

analysis of relatedness. Using a model-based approach provided a more statistically robust 

estimation of population structure. Results of this study, while highlighting the potential 

contribution of introgressed genome in the panel, provide the foundation for genome-wide 

association studies.  

 

2.2 Introduction 

 Understanding the genetic diversity and population structure in a breeding program is 

necessary to make effective decisions for crossing purposes and to improve the accuracy and 

reliability of association mapping studies. The structure of a population can often lead to false 

marker-trait associations if a marker allele has different frequencies between subpopulations 

(Carena 2009). One way to examine population structure is to study the genetic diversity of a 

population through coefficient of parentage (COP), designated fij. The fij measures the 

probability that alleles from the ith and the jth individuals in a population are identical by descent 

(IBD) (Falconer and Mckay 1996). Another method of examining genetic diversity is with 
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molecular markers. Using molecular markers to assess genetic diversity provides identity-by-

state (IBS), which estimates relatedness between two individuals by directly detected variation in 

the DNA sequence (Soleimani et al. 2002). Molecular markers serve many functions in the 

context of plant breeding. Although there are numerous types of molecular markers that can be 

used in genetic studies, single nucleotide polymorphism (SNP) markers are the most abundant. 

SNP markers, as their name suggests, can identify variation at the single base pair (Wang 1998). 

Wang et al. (2014) developed a wheat SNP iSelect array containing approximately 90 000 gene-

associated SNPs that has been used recently in marker-trait association studies (Cormier et al. 

2014; Sukumaran et al. 2015; Gao et al. 2016; Lin et al. 2016). Using genotypic data generated 

from a SNP array, the population structure and genetic distances can be determined. By 

including population structure (Q matrix) in linear models to predict marker-trait association, 

type 1 error rates should decrease, and the power of the model should increase (Yu et al. 2006).   

 Common wheat (Triticum aestivum L.) is an allohexaploid (2n=6x=42; AABBDD), 

containing three diploid genomes contributed by: T. urartu (A genome donor), an unknown close 

relative to Aegilops speltoides (B genome donor) and Ae. tauschii (D genome donor). Recently, 

Marcussen et al. (2014) investigated genome-wide samples of gene trees and estimated 

evolutionary relatedness and divergence of hexaploid wheat’s counterparts using genome 

assemblies of common wheat and diploid relatives. Results indicated that the A and B lineages 

diverged approximately 6.5 million years ago (Ma), establishing the AA and BB genomes, 

respectively. Interestingly, homoploid hybrid speciation between the A and B genome lineages 

gave rise to the D genome lineage approximately 5.5 Ma. The allotetraploid wheat (T. turgidum; 

AABB) was then the product of a second hybridization event between an unknown close relative 

(BB) of Ae. speltoides and T. urartu (AA), followed by polyploidization, less than 800 000 years 

ago. Subsequently, T. turgidum hybridized with Ae. tauschii, the D genome donor, to form T. 

aestivum (common wheat) through allo-polyploidization, less than 400 000 years ago 

(Marcussen et al. 2014). 

 It is believed  that common wheat went through a genetic bottleneck, whereby it evolved 

through the hybridization of  a rather narrow genetic variation in the donor species; thus, the 

genetic variation found in common hexaploid wheat is an underrepresentation of the genetic 
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diversity found in each of the three donors (Li et al. 2014). Due to this severe genetic bottleneck 

in common wheat, breeders have been looking at ways of widening the genetic diversity of 

hexaploid wheat. Increasing the genetic diversity of wheat can be accomplished through the 

sharing of germplasm between different breeding programs, and through the use of landraces and 

exotic or wild species (Warburton et al. 2006; Sharma et al. 2015). A more recent pathway for 

widening the genetic basis of modern wheat is to replicate the hybridization event that occurred 

between T. turgidum (AABB) and Ae. tauschii (DD), by producing primary synthetic hexaploid 

wheat (SHW) (Li et al. 2014). The gene-bank at the International Maize and Wheat Improvement 

Centre (CIMMYT) holds over 1000 primary SHW lines from crosses between accessions of Ae. 

tauschii (DD) and primarily, modern tetraploid wheat (T. turgidum L.; AABB) (Trethowan and 

Mujeeb-Kazi 2008). In addition, the primary SHW lines have been crossed to a variety of elite 

hexaploid wheat lines thereafter to produce synthetic-derived lines with different levels of 

genetic introgression from the ancestors.  

 Previous studies on genetic variation in wheat, have demonstrated that the D genome 

contributes the lowest genetic variation among all three wheat genomes (Dubcovsky and Dvorak 

2007). This may be the consequence of the timeline, in which hexaploid wheat evolved. The last 

interspecific cross in the evolution of wheat involved Ae. tauschii and tetraploid wheat 400 000 

years after the merging of the AB genomes (Marcussen et al. 2014). Introgression of desirable 

novel genes from SHW lines into elite germplasm can potentially allow breeders to increase the 

genetic diversity contributed by the D genome in common wheat, while retaining domestication 

traits. The lack of utilization of SHW is attributed to the fact that primary SHW lines possess 

numerous unfavorable traits, including undesirable height, late maturity, and poor threshing 

abilities (Li et al. 2014). Identifying useful genetic variation in SHW populations poses 

challenges, including the cost and labor associated with maintaining a large population and the 

required repeatability of identified traits (Trethowan and Mujeeb-Kazi 2008). Furthermore, using 

SHW-derived lines as parents in breeding programs requires considerable pre-breeding efforts in 

generating targeted crosses that maintain the novel trait of interest from the SHW without 

reducing the adaptability of the recurrent parent. Genome-wide association mapping of traits of 

interest with their genomic region will allow breeders to develop molecular tools that can help 
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identify SHW derived germplasm that can be used for introgression of lines containing the 

identified trait in a genetic background that is useable in breeding programs.  

 To address this, a diversity panel of SHW-derived lines was assembled from the collection 

available in CIMMYT genebank, for the purpose of identifying unique traits and genes. The 

objective of the present study was to examine the genetic diversity and population structure of 

the SHW-derived population. Here, ther genetic diversity and population structure was 

determined using ancestry and SNP marker data. Using pedigree data, the coefficient of 

parentage among accessions determined a dissimilarity index. The SNP marker data was used to 

determine pairwise genetic distance among accessions, a model-based population structure, and 

genetic clustering using principle component analysis. Multiple methods of genetic diversity and 

population structure are assessed in the context of plant breeding. 

 

2.3 Materials and Methods 

2.3.1 Plant Material 

A diverse panel was formed, consisting of 194 spring SHW-derived lines, randomly chosen from 

the collection available at the gene bank at CIMMYT. Each accession was developed by crossing 

an Ae. tauschii accession and a modern tetraploid wheat accession. The primary SHW was 

generated and fixed and those fixed genetic stocks were then subsequently crossed onto adapted 

hexaploid lines. All of the individual synthetics lines in the panel are derived from at least one 

cross to elite hexaploid wheat, resulting in different degrees of synthetic genetic materials in the 

resulting lines, ranging from 2nd degree synthetic (primary SHW crossed to one common 

hexaploid line) to 5th degree synthetic (primary synthetic crossed to four common hexaploid 

lines). In some instances, multiple accessions have the same pedigree and are considered sister 

lines. There are 19 distinct Ae. tauschii and 13 distinct tetraploid accessions used in the initial 

crosses that contribute to 19 distinct primary SHWs (Appendix I).  

 

2.3.2 DNA extraction and Genotyping 

Leaf tissue was collected from fresh leaves of young seedlings and freeze-dried. DNA was 

extracted using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s 
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protocol. All accessions were genotyped using the Illumina’s iSelect 90K SNP chip (Wang et al. 

2014) at the National Research Council of Canada in Saskatoon, Saskatchewan, Canada. 

Genotype calling was performed by Dr. Matthew Hayden at La Trobe University in Melbourne, 

Australia using a proprietary clustering algorithm designed for unrelated hexaploid wheat 

genotypes. Genotypes were assigned to a cluster if the likelihood that the genotype belonged to 

that cluster exceeded a confidence score of 0.8. Clusters were assigned an arbitrary allelic state 

(i.e., AA or BB) as the actual nucleotide variants are impossible to determine from the 90K SNP 

assay (Matt Hayden, personal communication). SNP markers with a minor allele frequency less 

than 0.05 and over 25% missing data were removed from the analysis using TASSEL v5  

(Bradbury et al. 2007). Linkage disequilibrium (LD) pruning was conducted to reduce redundant 

markers based on the variance inflation factor using PLINK (Purcell et al. 2007) with a window 

size of 50 variant counts, a step size of 5 variant counts and a variance inflation factor of 20. 

 

2.3.3 Population structure 

Population structure was studied using a model-based clustering algorithm in STRUCTURE 

v2.3.4 (Pritchard et al. 2000) to determine the number of hypothetical subpopulations (K) in the 

panel and to estimate the membership probability of each genotype in each subpopulation. A 

total of 1,458 SNP markers were used across all chromosomes. To determine K, 10,000 burn-in 

iterations, followed by 100,000 Markov chain Monte Carlo (MCMC) iterations were used for K 

= 1 to 10 clusters under a genetic admixture model (Pritchard et al. 2000). Each K was run five 

times and the chosen run was based on the one that produced an LnPD value closest to the mean 

LnPD from all K reps. Selection of suitable k was determined using the ad hoc quantity ∆K  

method (Evanno et al. 2005). The second order rate of change of the likelihood (∆K) was 

generated for each K, and the K producing a clear peak in ∆K was determined to be the true 

number of subpopulations. After selection of the suitable K, membership (the proportion of the 

population assigned to each cluster), mean population differentiation (FST) and allelic variation 

were determined for each subpopulation identified. Population differentiation (Nei 1977) 

provides an estimate of how fixed alleles are within the subpopulation. Allelic variation 

(analogous to expected heterozygosity in a random mating population) (Nei 1978) describes the 
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average distance between individuals within the same population, where values close to 0 

indicate that the individuals within the population are the same.   

 

2.3.4 Estimates of genetic diversity and cluster analyses 

Population structure was also studied as a distance-based approach using pedigree-based 

distances (1- fij) and genetic-based distances. The fij values for all pair-wise combinations were 

provided by CIMMYT gene-bank, based on the detailed pedigree information in the CIMMYT 

pedigree database. Estimates of fij are based on the following assumptions: (i) alleles segregate 

by random diploid inheritance, (ii) inbreeding coefficient is 1 for all entries in a pedigree, and 

(iii) random inheritance at most loci is unaffected by directional selection during self-pollinated 

generations. For the purpose of cluster analysis, pedigree-based dissimilarity indices were 

estimated as 1– fij (Falconer and Mackay 1996). Marker-based genetic distances were estimated 

using a genetic distance matrix that was produced for all pair-wise combinations based on 1 – 

pIBS (identity-by-state), where pIBS is defined as the probability that two random alleles from 

two individuals are identical (Bradbury et al. 2007). A genetic distance matrix was computed 

using data from 6,904 SNP markers in TASSEL; pIBS ranges from 0 to 1, where pIBS of 0 

estimates completely different alleles and pIBS of 1 estimates the exact same genotype. A 

correlation analysis was conducted in SAS 9.4 (SAS Institute Inc, Cary, North Carolina, USA, 

2016) using Pearson’s correlation coefficient with the PROC CORR procedure to determine the 

correlation of pedigree-based dissimilarity indices and genetic distance. 

Two cluster analyses were conducted in R (Core Team 2016) using the hierarchical 

clustering function, hclust, which conducted hierarchical cluster analyses (Müllner 2013); one 

using the marker-based estimates of pairwise genetic distance and the other one using the 

pedigree-based estimates of pairwise dissimilarity indices. Clustering was conducted using the 

UPGMA method, an agglomerative hierarchical clustering method. Dendrograms were formed 

using the function as.dendrogram, and were then customized using the dendextend package 

(Galili 2015) and circlize package (Gu et al. 2014) in R. Germplasm ID (GID), in which each 

accession was colour-coded based on the estimated population structure so that accessions in the 

same subpopulation were the same color 
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2.3.5 Principle component analysis 

A principle component analysis (PCA) was conducted using the SNP data as a different measure 

of genetic distance in TASSEL v5 (Bradbury et al. 2007). Principle components (PCs) were 

generated using the covariance method. Eigenvalues were generated to determine the proportion 

of variation explained by each PC. The first three PCs generated were used to generate a PC plot 

that, where genotypes were colour-coded based on their subpopulation identified in 

STRUCTURE.  

 

2.3.6 Variation analyses 

An analysis of variance (ANOVA) was conducted using the PROC GLM procedure in SAS 9.4 

(SAS Institute Inc, Cary, North Carolina, USA, 2016) to determine variation in genetic distance 

and dissimilarity index and to estimate the proportion of variance in relatedness indices 

accounted for by the D genome donor, AB donor, synthetic parent, and the degree of the 

synthetic derived line. Four general linear models were examined for each estimate of 

relatedness using D genome donor, AB donor, synthetic parent, and the degree of the synthetic 

derived line as independent variable and the pairwise genetic distances and dissimilarity index 

values as response variables. The coefficient of determination (R2) was computed as an estimate 

of the proportion of variation in genetic distance or dissimilarity index accounted for by each 

factor. 

 

2.4 Results 

2.4.1 Genotyping  

The number of polymorphic markers per chromosome are described in Table 2.1. After filtering 

SNP markers with a MAF less than 0.05, removing SNP markers with over 25% missing data, 

and LD pruning 6904 polymorphic SNP markers were used for association mapping. The B 

genome contained the most SNP markers (45%), followed by the A genome (38%), while the D 

genome had the least number of SNP markers (17%). Chromosome 2B contained the greatest 

number of SNP markers (n=660), while chromosome 4D had the least number of polymorphic 

markers (n=61). 
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Table 2.1 Distribution of high qualityz polymorphic SNP markers for each chromosome across the 
wheat genome 

  Genome 
Total 

Chromosome A B D 
1 379 527 170 1076 
2 350 660 251 1261 
3 340 403 179 922 
4 304 229 61 594 
5 434 476 158 1068 
6 359 434 132 925 
7 458 385 215 1058 
Total 2624 3114 1166 6904 
z After filtering SNPs with MAF less than 0.05, removing SNPs with 25% missing data and LD 
pruning 

 

2.4.2 Estimates of genetic distance and dissimilarity indices 

The genetic diversity between two individuals using pedigree-based dissimilarity indices ranged 

from 0 to 0.97 (Figure 2.1), with an average of 0.822, indicating a high level of dissimilarity. 

Variation in the D genome donor (accessions of Ae. tauchii) and AB genome donor (accessions 

of T. turgidum) contributed 2.64% and 3.52% of the variation in dissimilarity, respectively. 

Variation in the synthetic parent in the pedigree contributed the largest amount of variation in the 

dissimilarity index (R2=5.72). The degree of the synthetic contributed the least amount of 

variation in the dissimilarity index (R2=0.80). Estimates of pedigree-based dissimilarity were 

positively correlated (p < 0.001) with marker-based genetic distance, r=0.67. The average 

distance between two individuals estimated using marker-based genetic distance was 0.35 and 

ranged from 0.04 to 0.47 (Figure 2.1). Variation in the D genome donor (accession of Ae. 

tauchii) and AB genome donor (accession of T. turgidum) accounted for 3.48 and 2.75% of the 

variation in genetic distance, respectively. Variation in the synthetic parent in the pedigree 

contributed the largest amount of variation in the genetic distance (R2=4.52), while the degree of 

the synthetic contributed the least amount of variation in genetic distance (R2=1.06). In addition, 

as the degree of the synthetic increased, the average genetic distance of individuals within each 
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degree group with the rest of the panel decreased (Figure 2.2). These results suggest that as the 

degree of the synthetic increases with additional crosses to other common wheats the resulting 

lines have higher similarity with the average population. 

 

Figure 2.1 Frequency distribution of pairwise dissimilarity index values (1-!ij) and genetic distances (1-
pIBS) 

 

  

Figure 2.2 Estimated number of clusters (k) in a population of 194 SHW-derived wheat lines using delta 
Δk values proposed by (Evanno et al. 2005) 
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2.4.3 Population Structure 

The number of inferred subpopulations (K) identified based on ΔK method (Evanno et al. 2005) 

in STRUCTURE was seven ( Figure 2.3) based on an admixture model (Figure 2.4). The 

membership, mean population differentiation and allelic variation between individuals for each 

subpopulation is presented in Table 2.2. The percentage of genotypes belonging to each cluster 

ranged from approximately 3% (6 individuals) to 30% (58 individuals). Some individuals did not 

append to one cluster, rather their inferred ancestry was split between two or more clusters; in 

this instance, genotypes were assigned to the cluster where it had the highest membership 

percentage. The allelic variation between individuals within subpopulations was low for all sub- 

 Figure 2.3 Estimated number of clusters (k) in a population of 194 SHW-derived wheat lines using delta 
Δk values proposed by (Evanno et al. 2005) 

populations and ranged from 0.091 to 0.277. While allelic variation typically increased as the 

subpopulation size increase, subpopulation 1 had high allelic variation (0.219) but low 

membership proportion (0.119).  

 

 

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0

Number of clusters (k)
2 3 4 5 6 7 8 9

∆
k



 

 

 

 

 

 

33 

Table 2.2 Summary of population structure using STRUCTURE of 194 SHW derived wheat 
lines 

 Subpopulation 
  1 2 3 4 5 6 7 
Membership (relative 
proportion of total 
population) 

0.119 0.031 0.036 0.067 0.299 0.222 0.226 

 
Mean population 
differentiation (FST) 
 

0.607 0.885 0.926 0.705 0.479 0.619 0.457 

Allelic variation 0.219 0.110 0.091 0.198 0.277 0.201 0.271 
 

Genotypes within each subpopulation were classified by the degree of contribution by, the Ae. 

tauschii donor, the T. turdidum donor, and the primary synthetic parent (Appendix II). By 

determining the relative frequency of accessions within each category for each subpopulation, all 

individuals in subpopulation 3 were 2nd degree synthetics created using the same primary 

synthetic parent. Subpopulation 3 also had the highest Fst and smallest allelic variation. The 

largest subpopulation, SP5, was characterized by 13 of the 19 primary synthetic parents.  

Figure 2.4 Estimated population structure using STRUCTURE with five runs per k, 10,000 burn-in 
iterations followed by 100,000 Markov chain Monte Carlo (MCMC) iterations for k = 1 to 10 clusters 
under a genetic admixture model (Pritchard et al. 2000) 

 

2.4.4 Cluster Analyses 

The UPGMA cluster analyses revealed differences in how the accessions were arranged using 
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the two estimates of relatedness (Figure 2.5). However, for the most part individuals belonging 

to each subpopulation estimated using STRUCTURE remained clustered using either genetic 

distance estimates (Figure 2.5a) or using pedigree-based dissimilarity estimates (Figure 2.5b). 

There were some instances where an individual assigned to a cluster was not grouped with other 

individuals of the same cluster. The dendrogram formed using genetic distances (Figure 2.5a) 

provided a more detailed taxonomy compared to the dendrogram formed using pedigree-based 

dissimilarity estimates (Figure 2.5b). 

 

2.4.5 PCA Analysis 

The PCA analysis revealed that the first three PCs cumulatively accounted for 22% of the 

variation. Figure 2.6 depicts the first three PCs, where each point is a genotype and genotypes 

are colour-coded based on their subpopulation identified in STRUCTURE. The genotype 

clustering in the PC plot (Figure 2.6) had a high level of conformity to the seven subpopulations 

identified using STRUCTURE. Genotypes belonging to larger subpopulations showed less 

clustering than genotypes belonging to small subpopulations. Genotypes belonging to 

subpopulation 1, indicated by red points, clustered tightly together on the PC plot, whereas 

genotypes in subpopulation 7, indicated by orange plots were more spread across the PC plot. 

The conformity of the two approaches can also be visualized in terms of the admixture observed, 

where same subpopulation admixtures can be seen between PCA and STRUCTURE.  
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Figure 2.5 Dendrogram based on cluster analysis using pairwise genetic distances (1-pIBS) (a) and pairwise dissimilarity index values (1- fij) (b). 
Germplasm ID (GID) are colour-coded based on estimated population structure of k=7 in Figure 
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2.5 Discussion 

2.5.1 Single nucleotide polymorphism marker distributions 

Molecular markers allow breeders to identify genetic diversity in a population based on variation 

among individuals at the DNA sequence level. To date, amplified fragment length 

polymorphisms (Lage et al. 2003; Das et al. 2007), randomly amplified polymorphic DNA 

(Qadir et al. 2015), single sequence repeat (Zhang et al. 2005), and diversity array technology  

(Yu et al. 2014) have been used to study the genetic diversity of SHW in genome-wide 

association studies and QTL mapping studies. Here, SNP markers were used to assess genetic 

diversity and population structure in a SHW derived population of 194 individuals. The type of 

marker was selected was based on the fact that SNP markers are highly abundant in the wheat 

genome, they span across all genomes and that their detection can be conducted in high-

throughput technology (Mammadov et al. 2012). The B genome possessed the most polymorphic 

SNPs. These findings are in agreement with others using a 9K SNP chip in a SHW population 

(Zegeye et al. 2014), and using a 90K SNP chip in a spring wheat population, detecting the 

highest number of polymorphic markers for the B genome and the lowest density for the D 

genome. It is unsurprising that the B genome provided the greatest number of polymorphic SNPs 

in this population considering 50% of the total mapped SNP locations are on the B genome on 

the 90K SNP chip (Wang et al. 2014). The lower level of polymorphism in the D genome is also 

unsurprising, as the genetic diversity of the D genome in wheat is significantly less than that in 

Ae. tauschii due to severe bottleneck during polyploidization (Dubcovsky and Dvorak 2007).  

 

2.5.2 Pedigree-based clustering 

The average pedigree-based dissimilarity index estimated was high (0.883). Similar results were 

found by Dreisigacker et al. (2004) using 68 elite spring wheat lines from CIMMYT who found 

an average dissimilarity index of 0.86. Considering that the panel analyzed in this study was 

created as a random sample from a larger SHW population, a high dissimilarity was expected. In 

addition, the population was created using a relatively diverse array of germplasm. Each 

accession is the outcome of the cross(es) of a primary SHW line to a variety of elite lines. Within 

the pedigrees of this sample population, there were 20 distinct Ae. tauschii and 12 distinct 
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Figure 2.6 Principle component analysis using 6904 SNP markers for 194 SHW-derived lines. The first 
three principle components are presented, accounting for 22% of the variance, cumulatively 

 

 

tetraploid accessions used in the initial cross, contributing to a collection of distinct pedigrees. A 

greater dissimilarity among this population compared to an elite breeding population was 

expected. The UPGMA dendrogram created using pedigree-based dissimilarities displayed 

general clustering of genotypes with less branching than compared to the genetic distance based 

dendrogram. Nevertheless, clustering of genotypes belonging to the same subpopulation 

identified in STRUCTURE was observed. There were some instances where one individual from 

a subpopulation was clustered with genotypes from a separate subpopulation. These anomalies 

could be due to the level of admixture among individuals, those that have nearly equal 
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membership among multiple subpopulations.  

 

2.5.3 Effect of primary synthetic parents on genetic distance and population structure 

The genetic distance between individuals was estimated by using 1 – identity-by-state, generated 

from the SNP markers. A small amount of variation in genetic distance could be explained by the 

genotype’s AB genome donor, D genome donor, the primary synthetic pedigree used and the 

degree of the synthetic line. The primary synthetic parent used in the development of the 

genotype explained the most variation (R2=4.52), followed by the D genome donor accession 

(R2=3.48). That said, for the most part there was no clustering of genotypes created using the 

same Ae. tauschii accession, with the exception of subpopulations 2 and 3. These results are in 

agreement with Lage et al. (2003) who found no clear dendrogram group based on geographical 

origin of Ae. tauschii. Subpopulations 2 and 3 were each characterized by only one Ae. tauschii 

accession, however this may be indicative of the low membership in each of these 

subpopulations. Similarly, there was no clustering of genotypes based on the T. turgidum 

accession in their pedigree. Using AFLP markers, Lage et al. (2003) found that the AB genome 

donor (T. dicoccum) explained 27% of the genetic distance between synthetics, while the D 

genome donor (Ae. tauschii) did not significantly explain the genetic distance between 

synthetics. Here, the D genome donor explained more variation in the synthetics (R2=3.48) than 

the tetraploid parent (R2=2.75). Discrepancies in results can be explained by the degree of the 

synthetics used in the analysis. Lage et al. (2003) used primary synthetic hexaploid accessions, 

meaning that no intraspecific crossing occurred following the development of the primary SHW, 

while this study used synthetics that had been further crossed to elite hexaploid germplasm, 

exclusively. Future studies should examine how SHW derivatives compare with primary 

synthetic in terms of genetic diversity. 

 

2.5.4 Effect of number of crosses to elite germplasm on genetic diversity and structure 

It is likely that when primary synthetics are crossed to elite hexaploid lines, followed by 

selection for agronomic suitability, then they resemble the elite parent(s) to a greater extent than 

the primary synthetic parent. Using SSR markers, Zhang et al. (2005) found that primary 
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synthetic hexaploid wheat lines and, secondary and tertiary synthetic lines clustered separately, 

and that the latter group was clustered closely to their corresponding elite hexaploid parent. It has 

been reported that synthetically-derived wheat lines have greater genetic diversity across all three 

genomes compared to their hexaploid parent, especially in the D genome (Jafarzadeh et al. 

2016). While pedigree or marker data on the hexaploid parents used to create these SHW lines 

was not available, this study indicates that as the degree of the synthetic line moves away from a 

primary synthetic, the genetic distance decreases. This suggests that SHW-derived lines are 

distinctly different from their primary SHW parents and perhaps more similar to their elite 

hexaploid parent. Still, limited clustering based on the degree of the synthetic was observed, with 

the exception of subpopulations two and three (Table 2.2). It appears that most of the 

subpopulations identified contained genotypes with varying degrees of crosses to hexaploid 

wheat.  

 

2.5.5 Comparison of population structure methods 

Population structure needs to be taken into account prior to conducting any association studies to 

prevent false marker-trait associations (Ewens and Spielman 1995). Here, a model-based 

approach was used to determine seven subpopulations in this panel using SNP markers. There 

are a limited number of population structure studies using SHW populations, however seven to 

nine subpopulations have been reported in previous studies (Emebiri et al. 2010, Mulki et al. 

2013, Edae et al. 2014, Zegeye et al. 2014). While estimates of relatedness can provide a visual 

representation of clusters within the population and lead to population structure assumptions, 

Pritchard et al. (2000) suggest that model-based approaches provide a more statistically robust 

affirmation of population structure. Here, two cluster analyses were conducted using estimates of 

relatedness and PCs to visualize population structure. The dendrograms using marker-based 

genetic distance and pedigree-based dissimilarity estimates revealed mostly similar clustering to 

what was observed using model-based estimates in STRUCTURE. There were some accessions 

that were not clustered together on the both dendrograms but belonged to the same subpopulation 

according to STRUCTURE.  

Using STURCTURE results, it was determined that some accessions belonged to more 
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than one subpopulation, as their membership percentage was split between two or more clusters; 

STRUCTURE handles these situations by assigning a genotype to the cluster where it has the 

highest membership. The discrepancies between the cluster analyses and model-based population 

structure could be attributed to the accessions that did not assimilate to one particular 

subpopulation. When comparing the dendrogram formed using pedigree information and model-

based population structure, groupings were less in agreement than when using marker-based 

genetic distance. Population structure in STURCTURE is determined using SNP marker data so 

it would be expected that the dendrogram formed using genetic data would appear more similar. 

The main discrepancies between using genetic distance-based estimates of population structure 

and the model-based approach implemented in STRUCTURE is the methods used to assign 

genotypes of different groups. STRUCTURE uses a Bayesian clustering algorithm, where 

subpopulations are created based on a set of allele frequencies at each locus and then the 

probable number of subpopulations is based on the highest log likelihood (Pritchard et al. 2000). 

The high computational requirements of STRUCTURE may cause distance based clustering 

estimates of population structure to be more desirable (van Inghelandt et al. 2010), however, for 

many GWAS studies in wheat, the Q matrix generated in STRUCTURE is used as a covariate 

(Neumann et al. 2011, Bordes et al. 2013, Mulki et al. 2013). Distance based estimates and 

UPGMA clustering of population structure have been shown to be in agreement with 

STRUCTURE results (van Inghelandt et al. 2010). These methods fail to provide a measure of 

statistical significance to clustering, but rather force the user to determine the number of 

subpopulations based on the resultant dendrogram produced (Lu et al. 2005). 

A PCA was conducted to cluster genotypes using PCs derived from SNP marker data and 

compare clusters with those identified in STRUCTURE. Using PCA results, genotypes clustered 

mostly similarly to their subpopulations identified in STRUCTURE, however, some overlap and 

discrepancies in the genotype clustering was observed. Some discrepancies in the two methods 

of population structure were expected. Multivariate analyses, such as those conducted in PCAs, 

explore genetic diversity and cluster genotypes based on multiple components that capture a 

specific level of variation. Model-based approaches utilized in STRUCTURE separates 

individuals based on their genotype at multiple loci using Bayesian clustering, followed by 
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maximum likelihood to estimate the suitable number of subpopulations (Evanno et al. 2005). 

 

2.5.6 Comparing methods of genetic diversity 

There was a significant correlation of r = 0.67 between marker-based estimates of genetic 

distance and pedigree-based estimates of dissimilarity. Similar results were reported in barley 

(r=0.65) (Schut et al. 1997), however more moderate correlations have been found in cotton 

(r=0.41) (Van Becelaere et al. 2005), durum wheat (r=0.46) (Soleimani et al. 2002), spring bread 

wheat (r=0.43) (Dreisigacker et al. 2004) and maize (r=0.42) (Inghelandt et al. 2010). Strong 

correlation in this report is a function of a very rich pedigree-database at CIMMYT that was 

accessed. Additionally, as the relatedness between lines increases, the association between 

pedigree-based estimates and genetic-based distances increases (Dreisigacker et al. 2004). 

Although a correlation of 0.67 signifies a strong correlation in this comparison, discrepancies 

between the two methods are not surprising. There are a number of sister-lines present in this 

population that possess the same pedigree yet may possess different alleles at a number of loci 

due to segregation. This is particularly apparent when comparing results from the cluster 

analyses (Figure 2.5). Moreover, pedigree-based distance estimates are prone to error due to the 

improbable assumptions upon which the fij values are based. Pedigree-based distance estimates 

are dependent on the assumptions that individuals with different pedigrees have no allelic 

similarities. In this study assumptions of fij are likely violated due to the fact that wheat has a 

relatively narrow genetic background and there are likely alleles IBS that were not inherited from 

a common ancestor, which are not accounted for when using IBD (Van Becelaere et al. 2005).  

While obtaining fij simply requires the maintenance of pedigree information and 

essentially has little associated costs, molecular markers measure relatedness at the DNA level 

and are likely more favorable for breeding purposes (Van Becelaere et al. 2005). Here, the 

dendrogram created using pairwise genetic distance values is much more detailed than that using 

pedigree-based dissimilarity indices, demonstrating that genetic distances provided more 

information on the genetic diversity. In addition, pedigree information for all lines analyzed here 

were readily available from the CIMMYT gene bank, however in some instances detailed 

pedigrees may not be available. Moreover, cross-pollinated crops such as maize could be derived 
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from open pollinated populations and pedigrees cannot be determined (Inghelandt et al. 2010).  

Breeders may consider using pedigree data to make time- and cost-efficient breeding 

decisions, however for genomic selection, Crossa et al. (2010) found an increase in predictive 

ability of 7.7 to 35.7% when using a marker-based model compared to a pedigree-based model. 

The inclusion of both pedigree data and marker data into the genomic selection model likely 

adds little value to the predictive power, as there is redundancy in the information they contribute 

and likely as the number of markers increase, the effect that pedigree information has on the 

model decreases (Crossa et al. 2010). For association mapping, pedigree data and marker data 

are often not included simultaneously, however, including both can be used to estimate kinship 

separately (Zhang et al. 2010) or in combination (Cheng et al. 2013). While combining pedigree 

and marker data into a single matrix did not improve the prediction accuracy of genomic 

prediction for grain yield in wheat (Jafarzadeh et al. 2016), in the context of association 

mapping, combining measures of relatedness has been shown to effectively control for the type 1 

error rate (Cheng et al. 2013). 

 

2.6 Conclusions 

Since the first artificial synthesis of Triticum spelta in 1944 (McFadden and Sears 1944), wheat 

scientists have generated numerous interspecific hybridizations between tetraploid wheat and the 

diploid species Ae. tauschii to improve the genetic diversity of hexaploid wheat. Here, it was 

determined that significant genetic diversity exists among SHW-derived materials. As primary 

synthetics are crossed to adapted elite germplasm, the resultant derivatives will become more 

genetically similar to their elite parent. This demonstrates a plausible avenue for increasing 

variation in currently cultivated wheat genotypes. 
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Chapter 3: Association Mapping of Agronomic and Root Morphological 

Traits Under Contrasting Phosphorus Conditions in Synthetic Hexaploid 

Wheat Derived Lines 
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3.1 Abstract 

Modern wheat (Triticum aestivum L.) cultivars rely on the addition of phosphorus (P) fertilizers 

to produce high grain yields, which is particularly costly for producers, negatively impacts the 

environment and depletes a non-renewable resource. Identifying and implementing strategies to 

improve P uptake and internal P use in breeding programs can increase P use efficiency (PUE). 

The objective of this study was to identify genomic regions in wheat related to P and associated 

agronomic and root morphological traits under contrasting P conditions. Three field trials were 

conducted under 0 kg ha-1 and 125 kg ha-1 monoammonium phosphate, using a population of 194 

synthetic hexaploid derived wheat lines assembled from the gene bank of the International Maize 

and Wheat Improvement Centre (CIMMYT). In addition, root architecture traits under no 

phosphorus (NP) and applied phosphorus (AP) were analyzed using a growth pouch phenotyping 

assay under controlled conditions. Using 6 904 polymorphic SNP markers, 32 markers were 

identified for agronomic traits, three markers for average root diameter, and 7 markers for P-use-

related traits. A BLASTn search revealed orthologous sequences in other plant species that 

encode proteins related to phosphatase activity, phosphorylation, disease resistance, metabolic 

processes and response to stress. These results suggest further evaluation of the identified 

genomic regions may uncover genes related to P use or stress tolerance.  

 

3.2 Introduction 

Phosphorus (P) is essential for many plant components including the structural architecture of 

DNA and RNA, phospholipids found in all cellular membranes and as the energy transport 

complex, adenosine triphosphate. While many soils contain adequate P required for crop 

production, much of this P is tightly bound to soil particles and not accessible for plant roots 

(Holford 1997). Fertilizer is routinely applied to alleviate the constraint of low soil P availability; 

however, P is a non-renewable resource and current reserves are becoming depleted at 

unsustainable rates (Syers et al. 2008). Furthermore, P can be captured in surface runoff and 

enter nearby lakes or reservoirs. Excessive P concentrations have been identified in many 

watersheds across the world and has resulted in the development of toxic algal blooms, which 

have negative impacts on aquatic ecosystems (Cordell and White 2015). Improved management 
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of P use in agriculture is necessary in order to conserve soils and water, and to preserve current P 

reserves.  

 There is a wide range of Best Management Practices (BMPs) developed to minimize the 

amount of nutrients released from agriculture production. Best Management Practices range from 

structural conservation practices (i.e., grassed waterways, riparian vegetation) to managerial 

conservation practices (i.e., targeted fertilizer application, livestock restriction) (Yates et al. 

2007). Despite their well-known ability to minimize the release of nutrients from the field, Yates 

et al. (2007) argues that producers are relatively passive at implementing BMPs. In addition, the 

effectiveness of BMPs is highly dependent on the environment, and extreme weather expected 

with climate change could decrease the ability to reduce nutrient loss (Bosch et al. 2014). 

Reducing total P (the combined particulate and dissolved P) will not reduce eutrophication if the 

level of dissolved P is not reduced. Dissolved P is directly used by the aquatic ecosystem (i.e., 

for algal and biomass production), and when in excess, is the source of eutrophication 

(Environment Canada 2004). Therefore, addressing management strategies at the plant-level can 

improve the P balance efficiency of the entire cropping system through a reduction in P 

requirements or an improvement in P uptake and ultimately reducing the amount of dissolved P 

from being lost, exported and accumulated in the field (Simpson et al. 2011), while 

simultaneously maintaining or improving crop productivity.  

 Phosphorus use efficiency of a crop in a given cropping system can be partitioned into two 

components: P uptake efficiency and P utilization efficiency. The former describes the extent to 

which plant roots can acquire P in the soil (Simpson et al. 2011), while the latter describes the 

efficiency of translocation and utilization of P stored in the plant (Wang et al. 2010b). Targeting 

genetic improvement of P uptake efficiency shows promise because most P removable rates 

range from 15 to 30% of P applied (Syers et al. 2008). Improved P uptake is directly related to 

root morphology (Lynch and Brown 2001, Bovill et al. 2013, Delhaize et al. 2015), and 

significant genetic variation for root traits exists between genotypes and among species (Yang et 

al. 2010). Specific root traits associated with enhanced P uptake have been identified, including 

those that improve root surface area and enhance root-soil contact (Lynch and Brown 2001, 

Hammond et al. 2009b). Under low soil P conditions, an increase in root surface area has been 
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shown to increase P uptake in maize (Zea mays L.), wheat (Triticum aestivum L.) and Brassica 

species (Manske et al. 2000, Hammond et al. 2009b, Yang et al. 2010, Zhang et al. 2013). Root 

length and root surface area are also positively associated with improved PUE and grain yield in 

barley (Hordeum vulgare L.) and Brassica napus (Yang et al. 2010, Gong and McDonald 2017). 

While targeting root traits for improve P uptake is a plausible avenue for improving PUE, the 

carbon cost associated with developing root traits may compromise yield (Wang et al. 2010b). 

Perhaps of more agronomic importance for plant breeders is P utilization efficiency, which 

measures how well a plant uses P to produce grain. Phosphorus utilization efficiency is most 

widely estimated as grain yield produced per unit of P taken up (Su et al. 2009), or grain yield 

under low soil P conditions relative to grain yield under optimal soil P conditions (Graham 1984, 

Gong et al. 2016). Considering both P uptake and utilization efficiency when making selection 

decisions for breeding can increase the amount of P taken up as well as improve yield.  

 As a major cereal crop worldwide, wheat is a suitable candidate for improving PUE. The 

discovery of the intricate evolution of wheat (Marcussen et al. 2014) has revealed that the genetic 

background of hexaploid wheat is relatively narrow compared to its diploid predecessors, hence, 

breeders have attempted to recreate the hybridization that occurred in nature less than half a 

million years ago between tetraploid wheat (Triticum turgidum) and the diploid species, Aegilops 

tauschii. Such inter-specific crosses have resulted in what is known as synthetic hexaploid wheat 

(SHW), provide breeders with novel genetic variation for many agronomic traits (Dreisigacker et 

al. 2008, Yang et al. 2009) due to the increase in genetic diversity of each of the three genomes.  

 Another motivation for improving PUE in wheat is that many modern day cultivars have 

been selected for their high yield under non-limiting nutrient conditions (Wissuwa et al. 2009) 

and therefore genes related to nutrient use efficiency have not been selected for (Wang et al. 

2010b). Breeding efforts for improving PUE in wheat and other widely cultivated crops have 

been slow, largely due to the complex inheritance and low heritability of the trait, lack of direct 

selection strategies, and research funding that focused solely on developing high yielding 

cultivars (Wissuwa et al. 2009). Molecular markers and selections strategies that can make use of 

genome-wide genotyping strategies can help breeders improve their selection gain to enhance 

complex traits such as better P use and uptake efficiency through genome-wide association 
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(GWAS) and genomic selection (GS) studies.  

 While considerable research has been conducted on root uptake of P, the challenges 

associated with phenotyping root traits remains prevalent. Root systems are highly influenced by 

the soil pH, soil type and nutrient availability (Hoad et al. 2001) and are difficult to assess and 

screen under field conditions. Many new technologies that analyze field-grown roots are 

infeasible for breeders working with hundreds or even thousands of genotypes at the same time 

(Singh Gahoonia and Nielsen 2004). Phenotyping of root traits under controlled conditions 

remains the generally accepted method for breeders (Christopher et al. 2013, Watt et al. 2013, 

Atkinson et al. 2015, Gong and McDonald 2017). Several genomic regions have been associated 

with root traits in wheat through QTL mapping (Atkinson et al. 2015, Liu et al. 2015, Xie et al. 

2017), however, research on how these traits and genomic regions are related to PUE and 

agronomic traits under field conditions has been limited. The purpose of this study was, 

therefore, to identify the genomic regions associated with identified root traits, important 

agronomic traits and PUE criteria under contrasting P conditions in a SHW derived wheat 

population. Synthetically derived hexaploid wheat may have gained novel PUE-related genetic 

characteristics introgressed from the resilient ancestral species Ae. tauschii through interspecific 

crosses.  

 

3.3 Materials and Methods 

3.3.1 Plant Material  

A set of 194 randomly chosen SHW-derived lines from the International Maize and Wheat 

Improvement Centre (CIMMYT) were used for association mapping. This population has been 

previously analyzed for genetic diversity and population structure in Gordon et al. (in review). 

Briefly, the panel contains genotypes comprised of 19 different Ae. Tauschii accessions, 13 

different T. turgidum donors and have been crossed to a maximum of four elite hexaploid 

accessions, resulting in different levels of SHW contribution.  

 

3.3.2 Field trials 

Three field trials were conducted during the 2016 and 2017 growing seasons. In 2016, a field 
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trial with all genotypes and six check varieties (Sable, Hoffman, Norwell, Carberry, Pasteur and 

ACC Scotia) were arranged in a split plot design, in which P treatments were the main plots and 

the genotypes were in sub-plots at the University of Guelph Research Station near Elora, Ontario 

(43°38'59.0" N, 80°23'32.5" W). The experiment included two complete blocks and 20 

incomplete blocks within each block on a 16.2 m x 112 m field. The soil at the location was a 

Grey-Brown Podzolic loam soil with a pH of 7.7 and an average of 8.9 mg L-1 of plant available 

P, determined using the method proposed by Olsen et al. (1954). The plots were fertilized with 

50 kg ha-1 potassium chloride and 35 kg ha-1 ammonium sulphate prior to planting and 35 kg ha-1 

urea at the tillering stage. Phosphorus was applied by surface broadcast as triple super phosphate 

at 150 kg ha-1 as the applied P (AP) treatment, while no phosphorus was applied as the no P (NP) 

treatment. Seeds were sown on May 3, 2016 at a rate of 350 seeds m-2. Plot size was restricted to 

two-row plots, 0.45 m x 2.5 m with 22.5 cm between plots, due to low seed availability. 

In 2017, two field trails were conducted at the University of Guelph Research Station 

near Elora, Ontario (43°38'21'' N, 80°23'31'' W) and on a farmer’s field near Belwood, Ontario 

(43°41'47'' N, 80°10' 23'' W). Before sites were chosen, estimates of plant available P were 

extracted from soil samples to ensure P deficiency using the Olsen P method (Olsen 1954) at the 

University of Guelph Lab Services using samples from 4 equally distributed points at each 

location. Soil test P2O5 levels ranged from 4 to 5 ppm and 9 to 11 ppm in Belwood and Elora, 

respectively. Prior to planting, fields were fertilized according to standard protocols in the area 

(Ontario Ministry of Agriculture 2002). Phosphorus was applied at time of seeding as 

monoammonium phosphate at 125 kg ha-1 in 2017 as the AP treatment, while no phosphorus was 

applied as the NP treatment. The trial was arranged as a split plot design with two blocks per 

location containing 200 plots each, with several incomplete blocks containing ten adjacent plots. 

Within each block, genotypes were randomized so that two plots of the same genotype were 

planted side-by-side (main plot), one with and one without P amendment (sub-plot). On May 13 

and May 24, the 194 genotypes and six check varieties were planted in Elora and Belwood sites, 

respectively. Each experimental unit was a six-row plot, 1.06 m x 2 m with 0.75 m between 

adjacent plots and 0.5m between ranges. 
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3.3.3 Field data collection  

During the growing seasons, the number of days from seeding to anthesis (flowering) and 

physiological maturity were recorded. Physiological maturity in wheat coincides with the 

complete loss of green color in the peduncle (Hanft and Wych 1982) and this was used to record 

maturity date. The length of the grain filling period was estimated by the number of days 

between anthesis and maturity.  Plant height was recorded after physiological maturity, as the 

distance from ground level to the top floret, not including the awns. In 2016, chlorophyll content 

was measured in the centre of a representative flag leaf. Measurements were taken once a week 

for three weeks prior to physiological maturity, using a SPAD 502 Plus Chlorophyll Meter 

(Spectrum Technologies, Plainfield, Illinois, USA). The SPAD Meter was not used in 2017 due 

to the high variability in readings from 2016 data. To estimate early season vigor, different 

methods were used in 2016 and 2017. In 2016, early season vigor was recorded as a visual 

estimate ranging from 1 to 5, where 1 indicated very poor early growth and 5 indicated typical 

exceptional early growth, relative to check varieties. The method of estimating early season 

changed in 2017 to a quantitative approach. Canopy cover images were taken on June 1st, 15th 

and 29th in Elora, and June 12, 26 and July 10 in Belwood using a Nikon D7100 DSLR camera 

attached to a tripod placed approximately 1.25 m above the plot. Images were analyzed using 

CANOPEO (Oklahoma State University, Stillwater, OK), which measures green canopy cover 

percentage with a noise reduction of 1000.  

 Also in 2017, normalized difference vegetative index (NDVI) was computed using the 

handheld GreenSeeker™ (NTech Industries, Inc., Boulder, CO) sensor unit. The GreenSeeker™ 

is a reflectance-based multispectral sensor unit that measures red and infrared reflected and then 

computes an NDVI reading between 0.00 and 0.99. GreenSeeker readings were taken throughout 

grain-filling period at one week intervals for a duration of five weeks. The device was held 

above each plot at approximately 1.5 m from the ground throughout the entire experiment. There 

were five NDVI readings taken in Elora and 3 readings in Belwood. A temporal curve was 

generated using NDVI values to determine total NDVI over time, estimated as the area under the 

curve, and rate of senescence. Rate of senescence (Lopes and Reynolds 2012) was calculated as 

the slope of the regression of NDVI values from flowering to maturity. In Elora, three NDVI 
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readings were used to generate this rate, while two NDVI readings were used in Belwood. 

Canopy cover and NDVI measurements were not taken in the 2016 trial due to small plot size.  

Plots were harvested at Elora in 2016, Elora in 2017 and Belwood 2017 on August 29 

2016, August 31 2017, and September 26 2017, respectively, using a Wintersteiger plot combine 

harvester (Wintersteiger AG; Ried im Innkreis, Austria). Yield data were collected at harvest 

using a HarvestMaster Grain Gage (Juniper Systems, Inc., Logan, UT) on the combine. To 

confirm quality of combine data, all plots were hand weighed once dried and the reweighed yield 

was used for analysis. Harvest index (HI) was calculated as grain weight relative to dry weight 

from samples collected from a 20 cm x 20 cm sampling area in each plot after physiological 

maturity. Estimates of biomass were calculated from plot yield data and the estimate of HI 

values. In 2016, additional samples were taken to determine P content (%) of the NP treatment 

plots. Samples were analyzed for P content using high-performance liquid chromatography from 

an accredited laboratory (SGS Canada Inc., Guelph, ON). Phosphorus use efficiencies were 

estimated for each NP plot as: 

   PUE = Grain yield (g)
P in aboveground biomass (g)

  (Manske et al. 2000)    

Due to poor results from 2016 estimates of PUE, in the 2017 trials, PUE was measured 

differently, as indicated below. 

 

3.3.4 Estimating P use efficiency 

Three P use indices were calculated in 2017: 

1. P deficiency tolerance: YiNP
YiAP

 

2. P responsiveness: residuals of the linear regression of yield at NP on yield at AP for each 

genotype (MacDonald et al. 2015) 

3. Relative difference in yield:  Yi NP- Yi AP
Ȳi NP- Ȳi AP

 

 

, where YiNP is the grain yield of the ith genotype under the NP treatment, YiAP is the grain yield 

of the ith genotype under the AP treatment, ȲNP is mean grain yield under the NP treatment and 
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ȲAP is the mean grain yield under the AP treatment. Equations 1 and 3 take into consideration 

the yield potential of each genotype and address how well a genotype uses P when P is limited, 

while equation 2 describes how well a genotype uses P when P is unlimited (Gong et al. 2016). 

To further explore how P affected other agronomic traits, the change in (Δ) the trait value was 

determined as: 

 Δi trait = trait value under NP
trait value under AP

	 	 	 	 	 	 	  

 

3.3.5 Seedling root phenotyping 

A root phenotyping study was conducted on seedlings at the two-leaf stage grown in a growth 

pouch (Mega International; Newport, Minneapolis) system. Seeds were surface sterilized with 

ethanol for three minutes followed by sodium hypochlorite for 20 minutes and thoroughly rinsed 

prior to plating on petri dishes. Seeds were set in a dark box for two days to soften and to initiate 

germination. Prior to transferring seeds to growth pouches, the endosperm of each seed was cut 

off to remove the effect of inherent seed nutrients that could influence P availability (da Silva et 

al. 2016). The experimental design was an incomplete block design, where 16 randomly assigned 

genotypes were grown in plastic growth pouches half-submerged in 20-by-30-by-14 cm plastic 

basins containing nutrients dissolved in water. The growth pouches consisted of a piece of 

germination paper enclosed in a plastic pouch, approximately 13 cm-by-16 cm. The bottom of 

the pouch was trimmed to expose the paper to the nutrient solution and two holes were punched 

at the top of the pouch to fit a small wooden dowel to prop the pouches up in the basin. Two 

seeds of each genotype were placed in the paper trough at the top of the pouch and were 

submerged in one of the two nutrient solutions. Due to space limitations and to distribute 

workload over time, one to two batches per P treatment were grown at each time period until all 

genotypes were grown for two reps per treatment. For the NP treatment, Hoagland’s No. 2 

(Caisson Labs Inc.; North Logan, Utah) without ammonium phosphate was used at one quarter 

strength. For the AP treatment, Hoagland’s No. 2 basal salts was used at one quarter strength. 

Plants were kept under controlled conditions with a 16h photoperiod under a light intensity of 

approximately 370 µm-2 s-1 at 21°C, 8h at 17°C, and a relative humidity of 70%. 
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Seedlings were grown for 10 days and an image of each seedling root was taken using a 

tripod so that the camera was approximately 60 cm directly above the seedling, thereafter. 

Images were taken with a Nikon D7100 DSLR camera (Nikon Corp.; Tokyo, Japan) on a black 

canvas background (Figure 3.1a). To quantify root length, root surface area and root diameter, 

root images were processed using WinRhizo (v2009b, Regent Instrument, Quebec, Canada) 

(Figure 3.1b). Seeds that did not germinate or roots that showed signs of infection were recorded 

as missing values in the analysis.  

 

 

Figure 3.1 Digital root phenotyping system using root image taken with digital camera (left) and 
WinRhizo computer program (Regent Instrument, Quebec, Canada) used to measure total root length, 
total root surface area and average root diameter (right)  

 

3.3.6 Statistical analysis of phenotypic data 

All phenotypic data was analyzed in SAS version 9.4 (SAS Institute, Cary, NC) using either 

PROC MIXED or PROC GLIMMIX. For root traits, a mixed linear model was used to determine 

the effect of P and genotype on root length, root surface area and root diameter. The model 

contained incomplete block nested in genotype by P treatment and sample nested in incomplete 

block by genotype by P treatment due to the nature of the experimental design, as random 
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variables. For field data, a general linear mixed model was used, where genotype and P treatment 

were treated as fixed effects. Radial smoothing was conducted in PROC GLIMMIX to account 

for soil and plot location variation, by including the longitudinal and latitudinal distance between 

the centroid of each successive plot as covariates (Bowley 2015). These covariates were 

considered random effects. To test for normality of all residuals, the Shapiro-Wilk test was 

conducted in PROC UNIVARIATE. For all non-normal data, PROC SGPLOT was used to 

construct studentized-residual by predictor plots to ensure data points were independent and 

random. Genotype by treatment combinations that produced studentized residuals >3.5 and <-3.5 

were considered outliers and were removed from the dataset, after checking the raw data to make 

sure they are true outliers (Bowley 2015). The following transformations were conducted in 

attempts to improve the normality of the data, however none proved to successfully improve 

normality: log, square root, and arc sine-square root. For root phenotypic data, least square (LS) 

means were generated for each genotype by P treatment, where genotype and P treatment were 

treated as fixed effects. In addition, a mixed linear model was used to generate LS means for the 

difference in trait values under the two P treatments. For field data, LS means were generated for 

each genotype under each P treatment for each location-year combination. In addition, ΔLS 

means for each trait were determined as the trait value under NP relative to the trait value under 

AP.  

 

3.3.7 Genotypic data  

DNA extraction was conducted using a DNeasy Plant Mini Kit (Quiagen) according to 

manufacturer’s instructions at the National Research Council of Canada (Saskatoon, 

Saskatchewan) and accessions were genotyped with Illumina’s iSelect 90K Single nucleotide 

polymorphism (SNP) chip. Genotype calling was performed by Dr. Matthew Hayden at La 

Trobe University in Melbourne, Australia using a proprietary clustering algorithm designed for 

hexaploid wheat. Single nucleotide polymorphism filtering, population structure analysis, and 

additional genetic diversity studies were conducted according to previous work (see chapter 2). 

After filtering data, linkage disequilibrium pruning and removing data with minor allele 

frequency less than 0.05; 6904 usable SNP markers remained. 
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3.3.8 Marker-trait association analysis 

The R software program, GAPIT (Lipka et al. 2012) was used to determine marker-trait 

association between phenotypic traits and 6904 SNP markers. Association analyses were 

conducted for each trait in each P treatment separately and then as a difference in trait value 

under the two P treatments using a compressed mixed linear model. Multiple models were 

generated to study marker-trait associations: K, K + PCs and K + Q. To determine the 

appropriate model, Q-Q plots based on observed p values and expected p values were compared. 

To determine significant marker-trait associations, a Bonferroni-corrected significance threshold 

of p = α/n was used, where n=the number of markers used; this has been recently adopted in the 

literature (Liu et al. 2016). Marker-trait associations were analyzed separately for each P 

treatment if there was significant variation between the P treatments. Additionally, when P 

treatment had a significant effect, marker-trait associations were conducted using Δ value of the 

trait under the two P treatments. Manhattan plots were constructed using the R (R Core Team 

2017) package, qqman package (Turner 2017) with the results generated in GAPIT (Lipka et al. 

2012). A BLASTn search was conducted in POPSEQ Ordered Triticum aestivum Gene 

Expression (POTAGE) to identify candidate genes for QTL underlying particular trait(s) 

(Suchecki et al. 2017). 

 

3.4 Results 

3.4.1 Agronomic traits 

At Elora in 2016, the P treatment did not affect any of the traits measured (p > 0.05), however 

there was significant variation among genotypes for harvest index, plant height, maturity date 

and grain yield (Table 3.1). The year 2016 was exceptionally dry with total precipitation of 100.3 

mm throughout the crucial growing months of May and June (Appendix III) which may have 

resulted in the P treatment not being significant for any trait. These results are similar to those by 

Gong et al. (2016), who also found added P fertilizer contributed little to grain yield due to low 

rainfall during the growing season. Low precipitation during the early growing stages of wheat 

(i.e., May and June) can detrimentally impact grain yield (Manschadi et al. 2008). This 
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unexpected variation violated the assumption of homogeneity of variance across location-years, 

hence the following results are presented by location year and only results from Belwood 2017 

and Elora 2017 were used for association studies.  

 At Elora in 2017, P treatment was significant for most traits, however, there was no 

difference in grain yield, NDVI over time, grain filling period or the second canopy cover 

measurement between P treatments. While there was no difference in final grain yield under the 

two P treatments, early season vigor was greater under the AP treatment. Based on canopy cover 

images, a green pixel density of 8.1 ± 1.9% under AP and 6.0 ± 1.9% under NP was calculated 

(Figure 3.2a). The P treatment did not have an effect on the final canopy cover on June 29 2017 

and ultimately grain yield at harvest (Figure 3.2c). At Belwood in 2017, P treatment had a 

significant effect on all agronomic traits measured except grain filling period. Early season vigor 

was greater under AP compared to NP, as demonstrated by a green pixel density of 8.9 ± 1.0% 

and 3.3 ± 1.0%, respectively. There was a difference in green pixel density for the two 

subsequent canopy cover measurements under the two P treatments (Figure 3.2b). The P 

treatment attributed to a difference in final grain yield at Belwood, where under AP, grain yield 

was 3.0 ± 0.89 tonnes ha-1, while under NP grain yield was 1.8 ± 0.89 tonnes ha-1 (Figure 3.2d).  

There was a significant genotype by P treatment interaction at Belwood in 2017 for all 

traits except grain filling period, maturity date, and NDVI over time, suggesting that some  

genotypes performed differently under the two P treatments. There was no genotype by P 

treatment interactions at Elora in 2017 or Elora in 2016. There was significant variation for Δ 

early season vigor, Δ canopy cover, Δ height, Δ anthesis date and Δ maturity date among 

genotypes at Belwood in 2017. Grain yield at Belwood in 2017 was used to estimate PUE 

indices due to the significant effect of P at that trial. There was significant variation among 

genotypes for P deficiency tolerance, P responsiveness and relative difference in yield (Figure 

3.3). 

 

3.4.2 Root phenotypes  

All three root traits measured showed significant (p <0.05) variation among genotypes. There 

was a significant difference (p < 0.0001) for total root length under the two P treatments. The LS 
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Figure 3.2 Least square means for early season vigor in green pixel density at Elora, ON in 2017 (a) and 
at Belwood, ON in 2017 (c) and grain yield in tonnes per hectare at Elora, ON in 2017 (b) and at 
Belwood, ON in 2017 (d) of 194 SHW derived lines and 6 check varieties. Significant P treatment effects 
are denoted by asterisks at p < 0.001 under applied phosphorus (AP) and no applied phosphorus (NP). 
The upper whisker of each box represents the maximum value, the lower whisker represents the minimum 
value, the sold line within the box represents the median, and the top and bottom of the box represent the 
upper and lower quartile, respectively. Outlier values are indicated as open circles 

 

mean total root length for genotypes grown under AP and NP was 37.27 ± 0.61 cm and 42.02 ± 

0.59 cm, respectively (Figure 3.4a). While there was a difference in root length for the genotypes 

under both P treatments, there was no interaction effect between genotype and P treatment. This 

observation was made apparent by the fact that the changes in root length from AP to NP was not 

significant among the genotypes. There was also a significant difference (p < 0.0001) for root 

surface area under the two P treatments. The LS mean total root surface area under the AP 

treatment was 5.55 ± 0.10 cm2, while under the NP treatment it was 6.21 ± 0.10 cm2 (Figure 

3.4b). As with total root length, there was a significant difference for root surface area among the 

genotypes, but the change in root surface area from AP to NP was not different among 

genotypes. There was no significant P treatment effect for average root diameter.  The LS mean 

average root diameter was 0.47 ± 0.004 mm under both P treatments (Figure 3.4c). Further, there 

was no significant difference among genotypes for average root diameter, and thus, the change in 

average root diameter for AP to NP was not significant between genotypes. 
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Table 3.1 Mixed model analysis of variance of 194 SHW derived lines and 6 Ontario spring wheat varieties for phenotypic traits at three field 
trials in Southwestern Ontario. F-values and p -values are presented in the upper and lower cell for each trait, trial and effect combination, 
respectively.  HI = harvest index, NDVI = normalized difference vegetative index, G = genotype effect, T = P treatment effect, E = Elora, ON, B = 
Belwood, ON 
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E
 2

01
6 

E
 2

01
7 

B
 2

01
7 

E
 2

01
6 

E
 2

01
7 

B
 2

01
7 

E
 2

01
6 

E
 2

01
7 

B
 2

01
7 

E
 2

01
6 

E
 2

01
7 

B
 2

01
7 

E
 2

01
6 

E
 2

01
7  

B
 2

01
7 

E
 2

01
6  

E
 2

01
7 

B
 2

01
7  

G 1.34 

0.0085 

4.37 

<0.0001 

2.77 

<.0001  

 

 

5.24 

<0.0001 

0.33 

1.0 

 
4.72 

<0.0001 

2.26 

 <.0001 

0.97 

0.5960 

8.69 

<0.0001 

19.69 

<.0001  

1.01 
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<0.0001 

3376.7 

<.0001  
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Figure 3.3 P responsiveness (a), P deficiency tolerance (b) and relative difference in yield (c) for 194 
SHW derived lines and 6 check varieties grown at Belwood, ON in 2017. The upper whisker of each box 
represents the maximum value, the lower whisker represents the minimum value, the sold line within the 
box represents the median, and the top and bottom of the box represent the upper and lower quartile, 
respectively. Outlier values are indicated as open circles 
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Figure 3.4 Least square means for total root length (cm) (a), total root surface area (cm2) (b), and average 
root diameter (mm) (c) of 194 SHW derived lines and 4 check varieties grown under controlled 
conditions with applied phosphorus (AP) and no applied phosphorus (NP). The upper whisker of each 
box represents the maximum value, the lower whisker represents the minimum value, the sold line within 
the box represents the median, and the top and bottom of the box represent the upper and lower quartile, 
respectively. Outlier values are indicated as open circles 

 

3.4.3  Association mapping 

Model selection based on analysis of Q-Q plots determined that the mixed linear model with 

kinship and population structure as covariates was most appropriate. A Bonferoni corrected 

threshold to detect significant marker-trait associations of α/n was used, where α is 1, and n is the 

number of markers. This significance threshold has been used previously (Yang et al. 2014, Liu 

et al. 2015, 2016) and justified for GWAS studies by Yang et al. (2014). Consequently, a –log p 

value of 3.84 was used as a significance threshold for marker-trait associations. Only traits that 

had significant variation among genotypes were used for association mapping.  

 In total, 39 significant marker-trait associations were detected for the agronomic traits 
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measured in this study (Table 3.2). There were twelve significant markers for early season vigor 

at Belwood in 2017 under NP explaining between 16.1 to 17.9% of the variation, and three 

significant markers for early season vigor at Elora in 2017 under AP, each explaining 24% of the 

variation (Figure 3.5). None of the fourteen markers detected for early season vigor at the two 

locations were coincident. However, two markers for Δ early season vigor at Belwood were 

detected, where one of the markers, TA002233-0872 on chromosome 2B was also significant for 

early season vigor at Belwood under NP. There were five markers detected for harvest index at 

Belwood in 2017 under AP that explained between 27 to 28% of the variation (Figure 3.5). A 

total of eight markers for maturity at Belwood under AP and Elora under AP and NP were 

detected. For grain yield, two markers were detected; one on chromosome 2B and one on 5B at 

Belwood in 2017 under AP only. In addition, three markers were identified for P deficiency 

tolerance at Belwood 2017 (Figure 3.5). For root morphological traits, there were several 

genomic regions where multiple SNPs approached the significance threshold, however only three 

SNP markers on chromosome 6A associated with root diameter (Figure 3.5). The SNP markers 

on 6A, Tdurum_contig43158_1597, Kukri_c14239_1995, and Tdurum_contig7464_1168 

explained 14, 12 and 11% of the variation for root diameter, respectively (Table 3.2).  

A BLASTn search revealed multiple orthologous sequences in the model species 

Arabidopsis thaliana and rice (Oryza sativa). Many of the identified sequences encode proteins 

related to phosphatase activity, phosphorylation, disease resistance, metabolic processes and 

response to stress in A. thaliana or rice (Appendix IV). In rice, locus LOC_Os04g32330 encodes 

Os04g0394200, a stress response protein and is orthologous to the 1-2kb flanking sequences 

surrounding the SNP marker, wsnp_Ex_rep_c67011_65463819. In A. thaliana, locus 

AT5G67320 encodes an abiotic stress protein, particularly one involved in cold stress tolerance 

and was found to be homologous to the wheat marker sequence BS00021780_51, which was 

associated with P deficiency tolerance (Suchecki et al. 2017).  
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Figure 3.5 Manhattan plots from GWAS of 194 SHW derived lines using 6904 SNP markers for early 
season vigor at Belwood, ON in 2017 under no phosphorus (NP), early season vigor at Elora, ON in 2017 
under applied phosphorus (AP), harvest index at Belwood, ON in 2017 under AP, P deficiency tolerance 
at Belwood, ON in 2017, grain yield at Belwood in 2017 under AP, and average root diameter 

 

 

3.5 Discussion 

3.5.1 Field trial phenotypic evaluation  

The importance of P in the early growth stages of wheat has been recognized in the literature (Su 
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et al. 2006, Yang et al. 2010, Roberts and Johnston 2015) and demonstrated in the present study. 

In 2017, early season vigor, quantified as canopy cover, was significantly affected by P 

fertilization in both Elora and Belwood. At Elora in 2016, unseasonable drought may have 

masked the response to P fertilization. Low precipitation during the early growing stages of 

wheat (i.e., May and June) can detrimentally impact grain yield (Manschadi et al. 2008). Grain 

yield was not affected by P fertilization at Elora in 2017. Plants grown under NP may have been 

able to recover from the lower early season vigor so that final grain yield was not compromised. 

Wheat grown under deficient P during the first 4 to 6 weeks of development likely should not 

recover, even with adequate P applied later in the growing season (Su et al. 2006). At Belwood 

in 2017, it was clear that the P treatment impacted grain yield and as a result, grain yield was 

lower under the NP treatment. Discrepancies between the two locations could be due to the 

native soil P concentration, as Elora in 2017 had higher soil P concentration on average 

compared to Belwood. 

 

Table 3.2 Genome-wide association study of 194 SHW derived lines for root morphological traits and 
agronomic traits under applied phosphorus (AP) and no phosphorus (NP). PDT = P deficiency tolerance, 
ESV = early season vigor, CC = canopy cover, RS = rate of senescence, HI = harvest index, RD = root 
diameter, Tr = P treatment, Chr. = chromosome, Pos. = position in base pairs (bP), MAF = minor allele 
frequency, R2 = coefficient of determination Trait Location Trt. Marker Chr. Pos. (bP) -log(p) MAF R2 
PDT Belwood  BS000217

80_51 

1A 59195022

1 

4.49 0.0688 0.1874 
ESV Belwood NP wsnp_Ku_

c19622_2

9138795 

1D 28489572 3.87 0.2132 0.1607 
PDT Belwood  wsnp_Ku_

c13622_2

1660346 

1D 10180160 4.16 0.4312 0.1796 
ESV Belwood NP Excalibur_

c5121_93

0 

2A 81765590 3.89 0.1053 0.1611 
ESV Belwood NP Excalibur_

c56792_1

31 

2A 12720697

2 

4.43 0.1395 0.1741 
ESV Belwood NP Kukri_rep

_c74573_

613 

2A 14270975

9 

4.38 0.1842 0.1730 
ESV Belwood NP Tdurum_c

ontig1091

0_713 

2A 36041684

6 

4.44 0.0974 0.1743 
ESV Belwood NP Tdurum_c

ontig1258

9_325 

2A 55018749

1 

4.42 0.2395 0.1740 
ESV Belwood NP wsnp_Ex_

rep_c1023

85_87568

304 

2A 69495400

5 

4.63 0.2737 0.1791 
ESV Elora AP Kukri_c44

781_78 

2A 71392498

0 

4.21 0.4789 0.2365 
ESV Belwood NP TA002233

-0872 

2B 72708604

6 

4.17 0.0684 0.1678 
Grain Yield Belwood AP Tdurum_c

ontig1020

8_283 

2B 11077728 3.89 0.2037 0.3263 
Δ ESV Belwood  TA002233

-0872 

2B 72708604

6 

3.86 0.0688 0.1090 
CC Belwood AP wsnp_Ex_

rep_c6701

1_654638

19 

2D 14401034 4.13 0.0868 0.2438 
Δ ESV Belwood  Tdurum_c

ontig1002

2_182 

3A 74911432

5 

4.57 0.0820 0.1273 
Δ CC Belwood  JD_c9434

_297 

3A 45779672

5 

3.83 0.0931 0.1240 
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ESV Belwood NP RFL_Cont

ig3626_52

1 

3B 1617365 4.12 0.2711 0.1667 
ESV Belwood NP wsnp_Ex_

c8360_14

085858 

3B 5953163 4.03 0.1737 0.1645 
ESV Belwood NP Excalibur_

c94546_6

1 

3B 6178272 4.55 0.2526 0.1771 
ESV Belwood NP BS000877

57_51 

3B 6250389 3.87 0.1737 0.1607 
Maturity Belwood AP Kukri_c27

565_61 

3B 43939336 3.98 0.3697 0.3634 
Maturity Belwood AP Tdurum_c

ontig1118

9_271 

3B 47701905 4.02 0.2553 0.3641 
Maturity Belwood AP RAC875_r

ep_c11390

6_294 

3B 54411190

4 

3.99 0.0957 0.3636 
PDT Belwood  Excalibur_

c8284_58

0 

3B 54755670 3.88 0.1693 0.1729 
ESV Elora AP wsnp_Ra_

c7174_12

417331 

3D 60436193

9 

4.16 0.4237 0.2354 
RS Elora AP Excalibur_

c50105_1

54 

3D 32270489 4.18 0.1170 0.1902 
HI Belwood AP BS000734

04_51 

5A 44809274

3 

4.07 0.3947 0.2721 
HI Belwood AP BS000899

68_51 

5A 45055563

8 

4.36 0.4368 0.2782 
HI Belwood AP RAC875_

c86270_2

69 

5A 45697290

5 

4.13 0.3684 0.2733 
Grain Yield Belwood AP CAP8_c90

9_312 

5B 26450069 3.85 0.4788 0.3255 
Maturity Elora AP tplb0027f1

3_1493 

5B 54682773

7 

3.91 0.2804 0.4497 
Maturity Elora AP tplb0027f1

3_452 

5B 54683081

6 

4.98 0.1455 0.4669 
RS Elora AP Ra_c4513

5_456 

5B 66847373

7 

4.12 0.0718 0.1887 
RS Elora AP RAC875_r

ep_c11137

9_703 

5B 66955054

9 

4.45 0.0931 0.1966 
RD N/A AP Tdurum_c

ontig4315

8_1597 

6A 58174728

6 

5.00 0.1263 0.1412 
RD 

Diameter 

N/A AP Kukri_c14

239_1995 

6A 58173984

6 

4.01 0.2139 0.1165 
RD 

Diameter 

N/A AP Tdurum_c

ontig7464

_1168 

6A 58498388

5 

3.94 0.2216 0.1147 
HI Belwood AP RFL_Cont

ig2877_80

4 

6B 70702715

6 

3.89 0.1974 0.2684 
HI Belwood AP BobWhite

_c23771_

525 

6B 71010250

4 

4.37 0.2421 0.2785 
Maturity Elora NP BobWhite

_c11042_

284 

6B 12732234

1 

4.47 0.2302 0.4466 
Maturity Elora NP Excalibur_

c33724_3

03 

6B 12927385

3 

3.86 0.2778 0.4368 
Maturity Elora NP BS000754

06_51 

6B 12985525

2 

4.32 0.2540 0.4442 
Δ CC Belwood  D_GBUV

HFX01AS

SS7_57 

7D 20259109 4.16 0.0824 0.1323 

 

 

 The P use indices assessed here were not consistent across trials. In 2016, whole plant 

tissue samples were taken at maturity to determine average P concentration, which was then used 

to determine PUE as grain yield relative to P concentration per genotype. Numerous challenges 

estimating PUE arose using this method and as a yield-based estimates of P use were used in the 

2017 trials. Briefly, the accuracy of true P concentration per sample is reduced because multiple 

samples per plot should be taken. The inability to process tissue samples for P concentration 

resulted in outsourcing of lab services to analyze plant tissue samples. Not only is the cost of 

analyzing a single sample expensive, but the processing time can be extensive for large breeding 
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populations. Alternatively, in 2017, P use was addressed in terms of grain yield production under 

AP and NP conditions. For these assessments of PUE to be meaningful and to detect significant 

genomic regions associated with these indices, a difference in yield under different 

concentrations of P is needed, therefore grain yield from Belwood in 2017 was used exclusively. 

There was significant variation among genotypes for all P use indices. Phosphorus deficiency 

tolerance has been used extensively in the literature when considering nutrient efficiency (Ozturk 

et al. 2005, McDonald et al. 2015, Gong and McDonald 2017). A breeder would use this 

criterion to determine whether a genotype can provide adequate yield under NP (i.e., have a P 

deficiency tolerance close to zero) or whether a genotype requires P to produce adequate yield. 

The second P use index was phosphorus responsiveness, defined by McDonald et al. (2015) as 

the deviation from the regression of yield under AP against yield under NP. This criterion was 

used to assesses how well genotypes respond to P fertilization regardless of its yield potential. 

The final P index examined here was relative difference in yield, defined as the difference in 

yield under AP and NP for each genotype relative to the different in mean yield under AP and 

NP, which is an estimate of the slope of the regression line that approximates the responsiveness 

of a genotype in AP versus NP environments. This equation was derived from the stability 

parameter defined by Finlay and Wilkinson (1963), as an estimate of how effectively a genotype 

responds across environments relative to all other genotypes in a test.  

 

3.5.2 Genomic regions associated with stress tolerance and P efficiency  

Traits related to P efficiency are mostly quantitatively inherited (van de Wiel et al. 2016, Yuan et 

al. 2017), and therefore it is unlikely to locate P related traits at one genomic region. In addition, 

the availability of P has been shown to influence the detection of QTLs (Yuan et al. 2017). There 

were no markers detected under both P treatments for the same trait. For grain yield, two markers 

were detected on chromosome 5B and 2B. Significant marker-trait associations have been 

detected for grain yield on 5B in other studies (Neumann et al. 2011, Edae et al. 2014, 

Sukumaran et al. 2015). Additionally, three different markers on chromosomes 1A, 1D and 3B 

were detected for P deficiency tolerance. Harvest index is to the ratio of grain yield and biomass. 

Five markers were detected for harvest index on chromosomes 5A and 6B. Previous work has 
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detected markers for harvest index on multiple chromosomes including 5B (Neumann et al. 

2011, Edae et al. 2014). Neumann et al. (2011) identified marker-trait associations on 

chromosomes 1D, and 3B for biomass production. While no marker-trait associations were 

identified for total biomass production, markers for canopy cover were detected on chromosomes 

1D, and 3B, suggesting that the two traits may be genetically associated. Biomass traits have 

been associated with P efficiency traits and could potentially be used as an easily quantifiable 

selection criterion for PUE (Yuan et al. 2017). Two markers closely located on chromosome 1D 

were detected for P deficiency tolerance and early season vigor. Genotypes with early season 

vigor have been associated with higher P acquisition efficiency (Yuan et al. 2017, Ryan et al. 

2018). Su et al. (2009) identified several QTLs for P uptake efficiency across 13 chromosomes, 

including a reproducible QTL for P uptake efficiency on chromosome 3B, 4B and 5A. Regions 

on chromosome 4B have also been associated with nitrogen use efficiency and heat stress in 

wheat (An et al. 2006, Elbashir et al. 2017), suggesting that chromosome 4B may harbor genes 

for abiotic stress tolerance. 

 

3.5.3 Root phenotypic evaluation  

Many studies have summarized the multiple root traits that are involved in the uptake of P (Singh 

Gahoonia and Nielsen 2004, Lambers et al. 2006). The purpose of this study was to examine 

whether root architecture traits change under different P concentrations in a population of SHW 

derived lines. While the present study did not analyze P uptake, three root traits under two P 

regimes were analyzed. Increasing the root surface area leads to an increase in the root-soil 

contact, allowing for greater access and uptake of soil P (Yang et al. 2010). To increase root 

surface area, one strategy is to decrease root diameter and increase the number and length of thin 

roots (Fitter et al. 2002). While I observed no change in root diameter under the two P 

treatments, I did observe an increase in root surface area under NP. Total root length was greater 

under NP compared to AP. These results are consistent with those from Yuan et al. (2015), who 

found a decrease in root-length density (cm root/cm3 soil) with increasing concentrations of P. 

Plant roots adapt to low soil P conditions by developing a highly branched root system in order 

to increase root-soil contact (Bovill et al. 2013); this could explain the observed increase in total 
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root length and root surface area. Some studies have shown that root length, as well as root 

surface area increases as P becomes more available (Yang et al. 2010, Liu et al. 2015). The 

carbon cost of developing root structures under low soil P may explain why in some instances 

root length and root surface area is greater in high soil P conditions than in low soil P.  

Nearly 200 genotypes were compared, therefore, significant variation among genotypes 

for all traits was expected. Additionally, this population consisted of SHW derived lines which 

show natural variation for numerous agronomic traits and phenotypes (Dreisigacker et al. 2008). 

While genotypic difference in total root length and root surface area existed among genotypes, 

there was no interaction between genotype and P treatment. Discovering an interaction between 

genotype and P treatment would indicate that certain genotypes are more adapted to a particular 

environment compared to others. Here, it is demonstrated that all genotypes responded similarly 

to the change in P availability. 

 

3.5.4 Genomic regions associated with root architecture traits in wheat 

To date, the majority of studies that have examined genomic regions associated with root 

architecture traits have used conventional quantitative trait loci (QTL) mapping using bi-parental 

populations, rather than diversity panels. For root morphological traits, QTLs have been 

identified on all of the wheat chromosomes except 1D (Xie et al. 2017). Atkinson et al. (2015) 

found a QTLs on chromosome 6D that explained 58.7% of the variation in total root length. 

Additionally, Xie et al. (2017) identified 13 QTLs for total root length using a recombinant 

inbred line mapping population across multiple chromosomes, but not 6D. The fact that QTLs 

have been detected on nearly all of the wheat chromosomes suggests that root morphological 

traits are polygenic and are likely difficult to detect using association mapping approaches. 

While only three markers located on 6A for average root diameter were identified, there were 

many genomic regions that had markers approaching the significance threshold for root diameter 

and root surface area. There were no suggestive markers for total root length.  

 

3.6 Conclusions 

This study suggests that P availability impacts important agronomic and root morphological 
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traits. Grain yield was negatively affected by low soil P conditions in the field, however this was 

not the case at all locations. It is possible that plants were able to recover from P limitation, as 

early seedling vigor was lower under NP compared to AP at both locations in 2017. Inherent P 

concentrations in the soil may influence the extent of a plant’s ability to recover. Using a growth 

pouch root phenotyping system, under P deficient conditions, root length and surface area 

increased, likely in search of P. Through association mapping, several genomic regions for 

important agronomic traits, P deficiency tolerance and average root diameter were detected. 

Many of the genomic regions identified are orthologous to protein sequences conferring stress 

response, phosphatase activity and disease resistance in A. thaliana and rice. Further research is 

required to improve repeatability of significant marker-trait associations identified in this study, 

and to identify additional marker-trait associations.    
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Chapter 4: Evaluation of Phosphorus Use Efficiency in Synthetic Hexaploid 

Wheat Derived Lines Across Multiple Environments 
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4.1 Abstract 

Improving phosphorus (P) use efficiency (PUE) of wheat (Triticum aestivum) through yield-

based selection criteria will reduce global dependence on P fertilizer while simultaneously 

selecting for grain yield. Introgression of genetic material from wild progenitors of wheat, 

through the use of synthetic hexaploid wheat (SHW) lines, has resulted in significant variation 

for desirable agronomic traits. An experiment was conducted to assess PUE in wheat, whereby a 

population of SHW-derived accessions from the International Maize and Wheat Improvement 

Center (CIMMYT) were grown at three sites in southwestern Ontario, Canada from 2016 to 

2017. At each site, two treatments of P fertilizer were tested as no phosphorus (NP) at 0 kg ha-1 

and as applied phosphorus (AP) at 125 kg ha-1 monoammonium phosphate. Phosphorus use 

efficiency was assessed through multiple parameters including P deficiency tolerance, P 

responsiveness, and how trait means changed across P treatment. It was determined that variation 

exists within this panel for P deficiency tolerance and P responsiveness. Broad sense heritability 

for phenotypic traits were similar under both P treatments. Based on a principle component 

analysis, several genotypes that had high P responsiveness and high grain yield under AP, 

however it was difficult to identify genotypes with high grain yield under AP and high tolerance 

of P deficiency. Selecting for root traits in this SHW derived panel may not be a good indicator 

of grain yield or PUE. Yield-based selection criteria provide a better estimate of PUE.  

 

4.2 Introduction 

Global wheat (Triticum aestivum) production is required to increase from 642 million tonnes to 

840 million tonnes by 2050 due to the expected demand and increase in the global population  

(Sharma et al. 2015). Current gains in grain yield are less than 1% per year (Reynolds et al. 

2012) and increasing future production is challenged by rising input costs, extreme weather 

conditions and the decline in yield growth (OECD/FAO 2013). Many wheat cultivars grown 

globally today have been selected under high input systems and therefore, genetic gain for grain 

yield has been greater in high input cropping systems, compared to low input systems 

(Brancourt-Hulmel et al. 2005). Economic yield gaps exist in nearly all cropping systems 

globally and can therefore benefit from improvements through the use of precision agriculture, 
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conservation practices and breeding (Reynolds et al. 2012). Modern hexaploid wheat has a 

relatively narrow genetic background due to the limited number of interspecific crosses that 

formed the hexaploid wheat genome (Warburton et al. 2006). Breeding strategies that improve 

the genetic diversity of cultivated wheat, through the use of wild ancestors and landraces, may be 

able to capture beneficial alleles that have not been transferred to hexaploid wheat naturally (Del 

Blanco et al. 2001). 

A promising avenue for increasing the yield potential of wheat is to improve the 

efficiency at which the plant takes up phosphorus (P) from the soil, and how well the plant 

utilizes acquired P. In many watersheds across the world, excessive P concentrations have led to 

the development of toxic algal blooms, which negatively impacts aquatic ecosystems, wildlife 

and potentially human health (Cordell and White 2015). Furthermore, less than 30% of P 

fertilizer applied to the field is actually taken up by the plant (Syers et al. 2008) due to the fact 

that P is adsorbed into the soil matrix and readily forms insoluble complexes with organic and 

inorganic matter in the soil (Akhtar et al. 2013). Not only will improving P use efficiency (PUE) 

increase yield potential, it will also lead to the conservation of current agriculture lands and 

mitigate the negative impacts phosphorus pollution has on the environment (Rose et al. 2013). 

Selection for improved uptake of P involves traits that increase the availability of P in the soil or 

increase the interception of P in the roots. Significant variation for P uptake has been identified 

in wheat and barley (Gahoonia et al. 1999, Ozturk et al. 2005, Zhang and Wang 2015). 

Improving the internal use of P requires increasing the rate, at which P is converted to biomass or 

grain yield (Rose and Wissuwa 2012).  

For agronomic purposes, a general estimation of PUE is P deficiency tolerance (grain 

yield under low soil P relative to grain yield under optimal P conditions), which has been used 

previously to study PUE in cereals (Su et al. 2006, Leiser et al. 2015, Gong et al. 2016). This 

selection criterion has been considered particularly important for assessing plant performance on 

P limited soils. In theory, genotypes with a P deficiency tolerance near 1, indicates that the 

genotype is likely adapted to low soil P conditions, but not responsive to the increase in P 

availability; whereas, genotypes with a P deficiency tolerance less that 1, but greater than 0, 

indicates that the genotype is likely more responsive to the addition of P and less tolerant to P 
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deficiency. To specifically assess P responsiveness, McDonald et al. (2015) developed a criteria 

that assesses a genotype’s ability to use P when P is unlimited as, ‘the deviation from the 

regression of yield with added P against yield with no added P treatment’. Assessing a 

genotype’s responsiveness to P is motivated by P being routinely applied in developed countries 

and even over-applied in many cropping systems (Cordell et al. 2009). A selection strategy that 

considers both P deficiency tolerance and P responsiveness will identify genotypes that are both 

adapted to low soil P soils as well as responsive to the addition of P fertilizer.  

Addressing the yield potential of the genotype is also crucial, as improving grain yield is 

the ultimate goal of a breeding program. Selection strategies that consider multiple traits under 

multiple environmental conditions will provide breeders with genotypes possessing general 

adaptability. Successfully selecting genotypes based on their performance across multiple 

environments poses the challenge that there is likely significant rank change in a given 

genotype’s performance at different locations. Addressing the stability and heritability of traits 

allows breeders to estimate the expected gains from selection across multiple environments 

(Atlin et al. 2000). The objectives of this study were to: 

i) assess the genotype x environment interactions for agronomic and P-related traits of a     

set of synthetic hexaploid wheat (SHW) derived lines   

ii) estimate the heritability of agronomic traits under contrasting P conditions 

iii) identify specific genotypes associated with higher PUE and grain yield 

 

4.3 Materials and Methods 

4.3.1 Plant Material  

A population of SHW derived-lines was formed using 194 randomly chosen accessions from the 

gene bank at the International Maize and Wheat Improvement Center (CIMMYT). This 

population has been previously analyzed for genetic diversity and population structure in Chapter 

2. Briefly, the panel contains genotypes comprised of 19 different Ae. Tauschii accessions, 13 

different T. turgidum donors, in which each primary synthetic line has been crossed to a 

maximum of four elite hexaploid accessions.  
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4.3.2 Data Collection 

Three field trials were conducted in 2016 and 2017 in southwestern Ontario. The full 

experimental design is outlined in Chapter 3. Briefly, all trials were conducted on low soil P 

loam soil ranging from 4.5 to 11 ppm extractable P (Olsen). For all trials, plots were fertilized 

according to standard protocols for spring cereals in the area (Ontario Ministry of Agriculture 

2002), and phosphorus was applied as either triple super phosphate at 150 kg ha-1 in 2016 or 

monoammonium phosphate at 125 kg ha-1 in 2017 as the applied P (AP) treatment, while no 

phosphorus was applied in the no P (NP) treatment. In the 2016 field trial, genotypes and six 

check varieties were arranged in a split plot design, where P treatments were the main plots and 

genotypes were the subplots. The experimental design was adjusted in 2017 to reduce the spatial 

variability discovered in the 2016 trial. In 2017, two field trials were conducted as a lattice 

design with two complete blocks, where within each block, genotypes were replicated adjacent 

to one another and P treatment was randomly assigned to one of the two adjacent plots. 

Phenotypic data was collected throughout the growing seasons and described in more detail in 

Chapter 3. Phosphorus use efficiency was characterized by one trait in the 2016 trial and three 

traits in 2017 trials, respectively as:  

 

1. P use efficiency = 	 grain yield  (g)
P in aboveground biomass (g)

   (Manske et al. 2000) 

2. P deficiency tolerance = YiNP
YiAP

  

3. P responsiveness = residuals of the regression of yield at low soil P on yield at high soil P  

(MacDonald et al. (2015) 

4. Relative difference in yield =  Yi NP- Yi AP
Ȳi NP- Ȳi AP

 

 

, where YiNP is the grain yield of the ith genotype under the NP treatment, YiAP is the grain yield 

of the ith genotype under the AP treatment, ȲNP is mean grain yield under the NP treatment and 

ȲAP is the mean grain yield under the AP treatment. 

A root phenotyping protocol is explained previously in more detail (Chapter 3). Briefly, 
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seedlings were grown using a growth pouch phenotyping platform, where germination paper 

surrounded by a plastic pouch was semi-submerged in nutrient solution containing one-quarter 

strength Hoagland’s No. 2 nutrient solution with and without ammonium phosphate, referred to 

as AP treatment and NP treatment, respectively. Seedlings were grown for 10 days, thereafter 

images were captured of each root system. To quantify root length, root surface area and root 

diameter, root images were processed using WinRhizo (v2009b, Regent Instrument, Quebec, 

Canada). 

 

4.3.3 Data Analysis 

An analysis of variance was conducted separately for each experiment and least squared (LS) 

means were generated in SAS version 9.4 (SAS Institute, Cary, NC); statistical procedures are 

described in detail in chapter 3. Pair-wise Pearson’s correlation coefficients (r) were generated 

for all traits in R (RCoreTeam 2017). Additionally, multiple principle component analyses were 

conducted in SAS version 9.4 (SAS Institute, Cary, NC) in PROC PRINCOMP and PROC 

PRINQUAL using LS means for selected traits to assess the relationship between traits and to 

assess genotypic ranking within each trait-environment combination. Biplots were generated 

using the first two principle components in Microsoft Excel (Microsoft Office, 2017) using the 

scatterplot function and was edited using Gravit Designer version 3.3 (Gravit GmbH, Berlin, 

Germany).  

 

4.3.4 Genotype x Environment Interaction Analysis 

A site regression model (Cornelius et al. 1996) was used to analyze the genotype by environment 

LS means grain yield values for data from 2016 and 2017 in SAS version 9.4 (SAS Institute, 

Cary, NC) using a SAS program developed by the CIMMYT Biometrics Group (J. Crossa, 

personal communication, 2016). A genotype-genotype by environment (GGE) biplot (Yan et al. 

2000) was formed from the site regression model of the first two principle components in 

Microsoft Excel (Microsoft Office, 2017) using the scatterplot function and subsequently edited 

in Gravit Designer version 3.3 (Gravit GmbH, Berlin, Germany). A stability analysis was 

conducted using yield data from the Belwood 2017 trial to assess stability across P 
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environments. Yield data from Belwood 2017 was used exclusively to generate P use indices, as 

there was a significant P treatment effect for yield. A scatterplot was generated according to 

(Francis and Kannenberg 1978), where LS mean grain yield for each genotype were plotted 

against the coefficient of variation for each genotype under the two treatments. The scatterplot 

was divided into four quadrants based on mean yield and mean variation in yield across 

treatments. For example, genotypes clustered in the top left quadrant would have lower than 

average yield and a higher than average coefficient of variation.  

 

4.3.5 Heritability 

Broad-sense heritability was estimated for all phenotypic traits measured in 2017 only. 

Heritability was estimated for both P treatments separately as: 

 H= VG
VG+ VGE + Ve

   (Falconer and Mackay 1996), 

 

where VG is the genetic variance, VGE is the genetic x environment variance and Ve is the error 

variance. A mixed model was used in SAS version 9.4 (SAS Institute, Cary, NC), where 

heritability is estimated from multiple environments using multiple replications per environment 

(Holland 2006) 

 

4.4 Results  

4.4.1 Relationship between root traits, grain yield and PUE 

There was no correlation between grain yield under AP and total root length, root surface area or 

average root diameter and only a weak positive correlation (r=0.17, p < 0.05) between grain 

yield under NP and root length under NP (Figure 4.1).  Furthermore, there was no correlation 

between P deficiency tolerance or P responsiveness and any of the root traits measured under 

either P treatment. There was a weak positive correlation (r=0.15, p < 0.05) between relative 

difference in yield and root diameter under NP. There was correlation between grain yield under 

both treatments and all three P use indices, likely as a reflection of the yield-based P use indices 

used. Additionally, there was an expected positive and negative correlation between P deficiency 
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tolerance and grain yield under NP and AP, respectively, as P deficiency tolerance is a yield-

based index. Phosphorus deficiency tolerance had a strong negative correlation with P 

responsiveness (r=-0.72, p < 0.001) and relative difference in yield (r=-0.89, p < 0.001), while P 

responsiveness was positively correlated with relative difference in yield (r=0.93, p < 0.001).  

 
Figure 4.1 Pearson’s correlation coefficient (r) with associated significance value and scatterplot matrix 
of average root diameter (RD), total root length (RL), root surface area (SA), under applied phosphorus 
(AP) and no phosphorus (NP), phosphorus deficiency tolerance (PDT), phosphorus responsiveness 
(P.Resp), relative different in yield (RYD) and grain yield (GY) under AP and NP using LS means from 
194 SHW derived lines and 6 Ontario check varieties grown at Belwood, ON in 2017. p < 0.05 designated 
with two asterisks (*), p < 0.01 designated with two astrisks (**), p < 0.001 designated with three astrisks 
(***), and p  > 0.05 designated by NS (not significant) 

 

RDAP

0.40 0.55 0.70

r= 0.25

***

r= 0.17

*

20 40 60

r= 0.14

NS

r= 0.55

***

2 6 10

r= 0.24

***

r= 0.078

NS

−2 0 1 2

r= 0.028

NS

r= −0.02

NS

0 1 2 3 4

r= 0.079

NS

0.
35

0.
50

r= 0.11

NS

0.
40

0.
60

RDNP
r= 0.21

**

r= 0.082

NS

r= 0.31

***

r= 0.56

***

r= −0.12

NS

r= 0.12

NS

r= 0.15

*

r= 0.06

NS

r= −0.13

NS

RLAP
r= 0.39

***

r= 0.91

***

r= 0.42

***

r= 0.06

NS

r= −0.035

NS

r= −0.06

NS

r= 0.0048

NS 20
40

r= 0.083

NS

20
50 RLNP

r= 0.38

***

r= 0.86

***

r= 0.12

NS

r= 0.011

NS

r= −0.059

NS

r= 0.12

NS

r= 0.17

*

SAAP
r= 0.46

***

r= 0.078

NS

r= −0.028

NS

r= −0.061

NS

r= 0.02

NS 3
6

9r= 0.10

NS

2
6

10

SANP
r= 0.045

NS

r= 0.054

NS

r= 0.016

NS

r= 0.11

NS

r= 0.068

NS

PDT
r= −0.72

***

r= −0.89

***

r= −0.43

*** 0.
4

1.
2r= 0.69

***

−2
0

2

P.Resp
r= 0.93

***

r= 0.89

***

r= −0.18

*

RYD
r= 0.69

***

−1
.0

1.
0r= −0.51

***

0
2

4

GYAP
r= 0.22

**

0.35 0.50 20 40 3 5 7 9 0.4 1.0 1.6 −1.0 0.5 2.0 1.0 2.0 3.0

1.
0

2.
5

GYNP



 

 

 

 

 

 

76 

4.4.2 Genotype performance 

To explore how individual genotypes performed in terms of grain yield and P use indices, a 

principle component analysis was conducted using phenotypic data from Belwood in 2017 

exclusively. The biplot depicting the first two principle components (Figure 4.2) explained 31.7 

and 28.4% of the variation and revealed relationships among traits similar to the correlation 

analysis. Most traits showed similar variation, indicated by the length of the vector, however 

grain yield under NP and root diameter under AP and NP showed less variation. There was a 

clear genotypic rank change in grain yield produced under the contrasting P conditions.  There 

were several genotypes that performed well under NP but were considered average performers 

under AP. There were no genotypes having high rank in both P deficiency tolerance and P 

responsiveness, however there were some genotypes with average P deficiency tolerance and 

average P responsiveness. All three roots traits under both P treatments were not associated with 

the P use indices or grain yield.  

 Due to the lack of homogeneity of variance across location-years, a combined across-site-

year analysis was not conducted; however, by using a site regression method, genotypes were 

ranked in terms of grain yield at all trials. Site regression was used to construct a biplot of the 

first two PCs explaining 35.1% and 23.4% of the variation in yield among genotypes across six 

growing environments, respectively (Figure 4.3). The lengths of the vectors denote the relative 

variation found within each environment for yield. For example, at Belwood in 2017 under NP 

(B17NP), the variation in yield among genotypes was the smallest. There was a clear effect of 

growing year on yield and a strong cross-over genotype by year interaction, demonstrated by all 

growing environments having a strong positive correlation with all other growing environments 

from the same year. In other words, there was little rank change in how genotypes performed 

under the different growing environments in 2017. In contrast, growing environments from 2016 

had nearly no correlation with those from 2017 in terms of rank of genotypes for yield. 
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Figure 4.2 A biplot displaying the first two principle components (PC) of a PC analysis of P use indices, 
and grain yield under applied phosphorus (AP) and no phosphorus (NP) of 194 SHW derived lines grown 
at Belwood, ON in 2017 (in red), and root traits under AP and NP under controlled conditions in 2017 (in 
blue). The first two principle components explained 31.7 and 28.4%, respectively. Ontario check varieties 
are coloured in green 

   

 To examine how each environment affected genotype rank change, the five highest and 

lowest yielding genotypes at each testing environment were identified, based on LS mean yield 

(Table 4.1). Due to no P treatment effect for yield in both 2016 and 2017 at Elora, rankings were 

based on LS means pooled across both treatments, while at Belwood rankings were separated by 

treatment. There were several SHW derived lines that were produced higher yield than Ontario 

check varieties across the test environments. Genotype with plant ID BW35697 was the highest 

yielding genotype at Elora in 2016 and the fourth highest yielding genotype at Elora in 2017. 

Similarly, genotype BW36956 and BW35698 were highest yielding at Elora in 2017 and at 

Belwood in 2017 under AP. Of the lowest yielding genotypes, BW31807 produced relatively 

low yields at Belwood in 2017 under both treatments. Similarly, BW31813 produced relatively 
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low yields at Elora in 2017 and Belwood in 2017 under NP. 

  
Figure 4.3 A biplot of the first two principle components from a site regression for grain yield across 
three year-locations: Elora in 2016 (E16), Elora in 2017 (E17) and Belwood 2017 (B17) under two P 
treatments: no phosphorus (NP) and applied phosphorus (AP). The first two principle components 
explained 23.4 and 35.2%, respectively. Ontario check varieties are coloured in green 
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Table 4.1 Highest and lowest yielding genotypes for each test environment. Rankings are based on LS 
means generated across treatments at Elora, ON in 2016 and 2017, and among treatments at Belwood, ON 
in 2017, due to significant P treatment effect at that location 

Highest Yielding Genotypes Lowest Yielding Genotypes 

 E16 E17 B17NP B17AP E16 E17 B17NP B17AP 

1 BW35697 BW36956 BW32106 BW36956 BW31793 Hoffman Hoffman Hoffman 

2 Hoffman BW35698 BW36568 BW35698 BW31789 BW33662 BW31813 BW31807 

3 BW33758 BW33686 BW37454 BW36901 BW33979 BW31683 BW31807 BW31814 

4 BW36379 BW35697 Pasteur BW36535 BW33747 BW31813 BW33680 BW33977 

5 Sable BW33687 BW32103 BW37855 BW37609 BW31812 BW31783 BW33695 

italics are genotypes that have high P deficiency tolerance 
bold are genotypes that have high P responsiveness 
 
 
 In addition to identifying highest and lowest yielding genotypes, the most and least P 

responsive genotypes, and the most and least P deficiency tolerant genotypes were identified 

(Table 4.2). There were no genotypes among the five identified for each trait that were 

coincident for both traits. Three genotypes: BW33687, BW32106 and BW37454, had high P 

responsiveness as well as high yielding in at least one environment. In addition, five genotypes: 

BW36956, BW35698, BW35698, BW36901 had high P deficiency tolerance as well as being 

high yielding in at least one environment. 

 

Table 4.2 Most and least responsive to P, and highest and lowest P deficiency tolerance among all 
genotypes at Belwood, ON in 2017 
 

Most P Responsive Least P Responsive Highest P deficiency 
tolerance 

Lowest P deficiency 
tolerance 

1 BW36901 BW37454 BW37454 BW37467 
2 BW35698 BW32107 BW32106 BW36364 
3 BW36903 Hoffman BW31684 BW31783 
4 BW36535 BW33977 BW33687 BW36566 
5 BW36956 BW31814 BW31810 BW31787 

 



 

 

 

 

 

 

80 

4.4.3 Heritability of traits 

Broad-sense heritability was estimated for each trait across both locations in 2017 for each 

treatment separately using phenotypic variance and genetic variance (Table 4.3). Heritability 

estimates were higher under AP conditions for DTA, GFP, NDVI over time and grain yield. 

There was no difference for heritability among P treatments for ESV, subsequent canopy cover 

measurements, DTM, height, HI or biomass.  Within this population, DTA had the largest 

estimate of heritability followed by plant height, while the first canopy cover measurement had 

the smallest estimate of heritability.  

 

Table 4.3 Estimates of genetic variance (VG), phenotypic variance (VP), and broad-sense heritability 
(H) for early season vigor (ESV), canopy cover measurements taken one (C2) and two weeks (C3) after 
ESV measurements, days to anthesis (DTA), grain filling period (GFP), days to maturity (DTM), 
height, normalized difference vegetative index (NDVI), yield, harvest index (HI) and biomass under 
applied phosphorus (AP) and no phosphorus (NP) 

 Applied phosphorus No applied phosphorus 

Trait VG VP H VG VP H 

ESV 1.24 3.35 0.37 (0.045) 0.54 1.22 0.44 0.045 

C2 1.69 89.71 0.02 (0.049) 7.08 77.59 0.09 0.047 

C3 9.44 42.21 0.22 (0.056) 15.05 65.53 0.23 0.050 

DTA 8.77 12.25 0.72 (0.029) 6.52 10.28 0.63 0.034 

GFP 4.61 12.00 0.38 (0.050) 3.36 12.21 0.28 0.052 

DTM 3.07 9.00 0.34 (0.057) 3.37 9.66 0.35 0.054 

Height 27.15 46.80 0.58 (0.038) 28.41 47.75 0.60 0.038 

NDVI 5273.82 15312.80 0.34 (0.047) 3829.39 15865.41 0.24 0.049 

Yield 0.14 0.36 0.38 (0.048) 0.091 0.35 0.26 0.050 

HI 0.0018 0.0056 0.32 (0.044) 0.0018 0.0052 0.35 0.046 

Biomass 1.51 7.40 0.20 (0.047) 1.10 4.58 0.24 0.048 
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4.4.4 Stability Analysis 

To assess yield stability of each genotype across P treatments, a scatterplot of average grain yield 

across treatments versus coefficient of variation (CV) between the two treatments was 

constructed (Figure 4.4). The average LS mean grain yield and CV across environments was 

2.41 t ha-1 and 0.36, denoted by the vertical and horizontal line, respectively. A genotype with a 

CV less than the mean CV indicates that the genotype is more stable than the average genotype. 

Most genotypes were evenly spread around mean yield and mean CV. There were several 

genotypes that had higher than average yield and lower than average CV.  The highest yielding 

genotype across treatments (plant ID BW36956) had a CV greater than the mean CV but the 

second highest yielding genotype (Pasteur) had a CV less than the mean CV, indicating that 

Pasteur is likely more stable across different soil P concentrations than the SHW derived 

genotype.  

 

 

Figure 4.4 Relationship between coefficient of variation of grain yield across phosphorus treatments and 
mean grain yield in tonnes ha-1 of 194 synthetic hexaploid wheat derived lines and 6 Ontario check 
varieties grown at Belwood, ON in 2017. Ontario check varieties are coloured in green 
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4.4.5 PUE estimates 

There was significant variation among genotypes for P deficiency tolerance and  

for P responsiveness (Figure 4.5). Phosphorus deficiency tolerance ranged from 0.30 to 1.57, 

with a mean deficiency tolerance of 0.61 (Figure 4.5a). Phosphorus deficiency tolerance is a ratio 

of grain yield under NP relative to AP, indicating that on average, there was a 29% reduction in 

grain yield due to lack of P amendment. Genotypes identified as tolerant to P deficiency would 

have a ratio of 1 or greater, as grain yield under NP relative to AP would be equivalent. There 

were several genotypes that produced comparable grain yield under both P treatments, however 

there were no Ontario check varieties that produced equivalent yields under both treatments. 

Phosphorus responsiveness ranged from -2.14 to 2.02, with a mean responsiveness of 0.40 

(Figure 4.5b). Based on the 95% confidence limits around the mean P responsiveness three 

groups were formed where genotypes below the 95% confidence limit of the mean were non-

responsive to P, genotypes above the 95% confidence limit of the mean were responsive to P, 

and genotypes within the 95% confidence interval had an average response to P fertilizer. Of the 

Ontario check varieties, shown in green, only two were considered responsive to P, and four 

were considered not responsive to P. 

 

 

 

Figure 4.5 Variation plot for phosphorus deficiency tolerance (a) and phosphorus responsiveness (b) 
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based on least square means of 194 synthetic hexaploid wheat derived lines and 6 Ontario check varieties 
grown at Belwood, ON in 2017 

4.5 Discussion 

4.5.1 Predicting response to selection of SHW 

A challenge invariably faced by plant breeders when making selection decisions, is genotype by 

environment interactions, whereby the response of a genotype depends on the environment. 

Significant genotype by environment effects have been observed recently in SHW populations 

(Cossani and Reynolds 2015, Aziz et al. 2018). There was a clear effect of growing year, as all 

four environments from 2017 were similar to each other with respect to grain yield, compared to 

the two environments from 2016. Additionally, the P treatment caused a significant rank change 

in genotype performance at Belwood in 2017 only. It is unclear whether the P use indices used in 

this study are affected by growing year or location because only one environment was used to 

generate the indices. Future work should determine the stability of these indices across multiple 

locations. 

 A genotype having specific or general adaptation is an important concept when breeding 

for a particular trait, such as PUE. For example, selecting for specific adaption to low P soils 

would require a genotype to have high P deficiency tolerance and would likely not respond well 

to the addition of P. Phosphorous deficiency tolerance was more related to grain yield under NP, 

while P responsiveness was more related to grain yield under AP. In addition, P responsiveness 

and relative difference in yield were negatively correlated with P deficiency tolerance. A group 

of genotypes were identified as being moderately responsive to P and moderately tolerant to P 

deficiency, suggesting that it may be possible to breed for general adaptability in terms of soil P. 

These genotypes are located around the origin of the biplot and are also considered average 

yielding.   

 Predicting the outcome of potential crosses between SHW accession and common wheat 

relies on estimates of heritability and combining ability. For qualitative traits, under the control 

of major genes, heritability of the trait is not strongly influenced by the environment and should 

have a low genotype x environment variance. Conversely, the heritability of quantitative traits, 

under the control of many minor genes, should have a moderate or high genotype x environment 
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variance. Broad sense heritability for yield was 0.38 ± 0.048 under AP and 0.26 ± 0.0.05 under 

NP. A low heritability for yield is expected for several reasons including the fact that yield is a 

quantitative trait and is strongly influenced by the environment. Height had a heritability of 0.58 

± 0.038 and 0.60 ± 0.038 under AP and NP, respectively. Previous studies have shown that 

height ranges from being a moderately to highly heritable trait in wheat (Dhonde et al. 2000, 

Akbar et al. 2001). Days to anthesis had the highest heritability of 0.72 ± 0.029 and 0.63 ± 0.034 

under AP and NP, respectively. Similarly, Yu et al. (2014) found heading date to be highly 

heritable in SHW derived lines.  

 To maximize response to selection, breeders can improve heritability of the desired trait by 

reducing the environmental variation, increase the variation within the population through 

introducing diverse germplasm without reducing the average performance, or by increasing the 

selection intensity (Bernardo 2014). Recently, Dunckel et al. (2017) identified several SHW 

derived lines from CIMMYT material containing yield-promoting alleles that were effective 

across multiple environments. Synthetic hexaploid wheat derived lines have been shown to be 

valuable sources of genetic material for improving qualitative and quantitative traits in wheat. 

For example, Del Blanco et al. (2001) found a significant yield increase in synthetic-derived 

lines compared to their recurrent parents.  

 

4.5.2 Determining useful selection criteria for PUE 

While no unexpected or useful correlations between traits were identified, genotypes and groups 

of genotypes that possess multiple desirable traits were discovered using biplots. In total, three 

biplots based on two PCs were constructed that assessed the relationship between root 

phenotypic traits, P use indices and grain yield, P use indices and grain yield, and a site 

regression, respectively. Exploratory graphs, such as a biplot allow breeders to visualize how 

well certain genotypes perform relative to other genotypes for multiple traits, across multiple 

environments. Characterizing genotypes using multiple selection criteria provides a better 

approach than using single traits (Bovill et al. 2013); therefore, simply selecting traits that are 

correlated to yield may not be sufficient. A caveat of using a PCA derived biplot is that there is 

no statistical significance associated with the associations. Additionally, it is important to 
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recognize whether the correlations observed in the biplot have biological causation and 

significance. In theory, genotypes with a root system with greater soil contact should improve the 

rate at which P is taken up. Based on the PCA, there were genotypes that had high P 

responsiveness and high grain yield under applied P but did not necessarily possess the largest 

root length, surface area or diameter. Genotypes were identified that had large surface area, long 

root length, and relatively high P responsiveness and grain yield. Further evaluation of these 

genotypes may reveal the role root morphology plays in P responsiveness and grain yield. Based 

on these results, using specific root phenotypes may not be an adequate indicator of PUE. 

 Phenotyping root traits has limitations in the context of plant breeding. One major caveat is 

that root architecture is highly influenced by the soil environment (de Dorlodot et al. 2007). 

Accordingly, beneficial root traits identified under controlled conditions may not reflect 

accurately in the field (Bovill et al. 2013). Another limitation is that hundreds of genotypes must 

be screened to identify significant QTLs or genes (Bazakos et al. 2017); assessing this many 

genotypes is costly and laborious. Due to these constraints, phenotypic evaluation of root traits 

was restricted to controlled conditions. An attempt to find associations between selected root 

traits, yield and PUE indices, resulted in no correlation between root traits and yield or root traits 

and PUE indices. Total root length under controlled conditions has been positively associated 

with grain yield in wheat (Xie et al. 2017) and grain yield under low soil P in sorghum (Hufnagel 

et al. 2014). Further investigation in the association between root traits, grain yield and PUE of 

SHW derived lines is needed. 

 Phosphorous fertilizer use and availability is not consistent across a global scale and 

therefore, it may be necessary to develop genotypes adapted to specific regions. Many regions 

across the world, including Ontario regularly apply fertilizer, and developing highly P deficiency 

tolerant genotypes with the goal of shifting to a low input system may not be practical from a 

grower’s perspective. Conversely, by developing wheat that is more responsive to the addition of 

P, growers could hopefully expect to see improved grain yield with current application rates. 

Phosphorus responsiveness, suggested by (McDonald et al. 2015) assess a genotype’s ability to 

use P under non-limiting conditions. This measurement of P use is appropriate for this study as P 

is routinely applied in North America and currently grown varieties are highly responsive to 
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fertilizer (Evenson and Gollin 2003). In this study, many of the SHW derived genotypes were 

relatively responsive to P. Interestingly, based on this assessment, the Ontario check varieties 

were considered non-responsive. This discovery was somewhat surprising, as it is expected that 

varieties grown in Ontario should be highly responsive to fertilizer inputs. In Ontario, varieties 

have high protein content, which is negatively correlated with grain yield (Löffler and Busch 

1982). This could explain why the check varieties used were not as responsive to P compared to 

the SHW derived lines.  

 Selecting for high grain yield is a major goal of most breeding programs. Gong and 

McDonald (2017) suggest that selection criteria that consider the yield potential of the genotype 

should be considered for improving PUE. Phosphorus responsiveness provides breeders with an 

indication of how well the genotype responds to P fertilizer but does not give an indication of its 

yield potential, therefore considering both criteria ideally should provide a breeder with a 

genotype that responds to P and utilizes P efficiently. In addition to P deficiency tolerance (i.e., 

relative yield grown under the two P treatments), how each trait was affected by P (change in 

trait value under the two P treatments) was also determined. Significant phenotypic variation 

among genotypes exists for several traits using these criteria and suggest that future work should 

continue to assess how soil P influences important agronomic traits. Despite the superior yield 

potential of the selected high yielding genotypes, the end use quality of these lines should be 

further explored. Although these lines have been crossed to adapted elite lines, primary SHW 

lines typically carry undesirable characteristics due to linkage-drag (Dreisigacker et al. 2008). 

These lines should be tested for any undesirable linkage drag prior to being used as parents in a 

breeding program.  

 

4.6 Conclusions 

This study demonstrated that significant variation exists among this population of SHW derived 

lines for PUE. Several genotypes were identified as being both high yielding and either having 

high P deficiency tolerance or high P responsiveness. There were no genotypes identified as 

having high P deficiency tolerance and high P responsiveness, suggesting that it may be difficult 

to select for both traits simultaneously. These results also suggest that selection for high yield 
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under high soil P may have resulted in a reduced tolerance to low soil P in modern wheat.  
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Chapter 5: General Discussion and Future Research Directions 

 
5.1 Discussion 

The aim of this project was to characterize a population of synthetic hexaploid wheat (SHW) 

derived lines from a larger gene bank at the International Maize and Wheat Improvement Center 

(CIMMYT) and identify genomic regions associated with phosphorus use efficiency (PUE). 

Prior to conducting association studies, the genetic diversity and population structure of the 

population was assessed in Genetic diversity and population structure of synthetic hexaploid-

derived wheat (Triticum aestivum L.) accessions (Chapter 2). Using 6904 single nucleotide 

polymorphism (SNP) markers, it was determined that significant genetic variation exists in this 

population. Using pedigree data, ancestry-based dissimilarity indices were positively correlated 

(r=0.67, p < 0.001) to marker-based genetic distances. The variation in the original primary 

synthetic used to develop the final SHW derived line accounted for 4.52% of the variation in the 

genetic distance. Using a representative set of SNP markers, this SHW derived population could 

be sub-grouped into seven clusters based on the model-based approach in STRUCTURE v2.3.4 

(Pritchard et al. 2000).  

 Using phenotypic data collected from three field trials over two growing seasons on low 

soil P soils in southwestern Ontario, and root phenotypic data, marker-trait associations were 

identified based on the threshold value. The study outlined in Association mapping of agronomic 

and root morphological traits under contrasting phosphorus conditions in synthetic hexaploid 

wheat derived lines (Chapter 3) was the first of its kind to use association mapping of SHW 

derived lines for PUE. The objectives laid out for this study were successfully met by identifying 

genomic regions in wheat related to PUE and associated agronomic and root morphological traits 

under contrasting P conditions. Using 6 904 SNP markers, 32 markers that were identified for 

important agronomic traits, three markers that were identified for average root diameter, and 7 

markers that were identified for P use related traits. Additionally, a genomic region on 

chromosome 5B is likely important for yield-related traits, as well as on 1D for PUE and early 

vigor.  
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 A final objective of this project was to determine how effective this population would be as 

a resource for a breeding program. This population was evaluated in terms of stability across P 

treatments and growing environments, heritability of specific traits, and variation in P-related 

selection criteria. In addition, the association and relationship among root phenotypic traits, P-

related traits and agronomic traits was assessed. It was determined that significant variation 

exists for P responsiveness and P deficiency tolerance in this population. There was no 

correlation between root traits and grain yield or root traits and the PUE indices, suggesting that 

root traits measured here may not be suitable for predicting grain yield or PUE. Of the top five 

performing genotypes at each location, three genotypes that ranked top five for P responsiveness 

and five genotypes that ranked top five for deficiency tolerance. The genetic and phenotypic 

variance within this population suggests this germplasm could be used to improve PUE in a 

breeding program.  

 

5.2 Research directions 

A challenge that arose while conducting this research was identifying a consistent definition of 

PUE. Here, this population was assessed using multiple criteria under contrasting P conditions. It 

appears that definitions of PUE vary across studies and are typically based on the scope of the 

research. Rose et al. (2016) refer to PUE as internal P utilization efficiency, which is defined as 

shoot biomass produced per unit of shoot P, whereas, other have document PUE as the P 

deficiency tolerance, which is a ratio of yield or biomass produced under limiting and non-

limiting P conditions (Graham 1984, Ozturk et al. 2005). To further complicate this 

understanding, P uptake is often included in selection criteria (Jones et al. 1989). Future work 

should focus on disentangling the two components of PUE to improve consistency across studies 

and reduced misinterpreted results.  

There are several approaches to enhancing PUE in wheat, ranging from the gene level to 

the cropping system level. While the purpose of this project was to assess the use of SHW 

derived lines for improving PUE at the plant level, future studies could focus specifically on the 

underlying mechanisms of PUE. At the genetic level, gene expression studies can help elicit the 

role of a specific gene. While gene expression studies for PUE in wheat are limited, a phosphate 
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signaling gene, TaPHO2 was shown to be involved in phosphorus uptake and translocation 

(Ouyang et al. 2016). Exploring variation in genes regulating P transportation will provide 

breeders with the ability to use gene-assisted breeding techniques.    

Due to the size of this population, the phenotyping of root traits was restricted to 

controlled conditions. With advancing technology, in-field root phenotyping will likely become 

more feasible. While three roots traits were assessed in this study, others have suggested 

additional root traits that may be important for P uptake. Rhizosheath size, defined as the soil 

bound to the plant’s roots, is correlated with root length and may provide breeders with a 

selection criterion for improve P acquisition (James et al. 2016). Furthermore, it may be worth 

exploring how growth angle of soil grown roots influence P uptake. There is considerable 

variation for root angle in wheat (Manschadi et al. 2008), however, how this variation is related 

to P uptake has not been explored (McDonald et al. 2017).  

Increasing the genetic diversity of wheat will undoubtedly continue to be a requirement 

of all breeding programs. In this present study, significant genetic and phenotypic variation 

exists among this population of SHW derived lines. The evaluation of SHW derived lines should 

continue as climate change, land intensification and resource availability threaten the 

productivity of current wheat cultivars. Continuing to assess this SHW derived line population in 

terms of PUE across many environments will provide a more accurate estimation of genotype 

stability and elicit repeatable QTLs. By continuing to conduct field trials on P deficient soils, 

genotypes with high P deficiency tolerance can be identified. While two P treatments of 0 kg ha-1 

and 125 kg ha-1 monoammonium phosphate were used in this study, future field studies should 

introduce additional levels of P fertilizer. Ultimately reducing the P requirements of wheat and 

other major crops, without negatively impacting yield, will conserve the non-renewable and 

irreplaceable resource.   

  



 

 

 

 

 

 

91 

REFERENCES  

Abbadi, J. and Gerendás, J. 2015. Phosphorus use Efficiency of Safflower (Carthamus 

tinctorius L.) and Sunflower (Helianthus annuus L.). J. Plant Nutr. 38:1121–1142. 

Abel, S., Ticconi, C. A. and Delatorre, C. a. 2002. Phosphate sensing in higher plants. Physiol. 

Plant. 115:1–8. 

Aerts, R. and Chapin, F. S. 2000. The mineral nutrition of wild plants revisited. Adv. Ecol. 

Res. 30:1–67. 

Ai, P., Sun, S., Zhao, J., Fan, X., Xin, W., Guo, Q., Yu, L., Shen, Q., Wu, P., Miller, A. J. 

and Xu, G. 2009. Two rice phosphate transporters, OsPht1;2 and OsPht1;6, have different 

functions and kinetic properties in uptake and translocation. Plant J. 57:798–809. 

Akbar, M., Tariq, M., Jamil, T. and Arshad, M. 2001. Evaluation of exotic wheat germplasm 

for seed yield and its components under rainfed conditions. Sarhad J. Agric. 17:511–513. 

Akhtar, M. S., Nishigaki, M., Oki, Y., Adachi, T., Nakashima, Y., Murtaza, G., Aziz, T., 

Sabir, M., Saifullah, Maqsood, M. A., Zia-ur-Rehman, M., Wakeel, A., Nakamoto, Y. 

and Hartwig, C. 2013. Solubilization and Acquisition of Phosphorus from Sparingly 

Soluble Phosphorus Sources and Differential Growth Response of Brassica Cultivars 

Exposed to Phosphorus-Stress Environment. Commun. Soil Sci. Plant Anal. 44:1242–1258. 

An, D., Su, J., Liu, Q., Zhu, Y., Tong, Y., Li, J., Jing, R., Li, B. and Li, Z. 2006. Mapping 

QTLs for nitrogen uptake in relation to the early growth of wheat (Triticum aestivum L.). 

Plant Soil 284:73–84. 

Araus, J. L. and Cairns, J. E. 2014. Field high-throughput phenotyping: The new crop 

breeding frontier. Trends Plant Sci. 19:52–61. 

Ashraf, S., Shahzad, A., Karamat, F., Iqbal, M. and Ali, G. M. 2015. Quantitive Trait Loci 

(QTLs) analysis of drought tolerance at germination stage in wheat population from 

synthetic hexaploid and opata. J. Anim. Plant Sci. 25:539–545. 

Atkinson, J. A., Wingen, L. U., Griffiths, M., Pound, M. P., Gaju, O., Foulkes, M. J., Le 

Gouis, J., Griffiths, S., Bennett, M. J., King, J. and Wells, D. M. 2015. Phenotyping 

pipeline reveals major seedling root growth QTL in hexaploid wheat. J. Exp. Bot. 66:2283–



 

 

 

 

 

 

92 

2292. 

Atlin, G. N., Baker, R. J., McRae, K. B. and Lu, X. 2000. Selection response in subdivided 

target regions. Crop Sci. 40:7–13. 

Aziz, A., Mahmood, T., Mahmood, Z., Shazadi, K., Mujeeb-kazi, A. and Rasheed, A. 2018. 

Genotypic Variation and Genotype ´ Environment Interaction for Yield-Related Traits in 

Synthetic Hexaploid Wheats under a Range of Optimal and Heat-Stressed Environments. 

Crop Sci. 58:295–303. 

Aziz, T., Finnegan, P. M., Lambers, H. and Jost, R. 2014. Organ-specific phosphorus-

allocation patterns and transcript profiles linked to phosphorus efficiency in two contrasting 

wheat genotypes. Plant, Cell Environ. 37:943–960. 

Bai, Z., Li, H., Yang, X., Zhou, B., Shi, X., Wang, B., Li, D., Shen, J., Chen, Q., Qin, W., 

Oenema, O. and Zhang, F. 2013. The critical soil P levels for crop yield, soil fertility and 

environmental safety in different soil types. Plant Soil 372:27–37. 

Barraclough, P. B. 1984. The growth and activity of winter wheat roots in the field: root growth 

of high-yielding crops in relation to shoot growth. J. Agric. Sci. 103:439–442. 

Bazakos, C., Hanemian, M., Trontin, C., Jiménez-Gómez, J. M. and Loudet, O. 2017. New 

Strategies and Tools in Quantitative Genetics: How to Go from the Phenotype to the 

Genotype. Annu. Rev. Plant Biol. 68:435–455. 

Van Becelaere, G., Lubbers, E. L., Paterson, A. H. and Chee, P. W. 2005. Pedigree- vs. DNA 

Marker-Based Genetic Similarity Estimates in Cotton. Crop Sci. 45:2281. 

Benbi, D. K. and Biswas, C. R. 1999. Nutrient budgeting for phosphorus and potassium in a 

long-term fertilizer trial. Nutr. Cycl. Agroecosystems 54:125–132. 

Bengough, A. G., Gordon, D. C., Al-Menaie, H., Ellis, R. P., Allan, D., Keith, R., Thomas, 

W. T. B. and Forster, B. P. 2004. Gel observation chamber for rapid screening of root 

traits in cereal seedlings. Plant Soil 262:63–70. 

Bernardo, R. 2014. Essentials of Plant Breeding. Stemma Press, Woodbury, MN. 

Del Blanco, I. A., Rajaram, S. and Kronstad, W. E. 2001. Agronomic potential of synthetic 

hexaploid wheat-derived populations. Crop Sci. 41:670–676. 

del Blanco, I. a., Rajaram, S., Kronstad, W. E. and Reynolds, M. P. 2000. Physiological 



 

 

 

 

 

 

93 

Performance of Synthetic Hexaploid Wheat-Derived Populations. Crop Sci. 40:1257. 

Bordes, J., Ravel, C., Jaubertie, J. P., Duperrier, B., Gardet, O., Heumez, E., Pissavy, A. L., 

Charmet, G., Le Gouis, J. and Balfourier, F. 2013. Genomic regions associated with the 

nitrogen limitation response revealed in a global wheat core collection. Theor. Appl. Genet. 

126:805–822. 

Bosch, N. S., Evans, M. A., Scavia, D. and Allan, J. D. 2014. Interacting effects of climate 

change and agricultural BMPs on nutrient runoff entering Lake Erie. J. Great Lakes Res. 

40:581–589. 

Bovill, W. D., Huang, C. Y. and McDonald, G. K. 2013. Genetic approaches to enhancing 

phosphorus-use efficiency (PUE) in crops: Challenges and directions. Crop Pasture Sci. 

64:179–198. 

Bowley, S. R. 2015. A hitchhiker’s guide to statistics in biology. Generalized linear mixed 

model edition. Plants et al., Inc., Guelph, ON. 

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y. and Buckler, E. 

S. 2007. TASSEL: Software for association mapping of complex traits in diverse samples. 

Bioinformatics 23:2633–2635. 

Brancourt-Hulmel, M., Heumez, E., Pluchard, P., Beghin, D., Depatureaux, C., Giraud, A. 

and Le Gouis, J. 2005. Indirect versus direct selection of winter wheat for low-input or 

high-input levels. Crop Sci. 45:1427–1431. 

Cakmak, I., Cakmak, O., Eker, S., Ozdemir, A., Watanabe, N. and Braun, H. J. 1999. 

Expression of high zinc efficiency of Aegilops tauschii and Triticum monococcum in 

synthetic hexaploid wheats. Plant Soil 215:203–209. 

Cao, H.-X., Zhang, Z.-B., Sun, C.-X., Shao, H.-B., Song, W.-Y. and Xu, P. 2009. 

Chromosomal Location of Traits Associated with Wheat Seedling Water and Phosphorus 

Use Efficiency under Different Water and Phosphorus Stresses. Int. J. Mol. Sci. 10:4116–

4136. 

Caradus, J. R. 1981. Effect of root hair length on white clover growth over a range of soil 

phosphorus levels. New Zeal. J. Agric. Res. 24:353–358. 

Caradus, J. and Snaydon, R. 1986. Plant factors influencing phosphorus uptake by white 



 

 

 

 

 

 

94 

clover from solution culture. Plant Soil 163:153–163. 

Carena, M. J. 2009. Cereals. Page (M. J. Carena, Ed.). Springer US, New York, NY. 

Cheng, R., Parker, C. C., Abney, M. and Palmer, A. A. 2013. Practical Considerations 

Regarding the Use of Genotype and Pedigree Data to Model Relatedness in the Context of 

Genome-Wide Association Studies. G3 3:1861–1867. 

Christopher, J., Christopher, M., Jennings, R., Jones, S., Fletcher, S., Borrell, A., 

Manschadi, A. M., Jordan, D., Mace, E. and Hammer, G. 2013. QTL for root angle and 

number in a population developed from bread wheats (Triticum aestivum) with contrasting 

adaptation to water-limited environments. Theor. Appl. Genet. 126:1563–1574. 

Clark, R. B., Baligar, V. C. and Duncan, R. R. 1990. Physiology of cereals for mineral 

nutrient uptake, use, and efficiency. Pages 131–209in V. C. Baligar and R. R. Duncan, 

editors.Crops as Enhancers of Nutrient Use. Academic Press, San Diego, CA. 

Clarkson, D. T. 1985. Factors Affecting Mineral Nutrient Acquisition by Plants. Annu. Rev. 

Plant Physiol. 36:77–115. 

Conley, D. J., Humborg, C., Rahm, L., Savchuk, O. P. and Wulff, F. 2002. Hypoxia in the 

baltic sea and basin-scale changes in phosphorus biogeochemistry. Environ. Sci. Technol. 

36:5315–5320. 

Cordell, D., Drangert, J. O. and White, S. 2009. The story of phosphorus: Global food security 

and food for thought. Glob. Environ. Chang. 19:292–305. 

Cordell, D. and White, S. 2015. Tracking phosphorus security: indicators of phosphorus 

vulnerability in the global food system. Food Secur. 7:337–350. 

Cormier, F., Le Gouis, J., Dubreuil, P., Lafarge, S. and Praud, S. 2014. A genome-wide 

identification of chromosomal regions determining nitrogen use efficiency components in 

wheat (Triticum aestivum L.). Theor. Appl. Genet. 127:2679–2693. 

Cornelius, P. L., Crossa, J. and Seyedsadr, M. S. 1996. Statistical tests and estimators of 

multiplicative models for genotype-by-environment interaction. Pages 199–234in M. S. 

Kang and H. G. Gauch, editors.Genotype-by-environment interaction. CRC Press, Boca 

Raton, FL. 

Cossani, C. M. and Reynolds, M. P. 2015. Heat Stress Adaptation in Elite Lines Derived from 



 

 

 

 

 

 

95 

Synthetic Hexaploid Wheat. Crop Sci. 55:1–17. 

Crossa, J., Campos, G., Perez, P., Gianola, D., Burgueno, J., Araus, J. L., Makumbi, D., 

Singh, R. P., Dreisigacker, S., Yan, J., Arief, V., Banziger, M. and Braun, H.-J. 2010. 

Prediction of Genetic Values of Quantitative Traits in Plant Breeding Using Pedigree and 

Molecular Markers. Genetics 186:713–724. 

Crush, J. R., Boulesteix-Coutelier, A. R. L. and Ouyang, L. 2008. Phosphate uptake by white 

clover (Trifolium repens L.) genotypes with contrasting root morphology. New Zeal. J. 

Agric. Res. 51:279–285. 

Das, M. K., Bai, G. H., Munjeeb-Kazi, A. and Mujeeb-Kazi, A. 2007. Genetic diversity in 

conventional and synthetic wheats with drought and salinity tolerance based on AFLP. Can. 

J. Plant Sci. 87:691–702. 

Davies, T. G. E., Ying, J., Xu, Q., Li, Z. S., Li, J. and Gordon-Weeks, R. 2002. Expression 

analysis of putative high-affinity phosphate transporters in Chinese winter wheats. Plant, 

Cell Environ. 25:1325–1339. 

Delhaize, E., James, R. A. and Ryan, P. R. 2012. Aluminium tolerance of root hairs underlies 

genotypic differences in rhizosheath size of wheat (Triticum aestivum) grown on acid soil. 

New Phytol. 195:609–619. 

Delhaize, E., Rathjen, T. M. and Cavanagh, C. R. 2015. The genetics of rhizosheath size in a 

multiparent mapping population of wheat. J. Exp. Bot. 66:4527–4536. 

Denning, G., Kabambe, P., Sanchez, P., Malik, A., Flor, R., Harawa, R., Nkhoma, P., 

Zamba, C., Banda, C., Magombo, C., Keating, M., Wangila, J. and Sachs, J. 2009. 

Input subsidies to improve smallholder maize productivity in Malawi: Toward an African 

green revolution. PLoS Biol. 7:2–10. 

Dhonde, S. R., Kute, N. S., Kanawade, D. G. and Sarode, N. D. 2000. Variability and 

characters association in wheat (Triticum aestivum). Agric. Sci. Dig. 20:99–101. 

Dinkelaker, B., Römheld, V. and Marschner, H. 1989. Citric acid excretion and precipitation 

of calcium citrate in the rhizosphere of white lupin (Lupinus albus L.). Plant. Cell Environ. 

12:285–292. 

de Dorlodot, S., Forster, B., Pagès, L., Price, A., Tuberosa, R. and Draye, X. 2007. Root 



 

 

 

 

 

 

96 

system architecture: opportunities and constraints for genetic improvement of crops. Trends 

Plant Sci. 12:474–481. 

Dreisigacker, S., Kishii, M., Lage, J. and Warburton, M. 2008. Use of synthetic hexaploid 

wheat to increase diversity for CIMMYT bread wheat improvement. Aust. J. Agric. Res. 

59:413. 

Dreisigacker, S., Zhang, P., Warburton, M. L., Van Ginkel, M., Hoisington, D., Bohn, M. 

and Melchinger, A. E. 2004. SSR and pedigree analyses of genetic diversity among 

CIMMYT wheat lines targeted to different megaenvironments. Crop Sci. 44:381–388. 

Dubcovsky, J. and Dvorak, J. 2007. Genome Plasticity a Key Factor in the Success of 

Polyploid Wheat Under Domestication. Science (80-. ). 316:1862–1866. 

van Duivenbooden, N., Wit, C. T. and van Keulen, H. 1995. Nitrogen, phosphorus and 

potassium relations in five major cereals reviewed in respect to fertilizer recommendations 

using simulation modelling. Fertil. Res. 44:37–49. 

Dunckel, S., Crossa, J., Wu, S., Bonnett, D. and Poland, J. 2017. Genomic selection for 

increased yield in synthetic-derived wheat. Crop Sci. 57:713–725. 

Edae, E. A., Byrne, P. F., Haley, S. D., Lopes, M. S. and Reynolds, M. P. 2014. Genome-wide 

association mapping of yield and yield components of spring wheat under contrasting 

moisture regimes. Theor. Appl. Genet. 127:791–807. 

Elanchezhian, R., Krishnapriya, V., Pandey, R., Rao, A. S. and Abrol, Y. P. 2015. 

Physiological and molecular approaches for improving phosphorus uptake efficiency of 

crops. Curr. Sci. 108:1271–1279. 

Elbashir, A. A. E., Gorafi, Y. S. A., Tahir, I. S. A., Kim, J.-S. and Tsujimoto, H. 2017. 

Wheat multiple synthetic derivatives: a new source for heat stress tolerance adaptive traits. 

Breed. Sci. 67:248–256. 

Emebiri, L. C., Oliver, J. R., Mrva, K. and Mares, D. 2010. Association mapping of late 

maturity α-amylase (LMA) activity in a collection of synthetic hexaploid wheat. Mol. 

Breed. 26:39–49. 

Evanno, G., Regnaut, S. and Goudet, J. 2005. Detecting the number of clusters of individuals 

using the software STRUCTURE: A simulation study. Mol. Ecol. 14:2611–2620. 



 

 

 

 

 

 

97 

Evenson, R. E. and Gollin, D. 2003. Assessing the impact of the Green Revolution, 1960 to 

2000. Science (80-. ). 300:758–762. 

Ewens, W. J. and Spielman, R. S. 1995. The transmission/disequilibrium test: history, 

subdivision, and admixture. Am. J. Hum. Genet. 57:455–464. 

Falconer, D. S. and Mackay, T. F. C. 1996. Introduction to Quantitative Genetics. 4th edition. 

Longman, Harlow. 

Fan, M., Shen, J., Yuan, L., Jiang, R., Chen, X., Davies, W. J. and Zhang, F. 2012. 

Improving crop productivity and resource use efficiency to ensure food security and 

environmental quality in China. J. Exp. Bot. 63:13–24. 

Finlay, K. W. and Wilkinson, G. N. 1963. The analysis of adaptation in a plant-breeding 

programme. Aust. J. Agric. Res. 14:742–754. 

Fitter, A., Williamson, L., Linkohr, B. and Leyser, O. 2002. Root system architecture 

determines fitness in an Arabidopsis mutant in competition for immobile phosphate ions but 

not for nitrate ions. Proc. R. Soc. London B Biol. Sci. 269:2017–2022. 

Francis, T. R. and Kannenberg, L. W. 1978. Yield stability studies in short-season maize. Can. 

J. Plant Sci. 58:1029–1034. 

Gahoonia, T. S. and Nielsen, N. E. 1997. Variation in root hairs of barley cultivars doubled soil 

phosphorus uptake. Euphytica 98:177–182. 

Gahoonia, T. S., Nielsen, N. E., Joshi, P. A. and Jahoor, A. 2001. A root hairless barley 

mutant for elucidating genetic of root hairs and phosphorus uptake. Plant Soil 235:211–219. 

Gahoonia, T. S., Nielsen, N. E. and Lyshede, O. B. 1999. Phosphorus (P) acquisition of cereal 

cultivars in the field at three levels of P fertilization. Plant Soil 211:269–281. 

Gao, L., Turner, M. K., Chao, S., Kolmer, J. and Anderson, J. A. 2016. Genome Wide 

Association Study of Seedling and Adult Plant Leaf Rust Resistance in Elite Spring Wheat 

Breeding Lines. PLoS One 11:1–25. 

George, T. S., Gregory, P. J., Hocking, P. and Richardson, A. E. 2008. Variation in root-

associated phosphatase activities in wheat contributes to the utilization of organic P 

substrates in vitro, but does not explain differences in the P-nutrition of plants when grown 

in soils. Environ. Exp. Bot. 64:239–249. 



 

 

 

 

 

 

98 

Gong, X. and McDonald, G. 2017. QTL mapping of root traits in phosphorus-deficient soils 

reveals important genomic regions for improving NDVI and grain yield in barley. Theor. 

Appl. Genet. 130:1885–1902. 

Gong, X., Wheeler, R., Bovill, W. D. and McDonald, G. K. 2016. QTL mapping of grain yield 

and phosphorus efficiency in barley in a Mediterranean-like environment. Theor. Appl. 

Genet. 129:1657–1672. 

Graham, J. and Abbott, L. 2000. Wheat responses to aggressive and non-aggressive arbuscular 

mycorrhizal fungi. Plant Soil 220:207–218. 

Graham, J. H. and Eissenstat, D. M. 1994. Host genotype and the formation and function of 

VA mycorrhizae 1. Plant Soil 159:179–185. 

Graham, R. D. 1984. Breeding for nutritional characteristics in cereals. Pages 57–102in P. 

Tinker and A. Lauchli, editors.Advances in plant nutrition. Praeger Publishers: New York. 

Gu, Z., Gu, L., Eils, R., Schlesner, M. and Brors, B. 2014. Circlize implements and enhances 

circular visualization in R. Bioinformatics 30:2811–2812. 

Guo, C., Zhao, X., Liu, X., Zhang, L., Gu, J., Li, X., Lu, W. and Xiao, K. 2013. Function of 

wheat phosphate transporter gene TaPHT2;1 in Pi translocation and plant growth regulation 

under replete and limited Pi supply conditions. Planta 237:1163–1178. 

Hammond, J. P., Broadley, M. R., White, P. J., King, G. J., Bowen, H. C., Hayden, R., 

Meacham, M. C., Mead, A., Overs, T., Spracklen, W. P. and Greenwood, D. J. 2009a. 

Shoot yield drives phosphorus use efficiency in Brassica oleracea and correlates with root 

architecture traits. J. Exp. Bot. 60:1953–1968. 

Hammond, J. P., Broadley, M. R., White, P. J., King, G. J., Bowen, H. C., Hayden, R., 

Meacham, M. C., Mead, A., Overs, T., Spracklen, W. P. and Greenwood, D. J. 2009b. 

Shoot yield drives phosphorus use efficiency in Brassica oleracea and correlates with root 

architecture traits. J. Exp. Bot. 60:1953–1968. 

Hanft, J. M. and Wych, R. D. 1982. Visual Indicators of Physiological Maturity of Hard Red 

Spring Wheat 1. Crop Sci. 22:584–588. 

Hayes, J. E., Zhu, Y., Mimura, T. and Reid, R. J. 2004. An assessment of the usefulness of 

solution culture in screening for phosphorus efficiency in wheat. Plant Soil 261:91–97. 



 

 

 

 

 

 

99 

Hinsinger, P. 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-

induced chemical changes: a review. Plant Soil 237:173–195. 

Hoad, S. P., Russell, G., Lucas, M. E. and Bingham, I. J. 2001. The management of wheat, 

barley, and oat root systems. Adv. Agron. 74:193–246. 

Holford, I. C. R. 1997. Soil phosphorus: its measurement, and its uptake by plants. Aust. J. Soil 

Res. 35:227–240. 

Holland, J. B. 2006. Estimating genotypic correlations and their standard errors using 

multivariate restricted maximum likelihood estimation with SAS Proc MIXED. Crop Sci. 

46:642–654. 

Horst, W. J., Abdou, M. and Wiesler, F. 1993. Genotypic differences in phosphorus efficiency 

of wheat. Plant Soil 155/156:293–296. 

Huang, C. Y., Shirley, N., Genc, Y., Shi, B. and Langridge, P. 2011. Phosphate utilization 

efficiency correlates with expression of low-affinity phosphate transporters and noncoding 

RNA, IPS1, in barley. Plant Physiol. 156:1217–29. 

Hufnagel, B., de Sousa, S. M., Assis, L., Guimaraes, C. T., Leiser, W., Azevedo, G. C., 

Negri, B., Larson, B. G., Shaff, J. E., Pastina, M. M., Barros, B. A., Weltzien, E., 

Rattunde, H. F. W., Viana, J. H., Clark, R. T., Falcao, A., Gazaffi, R., Garcia, A. A. F., 

Schaffert, R. E., Kochian, L. V. and Magalhaes, J. V. 2014. Duplicate and Conquer: 

Multiple Homologs of PHOSPHORUS-STARVATION TOLERANCE1 Enhance 

Phosphorus Acquisition and Sorghum Performance on Low-Phosphorus Soils. Plant 

Physiol. 166:659–677. 

van Inghelandt, D., Melchinger, A. E., Lebreton, C. and Stich, B. 2010. Population structure 

and genetic diversity in a commercial maize breeding program assessed with SSR and SNP 

markers. Theor. Appl. Genet. 120:1289–1299. 

International Joint Commission. 2014. A balanced diet for Lake Erie : reducing phosphorus 

loadings and harmful algal blooms. Report of the Lake Erie Ecosystem Priority. 

Jafarzadeh, J., Bonnett, D., Jannink, J. L., Akdemir, D., Dreisigacker, S. and Sorrells, M. 

E. 2016. Breeding value of primary synthetic wheat genotypes for grain yield. PLoS One 

11:1–24. 



 

 

 

 

 

 

100 

Jakobsen, I., Chen, B., Munkvold, L., Lundsgaard, T. and Zhu, Y. 2005. Contrasting 

phosphate acquisition of mycorrhizal fungi with that of root hairs using the root hairless 

barley mutant. Plant, Cell Environ. 28:928–938. 

James, R. A., Weligama, C., Verbyla, K., Ryan, P. R., Rebetzke, G. J., Rattey, A., 

Richardson, A. E. and Delhaize, E. 2016. Rhizosheaths on wheat grown in acid soils: 

phosphorus acquisition efficiency and genetic control. J. Exp. Bot. 67:3709–3718. 

Johnston, A. E., Poulton, P. R., Fixen, P. E. and Curtin, D. 2014. Phosphorus: Its Efficient 

Use in Agriculture. Pages 177–228Advances in Agronomy. 

Jones, D. L. L., Dennis, P. G. G., Owen,  a. G. G. and van Hees, P. a. W. a W. 2003. Organic 

acid behavior in soils—misconceptions and knowledge gaps. Plant Soil 248:31–41. 

Jones, G. P. D., Blair, G. J. and Jessop, R. S. 1989. Phosphorus efficiency in wheat — A 

useful selection criterion? F. Crop. Res. 21:257–264. 

Khan, M. S., Zaidi, A., Ahemad, M., Oves, M. and Wani, P. A. 2010. Plant growth promotion 

by phosphate solubilizing fungi–current perspective. Arch. Agron. Soil Sci. 56:73–98. 

Korkmaz, K., Ibrikci, H., Karnez, E., Buyuk, G., Ryan, J., Ulger, A. C. and Oguz, H. 2009. 

Phosphorus Use Efficiency of Wheat Genotypes Grown in Calcareous Soils. J. Plant Nutr. 

32:2094–2106. 

Kouas, S., Debez, A., Slatni, T., Labidi, N., Drevon, J. J. and Abdelly, C. 2009. Root 

proliferation, proton efflux, and acid phosphatase activity in common bean (Phaseolus 

vulgaris) under phosphorus shortage. J. Plant Biol. 52:395–402. 

Koyama, H., Kawamura, A., Kihara, T., Hara, T., Takita, E. and Shibata, D. 2000. 

Overexpression of mitochondrial citrate synthase in Arabidopsis thaliana improved growth 

on a phosphorus-limited soil. Plant Cell Physiol. 41:1030–1037. 

Lage, J., Skovmand, B. and Andersen, S. B. 2003a. Expression and Suppression of Resistance 

to Greenbug (Homoptera: Aphididae) in Synthetic Hexaploid Wheat Derived from Triticum 

Dicoccum x Aegilops tauschii Crosses. J. Econ. Entomol. 96:202–206. 

Lage, J., Warburton, M. L., Crossa, J., Skovmand, B. and Andersen, S. B. 2003b. 

Assessment of genetic diversity in synthetic hexaploid wheats and their Triticum dicoccum 

and Aegilops tauschii parents using AFLPs and agronomic traits. Euphytica 134:305–317. 



 

 

 

 

 

 

101 

Lambers, H., Shane, M. W., Cramer, M. D., Pearse, S. J. and Veneklaas, E. J. 2006. Root 

structure and functioning for efficient acquisition of phosphorus: matching morphological 

and physiological traits. Ann. Bot. 98:693–713. 

Leiser, W. L., Rattunde, H. F. W., Piepho, H. P., Weltzien, E., Diallo, A., Toure, A. and 

Haussmann, B. I. G. 2015. Phosphorous efficiency and tolerance traits for selection of 

sorghum for performance in phosphorous-limited environments. Crop Sci. 55:1152–1162. 

Li, H., Smith, F. A., Dickson, S., Holloway, R. E. and Smith, S. E. 2008. Plant growth 

depressions in arbuscular mycorrhizal symbioses: Not just caused by carbon drain? New 

Phytol. 178:852–862. 

Li, J., Wan, S. and Yang, Y. 2014. Synthetic hexaploid wheat enhances variation and adaptive 

evolution of bread wheat in breeding processes. J. Syst. Evol. 52:735–742. 

Li, K., Xu, Z., Zhang, K., Yang, A. and Zhang, J. 2007. Efficient production and 

characterization for maize inbred lines with low-phosphorus tolerance. Plant Sci. 172:255–

264. 

Liao, H., Rubio, G., Yan, X., Cao, A., Brown, K. M. and Lynch, J. P. 2001. Effect of 

phosphorus availability on basal root shallowness in common bean. Plant Soil 232:69–79. 

Liao, M., Hocking, P. J., Dong, B., Delhaize, E., Richardson, A. E. and Ryan, P. R. 2008. 

Variation in Early Phosphorus-Uptake Efficiency Among Wheat Genotypes Grown on Two 

Contrasting Australian Soils. Aust. J. Agric. Res. 59:157–166. 

Lin, M., Zhang, D., Liu, S., Zhang, G., Yu, J., Fritz, A. K. and Bai, G. 2016. Genome-wide 

association analysis on pre-harvest sprouting resistance and grain color in U.S. winter 

wheat. BMC Genomics 17:794. 

Lipka, A. E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. J., Gore, M. A., Buckler, 

E. S. and Zhang, Z. 2012. GAPIT: Genome association and prediction integrated tool. 

Bioinformatics 28:2397–2399. 

Liu, S., Fan, C., Li, J., Cai, G., Yang, Q., Wu, J., Yi, X., Zhang, C. and Zhou, Y. 2016. A 

genome-wide association study reveals novel elite allelic variations in seed oil content of 

Brassica napus. Theor. Appl. Genet. 129:1203–1215. 

Liu, S., Zhou, R., Dong, Y., Li, P. and Jia, J. 2006. Development, utilization of introgression 



 

 

 

 

 

 

102 

lines using a synthetic wheat as donor. Theor. Appl. Genet. 112:1360–1373. 

Liu, Y., Mi, G., Chen, F., Zhang, J. and Zhang, F. 2004. Rhizosphere effect and root growth 

of two maize (Zea mays L.) genotypes with contrasting P efficiency at low P availability. 

Plant Sci. 167:217–223. 

Liu, Y., Wang, L., Deng, M., Li, Z., Lu, Y., Wang, J., Wei, Y. and Zheng, Y. 2015. Genome-

wide association study of phosphorus-deficiency-tolerance traits in Aegilops tauschii. 

Theor. Appl. Genet. 128:2203–2212. 

Lobet, G., Pagès, L. and Draye, X. 2011. A Novel Image Analysis Toolbox Enabling 

Quantitative Analysis of Root System Architecture. Plant Physiol. 157:29–39. 

Löffler, C. M. and Busch, R. H. 1982. Selection for Grain Protein, Grain Yield, and Nitrogen 

Partitioning Efficiency in Hard Red Spring Wheat 1. Crop Sci. 22:591–595. 

Lopes, M. S. and Reynolds, M. P. 2012. Stay-green in spring wheat can be determined by 

spectral reflectance measurements (normalized difference vegetation index) independently 

from phenology. J. Exp. Bot. 63:3789–3798. 

Lu, H., Redus, M. A., Coburn, J. R., Rutger, J. N., McCouch, S. R. and Tai, T. H. 2005. 

Population structure and breeding patterns of 145 U.S. rice cultivars based on SSR marker 

analysis. Crop Sci. 45:66–76. 

Lynch, J. P. and Brown, K. M. 2001. Topsoil foraging—an architectural adaptation of plants to 

low phosphorus availability. Plant Soil 237:225–237. 

Makarewicz, J. C., Booty, W. G. and Bowen, G. S. 2012. Tributary phosphorus loading to 

Lake Ontario. J. Great Lakes Res. 38:14–20. 

Maloy, O. C. and Murray, T. D. 1983. Encyclopedia of Plant Physiology. John Wiley, New 

Jersey, NY. 

Mammadov, J., Aggarwal, R., Buyyarapu, R. and Kumpatla, S. 2012. SNP Markers and 

Their Impact on Plant Breeding. Int. J. Plant Genomics 2012:1–11. 

Manschadi, A. M., Hammer, G. L., Christopher, J. T. and deVoil, P. 2008. Genotypic 

variation in seedling root architectural traits and implications for drought adaptation in 

wheat (Triticum aestivum L.). Plant Soil 303:115–129. 

Manschadi, A. M., Kaul, H.-P., Vollmann, J., Eitzinger, J. and Wenzel, W. 2014. 



 

 

 

 

 

 

103 

Developing phosphorus-efficient crop varieties—An interdisciplinary research framework. 

F. Crop. Res. 162:87–98. 

Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., González, R. M., Rajaram, S., 

Molina, E. and Vlek, P. L. G. 2000. Traits associated with improved P-uptake efficiency 

in CIMMYT’s semidwarf spring bread wheat grown on an acid Andisol in Mexico. Plant 

Soil 221:189–204. 

Marcussen, T., Sandve, S. R., Heier, L., Spannagl, M., Pfeifer, M., Jakobsen, K. S., Wulff, 

B. B. H., Steuernagel, B., Mayer, K. F. X., Olsen, O.-A., Rogers, J., Dole el, J., Pozniak, 

C., Eversole, K., Feuillet, C., Gill, B., Friebe, B., Lukaszewski, A. J., Sourdille, P., 

Endo, T. R., Kubalakova, M., Ihalikova, J., Dubska, Z., Vrana, J., Perkova, R., 

Imkova, H., Febrer, M., Clissold, L., McLay, K., Singh, K., Chhuneja, P., Singh, N. K., 

Khurana, J., Akhunov, E., Choulet, F., Alberti, A., Barbe, V., Wincker, P., Kanamori, 

H., Kobayashi, F., Itoh, T., Matsumoto, T., Sakai, H., Tanaka, T., Wu, J., Ogihara, Y., 

Handa, H., Maclachlan, P. R., Sharpe, A., Klassen, D., Edwards, D., Batley, J., Lien, 

S., Caccamo, M., Ayling, S., Ramirez-Gonzalez, R. H., Clavijo, B. J., Wright, J., 

Martis, M. M., Mascher, M., Chapman, J., Poland, J. A., Scholz, U., Barry, K., 

Waugh, R., Rokhsar, D. S., Muehlbauer, G. J., Stein, N., Gundlach, H., Zytnicki, M., 

Jamilloux, V., Quesneville, H., Wicker, T., Faccioli, P., Colaiacovo, M., Stanca, A. M., 

Budak, H., Cattivelli, L., Glover, N., Pingault, L., Paux, E., Sharma, S., Appels, R., 

Bellgard, M., Chapman, B., Nussbaumer, T., Bader, K. C., Rimbert, H., Wang, S., 

Knox, R., Kilian, A., Alaux, M., Alfama, F., Couderc, L., Guilhot, N., Viseux, C., 

Loaec, M., Keller, B. and Praud, S. 2014. Ancient hybridizations among the ancestral 

genomes of bread wheat. Science (80-. ). 345:1250092–1250092. 

McCully, M. 1995. How Do Real Roots Work? (Some New Views of Root Structure). Plant 

Physiol. 109:1–6. 

McDonald, G., Bovill, W., Taylor, J. and Wheeler, R. 2015. Responses to phosphorus among 

wheat genotypes. Crop Pasture Sci. 66:430–444. 

McDonald, G. K., McKay, A., Huang, C. and Bovill, B. 2017. Using root DNA to assess 

responses to phosphorus by surface roots in wheat and barley. Plant Soil 421:505–524. 



 

 

 

 

 

 

104 

Miao, J., Sun, J., Liu, D., Li, B., Zhang, A., Li, Z. and Tong, Y. 2009. Characterization of the 

promoter of phosphate transporter TaPHT1.2 differentially expressed in wheat varieties. J. 

Genet. Genomics 36:455–66. 

Mulki, M. A., Jighly, A., Ye, G., Emebiri, L. C., Moody, D., Ansari, O. and Ogbonnaya, F. 

C. 2013. Association mapping for soilborne pathogen resistance in synthetic hexaploid 

wheat. Mol. Breed. 31:299–311. 

Müllner, D. 2013. fastcluster: Fast hierarchical, agglomerative clustering routines for R and 

Python. J. Stat. Softw. 53:1–18. 

Nagy, R., Vasconcelos, M. J. V, Zhao, S., McElver, J., Bruce, W., Amrhein, N., 

Raghothama, K. G. and Bucher, M. 2006. Differential regulation of five Pht1 phosphate 

transporters from maize (Zea mays L.). Plant Biol. 8:186–197. 

Narayanan, S. and Vara Prasad, P. V. 2014. Characterization of a Spring Wheat Association 

Mapping Panel for Root Traits. Agron. J. 106:1593–1604. 

Nei, M. 1977. F-statistics and analysis of gene diversity in subdivided populations. Ann. Hum. 

Genet. 41:225–233. 

Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small number of 

individuals. Genetics 89:583–590. 

Neumann, K., Kobiljski, B., Denčić, S., Varshney, R. K. and Börner, A. 2011. Genome-wide 

association mapping: a case study in bread wheat (Triticum aestivum L.). Mol. Breed. 

27:37–58. 

Okamoto, Y., Nguyen, A. T., Yoshioka, M., Iehisa, J. C. M. and Takumi, S. 2013. 

Identification of quantitative trait loci controlling grain size and shape in the D genome of 

synthetic hexaploid wheat lines. Breed. Sci. 63:423–429. 

Olsen, S. . 1954. Estimation of available phosphorus in soils by extraction with sodium 

bicarbonate. United States Department Of Agriculture, Washingrton, D.C. 

Ontario Ministry of Agriculture. 2002. Agronomy guide for field crops. Queen’s Printer for 

Ontario, Toronto, ON. 

Organisation for Economic Cooperation and Development (OECD)/FAO. 2013. OECD-

FAO Agricultural Outlook 2013. OECD Publishing, Paris. 



 

 

 

 

 

 

105 

Ouyang, X., Hong, X., Zhao, X., Zhang, W., He, X., Ma, W., Teng, W. and Tong, Y. 2016. 

Knock out of the PHOSPHATE 2 Gene TaPHO2-A1 Improves Phosphorus Uptake and 

Grain Yield under Low Phosphorus Conditions in Common Wheat. Sci. Rep. 6:29850. 

Ozturk, L., Eker, S., Torun, B. and Cakmak, I. 2005. Variation in phosphorus efficiency 

among 73 bread and durum wheat genotypes grown in a phosphorus-deficient calcareous 

soil. Plant Soil 269:69–80. 

Pask, A., Pietragalla, J. and Mullan, D. 2012. Physiological Breeding II: A Field Guide to 

Wheat Phenotyping. Page (M. P. Reynolds, Ed.). CIMMYT, Mexico, D.F. 

Pathak, H., Aggarwal, P. K., Roetter, R., Kalra, N., Bandyopadhaya, S. K., Prasad, S. and 

Van Keulen, H. 2003. Modelling the quantitative evaluation of soil nutrient supply, 

nutrient use efficiency, and fertilizer requirements of wheat in India. Nutr. Cycl. 

agroecosystems 65:105–113. 

Pound, M. P., French, A. P., Atkinson, J. A., Wells, D. M., Bennett, M. J. and Pridmore, T. 

2013. RootNav: navigating images of complex root architectures. Plant Physiol. 162:1802–

1814. 

Pritchard, J. K., Stephens, M. and Donnelly, P. 2000. Inference of population structure using 

multilocus genotype data. Genetics 155:945–959. 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., Maller, 

J., Sklar, P., de Bakker, P. I. W., Daly, M. J. and Sham, P. C. 2007. PLINK: A Tool Set 

for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. 

Genet. 81:559–575. 

Qadir, A., Ilyas, M., Akhtar, W., Aziz, E., Rasheed, A. and Mahmood, T. 2015. Study of 

genetic diversity in synthetic hexaploid wheats using random amplified polymorphic DNA. 

J. Anim. Plant Sci 25:1660–1666. 

Raghothama, K. G. 1999. Phosphate acquisition. Annu. Rev. Plant Biol. 50:665–693. 

RCoreTeam. 2017. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

Reynolds, M., Foulkes, J., Furbank, R., Griffiths, S., King, J., Murchie, E., Parry, M. and 

Slafer, G. 2012. Achieving yield gains in wheat. Plant, Cell Environ. 35:1799–1823. 



 

 

 

 

 

 

106 

Richard, C. A. I., Hickey, L. T., Fletcher, S., Jennings, R., Chenu, K. and Christopher, J. T. 

2015. High-throughput phenotyping of seminal root traits in wheat. Plant Methods 11:13. 

Richardson, A. E., Lynch, J. P., Ryan, P. R., Delhaize, E., Smith, F. A., Smith, S. E., 

Harvey, P. R., Ryan, M. H., Veneklaas, E. J., Lambers, H., Oberson, A., Culvenor, R. 

A. and Simpson, R. J. 2011. Plant and microbial strategies to improve the phosphorus 

efficiency of agriculture. Plant Soil 349:121–156. 

Roberts, T. L. and Johnston, A. E. 2015. Phosphorus use efficiency and management in 

agriculture. Resour. Conserv. Recycl. 105:275–281. 

Römer, W. and Schilling, G. 1986. Phosphorus requirements of the wheat plant in various 

stages of its life cycle. Plant Soil 91:221–229. 

Rose, T. J., Liu, L. and Wissuwa, M. 2013. Improving phosphorus efficiency in cereal crops: Is 

breeding for reduced grain phosphorus concentration part of the solution? Front. Plant Sci. 

4:444. 

Rose, T. J., Mori, A., Julia, C. C. and Wissuwa, M. 2016. Screening for internal phosphorus 

utilisation efficiency: comparison of genotypes at equal shoot P content is critical. Plant Soil 

401:79–91. 

Rose, T. J., Rengel, Z., Ma, Q. and Bowden, J. W. 2007. Differential accumulation patterns of 

phosphorus and potassium by canola cultivars compared to wheat. J. Plant Nutr. Soil Sci. 

170:404–411. 

Rose, T. J., Rose, M. T., Pariasca-Tanaka, J., Heuer, S. and Wissuwa, M. 2011. The 

frustration with utilization: why have improvements in internal phosphorus utilization 

efficiency in crops remained so elusive? Front. Plant Sci. 2:1–5. 

Rose, T. J. and Wissuwa, M. 2012. Rethinking Internal Phosphorus Utilization Efficiency:A 

New Approach Is Needed to Improve PUE in Grain Crops. Pages 185–217in D. L. Sparks, 

editor.Advances in Agronomy. Academic Press, Burlington, MA. 

Ryan, M. H. and Angus, J. F. 2003. Arbuscular mycorrhizae in wheat and field pea crops on a 

low P soil: Increased Zn-uptake but no increase in P-uptake or yield. Plant Soil 250:225–

239. 

Ryan, P. R., Liao, M., Delhaize, E., Rebetzke, G. J., Weligama, C., Spielmeyer, W. and 



 

 

 

 

 

 

107 

James, R. A. 2018. Early vigour improves phosphate uptake in wheat 66:7089–7100. 

Sanchez, P. A. 2002. Soil Fertility and Hunger in Africa. Science (80-. ). 295:2019–2020. 

Schut, J. W., Qi, X. and Stam, P. 1997. Association between relationship measures based on 

AFLP markers, pedigree data and morphological traits in barley. Theor. Appl. Genet. 

95:1161–1168. 

Shahbaz, A. M., Oki, Y., Adachi, T., Murata, Y. and Khan, M. H. R. 2006. Phosphorus 

starvation induced root-mediated pH changes in solublization and acquisition of sparingly 

soluble P sources and organic acids exudation by Brassica cultivars. Soil Sci. Plant Nutr. 

52:623–633. 

Sharma, I., Tyagi, B. S., Singh, G., Venkatesh, K. and Gupta, O. P. 2015. Enhancing wheat 

production - A global perspective. Indian J. Agric. Sci. 85:3–13. 

Sharpley, A. N., Daniel, T., Gibson, G., Bundy, L., Cabrera, M., Sims, T., Stevens, R., 

Lemunyon, J., Kleinman, P. and Parry, R. 2006. Best Management Practices To 

Minimize Agricultural Phosphorus Impacts on Water Quality. Page United States 

Department of Agriculture, Agricultural Research Service. United States Department Of 

Agriculture, Washington, DC. 

Shenoy, V. V. and Kalagudi, G. M. 2005. Enhancing plant phosphorus use efficiency for 

sustainable cropping. Biotechnol. Adv. 23:501–513. 

da Silva, A., Bruno, I. P., Franzini, V. I., Marcante, N. C., Benitiz, L. and Muraoka, T. 

2016. Phosphorus uptake efficiency, root morphology and architecture in Brazilian wheat 

cultivars. J. Radioanal. Nucl. Chem. 307:1055–1063. 

Simpson, R. J., Oberson, A., Culvenor, R. A., Ryan, M. H., Veneklaas, E. J., Lambers, H., 

Lynch, J. P., Ryan, P. R., Delhaize, E., Smith, F. A., Smith, S. E., Harvey, P. R. and 

Richardson, A. E. 2011. Strategies and agronomic interventions to improve the 

phosphorus-use efficiency of farming systems. Plant Soil 349:89–120. 

Singh Gahoonia, T. and Nielsen, N. E. 2004. Root traits as tools for creating phosphorus 

efficient crop varieties. Plant Soil 260:47–57. 

Smith, S. E. and Smith, F. A. 2011. Roles of arbuscular mycorrhizas in plant nutrition and 

growth: new paradigms from cellular to ecosystem scales. Annu. Rev. Plant Biol. 62:227–



 

 

 

 

 

 

108 

250. 

Soleimani, V. D., Baum, B. R. and Johnson, D. A. 2002. AFLP and pedigree-based genetic 

diversity estimates in modern cultivars of durum wheat [Triticum turgidum L. subsp. durum 

(Desf.) Husn.]. Theor. Appl. Genet. 104:350–357. 

Su, J.-Y., Zheng, Q., Li, H.-W., Li, B., Jing, R.-L., Tong, Y.-P. and Li, Z.-S. 2009. Detection 

of QTLs for phosphorus use efficiency in relation to agronomic performance of wheat 

grown under phosphorus sufficient and limited conditions. Plant Sci. 176:824–836. 

Su, J., Xiao, Y., Li, M., Liu, Q., Li, B., Tong, Y., Jia, J. and Li, Z. 2006. Mapping QTLs for 

phosphorus-deficiency tolerance at wheat seedling stage. Plant Soil 281:25–36. 

Suchecki, R., Watson-Haigh, N. S. and Baumann, U. 2017. POTAGE: A Visualisation Tool 

for Speeding up Gene Discovery in Wheat. Sci. Rep. 7:14315. 

Sukumaran, S., Dreisigacker, S., Lopes, M., Chavez, P. and Reynolds, M. P. 2015. Genome-

wide association study for grain yield and related traits in an elite spring wheat population 

grown in temperate irrigated environments. Theor. Appl. Genet. 128:353–363. 

Syers, J., Johnston, A. and Curtin, D. 2008. Efficiency of soil and fertilizer phosphorus use—

reconciling changing concepts of soil phosphorus behaviour with agronomic information. 

Page FAO Fertilizer and Plant Nutrition Bulletin 18. Rome, Italy. 

Tang, X., Ma, Y., Hao, X., Li, X., Li, J., Huang, S. and Yang, X. 2009. Determining critical 

values of soil Olsen-P for maize and winter wheat from long-term experiments in China. 

Plant Soil 323:143–151. 

Trethowan, R. M. and Mujeeb-Kazi, A. 2008. Novel Germplasm Resources for Improving 

Environmental Stress Tolerance of Hexaploid Wheat. Crop Sci. 48:1255–1265. 

Trolove, S. N., Hedley, M. J., Caradus, J. R. and Mackay, A. D. 1996. Uptake of phosphorus 

from different sources by Lotus pedunculatus and three genotypes of Trifolium repens .1. 

Plant yield and phosphate efficiency. Aust. J. Soil Res. 34:1015–1026. 

Turner, S. D. 2017. qqman: Q-Q and Manhattan Plots for GWAS Data. BioRxiv. 

Vance, C. P., Uhde-Stone, C. and Allan, D. L. 2003. Phosphorus acquisition and use: critical 

adaptations by plants for securing a nonrenewable resource. New Phytol. 157:423–447. 

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W. C., 



 

 

 

 

 

 

109 

Price, C. A., Scheible, W. R., Shane, M. W., White, P. J. and Raven, J. A. 2012. 

Opportunities for improving phosphorus-use efficiency in crop plants. New Phytol. 

195:306–320. 

Vitousek, P. M., Naylor, R., Crews, T., David, M. B., Drinkwater, L. E., Holland, E., 

Johnes, P. J., Katzenberger, J., Martinelli, L. A. and Matson, P. A. 2009. Nutrient 

imbalances in agricultural development. Science (80-. ). 324:1519–1520. 

Wang, D. G. 1998. Large-Scale Identification, Mapping, and Genotyping of Single-Nucleotide 

Polymorphisms in the Human Genome. Science (80-. ). 280:1077–1082. 

Wang, S., Wong, D., Forrest, K., Allen, A., Chao, S., Huang, B. E., Maccaferri, M., Salvi, 

S., Milner, S. G., Cattivelli, L., Mastrangelo, A. M., Whan, A., Stephen, S., Barker, G., 

Wieseke, R., Plieske, J., Lillemo, M., Mather, D., Appels, R., Dolferus, R., Brown-

Guedira, G., Korol, A., Akhunova, A. R., Feuillet, C., Salse, J., Morgante, M., Pozniak, 

C., Luo, M.-C., Dvorak, J., Morell, M., Dubcovsky, J., Ganal, M., Tuberosa, R., 

Lawley, C., Mikoulitch, I., Cavanagh, C., Edwards, K. J., Hayden, M. and Akhunov, 

E. 2014. Characterization of polyploid wheat genomic diversity using a high-density 90 000 

single nucleotide polymorphism array. Plant Biotechnol. J. 12:787–796. 

Wang, S., Yin, L., Tanaka, H., Tanaka, K. and Tsujimoto, H. 2010a. Identification of wheat 

alien chromosome addition lines for breeding wheat with high phosphorus efficiency. 

Breed. Sci. 60:371–379. 

Wang, X., Shen, J. and Liao, H. 2010b. Acquisition or utilization, which is more critical for 

enhancing phosphorus efficiency in modern crops? Plant Sci. 179:302–306. 

Wang, X., Wang, Y., Tian, J., Lim, B. L., Yan, X. and Liao, H. 2009. Overexpressing 

AtPAP15 enhances phosphorus efficiency in soybean. Plant Physiol. 151:233–40. 

Warburton, M. L., Crossa, J., Franco, J., Kazi, M., Trethowan, R., Rajaram, S., Pfeiffer, 

W., Zhang, P., Dreisigacker, S. and Ginkel, M. Van. 2006. Bringing wild relatives back 

into the family: recovering genetic diversity in CIMMYT improved wheat germplasm. 

Euphytica 149:289–301. 

Watt, M., Moosavi, S., Cunningham, S. C., Kirkegaard, J. A., Rebetzke, G. J. and 

Richards, R. A. 2013. A rapid, controlled-environment seedling root screen for wheat 



 

 

 

 

 

 

110 

correlates well with rooting depths at vegetative, but not reproductive, stages at two field 

sites. Ann. Bot. 112:447–455. 

Weaver, D. and Wong, M. F. 2011. Scope to improve phosphorus (P) management and balance 

efficiency of crop and pasture soils with contrasting P status and buffering indices. Plant 

Soil 349:37–54. 

van de Wiel, C. C. M., van der Linden, C. G. and Scholten, O. E. 2016. Improving 

phosphorus use efficiency in agriculture: opportunities for breeding. Euphytica 207:1–22. 

Wissuwa, M., Mazzola, M. and Picard, C. 2009. Novel approaches in plant breeding for 

rhizosphere-related traits. Plant Soil 321:409–430. 

Xie, Q., Fernando, K. M. C., Mayes, S. and Sparkes, D. L. 2017. Identifying seedling root 

architectural traits associated with yield and yield components in wheat. Ann. Bot. 

119:1115–1129. 

Yan, W., Hunt, L. A., Sheng, Q. and Szlavnics, Z. 2000. Cultivar evaluation and mega-

environment investigation based on the GGE biplot. Crop Sci. 40:597–605. 

Yang, M., Ding, G., Shi, L., Feng, J., Xu, F. and Meng, J. 2010. Quantitative trait loci for root 

morphology in response to low phosphorus stress in Brassica napus. Theor. Appl. Genet. 

121:181–193. 

Yang, N., Lu, Y., Yang, X., Huang, J., Zhou, Y., Ali, F., Wen, W., Liu, J., Li, J. and Yan, J. 

2014. Genome Wide Association Studies Using a New Nonparametric Model Reveal the 

Genetic Architecture of 17 Agronomic Traits in an Enlarged Maize Association Panel. 

PLoS Genet. 10:e1004573. 

Yang, W., Liu, D., Li, J., Zhang, L., Wei, H., Hu, X., Zheng, Y., He, Z. and Zou, Y. 2009. 

Synthetic hexaploid wheat and its utilization for wheat genetic improvement in China. J. 

Genet. Genomics 36:539–546. 

Yaseen, M. and Malhi, S. S. 2010. Selection Criteria for Genotypes and Identification of Plant 

Characteristics for Phosphorus-Efficient Wheat. Commun. Soil Sci. Plant Anal. 41:679–

695. 

Yaseen, M. and Malhi, S. S. 2011. Exploitation of Genetic Variability Among Wheat 

Genotypes for Tolerance To Phosphorus Deficiency Stress. J. Plant Nutr. 34:665–699. 



 

 

 

 

 

 

111 

Yates, A. G., Bailey, R. C. and Schwindt, J. a. 2007. Effectiveness of best management 

practices in improving stream ecosystem quality. Hydrobiologia 583:331–344. 

Yu, J., Pressoir, G., Briggs, W. H., Vroh Bi, I., Yamasaki, M., Doebley, J. F., McMullen, M. 

D., Gaut, B. S., Nielsen, D. M., Holland, J. B., Kresovich, S. and Buckler, E. S. 2006. A 

unified mixed-model method for association mapping that accounts for multiple levels of 

relatedness. Nat. Genet. 38:203–208. 

Yu, M., Chen, G., Zhang, L., Liu, Y., Liu, D., Wang, J., Pu, Z., Zhang, L., Lan, X., Wei, Y., 

Liu, C. and Zheng, Y. 2014. QTL Mapping for Important Agronomic Traits in Synthetic 

Hexaploid Wheat Derived from Aegiliops tauschii ssp. tauschii. J. Integr. Agric. 13:1835–

1844. 

Yuan, H. M., Blackwell, M., McGrath, S., George, T. S., Granger, S. H., Hawkins, J. M. B., 

Dunham, S. and Shen, J. B. 2015. Morphological responses of wheat (Triticum aestivum 

L.) roots to phosphorus supply in two contrasting soils. J. Agric. Sci. 154:98–108. 

Yuan, Y., Gao, M., Zhang, M., Zheng, H., Zhou, X., Guo, Y., Zhao, Y., Kong, F. and Li, S. 

2017. QTL Mapping for Phosphorus Efficiency and Morphological Traits at Seedling and 

Maturity Stages in Wheat. Front. Plant Sci. 8:1–13. 

Yun, S. J. and Kaeppler, S. M. 2001. Induction of maize acid phosphatase activities under 

phosphorus starvation. Plant Soil 237:109–115. 

Zegeye, H., Rasheed, A., Makdis, F., Badebo, A. and Ogbonnaya, F. C. 2014. Genome-wide 

association mapping for seedling and adult plant resistance to stripe rust in synthetic 

hexaploid wheat. PLoS One 9:e105593. 

Zhang, H. and Wang, H. 2015. QTL mapping for traits related to P-deficient tolerance using 

three related RIL populations in wheat. Euphytica 203:505–520. 

Zhang, P., Dreisigacker, S., Melchinger, A. E., Reif, J. C., Mujeeb Kazi, A., Van Ginkel, 

M., Hoisington, D. and Warburton, M. L. 2005. Quantifying novel sequence variation 

and selective advantage in synthetic hexaploid wheats and their backcross-derived lines 

using SSR markers. Mol. Breed. 15:1–10. 

Zhang, Y., Chen, F., Chen, X., Long, L., Gao, K., Yuan, L., Zhang, F. and Mi, G. 2013. 

Genetic Improvement of Root Growth Contributes to Efficient Phosphorus Acquisition in 



 

 

 

 

 

 

112 

maize (Zea mays L.). J. Integr. Agric. 12:1098–1111. 

Zhang, Z., Ersoz, E., Lai, C., Todhunter, R. J., Tiwari, H. K., Gore, M. a, Bradbury, P. J., 

Yu, J., Arnett, D. K., Ordovas, J. M. and Buckler, E. S. 2010. Mixed linear model 

approach adapted for genome-wide association studies. Nat. Genet. 42:355–360. 

Zhu, J. and Lynch, J. P. 2004. The contribution of lateral rooting to phosphorus acquisition 

efficiency in maize (Zea mays) seedlings. Funct. Plant Biol. 31:949–958. 

Zhu, Y. G., Smith, S. E., Barritt, A. R. and Smith, F. A. 2001. Phosphorus (P) efficiencies and 

mycorrhizal responsiveness of old and modern wheat cultivars. Plant Soil 237:249–255. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

113 

APPENDICES 

Appendix Table I Population of 194 synthetic derived hexaploid wheat lines from CIMMYT. 
Genotype identification (GID), introduction number (INTRID), Cross identification (CID), 
Synthetic Identification (SID), pedigree and synthetic degree are provided. The diploid D-genome 
donor (Aegilops tauschii) accession used in the synthetic cross is bolded and the tetraploid AB 
genome donor accession (Triticum turgidum) used in the cross is underlined. 

GID INTRID CID SID 
Synthetic 
Degreez Pedigree 

2454874 BW31682 72683 805 2nd ALTAR 84/AE.SQUARROSA (219)//SERI M 82 

2454873 BW31683 72683 806 2nd ALTAR 84/AE.SQUARROSA (219)//SERI M 82 

2454876 BW31684 72726 648 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

1118879 BW31690 72726 533 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

2454972 BW31691 72744 375 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454971 BW31692 72744 376 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454970 BW31693 72744 377 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454969 BW31694 72744 378 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454968 BW31695 72744 379 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454967 BW31696 72744 380 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

2454966 BW31697 72744 381 2nd DVERD_2/AE.SQUARROSA (214)//OPATA M 85 

1403554 BW31725 101714 73 3rd 
CROC_1/AE.SQUARROSA (205)//JUPATECO F 
73/BLUEJAY/3/SUPER KAUZ/4/KAUZ 

2479188 BW31780 167256 307 2nd BACANORA T 88//SORA/AE.SQUARROSA (323) 

2479187 BW31781 167256 308 2nd BACANORA T 88//SORA/AE.SQUARROSA (323) 

2479186 BW31782 167256 309 2nd BACANORA T 88//SORA/AE.SQUARROSA (323) 

2479185 BW31783 167256 310 2nd BACANORA T 88//SORA/AE.SQUARROSA (323) 

1874471 BW31784 167282 572 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874485 BW31785 167282 567 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874482 BW31786 167282 568 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874480 BW31787 167282 569 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874477 BW31788 167282 570 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 
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1874474 BW31789 167282 571 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874460 BW31790 167282 577 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874466 BW31791 167282 574 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874462 BW31792 167282 576 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874444 BW31793 167282 583 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874454 BW31794 167282 579 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874446 BW31796 167282 582 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874426 BW31797 167282 590 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874431 BW31798 167282 588 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874392 BW31799 167282 603 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

1874387 BW31801 167282 605 2nd BACANORA T 88//CROC_1/AE.SQUARROSA (662) 

2479415 BW31802 167290 197 2nd BACANORA T 88//YARMUK/AE.SQUARROSA (434) 

2479414 BW31803 167290 198 2nd BACANORA T 88//YARMUK/AE.SQUARROSA (434) 

2479413 BW31804 167290 199 2nd BACANORA T 88//YARMUK/AE.SQUARROSA (434) 

2479417 BW31805 167295 347 2nd 
BACANORA T 
88/4/RABI//GANSO/CRANE/3/AE.SQUARROSA (895) 

1877008 BW31806 167357 95 2nd OPATA M 85//DECOY 1/AE.SQUARROSA (510) 

1877014 BW31807 167357 93 2nd OPATA M 85//DECOY 1/AE.SQUARROSA (510) 

1877011 BW31808 167357 94 2nd OPATA M 85//DECOY 1/AE.SQUARROSA (510) 

1877995 BW31810 167384 165 2nd OPATA M 85//CROC_1/AE.SQUARROSA (879) 

1877998 BW31811 167384 164 2nd OPATA M 85//CROC_1/AE.SQUARROSA (879) 

1877986 BW31812 167384 168 2nd OPATA M 85//CROC_1/AE.SQUARROSA (879) 

1877980 BW31814 167384 170 2nd OPATA M 85//CROC_1/AE.SQUARROSA (879) 

1118891 BW32103 72726 530 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

1118885 BW32105 72726 532 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

2454893 BW32106 72726 630 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

2454892 BW32107 72726 631 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

1403557 BW32114 101714 72 4th 
CROC_1/AE.SQUARROSA (205)//JUPATECO F 
73/BLUEJAY/3/SUPER KAUZ/4/KAUZ 
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2453300 BW32132 58520 34 2nd CHEN/AE.SQUARROSA//2*OPATA M 85 

2453315 BW32133 58561 34 2nd ALTAR 84/AE.SQUARROSA//2*OPATA M 85 

346421 BW33624 54005 193 2nd 
ALTAR 84/AEGILOPS SQUARROSA (TAUS)//OPATA 
M 85 

1118888 BW33631 72726 531 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

2478016 BW33659 158324 50 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

2478015 BW33660 158324 51 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

2478024 BW33661 158324 42 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

2478023 BW33662 158324 43 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

2478033 BW33665 158325 44 3rd 

PASTOR/3/MUNIA//CHEN/ALTAR 
84/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGILOPS 
SQUARROSA (TAUS)/4/WEAVER 

3616958 BW33666 158452 135 3rd 
FILIN/IRENA/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA (TAUS)/4/WEAVER 

3616956 BW33667 158452 132 3rd 
FILIN/IRENA/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA (TAUS)/4/WEAVER 

3567694 BW33670 158452 131 3rd 
FILIN/IRENA/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA (TAUS)/4/WEAVER 

3632351 BW33680 255660 97 3rd 
CHIBIA/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGIL
OPS SQUARROSA (TAUS)/4/WEAVER 

3577944 BW33685 206381 227 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/CMH81.38/2*KAUZ 

3577945 BW33686 206381 225 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/CMH81.38/2*KAUZ 

3628179 BW33687 206381 226 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/CMH81.38/2*KAUZ 

3628190 BW33688 206499 26 2nd ALTAR 84/AE.SQUARROSA (219)//ATTILA 

3567695 BW33689 207697 27 3rd 
CANDO/R143//ENTE/MEXICALI_2/3/AEGILOPS 
SQUARROSA (TAUS)/4/OCORONI F 86/5/PASTOR 

3628930 BW33691 207963 31 3rd 

MUNIA/3/RUFF/FLAMINGO:DR//YAVAROS 
79/4/CHEN/AEGILOPS SQUARROSA 
(TAUS)//BACANORA T 88 

3628949 BW33693 207970 130 3rd 

HOOPOE/TANAGER//VEERY/3/2*PAPAGO M 
86/4/CHEN/AEGILOPS SQUARROSA 
(TAUS)//BACANORA T 88 
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3628972 BW33694 207990 98 3rd 
FASAN/2*TEPOCA T 89/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

3628971 BW33695 207990 99 3rd 
FASAN/2*TEPOCA T 89/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

3631236 BW33728 210539 129 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/KAUZ*2/BOBWHITE//KAUZ/4/NL 683 

3631235 BW33729 210539 130 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/KAUZ*2/BOBWHITE//KAUZ/4/NL 683 

3631234 BW33731 210539 131 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/KAUZ*2/BOBWHITE//KAUZ/4/NL 683 

3621025 BW33746 167276 215 2nd BACANORA T 88//CERCETA/AE.SEARSII (34D) 

3621024 BW33747 167276 216 2nd BACANORA T 88//CERCETA/AE.SEARSII (34D) 

3616097 BW33757 152383 95 3rd 
ALTAR 84/AE.SQUARROSA (224)//CUCURPE S 86/3/PI 
610755 

2479441 BW33758 167370 255 2nd OPATA M 85//SORA/AE.SQUARROSA (323) 

1799716 BW33904 158634 243 3rd 

MUNIA/CHORLITO/3/PFAU/BOBWHITE//VEERY 
#9/4/CHEN/AEGILOPS SQUARROSA 
(TAUS)//BACANORA T 88 

3584454 BW33952 135084 149 3rd 
CROC_1/AE.SQUARROSA (205)//BORLAUG M 
95/3/2*MILAN 

2478018 BW33977 158324 48 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

3567684 BW33979 206280 223 3rd CROC_1/AE.SQUARROSA (205)//KAUZ/3/ENEIDA F94 

2478027 BW35684 158325 50 3rd 

PASTOR/3/MUNIA//CHEN/ALTAR 
84/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGILOPS 
SQUARROSA (TAUS)/4/WEAVER 

3855011 BW35697 279807 61 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3827768 BW35698 279807 53 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3605425 BW36364 118849 366 3rd CROC_1/AE.SQUARROSA (205)//KAUZ/3/SASIA 

2478022 BW36375 158324 44 3rd 
PASTOR//SITELLA/MOCHIS 73/3/CHEN/AEGILOPS 
SQUARROSA (TAUS)//BACANORA T 88 

3574436 BW36377 158452 133 3rd 
FILIN/IRENA/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA (TAUS)/4/WEAVER 

3616959 BW36378 158452 134 3rd 
FILIN/IRENA/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA (TAUS)/4/WEAVER 
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3586075 BW36379 255660 102 3rd 
CHIBIA/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGIL
OPS SQUARROSA (TAUS)/4/WEAVER 

3574425 BW36380 255660 100 3rd 
CHIBIA/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGIL
OPS SQUARROSA (TAUS)/4/WEAVER 

3827946 BW36535 304079 106 3rd 
CASKOR/3/CROC_1/AE.SQUARROSA (224)//OPATA M 
85 

3864981 BW36536 304079 109 3rd 
CASKOR/3/CROC_1/AE.SQUARROSA (224)//OPATA M 
85 

3827947 BW36542 279807 56 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855644 BW36550 280725 76 3rd 
PAJONAL/BOBWHITE//OPATA M 
85*2/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

3827956 BW36551 280725 78 3rd 
PAJONAL/BOBWHITE//OPATA M 
85*2/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

3855902 BW36555 280805 59 4th 

MILAN/KAUZ/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA 
(TAUS)/4/WEAVER/6/TOBARI F 66/ERA//TOBARI F 
66/CIANO F 67/3/POLLO/4/VEERY #5/5/KAUZ 

3827938 BW36560 334948 269 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3827751 BW36561 334948 272 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888537 BW36562 334948 301 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888335 BW36563 334948 307 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888320 BW36564 334948 313 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4314513 BW36566 335446 55 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4315350 BW36568 331793 57 3rd ALTAR 84/AE.SQUARROSA (221)//PASTOR/3/PASTOR 

2489102 BW36874 255660 81 3rd 
CHIBIA/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGIL
OPS SQUARROSA (TAUS)/4/WEAVER 

2489138 BW36875 255700 32 3rd 

CAPEITI 8/GEDIZ 
75/3/GOOSE//ALBATROS:DR/CRANE/4/AE.SQUARRO
SA (208)/5/HAHN/2*WEAVER 

2489133 BW36876 255700 37 3rd 

CAPEITI 8/GEDIZ 
75/3/GOOSE//ALBATROS:DR/CRANE/4/AE.SQUARRO
SA (208)/5/HAHN/2*WEAVER 

3864983 BW36878 304079 107 3rd CASKOR/3/CROC_1/AE.SQUARROSA (224)//OPATA M 
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85 

3829903 BW36879 304079 110 3rd 
CASKOR/3/CROC_1/AE.SQUARROSA (224)//OPATA M 
85 

3865440 BW36880 304415 20 2nd CROC_1/AE.SQUARROSA (205)//MILAN/KAUZ 

3865439 BW36881 304415 21 2nd CROC_1/AE.SQUARROSA (205)//MILAN/KAUZ 

3865438 BW36882 304415 22 2nd CROC_1/AE.SQUARROSA (205)//MILAN/KAUZ 

3865437 BW36883 304415 23 2nd CROC_1/AE.SQUARROSA (205)//MILAN/KAUZ 

3855024 BW36898 279807 55 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855017 BW36900 279807 64 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855014 BW36901 279807 67 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855013 BW36902 279807 68 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855012 BW36903 279807 69 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/PASTOR 

3855034 BW36904 279810 59 3rd 
CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/ATTILA 

3855656 BW36921 280725 64 3rd 
PAJONAL/BOBWHITE//OPATA M 
85*2/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

3855652 BW36922 280725 68 3rd 
PAJONAL/BOBWHITE//OPATA M 
85*2/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

3855647 BW36923 280725 73 3rd 
PAJONAL/BOBWHITE//OPATA M 
85*2/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

3855900 BW36935 280805 61 4th 

MILAN/KAUZ/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA 
(TAUS)/4/WEAVER/6/TOBARI F 66/ERA//TOBARI F 
66/CIANO F 67/3/POLLO/4/VEERY #5/5/KAUZ 

3855898 BW36937 280805 64 4th 

MILAN/KAUZ/5/CANDO/R143//ENTE/MEXICALI_2/3/A
EGILOPS SQUARROSA 
(TAUS)/4/WEAVER/6/TOBARI F 66/ERA//TOBARI F 
66/CIANO F 67/3/POLLO/4/VEERY #5/5/KAUZ 

3888364 BW36951 334948 280 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888342 BW36952 334948 287 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888359 BW36953 334948 294 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 
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3888358 BW36954 334948 295 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888323 BW36955 334948 297 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888349 BW36956 334948 264 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3888355 BW36957 334948 314 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4340793 BW36965 331793 56 3rd ALTAR 84/AE.SQUARROSA (221)//PASTOR/3/PASTOR 

4352598 BW36979 341652 48 3rd ALTAR 84/AE.SQUARROSA (193)//2*PASTOR 

2489095 BW36981 255660 88 3rd 
CHIBIA/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGIL
OPS SQUARROSA (TAUS)/4/WEAVER 

3855916 BW36982 280821 44 4th 

PROINTA 
OASIS/5/CANDO/R143//ENTE/MEXICALI_2/3/AEGILO
PS SQUARROSA (TAUS)/4/WEAVER/6/PROINTA 
FEDERAL 

3888399 BW36984 334948 517 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

3833280 BW37454 72726 797 2nd CROC_1/AE.SQUARROSA (224)//OPATA M 85 

4563458 BW37461 303992 57 3rd 
CANDO/R143//ENTE/MEXICALI_2/3/AEGILOPS 
SQUARROSA (TAUS)/4/WEAVER/5/PASTOR 

4093487 BW37467 304079 120 3rd 
CASKOR/3/CROC_1/AE.SQUARROSA (224)//OPATA M 
85 

4569087 BW37505 334948 1076 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4569081 BW37507 334948 1092 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4569074 BW37508 334948 1099 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4569073 BW37509 334948 1100 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4577962 BW37534 342469 53 3rd 

MILAN/KAUZ/3/URES T 
81/JUNCO//KAUZ/4/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4578993 BW37557 342851 68 2nd 

STERNA:DR/AE.SQUARROSA (358)/4/URES T 
81//BUCKBUCK/PAVON F 76/3/KAUZ/5/BAVIACORA 
M 92 

4578992 BW37558 342851 69 2nd 

STERNA:DR/AE.SQUARROSA (358)/4/URES T 
81//BUCKBUCK/PAVON F 76/3/KAUZ/5/BAVIACORA 
M 92 
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4773725 BW37606 365653 51 3rd 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

3832769 BW37607 58520 107 2nd CHEN/AE.SQUARROSA//2*OPATA M 85 

3832784 BW37608 58520 92 2nd CHEN/AE.SQUARROSA//2*OPATA M 85 

3832819 BW37609 58561 111 3rd ALTAR 84/AE.SQUARROSA//2*OPATA M 85 

3832827 BW37610 58561 103 3rd ALTAR 84/AE.SQUARROSA//2*OPATA M 85 

4563455 BW37683 303992 60 3rd 
CANDO/R143//ENTE/MEXICALI_2/3/AEGILOPS 
SQUARROSA (TAUS)/4/WEAVER/5/PASTOR 

4062607 BW37698 334948 1102 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4577785 BW37701 342438 56 3rd 
SUPER KAUZ/PASTOR/3/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4577963 BW37706 342469 52 3rd 

MILAN/KAUZ/3/URES T 
81/JUNCO//KAUZ/4/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4753157 BW37707 342488 59 3rd 
KABY/BAVIACORA M 92/3/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4569010 BW37852 334917 62 3rd 

JUPATECO F 73/ZOPILOTE//COCORAQUE F 
75/3/PAVON F 76/4/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4569009 BW37853 334917 63 3rd 

JUPATECO F 73/ZOPILOTE//COCORAQUE F 
75/3/PAVON F 76/4/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4569093 BW37855 334948 1069 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4342466 BW37856 334948 1086 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4569078 BW37857 334948 1095 3rd 
PASTOR/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85 

4577760 BW37864 342432 61 3rd 
SUPER KAUZ/BAVIACORA M 
92/3/CROC_1/AE.SQUARROSA (224)//OPATA M 85 

4753160 BW37867 342488 56 3rd 
KABY/BAVIACORA M 92/3/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4753159 BW37868 342488 57 3rd 
KABY/BAVIACORA M 92/3/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4753158 BW37869 342488 58 3rd 
KABY/BAVIACORA M 92/3/CROC_1/AE.SQUARROSA 
(224)//OPATA M 85 

4564310 BW37885 324968 30 3rd ALTAR 84/AEGILOPS SQUARROSA (TAUS)//OPATA 
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M 85/3/PAJONAL/BOBWHITE//OPATA M 85 

4882946 BW39371 363051 42 3rd 

CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85/4/PASTOR*2/OPATA M 85 

4883007 BW39383 363192 46 3rd 

CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85/4/PASTOR 

4883006 BW39384 363192 49 3rd 

CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85/4/PASTOR 

4883005 BW39385 363192 53 3rd 

CROC_1/AE.SQUARROSA (224)//OPATA M 
85/3/ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OPATA M 85/4/PASTOR 

4885597 BW39409 373340 49 4th 

DUCULA//HUITLE/TUBENO/3/CARRIZO T 
89/4/CROC_1/AE.SQUARROSA (224)//OPATA M 
85/5/PASTOR 

4885604 BW39412 373362 58 3rd 
STERNA:DR/AE.SQUARROSA 
(358)/3/MAIORAL/BUCKBUCK//VEERY #7/4/PASTOR 

4885603 BW39413 373362 59 3rd 
STERNA:DR/AE.SQUARROSA 
(358)/3/MAIORAL/BUCKBUCK//VEERY #7/4/PASTOR 

4885602 BW39414 373362 60 3rd 
STERNA:DR/AE.SQUARROSA 
(358)/3/MAIORAL/BUCKBUCK//VEERY #7/4/PASTOR 

4885601 BW39415 373362 67 3rd 
STERNA:DR/AE.SQUARROSA 
(358)/3/MAIORAL/BUCKBUCK//VEERY #7/4/PASTOR 

4883372 BW39450 365653 59 5th 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

4883371 BW39451 365653 60 5th 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

4883370 BW39452 365653 61 5th 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

4883369 BW39453 365653 62 5th 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

4883367 BW39454 365653 64 5th 

ALTAR 84/AEGILOPS SQUARROSA 
(TAUS)//OCORONI F 86/3/VEERY/MARCOS JUAREZ 
INTA//2*TUI 

4878569 BW39469 342452 53 3rd 

CIANO T 
79//PF70354/MUSALA/3/PASTOR/4/CROC_1/AE.SQUA
RROSA (224)//OPATA M 85 

4878716 BW39477 342852 77 2nd STERNA:DR/AE.SQUARROSA (358)/4/URES T 
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81//BUCKBUCK/PAVON F 76/3/KAUZ/5/URES T 
81/JUNCO//KAUZ 

4878715 BW39478 342852 81 2nd 

STERNA:DR/AE.SQUARROSA (358)/4/URES T 
81//BUCKBUCK/PAVON F 76/3/KAUZ/5/URES T 
81/JUNCO//KAUZ 

4750132 BW39482 335446 79 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4750131 BW39483 335446 80 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4750130 BW39484 335446 81 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4750129 BW39485 335446 82 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4750128 BW39486 335446 85 3rd 
CROC_1/AE.SQUARROSA (213)//PAPAGO M 
86/3/BAVIACORA M 92 

4886018 BW39487 378807 59 2nd 
DECOY 1/AE.SQUARROSA 
(458)/3/KAUZ/GYGIS//KAUZ 

4886017 BW39488 378807 60 2nd 
DECOY 1/AE.SQUARROSA 
(458)/3/KAUZ/GYGIS//KAUZ 

4886016 BW39489 378807 61 2nd 
DECOY 1/AE.SQUARROSA 
(458)/3/KAUZ/GYGIS//KAUZ 

4886015 BW39490 378807 63 2nd 
DECOY 1/AE.SQUARROSA 
(458)/3/KAUZ/GYGIS//KAUZ 

4886014 BW39491 378807 67 2nd 
DECOY 1/AE.SQUARROSA 
(458)/3/KAUZ/GYGIS//KAUZ 

6174895 BW49397 520259 21 4th 
ALTAR 84/AE.SQUARROSA (221)//3*BORLAUG M 
95/3/URES T 81/JUNCO//KAUZ/4/WEEBILL1/5/MUTUS 

6174901 BW49399 520259 27 4th 
ALTAR 84/AE.SQUARROSA (221)//3*BORLAUG M 
95/3/URES T 81/JUNCO//KAUZ/4/WEEBILL1/5/MUTUS 

z Synthetic degree is defined as the number of times the original primary synthetic was crossed to elite 
hexaploid germplasm. For example, a 2nd degree synthetic would have been crossed to one hexaploid. 
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Appendix Table II Number of accessions with different synthetic degree, Ae. tauschii donor, T. 
turgidum, and synthetic parent within each subpopulation (k=7) identified in STRUCTURE 

  

Total 

Subpopulation 
 

1 2 3 4 5 6 7 

  n=23  n=6 n=7 n=13  n=58 n=43  n=44  

Synthetic Degree 
        

2nd 70 1 
 

7 1 32 11 18 

3rd 111 22 1 
 

12 21 29 26 

4th 8 
    

5 3 
 

5th 5   5           

Ae. tauschii donor 
        

AEGILOPS SQUARROSA (TAUS) 59 22 6 
 

12 11 7 1 

AE.SQUARROSA (224) 47 1 
  

1 5 10 30 

AE.SQUARROSA (214) 7 
  

7 
    

AE.SEARSII (34D) 2 
    

1 1 
 

AE.SQUARROSA (205) 9 
    

6 3 
 

AE.SQUARROSA (208) 2 
    

1 1 
 

AE.SQUARROSA (213) 9 
    

3 6 
 

AE.SQUARROSA (219) 3 
    

1 2 
 

AE.SQUARROSA (221) 4 
    

1 3 
 

AE.SQUARROSA (323) 5 
    

4 
 

1 

AE.SQUARROSA (358) 8 
    

4 4 
 

AE.SQUARROSA (434) 3 
    

3 
  

AE.SQUARROSA (662) 16 
    

16 
  

AE.SQUARROSA (879) 4 
    

1 
 

3 

AE.SQUARROSA (895) 1 
    

1 
  

AE.SQUARROSA (193) 1 
     

1 
 

AE.SQUARROSA 6 
      

6 

AE.SQUARROSA (510) 3 
      

3 

AE.SQUARROSA (458) 5           5   

T. turgidum donor 
        

ALTAR84 14 
    

2 7 5 
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CHEN 13 
    

8 2 3 

DVERD_2 28 22 6 
     

CROC_1 84 1 
  

1 31 19 32 

CANDO/R143//ENTE/MEXICALI_2 26 
  

7 12 3 4 
 

CERCETA 2 
    

1 1 
 

CRANE 1 
    

1 
  

GEDIZ 75/3/GOOSE//ALBATROS:DR/CRANE 2 
    

1 1 
 

SORA 4 
    

4 
  

STERNA:DR 8 
    

4 4 
 

YARMUK 3 
    

3 
  

DECOY 1 8 
     

5 3 

SORA 1             1 

Primary Synthetic Hexaploid parent 
        

CERCETA/AE.SEARSII (34D) 2 
    

1 1 
 

ALTAR 84/AE.SQUARROSA (193) 1 
     

1 
 

CROC_1/AE.SQUARROSA (205) 9 
    

6 3 
 

GEDIZ 
75/3/GOOSE//ALBATROS:DR/CRANE/AE.SQUARR
OSA (208) 

2 
    

1 1 
 

CROC_1/AE.SQUARROSA (213) 9 
    

3 6 
 

DVERD_2/AE.SQUARROSA (214) 1 1 
      

ALTAR 84/AE.SQUARROSA (224) 29 21 
   

2 5 1 

CROC_1/AE.SQUARROSA (224) 52 1 6 
 

1 5 10 29 

SORA_AE.SQUARROSA (323) 5 
    

4 
 

1 

STERNA:DR/AE.SQUARROSA (358) 8 
    

4 4 
 

YARMUK/AE.SQUARROSA (434) 3 
    

3 
  

DECOY 1/AE.SQUARROSA (458) 8 
     

5 3 

CROC_1/AE.SQUARROSA (662) 20 
    

17 
 

3 

CRANE/AE.SQUARROSA (895) 1 
    

1 
  

ALTAR 84/AE.SQUARROSA 3 
      

3 

CHEN/AE.SQUARROSA 3 
      

3 

ALTAR 84/AEGILOPS SQUARROSA (TAUS) 2 
     

1 1 

CANDO/R143//ENTE/MEXICALI_2/AEGILOPS 
SQUARROSA (TAUS) 

26 
  

7 12 3 4 
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CHEN/AEGILOPS SQUARROSA (TAUS) 10         8 2 
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Appendix Table III Weather data for field trial locations in 2016 (Elora) and 2017 (Elora and 
Belwood). Minimum temperature (Tm), maximum temperature (Tx), mean temperature (Tmean), normal 
mean temperature (TN), total precipitation (Ptotal) and normal total precipitation (PN) are shown for three 
growing locations from May to September 
 

 Tm (°C) Tx(°C) Tmean(°C) TN (°C)z Ptotal (mm) PN (mm)y 
Elora 2016        

May 18.9 6.3 12.6 12.2 57.3 86.9  
June 24.1 10.0 16.9 17.5 53.0 83.8  
July 26.8 13.3 20.1 20 102.4 89.2  
August 26.8 14.1 20.4 19 152.6 96.6  
September 22.5 10.5 16.5 14.9 77.1 93.1 

Elora 2017        
May 14.9 5.7 10.0 12.2 120.5 86.9  
June 22.7 11.9 17.4 17.5 117.8 83.8  
July 24.2 13.2 18.7 20 35.6 89.2  
August 23.1 10.8 16.9 19 68.1 96.6  
September 22.7 9.3 16.0 14.9 55.5 93.1 

Belwood 2017        
May 16.0 6.5 11.2 12.2 135.8 86.9  
June 23.1 12.4 17.8 17.5 175.8 83.8  
July 24.9 14.6 19.7 20 67.8 89.2  
August 23.7 13.1 18.4 19 1.6 96.6  
September 23.1 11.3 17.2 14.9 1.8 93.1  

       
z normal average monthly temperature from 1981-2010 from Environment Canada 
y average total precipitation from 1981-2010 from Environment Canada 
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Appendix Table IV BLASTn search results from identified SNP marker sequences in POTAGEz 
Marker MIPS annotation +/- Other names  POTAGE contig hit Organism Function %y 
BS00021780_51 U6 snRNA-

associated Sm-like 
protein LSm8  

+ lsm8 1AL_3897564 O. sativa 
 

-RNA-binding 100% 
-mRNA 
processing 
-mRNA splicing 

A. 
thaliana 

-histone 
deacetylation 

WD-40 repeat family 
protein  

- HOS15 O. sativa -regulation of 
transcription by 
RNA 
polymerase II 

100% 

-cold tolerance 
-stress signaling 

A. 
thaliana 

-retrograde  
vesicle mediated 
transport 

Excalibur_c5121_930 Transmembrane 
protein 115 

+ Rbl19 2AS_1022122 A. 
thaliana 

-spliceosomal 
snRNP 
assembly 

100% 
OsRhmbd13 

Excalibur_c56792_131 Small nuclear 
ribonucleoprotein 
family protein  

+ LSM_dom_sf 2AS_5190156 O. sativa -RNA binding 100% 
A. 
thaliana 

-signal 
transduction  

Tdurum_contig10910_713 Regulator of 
chromosome 
condensation RCC1 
family protein  

- UVR8 2DL_9888122 O. sativa -response to 
UV-B  

100% 

-photoreceptor 
activity 

A. 
thaliana 

-intracellular 
protein transport 

Kukri_rep_c74573_613 Formin Homology 
14 LENGTH=1230 

+ AFH14 2DS_5322959 O. sativa -protein dephos-
phorylation 

100% 

FH3 
 

O. sativa -phospho-
protein 
phosphatase 
activity 

Formin-like protein 
5 

+ FH5 2AS_619123 O. sativa -cellular 
component 
organization 

98% 

Tdurum_contig12589_325 Tether containing 
UBX domain for 
GLUT4 

- UBX_dom 2BL_8028054 A. 
thaliana 

-protein binding 100% 
-response to 
cytokinin 

wsnp_Ex_rep_c102385_87568304 RNA-binding 
RRM/RBD/RNP 
motifs family protein  

+ Nucleotide-
bd_a/b_plait_sf 

2AL_6393327 A. 
thaliana 

-nucleic acid 
binding  

100% 

-found in C-
terminal region 
of the VRN2 

Tdurum_contig10208_283 Polycomb group 
protein 
EMBRYONIC 
FLOWER 2 

+ VEFS-Box 2BS_5174570 O. sativa -flower 
development 

100% 

A. 
thaliana 

-response to 
stress 

wsnp_Ex_rep_c67011_65463819 Dihydrolipoyllysine-
residue 
succinyltransferase 
component of 2-
oxoglutarate 
dehydrogenase 
complex 

- SucB 2DS_5376916  O. sativa -metabolic 
process 
-transposon 
protein 

100% 

Tdurum_contig10022_182 UPI000234F87E 
related cluster 

+ N/A 3AL_4449674 A. 
thaliana 

-auxin 
biosynthetic 
process 

100% 

JD_c9434_297 tryptophan 
aminotransferase 

- ATTAR2 3AL_4411580 O. sativa -cellular 
response to 

100% 
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nitrogen levels  
-cotyledon 
development 
 -potassium ion 
transmembrane 
transport 

Tdurum_contig43158_1597 cyclic nucleotide-
gated channel 17 

- ATCNGC17 6AL_5825034 A. 
thaliana 

-
phosphorylation, 
protein 
phosphorylation 

99% 

Tdurum_contig7464_1168 Protein kinase 
superfamily protein 

+ LECRK-S.3 6AL_5830594 O. sativa -protein 
metabolic 
process 

100% 

RFL_Contig2877_804 Ubiquitin carboxyl-
terminal hydrolase 2 

- N/A 6DL_3208304 O. sativa -kinase activity 100% 

BobWhite_c23771_525 Phosphatidylinositol-
4-phosphate 5-kinase 
family protein 

+ N/A 6BL_4328047 A. 
thaliana 

-regulation of 
starch 
biosynthetic 
process 

100% 

BobWhite_c11042_284 5'-AMP-activated 
protein kinase 

+ PTST 6BS_3019680 O. sativa -starch 
biosynthetic 
process 

100% 

A. 
thaliana 

 -multicellular 
organismal 
development 

Excalibur_c33724_303 kinesin-like protein 1 + ATKP1 6AS_4391489 O. sativa  -metabolic 
process 

100% 
A. 
thaliana 

BS00075406_51 receptor kinase 2 + ARK2 6BS_2909293 O. sativa  -cellular 
process 

100% 

A. 
thaliana 

-disease 
resistance 
protein 

D_GBUVHFX01ASSS7_57 Disease resistance 
protein 

+ At4g27190 7AS_4246120 O. sativa -response to 
stress 

81.12% 

ZPOTAGE = Popseq Ordered Triticum Aestivum Gene Expression; MIPS = Munich Information Center for Protein Sequences 
Y Indicates the % similarity between the query and subject sequence 

 


