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Crops with superior phosphorus (P) use efficiency (PUE) provide a financial advantage to 

growers and a reduced environmental burden. Progress is needed to breed winter wheat 

(Triticum aestivum L.) for PUE. The objectives of this thesis were to: 1) examine the P response 

of winter wheat genotypes across traits and environments; 2) improve methods for assessing 

PUE; 3) identify quantitative trait loci (QTL) for traits related to PUE; 4) assess winter wheat for 

root system architecture (RSA) traits important for PUE. Two-hundred winter wheat genotypes 

were assessed under differential P conditions over three environments. A subset with varied P 

response was phenotyped under controlled conditions for RSA traits, for which genetic variation 

was found. Genetic variation was found for P response, which was inconsistent across 

environments.  Additionally, P treatment-specific QTL were found.  Through this thesis, a PUE 

phenotyping method suitable for regions with historically high P inputs was developed. 
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1 Chapter 1: General Introduction and Literature Review 

 

1.1 Introduction 

Phosphorus (P) is an essential nutrient that is critical to energy transfer in cells, in 

addition to the structure of nucleic acids and cell membranes. Consequently, P deficiency 

impacts plants at many stages of development. Under sub-optimal P conditions, crops  

experience delayed leaf emergence (Rodríguez et al., 1998), reduced tiller number, stunted 

height (Epie & Maral, 2018), delayed phenology (Nord & Lynch, 2008), reduced yield (Salo et 

al., 2007), and  reduced dry matter production (Rodriguez & Goudriaan, 1995). Phosphorus 

fertility can be challenging to manage, because even when present in the soil in relatively high 

concentrations, P availability remains a problem. Inorganic P (Pi) favours the labile (solid) 

phase, over being dissolved in the soil matrix, which is when it is available to plants (Holford, 

1997).  Prior to the mid-20th century’s Green Revolution, available soil P was deficient in most 

soils, and a major limit to global yields. The post-war fertilizer industry boom made fertilizers 

such as P accessible to many farmers (Hopkins & Hansen, 2019). Since then, crops in 

developed countries such as  the USA and Canada have been passively bred to be responsive 

to P, and P fertilizers remain integral to cropping systems (Lynch, 2007).  

Phosphate rock, the mineral from which P fertilizer is produced, is a depleting non-

renewable resource (Elser & Bennett, 2011) .  Among scholars, there is not a  clear consensus 

for the timeframe for reaching global maximum P production, or peak P, whether it be in several 

decades to almost a century from now (Cordell & White, 2014; Mohr & Evans, 2013; Vuuren et 

al., 2010). In any case, geopolitical affairs could eventually factor into the accessibility of  P 

fertilizer (Cordell & White, 2014). It is estimated that 70% of the world’s remaining phosphate 

reserves reside in Morocco and Western Sahara (Figure 1.1) (USGS, 2021). While the region 
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mined just 17% of the globe’s phosphate rock in 2020 (USGS, 2021), it will become increasingly 

important for world phosphate supply in the near decades (Mohr & Evans, 2013).  

 

 

Figure 1.1.  Estimates of 2020 phosphate rock production and total remaining phosphate 
reserves by country. Data from countries with <1 Mt in reserve are combined. W.S. refers to 
Western Sahara. Data is from USGS (2021). 

 

Phosphorus loss from agroecosystems that results in the downstream pollution of water 

systems is a further issue of concern regarding the resource. It has been estimated that only 

15% to 30% of P fertilizer is acquired by crops in the season that it is applied (Syers et al., 

2008). The remaining P is stored in the soil, but <10% may also be lost through soil erosion, 

particulate runoff, or ground leaching (Sharpley et al., 2001). Since the early 1990s, 

governments have encouraged the use of Best Management Practices (BMPs) to reduce P loss 

from fields in order to lessen agricultural production’s contribution to water system pollution 

(Logan, 1993; Sharpley et al., 2006). Best management practices for P management are an 
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evolving set of practices aimed at improving P-source management and minimizing P losses 

from soils, including subsurface placement of P, timing P application around precipitation, and 

the use of cover crops in the non-growing season (Cober et al., 2019; Gildow et al., 2016; 

Sharpley et al., 2006). Despite this, further strategies are needed. Phosphorus loads from 

agricultural watersheds have contributed to the re-eutrophication of Lake Erie, leading to a rise 

in harmful algal blooms over the past 10 years (Daloğlu et al., 2012; Kane et al., 2014; Reutter, 

2019).   

For important crops, cultivating genotypes with superior phosphorus use efficiency 

(PUE) is an approach that can help address the issues described above.  Wheat is a global 

staple crop, with a capacity to be grown in most regions worldwide (Curtis, 2002). In 2020, 770 

million tonnes were produced globally, with Canada producing 35 million of them  (FAO, 2021). 

Winter wheat differs from spring wheat by its requirement for a cold temperature vernalization 

period to initiate the reproductive phase of development. It accounts for less than 10% of land 

seeded with wheat in Canada (Statistics Canada, 2021), yet it leads prominently in small grain 

cereal production in Ontario, with over 418,000 ha harvested in 2020 (OMAFRA, 2021). There is 

value in breeding winter wheat for PUE, given its prominence in Ontario. Phosphorus-use 

efficient wheat cultivars have been identified internationally (Lanzhen Wang et al., 2010), but 

there are no spring or winter wheat cultivars with enhanced PUE  that can be recommended for 

Ontario at present. In this thesis, progress in breeding for PUE in wheat is presented. The 

current knowledge base, practical considerations, and challenges of breeding for PUE are 

explored and discussed. 
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1.2 Phosphorus Use in Wheat 

At early growth stages in the fall and early spring is when the majority of P uptake occurs 

for winter wheat, and when P deficiency is most detrimental to maximum production levels 

(Grant et al., 2001).  The effects of sub-optimal available soil P levels are apparent early on for 

winter wheat, for which winter survival may be severely reduced when P fertilizer is withheld in a 

field environment (Grant et al., 1984). The penalties on early development caused by P 

deficiency have a direct effect on yield components. Phosphorus availability dictates the number 

of tillers initiated, which limits the maximum number of fertile spikes produced (Chen et al., 

2019).  Additionally, P deficiency reduces dry matter production, resulting in smaller source 

levels of carbohydrate for grain filling (Rodriguez & Goudriaan, 1995). In a controlled study, 

winter wheat plants had acquired enough P for maximum dry matter production by the stem 

elongation phase, and the authors suggested that only a small additional supply of P is needed 

during grain filling to produce maximum grain yield  (Sutton et al., 1983).  In another controlled 

study with spring wheat, P fertilization post-anthesis did not result in increased yield under 

adequate or low P levels, although grain P and biomass was increased (Batten et al., 1986). 

Recent work in durum wheat concurred with this study (El Mazlouzi et al., 2020). While the 

importance of early season P uptake is acknowledged, there is some evidence that late season 

P uptake can provide an advantage for some genotypes under low P. An association was found 

between P uptake during grain filling and grain weight (Manske et al., 2002). In two P-use 

efficient genotypes, diverging patterns of P uptake contributed to separate PUE strategies. In 

one genotype, pre-anthesis P accumulation resulted in a higher spike density, while in the other 

genotype, increased P uptake during grain filling increased thousand grain weight (Lanzhen 

Wang et al., 2010).  
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1.3 Phosphorus Use Efficiency 

Phosphorus use efficiency has varying definitions depending on necessity, but could be 

broadly considered as the capacity of a plant to maximize its yield or biomass with the available 

P (Batten, 1992; Cao et al., 2009; Hammond et al., 2009). This definition can be applied to 

experiments performed in high input or low input environments. At base, PUE can be divided 

into two components: 

𝑃𝑈𝐸 = 𝑃𝐴𝐸 𝑋 𝑃𝑇𝐸 

Where is P acquisition efficiency (PAE) is the increase in a plants P content per available soil P 

(Parentoni & Júnior, 2008): 

𝑃𝐴𝐸 =  
𝑅𝑜𝑜𝑡 𝑎𝑛𝑑 𝑆ℎ𝑜𝑜𝑡 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 (𝑘𝑔)

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 (𝑘𝑔)
 

And P utilization efficiency (PTE) is a plant’s increase in grain dry matter per unit P of plant 

content (Hammond et al., 2009): 

𝑃𝑇𝐸 =
𝐺𝑟𝑎𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 (𝑘𝑔)

𝑅𝑜𝑜𝑡 𝑎𝑛𝑑 𝑆ℎ𝑜𝑜𝑡 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 (𝑘𝑔)
 

Some authors will replace grain yield with total shoot dry weight to facilitate measuring PTE with 

experiments in controlled environments (Glass et al., 1980). A plant’s PAE is influenced by 

mechanisms that improve its ability to forage for P in the rhizosphere (Ramaekers et al., 2010). 

Phosphorus utilization efficiency is formed by the plant’s capacity to efficiently remobilize and 

redistribute P internally in support of grain yield. In the past, PAE has received more attention 

compared to PTE, which Rose et al. (2011) attributed to challenges in correctly assessing PTE.  

The authors demonstrated that variation in PAE may confound interpretations of PTE, and 

emphasized that equal P should be acquired by genotypes in order to correctly assess PTE 

(Rose et al., 2011). 
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The fertility status of an environment will determine which components should be 

targeted to most effectively improve PUE.  Lynch (2011) recommends focusing on PAE in 

regions where grain yield is primarily constrained by weak P fertility, although  under a perpetual 

soil P deficit, this would result in P mining (Lynch, 2011). Vandamme et al. (2016) suggest that 

yield could instead be improved sustainably in such environments by breeding for PTE.  In 

management systems with low P inputs, targeting PAE and PTE can increase yields and the 

efficacy of P fertilizer use. In high P input systems, PAE and PTE may be targeted to reduce P 

fertilizer requirements while maintaining yields (Vandamme et al., 2016). 

 

1.4 Mechanisms for Phosphorus Acquisition  

Root architecture and morphology have considerable influence over a plant’s capacity to 

acquire P. Phosphorus has poor soil mobility and tends to accumulate in the surface layers of 

soil, especially if fertilizer and residues are not incorporated (Barber, 1995; Lynch & Brown, 

2001). As a result, root traits that influence foraging depth and total root surface area contribute 

to a plant’s PAE (Lynch & Brown, 2001; Singh Gahoonia & Nielsen, 2004).  

Reports in common bean (Phaseolus vulgaris L.) and maize (Zea mays L.) have 

indicated that seedlings with a wide root angle possess enhanced P foraging in low P conditions 

(Liao et al., 2004; J. Zhu et al., 2005a). There is little work to provide confirmation for such a 

relationship in wheat. However, variation has been reported for seedling root angle in wheat, 

which suggests that the architecture of the wheat’s root system is in part dictated by a 

seedling’s initial seminal root angle (Manschadi et al., 2008). Root hairs are responsible for the 

majority of P acquisition (Singh Gahoonia & Nielsen, 1998), and increased root hair length and 

density provides significant advantage for P uptake for crops grown in P deficient soils (Brown 

et al., 2012; Ma et al., 2001; Singh Gahoonia et al., 1997, 2001; Yan et al., 2004). Lateral roots 
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contribute to PAE by influencing the total surface area of roots. In maize, a high density of short 

lateral roots increased PAE under low P compared to longer, less densely spaced lateral roots 

(Jia et al., 2018; Postma et al., 2014). Targeting lateral root and root hair traits could be 

particularly effective for breeding for PAE, as both structures have been shown to incur a low 

metabolic cost for plants (Lynch, 2007; J. M. Zhu & Lynch, 2004). Roots should be assessed 

broadly in phenotyping studies, as they effect of root traits on PAE may be synergistic. The 

combined effect of root hair length and root hair density was 277% greater than the additive 

effects of these traits in Arabidopsis thaliana L. (Ma et al., 2001). Synergistic effects on PAE 

were also reported in common bean for root hair length and root growth angle (Miguel et al., 

2015). Certain root traits are subject to plasticity in response to low available soil P conditions, 

and wheat root morphology appears to be highly responsive to P deprivation compared to other 

species (Lyu et al., 2016). Wheat  responds to low P by increasing its root to shoot ratio, total 

root length and specific root length (Akhtar et al., 2020; Lyu et al., 2016). Variation in P 

response has been reported for lateral rooting in maize and root hair length in A. thaliana (Ma et 

al., 2001; J. M. Zhu & Lynch, 2004), though such reports are lacking for wheat. 

Beyond root traits, there are physiological mechanisms within the rhizosphere that affect 

P uptake. For example, exudation of organic acids and acid phosphatases (APases) from roots 

is an adaptation to P deprivation. APases are secreted from root cells under P deprivation to 

mineralize organic P and increase plant available soil P levels within the rhizosphere (Plaxton & 

Tran, 2011). This has received little attention in terms of breeding wheat for PAE, although 

genotypic differences in extracellular root APase activity has been documented in wheat 

(Ciereszko et al., 2011). Organic acids can mobilize P from compounds with cations, making P 

more available to plants in calcareous soils by lowering the pH (Dakora & Phillips, 2002).  

Phenotypic variation  has been found in spring wheat genotypes for carboxylic acid exudation, 
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and was identified as the mechanism behind certain P-use efficient genotypes (Iqbal et al., 

2020).  

Arbuscular mycorrhizal (AM) fungi frequently colonizes the roots of cultivated plants, 

creating a symbiosis via a trade of exuded photosynthate for increased P accessibility to the 

plant through the extended rhizosphere (Facelli et al., 2009). The influence of AM on wheat’s 

PAE appears to vary by genotype, and in particular seems to be less of an important 

mechanism with modern, P-responsive cultivars (Nasim, 2012). Wheat plants increase AM 

colonization when placed under low P conditions, though this response is relatively small 

compared to species that also increase AM colonization under low P  (Wen et al., 2019). It has 

been suggested that root morphological responses are more important for wheat than 

physiological responses such as AM colonization or exudation in low available soil P conditions, 

compared to other species due to the small, fibrous nature of wheat roots (Lyu et al., 2016; Wen 

et al., 2019). 

 

1.5 Mechanisms for Phosphorus Utilization  

A plant’s PTE is enhanced when the P it acquires is most directly used to generate grain 

yield.  In P deficient wheat plants, senescence is hastened and the grain fill period is shortened 

(Batten & Wardlaw, 1987).  During P remobilization in durum wheat, P is distributed to grain 

from the leaves, roots, stems and spikelets, in order of priority (El Mazlouzi et al., 2020). It has 

been suggested that strategically timing P remobilization is key for maximizing the duration that 

vegetative tissues are active and can supply carbon to grain (El Mazlouzi et al., 2020; Irfan et 

al., 2019).  This employs certain P starvation response mechanisms to reallocate P to 

molecules and organs of priority. Under the general P starvation response, intracellular APases 

are upregulated to increase the catabolism of organophosphates to Pi. Purple APases, some of 
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which are induced by P deficiency, are an important APase group for intracellular and 

extracellular Pi appropriation (Liangsheng Wang et al., 2014). Membrane phospholipids are 

replaced with non-P lipids such as galactolipids and sulfolipids, (Plaxton & Tran, 2011). 

Phosphate transporters (PHT) regulate P acquisition in roots, and are also important for 

translocation of P within cells, and P loading into phloem (Stigter & Plaxton, 2015). In A. 

thaliana, members of the PHT5 P transporter family mediate P storage in vacuoles, with some 

members  being induced under P stress (Yang et al., 2017). The low-affinity transporter 

AtPHT1.5  plays an important role in P remobilization from root to shoot and shoot to seed 

(Srivastava et al., 2018).   

Amongst crop species, connecting genetic variation for P remobilization to variation for 

PTE has not been straightforward. Genetic variation has been found for P remobilization under 

low available soil P conditions for Brassica cultivars, though it could not be connected to the 

PUE of genotypes (Aziz et al., 2011). In rice (Oryza sativa L.), a P-use efficient cultivar with an 

enhanced ability to remobilize P to younger plant tissue was identified (Irfan et al., 2020). A 

study in wheat did not reveal variation for P remobilization in genotypes with varying PTE 

(Abbas et al., 2018). Identifying wheat genotypes with an elevated capacity to remobilize P 

under low P conditions would be valuable toward efforts to breed wheat for PTE.  As previously 

described, assessing PTE is complex and requires careful design to distinguish PTE from PAE 

(Rose et al., 2011).  Typically this has not been considered in reports of genotypic variation for 

PTE or P remobilization in wheat (Abbas et al., 2018; Deng et al., 2018). 

 

1.6 Breeding for Low-Phosphorus Seed 

Breeding for seed with low concentrations of P has relevance to PUE, though it is not 

frequently discussed. Breeding for low seed P would complement efforts to breed for PTE. It 
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has the potential to help slow the rate at which P moves through the biogeochemical cycle 

(Rose et al., 2013). In cereals such as wheat, 65%-85% of shoot P is reallocated to the grain by 

harvest (Wang et al., 2015). Phytic acid is the principle storage compound of P in seeds, yet it is 

a form of P that is poorly digested by humans and non-ruminant animals, contributing to 

undesirable levels of P in excrement (Raboy, 2009). Low-phytic acid (lpa) mutants have been 

identified in cereals including maize, barley (Hordeum vugaris L.), rice, and wheat with varied 

pleiotropic effects on metabolism and cell signaling  (Raboy, 2009). In wheat, Js-12-LPA had 

equivalent yield and had a phytic acid seed composition 26.5% less than the wild type, although 

Pi increased to make up the total seed P (Guttieri et al., 2004). The Ipa-1 low phytic acid 

mutation resulted in an over all reduction in grain P in barley  (Ockenden et al., 2004), and is 

present in the first registration of an lpa cultivar with the secondary trait of low total grain P 

(Bregitzer et al., 2007). Reducing the seed P composition risks lowering yield, although a multi-

environment yield trial of barley near isogenic lines revealed that lpa mutant, Hvlpa1-1, had a 

yield performance indistinguishable from the wild-type (Raboy et al., 2015). Rose et al. (2013) 

suggested that more effort be placed on reducing grain P concentration as a strategy to 

reducing P mining in both  low and high input systems (Rose et al., 2013). Grain P 

concentration’s relationship to grain yield and total P uptake is impacted by growing 

environment, therefore it should be assessed concurrently with those traits, in addition to 

seedling vigor (Vandamme et al., 2016). 

 

1.7 Assessing Germplasm for Phosphorus Use Efficiency 

As described above, accurately dissecting PTE and PAE from PUE requires careful 

experimental design in a controlled environment (Rose et al., 2011).  A major issue with 

controlled wheat studies for PTE, PAE, and PUE is the lack of reports for field validation (Bell et 
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al., 2015; Gunes et al., 2006; Nisar et al., 2016; Yuan et al., 2016). Gunes et al. (2006) reported 

that PUE of genotypes grown in greenhouse did not correspond to PUE measured in the field. 

They attributed this to the tendency of plants to become root-bound in pots when grown to 

maturity ex situ, which disrupts root architecture and morphology important for P acquisition 

(Gunes et al., 2006).   An alternative approach to assessing the PUE through PAE and PTE is 

to evaluate the yield of genotypes from low available soil P to high P conditions in a field 

environment. Ideally, genotypes should undergo multi-environment testing, as a three-way 

interaction between available soil P, genotype and environment is unavoidable (Bovill et al., 

2013). 

To estimate PUE, genotypes are typically tested for biomass and/or grain yield under 

low P and high soil P.  Batten et al (1992), describes P-responsive genotypes as those that 

produce a significant yield increase in high available soil P environments. In contrast, P-efficient 

genotypes yield well in low available soil P environments (Batten, 1992). Ozturk et al (2005) 

used the P efficiency ratio (Pratio) to estimate the impact of P deficiency on a genotype’s dry 

matter production with the relationship: 

𝑃 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑟𝑎𝑡𝑖𝑜 =
𝑠ℎ𝑜𝑜𝑡 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑙𝑜𝑤 𝑃

𝑠ℎ𝑜𝑜𝑡 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑎𝑑𝑒𝑞𝑢𝑎𝑡𝑒 𝑃
 

Genotypes with a Pratio close to one were considered P-efficient, while those closer to zero 

were considered P inefficient (Ozturk et al., 2005), although in another context, this could be 

taken responsiveness to available soil  P. To directly assess the responsiveness of wheat 

genotypes to available soil P, McDonald et al. (2015) calculated the average yield response to 

soil available P by performing a regression of the genotypic estimates under the high P 

treatment on the estimates under the low P treatment. Genotypes with high residuals were 

considered P responsive, while those with low negative residuals were deemed P-unresponsive 

(McDonald et al., 2015). A frequently adapted method for evaluating genotypes for PUE 
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simultaneously assesses the P-efficiency and P-responsiveness of genotypes by plotting a P 

responsiveness index, or yield under high available soil P against yield under low P (Fageria & 

Baligar, 1999; Fritsche-Neto & Borém, 2012; Schegoscheski Gerhardt et al., 2019). Genotypes 

are then categorized based on where they fall relative to the mean under each condition. For 

example, genotypes that yield higher than the mean under both high and low P conditions would 

be considered both P-efficient and P-responsive. This approach has the advantage of taking 

into account the relative performance of genotypes, though it requires that a substantial average 

yield loss has occurred under the low available soil P treatment (Fritsche-Neto & Borém, 2012).  

 

1.8 Genetics of Phosphorus Use Efficiency in Wheat 

Certain challenges have left wheat lagging in the genomics era of plant breeding. 

Common wheat has a large and complex genome comprised of three highly homologous sub-

genomes with high sequence repetition, which has made sequencing of the genome a laborious 

task (Eversole et al., 2017). After 13 years of collaboration by members of the International 

Wheat Genome Sequencing Consortium (IWGSC), the ordered and annotated sequence of 

Chinese Spring wheat (IWGSC RefSeq v1.0) was reported in 2018 (Appels et al., 2018). This 

provides new opportunities for dissecting the genetics behind complex traits such as PUE in 

wheat.   

Several MicroRNAs, which act as signaling molecules to promote plant development and 

homeostasis, have been identified as responsive to P deficiency in wheat (Zhao et al., 2013). 

The transcription factor miRNA408 has received further characterization as a regulator of P 

uptake under P stress by acting on certain phosphate transporter (PHT) genes (Bai et al., 

2018). It is primarily the  PHT1 gene family that is responsible for regulating P uptake and 

movement within the plant, although few of its members in wheat have been characterized to 
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date (Roch et al., 2019). The high-affinity transporter TaPHT1.4 has been characterized for its 

molecular structure and confirmed through knock down and overexpression work that it 

regulates P uptake under low P conditions (Liu et al., 2013). TaPHT1.2 is expressed in roots 

under low P conditions, and had higher expression a P-efficient genotype (Xiaoyan 54), 

compared to a P inefficient (Jing 441) under optimal and low P conditions (Davies et al., 2002). 

This gene was mapped on chromosome 4D in a recombinant inbred line population derived 

from these genotypes (Miao et al., 2009).  

Some reports reveal opportunities for molecular engineering PUE in wheat. 

Overexpression of the transcription factor TaNFYA-B1 under P deficient conditions increased P 

uptake and grain yield in transgenic wheat genotypes. Hydroponic studies revealed that 

TaNFYA-B1 overexpression increased TAR2 expression in roots, resulting in significant 

increases in lateral root length. It also resulted in increased expression of PHT1 members 

including PHT1.2 and PHT1.4 (Qu et al., 2015). The knockout of phosphorus transporter 

TaPHO2-A1 in c.v. Xiaoyan 81 lead to a decrease in PHO2 expression that had positive effects 

on P uptake and yield (Ouyang et al., 2016). Over-expression of TaPHR-A1 in transgenic wheat 

increased kernel per spike, leading to increased yield (Jing Wang et al., 2013). Recently, a 

wheat ortholog of phosphorus starvation response gene in rice, OsPHR3 was identified.  

Knocking out TaPHR3-A1 negatively affected plant height, spikelet number and grain number 

under P deficiency. Subsequent identification of TaPHR3-A1 haplotypes identified variants with 

grain yield differences (Zheng et al., 2020). More progress is needed to identify PUE- related 

genes, particularly those for PTE. 

Over the past 20 years, quantitative trait loci (QTL) have been identified for PTE, PAE 

and PUE related traits through QTL mapping primarily under controlled environments (Guo et 

al., 2012; Su et al., 2006; Yuan et al., 2017), in addition to field environments (Su et al., 2009; 

Yuan et al., 2017). Of the QTL for PUE related traits identified via linkage mapping, reports of 
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validation are lacking, and have not lead to breeding via marker-assisted selection (Maharajan 

et al., 2018).  Genome-wide association study (GWAS) is an approach that utilizes linkage 

disequilibrium in natural populations, and has become employed more frequently to identify QTL 

for PUE in wheat (Safdar et al., 2021; Soumya et al., 2021; Zhang et al., 2013).  Recently, a 

likely causal locus for PTE, qPE2-4A, was reported for spring wheat grown in controlled 

environment through GWAS (Safdar et al., 2021). As with linkage mapping studies, follow-up 

work is needed to validate QTL and further characterize the breeding value of such loci. 

 

1.9 Conclusions 

With looming concerns over future phosphate rock scarcity and the continued issue of P 

loading into important water systems, growers need greater options for managing soil fertility 

and maintaining yield in key crops. Wheat breeding efforts toward PUE are ongoing in programs 

around the world, although growers in Eastern Canada still do not have access to cultivars bred 

for PUE. For crops including wheat, there have been more advances in characterizing traits and 

the genetics behind PAE compared to PTE. Characterizing PAE and PTE of genotypes is not 

amenable to field environment studies. In field environments, PUE can be estimated effectively 

by testing genotypes under differential soil available P treatments. Phosphorus use efficiency 

estimations can be adjusted by breeders to reveal P responsive, or P-efficient genotypes, 

depending on breeding objectives. Multi-environment testing appears to be important when 

breeding for PUE, due to an interaction between P, genotype, and environment. The literature 

suggests that there is room to expand current knowledge of PUE in wheat, and identify winter 

wheat genotypes for PUE. Growers in Ontario would benefit from access to cultivars bred for 

PUE as part of their toolset for balancing yield and resource management.  

 



 
 

15 
 

1.10 Research hypotheses 

 

 

1. Genetic variation exists for PUE in winter wheat germplasm. 

 

2. Methods for categorizing winter wheat genotypes for PUE in suboptimal P environments 

can be improved upon. 

 

3. QTL for traits related to PUE in winter wheat germplasm can be identified through 

GWAS. 

 

4. Genetic variation for root system architecture (RSA) traits that contribute to PAE is 

present in Canadian winter wheat genotypes. 

 

5. Reduced height gene Rht-B1 is responsible for variation in certain RSA traits. 

 

1.11 Research objectives 

 

1. To evaluate the P response of winter wheat genotypes through multiple field traits. 

 

2. To identify P-efficient and P-responsive genotypes.  

 

3. To improve methods for evaluating genotypes for PUE in suboptimal P environments. 

 

4. To find genomic regions for traits related to the PUE in winter wheat germplasm. 

 

5. To phenotype winter wheat germplasm for RSA traits that influence PUE. 

 

6. To investigate the role of Rht-B1 in RSA trait variation. 
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2 Chapter 2: Field Assessment and Genome Wide 

Association Study of Winter Wheat (Triticum aestivum L.) 

Genotypes for Phosphorus Use Efficiency  

 

2.1 Abstract 

Phosphorus (P) is a costly essential macronutrient in crop production, which has been heavily 

applied to Ontario soils for decades. The subsequent P build-up in soils increases the risk of P 

losses and pollution in water systems. Breeding key crops, such as winter wheat (Triticum 

aestivum L.) for better P use efficiency (PUE) helps to address the issue of P losses; however, 

there has been minimal success to date. The main objective of this study was to evaluate winter 

wheat genotypes for their response to soil available P throughout the growing season, and to 

gauge the consistency of the P response across traits and environments. Additionally, a 

secondary objective was to investigate the genetic basis for PUE. To achieve this, a 200-

genotype winter wheat diversity panel was grown under applied fertilizer P (AP) and no P 

applied (NP) conditions. The panel was phenotyped for winter survival and winter recovery-

related traits, phenological traits, plant height, and grain yield. Traits through which a clear P 

response was observed were used to categorize genotypes for PUE. A genome-wide 

association study (GWAS) was conducted for each of these traits using 25,683 single nucleotide 

polymorphisms (SNPs). The yield response to soil-applied P was not associated with the 

response in other traits. This is indicative of the varying physiological strategies that genotypes 

may use to achieve PUE, which may be growth-stage dependant. Furthermore, the P response 

was not consistent across environments, pointing to the importance of multi-environment trials 

to identify stable genotypes for PUE. GWAS identified 11 NP-specific marker-trait associations 

(marker-trait associations), and six AP-specific marker-trait associations. Phenotyping for PUE 
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in environments with suboptimal, rather than heavily deficient soil available P conditions, 

presents a challenge. To address this, a new method has been proposed for screening 

genotypes for PUE that is practical for field testing in regions with historically high P inputs. 
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2.2 Introduction 

Phosphorus (P) is a fundamental component of basic cellular life. By consequence, 

growers in Canada rely upon fertilizers such as P to maintain crop productivity, which 

constitutes a significant share of their production costs (Statistics Canada, 2016). In a given 

season, only 15% to 30% of P is acquired by the crops to which it is applied (Syers et al., 2008). 

This inefficiency stems from the low soil mobility of P (Holford, 1997). Through the combination 

of these factors, there has been steady build up of P in many Canadian soils over past decades 

(Reid & Schneider, 2019). The P applied that is not removed with the crop becomes legacy 

fertility for future seasons, although losses occur. Under 10% of applied P may be lost through 

soil erosion, surface runoff, or ground leaching, and the magnitude of losses depends on soil P 

levels, environmental variables, and management  (Sharpley et al., 2001). Phosphorus pollution 

originating from cropland is indicated as an important contributor to eutrophication and hypoxia 

in watersheds (Daloğlu et al., 2012; Kane et al., 2014). This is a familiar issue for Ontario. In 

response, the province promotes practices for reducing P losses while maintaining soil fertility, 

such as sub-surface placement of fertilizer P  (Munroe, 2015). Breeding for phosphorus use 

efficiency (PUE) could help to address this issue. Definitions of PUE vary across the literature; 

however, it can be broadly defined as the capacity of crops to use P for producing grain yield, 

given the levels of soil available P  (Ciarelli et al., 1998). Crops may vary in their capacity to 

efficiently acquire P from soil (P acquisition efficiency) (Parentoni & Júnior, 2008) or utilize P 

internally (P utilization efficiency) (Hammond et al., 2009), which combine to determine a crop’s 

PUE. Efforts to improve the PUE of crops have involved research into traits that improve it, 

evaluation of elite genotypes under contrasting P conditions, and studying the genetic basis of 

PUE.  

Winter wheat (Triticum aestivum L.) is Ontario’s most important small grain cereal 

(OMAFRA, 2021). To date, there are no registered cultivars of winter wheat adapted to Ontario 
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that are reported to possess elevated PUE. A greater understanding of the genetic basis for 

PUE would provide opportunities for targeted selection. Internationally, there has been success 

in other crops. The identification of the PUP1 quantitative trait locus (QTL) in rice (Oryza sativa 

L.) (Wissuwa et al., 1998) led to characterization of PSTOL1, which regulates root growth in 

response to P stress (Gamuyao et al., 2012). This locus is targeted in marker assisted selection 

(MAS) within efforts to breed P-efficient rice (Pariasca-Tanaka et al., 2014). In maize (Zea mays 

L.), a QTL for acid phosphatase activity under P-stress was identified, mapped, and  

recommended for MAS (Qiu et al., 2014). In wheat, there has been little progress toward MAS 

for PUE, and work is still needed in the identification and validation of QTL. 

This study tested the following hypotheses: 1) genetic variation exists for PUE in winter 

wheat germplasm, 2) methods for phenotyping winter wheat germplasm in suboptimal P 

environments can be improved upon, and 3) QTL for traits related to PUE can be identified 

through a GWAS. 

 

2.3 Materials and Methods 

2.3.1 Genetic Materials 

A diverse collection of 450 winter wheat accessions was previously assembled at the 

University of Guelph, and designated the Canadian Winter Wheat Diversity Panel (CWWDP) 

(Chen et al., 2019). The collection includes cultivars currently grown in Canada, their historical 

ancestors, and breeding lines from several breeding programs within and outside of Canada. 

This collection was genotyped with the Illumina 90K iSelect SNP chip (Illumina Inc., San Diego, 

California) (Wang et al., 2014) at the University of Saskatchewan, with variants called with the 

Chinese Spring NRGv1.0  genome assembly (Appels et al., 2018; Chen et al., 2019). For this 
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study, a 200-genotype subset was chosen from the broader set of accessions, by filtering for 

accession seed purity, adherence to the winter growth habit, and genetic diversity. This subset, 

henceforth referred to as the panel, primarily contains genotypes originating from North 

America. Within the panel, 44% of genotypes originate from Canada, 41% from the USA, and 

15% from other countries, including those from Europe, Asia and Australia (Appendix I).  There 

is a longitudinally broad geographic representation within the 170 genotypes originating in the 

USA and Canada. A total of 62% of the panel members originate from east of the Great Lakes, 

and primarily from Ontario, versus 38% that originate west of the Great Lakes, primarily from 

Indiana and Saskatchewan. The release year of cultivars ranges from 1819 to 2018, with 51% 

having been released after 1979. 

 

2.3.2 Experimental Design 

The experimental design was a randomized, alpha-lattice incomplete block design. It 

involved 200 genotypes with two P treatment levels, which were tested in three field 

environments. To reduce the effects of spatial heterogeneity within field sites, treatments were 

arranged as paired plots, meaning genotypes undergoing the contrasting P conditions were 

adjacent to each other in the same incomplete block. The experiment was grown in Elora, ON, 

(43°38'49.9"N 80°24'02.4"W) in 2019 and 2020, and in Belwood, ON (43°41'34.7"N 

80°10'25.5"W), in 2020. These environments were chosen for their low baseline available soil P 

levels (Appendix II), measured with the Olsen-bicarbonate P test (Olsen et al., 1954). At Elora 

2019 (Elora19), the composite soil test was 11.7 ppm. The 2020 sites at Elora (Elora20) and 

Belwood (Belwood20) revealed average grid soil P tests (n=4) of 12.0 ppm and 9.7 ppm, 

respectively (Appendix II). At these soil P levels, wheat is predicted to be highly responsive to 

fertilizer P (OMAFRA, 2017).To ensure that no other nutrients were limiting to the experiment, 

120 kg/ha of K2O were  broadcast and incorporated into the field prior to fall planting, and 24 
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kg/ha of SO4
2- and 100 kg/ha of N were drop spread on plots in spring. PixxaroTM (Wilmington, 

Delaware, USA) herbicide was applied in late spring at Elora 2019, but it was not applied in 

either of 2020 environments due to the late emergence of weeds. Seeds were treated with 

Cruiser® Vibrance® Quattro fungicide (Syngenta, Basel, Switzerland) at 325 mL/ kg seed to 

control infection of common bunt (Tilletia caries, T. foetida).  

The P treatment levels administered to each genotype were applied P (AP) and no P 

applied (NP).  At planting, plots with the AP treatment received 100 kg/ha of seed-placed ‘mini’ 

mono-ammonium phosphate (11-52-0) and plots with the NP treatment received 0 kg/ha of 

miniMAP. In Ontario, fall-applied N is subject to substantial losses that occur during the winter 

months while wheat is dormant (OMAFRA, 2017). Specifically, NH4
+ converts to NH3, and is lost 

to the atmosphere (Sommer & Jensen, 1994). For this reason, despite containing N, MAP was 

considered a suitable source of P for the P treatment. Using a WinterSteiger Monoseed TC 

planter (Innekreis, Austria), plots were planted at a seeding depth of 2.6 cm, onto a seed bed 

that had been chisel-plowed and disced. The seeding rate was 4.08x106 seeds/ha.  Plots were 

1.06 m x 2 m and were 0.5 m apart. Each plot had six rows, with 18 cm spacing between them. 

Elora19 was planted on October 14, 2018, Elora20 was planted on October 9, 2019 and 

Belwood20 was planted October 14, 2019. In spring, each field site had 40-45 evenly spaced 

soil P tests taken. For a given plot, the results of the closest soil P test taken would serve as the 

best estimate for the baseline soil available P in that plot, and used to account for variation in 

baseline available soil P in the analysis. 

 

2.3.3 Traits Measured 

Measurements of winter survival and winter recovery were either taken through visual 

estimation or image analysis, or both. Once fields were cleared of snow in spring, ground 

images were taken of each plot at Elora19 and Elora20. The images were taken with a Nikon 
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D7100 DSLR camera (Nikon, Tokyo, Japan) that was raised to 1.4 m on a tripod so that 60% of 

a plot’s area was captured.  At the same time, plots were also visually scored out of 100 for 

winter survival (WS) at Belwood20 and Elora20. Three weeks later, additional images were 

taken at Elora19. At the same time, plots at Belwood20 and Elora20 were once again visually 

scored out of 100 to measure winter recovery (WR). Images were processed in Canopeo 

(Oklahoma State University, Stillwater, Oklahoma), which provides the percentage of green 

pixels, or green pixel density (GPD) in an image. The data from images taken earlier (GPD1) 

provided a measure of winter survival of plots, while the data obtained from images taken three 

weeks later (GPD2) provided a measure of plot winter recovery. At Elora19, winter survival and 

recovery were solely measured with GPD1, and GPD2, respectively. In 2020, the aim was to 

take both types of winter survival and winter recovery parameters. In Elora20, GPD2 was not 

measured because of a logistical issue that occurred at the time. At Belwood20, only WS and 

WR were ultimately measured. A planting error discussed in further detail in the results caused 

uneven spacing in plots. As a result, image-based phenotyping was not appropriate for this 

environment. 

Days to heading, anthesis, and maturity were recorded as Julian days. Heading date 

was recorded when 75% of a plot reached Zadoks stage 54 (Zadoks et al., 1974). Days to 

anthesis was recorded when 75% of a plot reached Zadoks stage 60. Days to maturity was 

recorded when 75% of plant peduncles within a plot began to yellow.  The grain fill period was 

estimated by the time interval between anthesis and maturity. At maturity, height (cm) was 

measured once per plot, by gathering plants in the middle of the plot together, and using a 

meter stick to measure the height of the bundles from the ground to terminal spikelet. Plots were 

harvested with a Wintersteiger Classic Plus plot combine (Innekreis, Austria) and grain yield 

(kg/ha) was measured with the HarvestMaster H2 Classic™ grain gauge (Juniper Systems, 

Logan, Utah). Grain yield data were adjusted to 13% grain moisture before analysis. 
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2.3.4 Statistical Analysis of Phenotypic Data 

A series of mixed model ANOVAs were run with PROC GLIMMIX in SAS 9.4 (SAS 

Institute Inc, 2017) to assess the effects of genotype, P treatment, and their interaction. A 

combined ANOVA was run for all traits measured in the Elora19, Elora20 and Belwood20 

environments, where environment was considered a random effect. Residuals plots from this 

analysis were assessed in combination with a Levene’s test to verify the suitability of analyzing 

a combined environment model.  This procedure was repeated for traits measured in both 

Belwood20 and Elora20, where location was treated as a fixed effect. For the final models, 

radial smoothing was used to account for site specific error in the place of the block and 

incomplete block random effects (Bowley, 2015). Baseline soil available P was included as a 

covariate wherever it improved the model, based on the AIC statistic. An analysis of residuals 

was performed on the final models. Observations possessing studentized residuals with an 

absolute value greater that 3.4 were investigated and subsequently removed from the data if 

they were determined to be outliers (Bowley, 2015). Least square means (LSmeans) were 

produced for each genotype, and for each genotype under AP and NP.  These were produced 

for individual environments, except where it was appropriate to combine data across 

environments. Pearson’s correlation analysis was performed between the AP and NP LSmean 

for all traits. Peason’s correlation was also performed between all trait LSmeans under AP and 

all trait LSmeans under NP.  

 

2.3.5 Evaluation of Phosphorus Response 

Using methods adapted from McDonald et al. (2015), the P response of each trait was 

assessed by plotting genotypic AP LSmeans against the NP LSmeans for each trait, and 

generating a 1-to-1 reference line. The distribution of genotypes in terms of standard deviations 

from the 1-to-1 line was used to create criteria for categorizing genotypes for PUE.  This was 
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done for traits analyzed in either a separate or combined environment analyses that were 

significantly affected by P treatment (P<0.05). 

To summarize the P responsiveness of genotypes, an index was created. The pRatio 

was calculated on a plot pair basis, with the following formula (Ozturk et al., 2005): 

𝑝𝑅𝑎𝑡𝑖𝑜 =  
𝑇𝑟𝑎𝑖𝑡 𝑢𝑛𝑑𝑒𝑟 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑃

𝑇𝑟𝑎𝑖𝑡  𝑢𝑛𝑑𝑒𝑟 𝑁𝑜 𝑃 𝐴𝑝𝑝𝑙𝑖𝑒𝑑
 

This index was calculated for traits that expressed a strong P response, as determined by the 

previous procedure described. A mixed model ANOVA was performed which included the same 

terms as the models that produced the trait LSmeans, except for P treatment. Least square 

means were generated for trait pRatios with significant genotypic variation (P<0.05). 

 

2.3.6 Genome Wide Association Study 

The previously acquired genotypic data contained approximately 36K SNP markers 

(Chen et al., 2019). Edits for quality were made, including duplicate removal and the imputation 

of missing sites using the available marker data as a reference. Markers with a minor allele 

frequency (MAF) of <5% were removed. Afterwards, 25,683 markers remained.  

The panel’s population structure was determined using  the panel’s full marker set in 

fastStructure (Raj et al., 2014). The panel’s optimal number of subpopulations was determined 

with the program’s chooseK feature, and confirmed by plotting the log of the marginal likelihood 

for each k, where the optimal value of k is indicated by the start of the plateau in the curve. 

Linkage disequilibrium (LD) was computed for all intrachromosomal SNP pairs in PLINK (Purcell 

et al., 2007). To illustrate the genome-wide LD decay, the correlation coefficient between SNP 

pairs was plotted against the physical distance in base-pairs (bp). A locally-estimated scatterplot 

smoothing (LOESS) curve was fit. In wheat, R2 of >0.2 between two loci has been considered to 
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indicate significant LD (Larkin et al., 2020; Ward et al., 2019). Thus, R2 =0.2 was considered to 

be the threshold for LD decay. 

The phenotypic data used was the P treatment specific LSmeans, the LSmeans 

averaged over the P treatments, and pRatio of traits. Association mapping for these estimates 

were run in GAPIT v.3 (Jiabo Wang & Zhang, 2018) using the FarmCPU (Fixed and random 

model Circulating Probability Unification) method (Liu et al., 2016).  Three models were 

compared: Kinship (K), K + population structure (principle components), and K + population 

structure (Q-matrix). The K matrix and principle component eigenvalues were calculated 

through GAPIT. The last column in the Q-matrix from the fastStructure output was removed 

prior to use as a covariate, to overcome linear dependency of covariates.  The most appropriate 

model was chosen by examining the quantile- quantile plots provided in the GAPIT output. To 

determine the significance of marker-trait associations (marker-trait associations), a false-

discovery rate (FDR) of 0.01 was chosen. In the R package “qvalue” (Storey et al., 2020), q-

values were calculated for each p-value, based on the rank and value of the p-value. All tests 

with a q-value of <0.01 were deemed significant. 

The proportion of phenotypic variation explained (R2) by a given SNP was obtained by 

performing a least squares regression with PROC GLM in SAS 9.4, where a trait was the 

response variable, and the marker was the predictor. 

 

2.4 Results 

2.4.1 Analysis of Variance 

The Elora19 environment was affected by cold and wet fall conditions, resulting in little 

growth prior to the onset of winter. During the late winter to early spring freeze-thaw cycles 
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occurred, likely interrupting the dormancy of plants. When the field was clear, there was 

evidence of heavy soil washout from flooding. Together, these factors resulted in the poor winter 

survival of plots. At the onset of the spring, a widespread planter error was discovered, which 

partially affected all plots. The fifth row of each plot was mixed with individuals from either the 

previous or subsequent plot in the range.  The combination of these issues prevented the 

measurement of yield. However, by adjusting data collection protocols, GPD1, GPD2, heading, 

anthesis, maturity, and grain fill could still be assessed with confidence. In the Belwood20 

environment, there was excessive soil clogging on the planter discs at planting, resulting in 

uneven stand densities in a large percentage of plots. Out of 800 plots, 235 were removed from 

the experiment, which also lead to the loss of certain genotypes from an experimental 

environment. 

Data from all three environments was obtained for heading, anthesis, maturity, grain fill, 

and height. In the combined mixed model ANOVA, genotype had a significant effect (P<0.05) on 

all traits (Table 2.1). The P treatment only affected anthesis and maturity across all 

environments. The genotype by P interaction (GxP) was not significant statistically for any of the 

traits. The effect of environment was significant statistically for heading, anthesis and maturity, 

but not for grain fill or height. However, a genotype by environment (GxE) interaction 

significantly impacted all traits measured. There was a statistically significant environment by P 

interaction (ExP) for heading and anthesis, but not for grain fill. ExP was excluded from the 

models for maturity and height to ensure model convergence. GxE was investigated by running 

a Levene’s test of equal variances (Pr>F). This test revealed that there was heterogeneity of 

variance (P<0.05) among the environments tested for all traits assessed.  
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Table 2.1. Combined mixed model analysis of variance of a winter wheat diversity panel for days 
to heading, days to anthesis, days to maturity, grain fill period and height from the Elora 2019, 
2020, and Belwood 2020 environments, grown under applied phosphorus (100 kg/ha MAP) and no 
phosphorus applied (0 kg/ha MAP). 
 

Fixed Effects Days to 
Heading 

Days to 
Anthesis 

Days to 
Maturity 

Grain Fill 
Period (days) 

Height 
(cm) 

Genotype (G) <.001 <.001 <.001 <.001 <.001 
Phosphorus Treatment (P) 0.073 0.015 <.001 0.077 0.623 
GxP 0.880 0.912 0.062 1.000 0.999 

Random Effects      

Environment (E) <.001 0.001 0.003 0.066 0.564 
Block [E] <.001 <.001 <.001 <.001 <.001 
Incomplete Block [Block] <.001 <.001 <.001 0.001 0.017 
GxE <.001 <.001 <.001 <.001 <.001 
ExP <.001 0.003 - 0.399 - 

 Note. Results shown for fixed effects are values for Pr>F, and Pr > ChiSq for random effects. Cells with “-“ 
indicate the exclusion of ExP from the model to ensure model convergence. 
 

 

Upon examining residual plots, it became clear that Elora19 was driving this 

heterogeneity, and should be analyzed independently. The Elora19 traits analyzed were 

heading, anthesis, maturity, grain fill, GPD1 and GPD2. In all cases, genotype and P treatment 

had a significant effect on traits (p<0.05) (Table 2.2). The GxP interaction did not have a 

significant effect on any of the traits assessed in Elora19.  

 

Table 2.2. Mixed model analysis of variance of a winter wheat diversity panel for heading 
date, anthesis date, maturity date, grain fill period, green pixel density(GPD)1, and GPD2 
from Elora 2019, grown under applied phosphorus (100 kg/ha MAP) and no phosphorus 
applied (0 kg/ha MAP). 
 

Fixed Effectsa Days to 
Heading 

Days to 
Anthesis 

Days to 
Maturity 

Grain Fill 
Period 
(Days) 

GPD1 GPD2 

Genotype (G) <.001 <.001 <.001 <.001 <.001 <.001 

Phosphorus 
Treatment (P) 

<.001 <.001 <.001 <.001 0.003 0.004 

GxP 0.076 0.545 0.972 0.986 0.280 0.783 

Note. Results shown are values for Pr>F.  
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A combined analysis was performed on heading, anthesis, maturity, grain fill, WS, WR, 

height and yield at Belwood20 and Elora20. Phosphorus treatment and genotype were both 

significant effects (P<0.05) for all traits except for height, where only genotype was a significant 

effect (Table 2.3). Despite the generally prevailing significant effects of P treatment and 

genotype across 2020 locations, there was no GxP interaction for any of the traits assessed. 

Location had a significant effect on all traits analyzed across 2020. For most traits a significant 

location by P treatment interaction was not found, except for heading and anthesis. A significant 

genotype by location interaction was identified for all traits in the combined 2020 mixed model 

analysis (Table 2.3), prompting a second investigation into the heterogeneity of variances.  

Based on the results of a Levene’s test (P<0.05), heading, anthesis, maturity, grain fill, and WS 

data could be combined across 2020 locations (Combined20), while WR and yield analyses 

were separate for each 2020 location. In a separate analysis of Belwood20, WR and yield were 

significantly impacted by genotype and P treatment, but not GxP. At Elora20, P treatment and 

genotype significantly affected GPD1, WR and yield. Once again, there was no GxP interaction 

for any of the traits assessed (Table 2.4).  
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Table 2.3. Combined mixed model analysis of variance of a winter wheat diversity panel for 

heading date, anthesis date, maturity date, grain fill period, winter survival score, winter 

recovery score, height, and grain yield from the Elora 2020 and Belwood 2020 locations, grown 

under applied phosphorus (100 kg/ha MAP) and no phosphorus applied (0 kg/ha MAP). 

 

Fixed Effects 
 

Days to 
Heading 

Days to 
Anthesis 

Days to 
Maturity 

Grain Fill 
Period 
(Days) 

Winter 
Survival 
Score  

Winter 
Recovery 

Score  

Height 
(cm) 

Yield 
(kg/ha) 

Genotype (G) <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 
Phosphorus 
Treatment (P) 

<.001 <.001 <.001 <.001 <.001 <.001 0.185 <.001 

GxP 0.657 0.967 1.000 1.000 1.000 1.000 1.000 1.000 
Location 
(Loc) 

<.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 

LocxEntry <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 
LocxP <.001 0.000 0.522 0.108 0.755 0.099 0.722 0.041 

Note. Results shown are values for Pr>F 

 

 

 

 

2.4.2 Phosphorus Response  

In addition to the absence of GxP interaction, genotypic LSmeans under AP were 

significantly correlated with those under NP for all traits (P<0.05, Table 2.5). Correlations were 

high between P treatments for phenological traits, while winter survival and recovery traits 

tended to be moderately correlated across P conditions. Applied P yield was highly correlated 

Table 2.4. Separate mixed model analysis of variance of a winter wheat diversity panel for 
winter recovery score and yield from Elora 2020 and Belwood 2020 environments, and 
green pixel density1 (GPD1) from Elora 2020, grown under applied phosphorus (100 kg/ha 
MAP) and no phosphorus applied (0 kg/ha MAP). 
 

 Belwood 2020  Elora 2020 

Fixed Effects Winter 
Recovery 

Score 

Yield 
(kg/ha) 

 GPD1 Winter Recovery 
Score 

Yield 
 (kg/ha) 

Genotype (G) <.001 <.001 
 

 <.001 <.001 <.001 

Phosphorus 
treatment (P) 
 

<.001 <.001 
 

 <.001 <.001 <.001 

GxP 0.850 0.979 
 

 1.000 1.000 1.000 

Note. Results shown are values for Pr>F.  
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with NP yield in Elora20 (r2=0.94) and in Belwood20 (r2=0.85), suggesting consistency in the 

genotypic yield performance across P conditions (Table 2.5). Despite this, P had a widespread 

effect on the traits assessed, as they were all significantly affected by P treatment (P<0.05), 

except for height in Combined20 (Table 2.3).  

Winter survival and recovery parameters (WS, WR, GPD1, GPD2) were reduced under 

NP in all environments compared to AP (Figure 2.1). Days to heading, anthesis and maturity 

were delayed under NP compared to AP in the Elora19 and the Combined20 environments 

(Figure 2.1). Under the NP treatment, heading was delayed on average by 1.8 days (SE=0.07) 

in Elora19, and by 0.9 days (SE=0.04) in Combined20. Anthesis was delayed by 1.2 days 

(SE=0.08) in Elora19, and by 0.89 days (SE=0.05) in Combined20 under NP as compared to 

AP. This pattern was also observed for maturity, which was similarly delayed under NP by 0.7 

days (SE-0.10) in Elora19, and 0.6 days (SE=0.09) in 2020. Despite a later maturity, grain fill 

was shorter for NP by 0.5 days (SE=0.11) in Elora19, and by 0.3 days (SE=0.08) in 

Combined20. In Elora20, yield was reduced by 0.46 t/ha (SE=0.05), and by 0.23 t/ha (SE=0.06) 

in Belwood20 under NP.  Due to the prevalent effect of P fertilizer (Figure 2.1), an effort was 

made to investigate the P response of genotypes.   
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Table 2.5. Pearson’s correlation coefficients between a trait under applied 
phosphorus (AP; 100 kg/ha MAP), and no phosphorus applied (NP; 0 kg/ha).  
 

Environment Trait r2 

Elora and Belwood 2020   Winter Survival 0.81 *** 

Elora and Belwood 2020 Days to Anthesis 0.98 *** 

Elora and Belwood 2020 Days to Maturity 0.93 *** 

Elora and Belwood 2020   Grain Fill Period (Days)  0.95 *** 

Elora and Belwood 2020  Days to Heading 0.97 *** 

Elora 2020   GPD1  0.82 *** 

Elora 2020   Winter Recovery Score  0.79 *** 

Elora 2020   Grain yield (t/ha) 0.94 *** 

Belwood 2020   Winter Recovery Score 0.80 *** 

Belwood 2020   Grain yield (t/ha) 0.85 *** 

Belwood 2020   Days to Heading 0.95 *** 

Elora 2019   Days to Anthesis  0.90 *** 

Elora 2019   Grain Fill Period (Days)  0.88 *** 

Elora 2019   Days to Maturity  0.88 *** 

Elora 2019   GPD1  0.79 *** 

Elora 2019   GPD2  0.78 *** 

*** denotes significance at p<.001 
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Figure 2.1. Distribution of genotypic means for traits affected by the phosphorus (P) treatment 
in Elora 2019 (E19), Elora 2020 (E20), Belwood 2020 (B20), and across the 2020 locations 
(C20). “***” denotes significance at P<.001; “**” denotes significance at P<.01. Days to heading, 
days to anthesis, days to maturity, grain fill period, winter survival score (WS), winter recovery 
score (WR), green pixel density(GPD) 1, GPD2, and grain yield were assessed under applied P 
(AP; 100 kg/ha MAP) and no P applied (NP; 0 kg/ha MAP). 

 

 

The P response plots by trait illustrated the magnitude and reliability of the response, 

based on the distribution of genotypes around the 1-to-1 line (Figures 2.2, 2.3, and Appendix 

III). A larger trait value under AP compared to NP was expected for all traits except for days to 

heading, anthesis, and maturity. The PUE of genotypes could be investigated where there was 

a reliable P response, meaning that there were minimal instances of genotypes exhibiting an 

irregular response to P. While the response to P for yield in Elora20 was reliable, it was 
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unreliable in Belwood20, given the high proportion of genotypes that fell below one standard 

deviation from the 1-to-1 line (Figure 2.2).  This indicated that yield was appropriately affected 

by the P treatment to warrant analysis of genotypes for PUE in Elora20, but not Belwood20.  

 

 

Other traits that demonstrated a strong P response were heading and anthesis in 

Elora19 and Combined20, WR in Belwood20 and Elora20, and GPD1 in Elora20 (Figure 2.3). In 

addition to yield in Belwood20, a reliable P response was not indicated by the data for GPD1 

and GPD2 in Elora19, WS in Combined20, maturity in Elora19 and Combined20, and grain fill in 

Elora19 and Combined20 (Appendix III). Therefore, these traits were excluded from all 

additional analyses of P response. 

Figure 2.2. Phosphorus (P) response of winter wheat genotypes for grain yield (t/ha) at Elora 
2020 and Belwood 2020. The blue line depicts a 1-to-1 relationship between applied P (AP;100 
kg/ha MAP) and no P applied (NP; 0 kg/ha MAP). 
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Figure 2.3. Phosphorus (P) response by trait for days to heading, days to anthesis, green 
pixel density(GPD)1, and winter recovery score (WR) in a winter wheat diversity panel. 
The panel was assessed in Elora 2019 (E19), Elora 2020 (E20), Belwood 2020 (B20), or 
across the 2020 environments (C20). The Y-axis are the genotype LSmeans under 
applied P (100 kg/ha MAP) and X-axis no P applied (0 kg/ha MAP), with a 1-to-1 line 
depicted in blue. 
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The performance of genotypes relative to one another was excluded from the process to 

categorize genotypes for PUE. Therefore, a P-efficient genotype is one for which performance is 

minimally impacted by the lack or scarcity of P. When a genotype’s performance is improved by 

the addition of P, it can be considered P responsive. Thus, genotypes that fall within one 

standard deviation of the 1-to-1 line (Figures 2.2 and 2.3) for a given trait were considered P-

efficient for that trait (Appendix IV). Genotypes that fall between two and three standard 

deviations in the direction of the expected P response were moderately P-responsive (Appendix 

IV). Those beyond three standard deviations were considered highly responsive.  The PUE 

status was ambiguous for genotypes between one and two standard deviations. These 

genotypes did not receive a PUE designation for that trait, nor did the few genotypes that fell 

below one standard deviation in the opposite direction of the desired response (Figures 2.2 and 

2.3). In terms of yield (Elora20), 2% of genotypes were highly responsive to P, and 13.5% were 

moderately responsive to P. In addition, 52.5% of genotypes were considered P-efficient and 

32% of genotypes had no PUE designation (Figure 2.2 and Appendix IV). 

For each trait, the deviations from the 1-to-1 line (Trait LSmean under AP- Trait LSmean 

under NP), also considered the P response, were analyzed with Pearson’s correlation to 

determine the relationships between the P responses for each trait. The P response across 

traits was not consistent (Figure 2.4), however, the P response for heading and anthesis were 

moderately correlated. Between different environments, the P response of the same traits were 

not correlated (Figure 2.4). The yield P response in Elora20 was not correlated with the P 

response for any of the traits measured in the same environment (Figure 2.4). 



 
 

36 
 

Figure 2.4. Heat diagram of Pearson's correlation coefficients for phosphorus (P) response 
(trait under applied phosphorus-trait under no phosphorus) for days to heading, days to 
anthesis, grain yield, green pixel density(GPD)1, and winter recovery score  (WR) from the 
Elora 2019 (E19), Elora 2020 (E20), Belwood 2020 (B20), and the combined Elora 2020 and 
Belwood 2020  (C20) environments. The colour scale depicts the range of r2, with cells lacking 
colour indicating two variables without a significant correlation at p<0.01. 
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Furthermore, P treatment specific LSmeans underwent Pearson’s correlation analysis. A 

trend similar to the correlations of the P responses by trait was also observed here. Heading 

and anthesis within the same environment were highly correlated with each other (Figure 2.5). 

Between Elora19 and Combined20, heading was only weakly correlated, as was anthesis. This 

was the case for both traits under AP and traits under NP (Figure 2.5). Traits that were 

correlated under AP tended to be correlated, and to the same magnitude, under NP. Under AP 

and NP, Elora20 yield was moderately correlated with Elora19 anthesis and heading, but not 

with Combined20 anthesis and heading.  Winter survival and recovery related traits were weakly 

correlated with each other under both P conditions. 

 

 

 

Figure 2.5. Heat diagrams of Pearson’s correlation coefficients for days to heading, days to 
anthesis, winter recovery score (WR), green pixel density1 (GPD1), and grain yield assessed 
under applied Phosphorus(P) (AP; 100 kg/ha MAP) (left) and no P applied (NP; 0 kg/ha MAP) 
(right) in a winter wheat diversity panel. Traits were analyzed separately in Elora 2019 (E19), 
and either combined (C20) or separately in Belwood 2020 (B20) and Elora 2020 (E20). The 
colour scale depicts the range of r2, with cells lacking colour indicating two traits without a 
significant correlation at p<0.01. 
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The pRatio was calculated for heading and anthesis in Elora19 and Combined20, WR in 

Belwood20, and WR, GPD1 and yield in Elora20, traits for which a strong P response was 

demonstrated.  This was analyzed using a mixed model ANOVA. Genotype had significant 

variation for heading in Elora 2019, and heading and anthesis in the combined 2020 analysis 

(Table 2.6 and Appendix V). In line with the other correlation analyses, pAnthesis and pHeading 

in Combined20 were significantly correlated, but pHeading in Elora19 was not correlated with 

either trait-environment combination (Appendix VI). 
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Table 2.6. Mixed model analysis of variance for the pRatio (trait under 100 kg/ha MAP/ trait under 0 kg/ha MAP) of traits for 
which winter wheat genotypes had a strong phosphorus response.  Days to heading, days to anthesis, winter recovery score, 
green pixel density (GPD)1, and grain yield (t/ha) were assessed in either Elora 2019, Elora 2020, Belwood 2020, or in a 
combined 2020 analysis. 
 
 Elora 2019  Belwood 2020  Elora 2020  Combined 2020 

Fixed Effects 
pHeading pAnthesis  

pWinter 
Recovery 

 
pWinter 

Recovery 
pGPD1 pYield  pHeading pAnthesis 

Gentype(G) <.001 0.106  0.081  0.697 1.000 0.940  <.001 0.033 
Location (Loc) - -  -  - - -  <.001 <.001 
GxLoc - -  -  - - -  0.148 0.189 

 Note. Results shown for fixed effects are values for Pr>F. Cells with “-“ did not include the respective term from the model. 

 



 
 

40 
 

2.4.1 Genome-Wide Association Study 

 

The initial ANOVA indicated there was no GxP treatment interaction (Tables 2.2, 2.3 and 

2.4) for the field traits measured, suggesting a lack of variation for PUE in the panel. With further 

investigation, certain trait and environment combinations demonstrated variation in the P 

response (Figures 2.2 and 2.3).  This provided an opportunity to search for QTL using the 

phenotypic variation for the response. These traits were used in GWAS to find QTL specific to 

AP or NP treatments (P-conditional) as described below. There was significant genetic variation 

for the pRatio of heading in Elora19 and Combined20 and anthesis in Combined20, therefore, it 

was included in the GWAS. 

Population structure analysis identified six sub-populations in the panel (Appendix VII), 

with moderate admixture between groups (Figure 2.6). The average marker density across all 

chromosomes was 1.74 markers per Mbp. Marker density was the greatest for chromosome 2B 

and smallest for 4D (Appendix VIII).  Linkage disequilibrium decayed by 0.75 Mbp in the A and 

D genomes, and by 1.25 Mbp in the B genome (Figure 2.7). After comparing Q-Q plots for the 

three models tested, the K model was identified as most optimal, and was thus used to run all 

tests (Appendix IX). An FDR of 0.01 corresponded to a P-value of 5.39x10-7, which became the 

significance threshold for all tests. If an association was significant for both the general trait and 

a P-specific trait, it was considered a general marker-trait association, which resulted in the 

identification of 34 marker-trait associations.  Based on the results of the single marker 

regression, only marker-trait associations with R2≥3% were reported (Tables 2.7 and 2.8), as 

markers that explained a smaller degree of variation in the trait would have little breeding utility. 

After these adjustments, nine marker-trait associations were identified for general traits (Table 

2.7), 11 for traits under NP, and six for traits under AP (Table 2.8). There were no significant 

marker-trait associations found for any of the anthesis or heading pRatios (Appendix X).  
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Figure 2.6. Population structure among sub-populations (k=6) of the 200-genotype winter wheat 
diversity panel. 

 

 

 

Figure 2.7. Linkage disequilibrium (LD) decay in the genome the a 200-line diversity panel of 
winter wheat. 
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The GWAS for Elora20 yield identified two general marker-trait associations, one of 

which was on chromosome 6B and explained 31.34% of the variation for yield. This marker was 

also identified for yield under AP (Table 2.7 and Appendix XI). Two AP-specific marker-trait 

associations were found for yield in Elora20, one of which accounted for 26.38% of the variation 

in the trait. There were no marker-trait associations found that explained ≥3% of the variation in 

yield under NP (Table 2.8). 

A single general marker-trait association was identified for GPD1 on chromosome 7B, 

and no P conditional marker-trait associations were identified (Table 2.7 and Appendix XII). One 

general marker-trait association was found for Elora20 WR on chromosome 7A. It explained 

13.68% of the variation in the WR, and had also been found for WR under NP (Table 2.7 and 

Appendix XIII). Phosphorus treatment-conditional WR marker-trait associations were identified 

for both Elora20 and Belwood20, with one AP-specific marker-trait association found, and three 

NP-specific marker-trait association found (Table 2.8). Two general heading marker-trait 

associations were found, specific to the Elora19 and Combined20 environments (Table 2.7 and 

Figure 2.9). The Elora19 marker-trait association accounted for 18.12% of the variation in 

heading, and was also found for heading under NP and AP (Table 2.7). Three P-conditional 

marker-trait associations were found for heading, which explained up to 26.41% of the variation 

in the trait (Figure 2.8). For anthesis, three general marker-trait associations were found, one of 

which was on 7B and explained 20.94% of the variation in anthesis in Elora19 (Table 2.7 and 

Figure 2.10). The general marker-trait association on 4B was also found for anthesis under NP 

and AP (Table 2.7). The general marker-trait association on 7A was also found for anthesis 

under NP, in addition to general heading (Table 2.7).  A total of eight marker-trait associations 

specific to a P treatment were identified. Of this total only two were for AP, and were both found 

in Elora19 (Table 2.8 and Figure 2.10).  
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Heading, anthesis, and WR were the only traits that had GWAS performed in multiple 

environments.  Separating the analysis of heading and anthesis for each environment (Figures 

2.9 and 2.10) revealed a region on chromosome 7B with a high proportion of marker-trait 

associations in the biologically close traits. The pairwise LD was calculated in Tassel v. 5  

(Bradbury et al., 2007) for markers found within 11 Mbp on 7B that were associated with 

heading and anthesis. As a result, three markers in LD (P<0.01) were collectively involved in 

five significant associations for heading and anthesis, with multiple P treatment and environment 

combinations involved (Table 2.9).  

A candidate gene search was performed on the P-conditional marker-trait associations. 

A candidate gene within 2.4 Kbp of a marker-trait association for AP heading on chromosome 

2B was identified. The gene is an ortholog of the A. thaliana gene peroxisome biogenesis 

protein 6 PEX6, and is situated at 677,342,641-677,350,019 bp. 
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Table 2.7. General marker-trait associations (MTAs) from a genome-wide association study of a winter wheat diversity panel for days to 
heading date, days to anthesis, grain yield (t/ha), and green pixel density(GPD)1. Traits were assessed in Elora 2019 (E19), Elora 2020 
(E20), Belwood 2020 (B20), and across the 2020 environments (C20). If an MTA was also found under applied phosphorus (AP) or no 
phosphorus (NP), it is reported. When no “AP” or “NP” is indicated, only the general MTA was found for the marker.  
 

Trait Environment Chromosome Position 
(bp) 

P-value R2 
(%) 

N Minor 
Allele 

Frequency 

Favorable 
Allele 

Effect Phosphorus-
conditional MTA 

Anthesis E19 4B 28,954,174 3.70E-07 8.63 200 0.12 T -0.68 AP & NP 

Anthesis C20 7A 621,582,994 7.60E-10 8.56 198 0.11 C -1.15 AP 

Anthesis E19 7B 58,542,061 1.41E-12 20.94 200 0.27 T -0.94  

GPD1 E20 7B 6,372,002 4.07E-07 12.80 200 0.07 T 0.38  

Heading C20 7A 621,582,994 2.44E-07 13.78 198 0.11 C -0.89  

Heading E19 7B 58,789,116 1.38E-09 18.12 200 0.27 C -1.03 AP & NP 

WR E20 7A 23,328,101 1.81E-07 13.68 195 0.19 C 1.24 NP 

Yield E20 5D 550,509,820 8.91E-10 4.83 200 0.44 C 0.31  

Yield E20 6B 710,102,722 4.80E-09 31.34 200 0.47 C 0.34 AP 
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Table 2.8. Phosphorus (P) treatment-dependant marker-trait associations from a genome-wide association study of a winter wheat diversity 
panel for days to heading, days to anthesis, grain yield (t/ha), and green pixel density(GPD)1. Traits were assessed under applied P (AP; 
100 kg/ha MAP) and no P applied (NP; 0 kg/ha MAP) in Elora 2019 (E19), Elora 2020 (E20), Belwood 2020 (B20), and across the 2020 
environments (C20).  
 

Trait P 
Treatment 

Environment Chromosome Position (bp) P-value R2 
(%) 

N Minor Allele 
Frequency 

Favorable 
Allele 

Effect Reference 

Anthesis NP C20 1B 352,460,471 3.41E-08 18.04 198 0.15 T -1.02  

Anthesis NP C20 2D 27,924,761 4.42E-07 22.72 198 0.41 T -0.61  

Anthesis AP E19 2D 636,600,207 6.24E-08 6.99 200 0.31 T -0.60  

Anthesis NP C20 3B 694,322,982 3.09E-07 6.68 198 0.40 C -0.56  

Anthesis NP C20 3D 29,706,731 4.95E-09 8.27 198 0.22 T -0.75  

Anthesis NP E19 4A 612,429,324 1.28E-07 5.66 200 0.34 C -0.55  

Anthesis NP E19 7B 48,188,686 3.15E-08 20.36 200 0.29 C -0.68  

Anthesis AP E19 7B 58,789,116 9.26E-13 19.71 200 0.27 C -1.02 (Zhang et 
al., 2018) 

Heading AP E19 2B 677,346,561 3.65E-07 13.86 200 0.27 T -0.76  

Heading NP E19 3A 401,710,412 3.46E-07 5.16 200 0.18 T -0.98  

Heading NP C20 7B 48,188,686 2.43E-07 26.41 198 0.28 C -0.82  

WR NP B20 1B 675,559,614 4.07E-07 15.44 178 0.14 T 1.91  

WR NP B20 2A 704,710,546 1.29E-07 13.27 178 0.43 C 1.36  

WR AP E20 2D 2,894,053 1.80E-10 10.94 195 0.42 C 1.24  

WR NP E20 7B 558,318,864 3.88E-07 14.50 195 0.30 C 1.20  

Yield AP E20 3B 20,829,709 1.47E-07 7.78 200 0.20 C 0.30  

Yield AP E20 6B 644,477,878 1.86E-10 
 

26.38 200 0.19 C 0.45 (Chen et 
al., 2016) 
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Figure 2.8. Manhattan plot of genome wide association study for days to heading taken at Elora 
2019 (E19) and the Belwood 2020 and Elora 2020 environments (C20), under applied 
phosphorus conditions (AP; 100 kg/ha MAP) and no phosphorus applied (NP; 0 kg/ha MAP). 
The horizontal line represents a LOD threshold at -log10(p)=6.3. 

Figure 2.9. Manhattan plot of genome wide association study for days to anthesis taken at 
Elora 2019 (E19) and the Belwood 2020 and Elora 2020 environments (C20), under applied 
phosphorus conditions (AP; 100 kg/ha MAP) and no phosphorus applied (NP; 0 kg/ha MAP). 
The horizontal line represents a LOD threshold at -log10(p)=6.3. 
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Table 2.9. Flowering time marker-trait associations in winter wheat genotypes assessed in differential Phosphorus (P) 
conditions and in multiple environments for markers in linkage disequilibrium on chromosome 7B. Traits were estimated under 
applied P (AP; 100 kg/ha MAP), no P applied (NP; 0 kg/ha MAP), and across the P treatment (General). 
 

Trait Specification Environment Chromosome Position (bp) P-value R2 
(%) 

Minor 
Allele 

Frequency 

Favorable 
Allele 

Effect Reference 

Anthesis NP E19 7B 48,188,686 3.15E-08 20.36 0.29 C -0.68  

Heading NP C20 7B 48,188,686 2.43E-07 26.41 0.28 C -0.82  

Anthesis General E19 7B 58,542,061 1.41E-12 20.94 0.27 T -0.94  

Anthesis AP E19 7B 58,789,116 9.26E-13 19.71 0.27 C -1.02 (Zhang et 
al., 2018) 

Heading General, AP 
& NP 

E19 7B 58,789,116 1.38E-09 18.12 0.27 C -1.03  
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2.5 Discussion 

This study aimed to improve methods for evaluating winter wheat genotypes for PUE in 

suboptimal P environments. Much of the published methodology for classifying genotypes for 

PUE stems from work performed under severe P deficiency in field environment or controlled 

environment. In both scenarios, the creation of a large P differential is facilitated. In such testing 

conditions, a common strategy is to approximate P responsiveness from yield under AP, and P 

efficiency from the yield under NP (Fageria & Baligar, 1999; Fritsche-Neto & Borém, 2012; 

Schegoscheski Gerhardt et al., 2019). Fritsche-Neto and Borém (2012) suggest that a 40% to 

60% yield loss should occur under the low P treatment compared to optimal conditions, in order 

to confidently select for PUE. Here, the panel exhibited an average 5.64% yield loss under NP 

at Elora20, which suggested that the P differential in the experiment was relatively small. Had 

such a method been employed in this study, it would have been difficult to differentiate PUE 

from the underlying yield potential of genotypes. Therefore, it was critical to separate the PUE 

assessment from relative performance, and verify the reliability of the P response. McDonald et 

al. (2015), did the latter by performing a regression to identify the average yield response to P 

fertilizer in wheat genotypes, and using the distribution of genotypes to categorize them for P 

responsiveness (McDonald et al., 2015). In this study, the approach of using a 1-to-1 line was 

developed to both verify the reliability of the P response in a trait, and provide a means to 

categorize genotypes for PUE. Where there was a clear P response for a trait, genotypes were 

categorized based on their deviation from the 1-to-1 line, making the identification of both P-

responsive and P-efficient genotypes possible. This method has significant utility for field trials 

in Ontario, where relatively low P fields for the region are unlikely to create a 40% to 60% 

reduction in yield. 
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In this study, genetic variation for P response was identified in winter wheat genotypes 

for certain trait and environment combinations, and the consistency of this response across 

trait/environment combinations was subsequently examined. There are few reports of previous 

work that specifically examines the relationship between trait P responses beyond yield 

components. Recently, the P response in a maize diversity panel was studied for yield, biomass 

and morphological traits. The authors reported that there was consistency in genotypes’ P 

response across yield and biomass traits, but a relationship was lacking between the P 

responses for morphological and yield traits (Li et al., 2021). In this study, the yield P response 

(Elora20) was not correlated with the P responses of winter survival and recovery related traits 

or phenological traits. It is possible that the disadvantage caused by withholding P on these 

early season traits was not large enough to have downstream impacts on yield. Nevertheless, 

one might expect consistency in the P response across traits on the assertion that a plant with 

poor P efficiency or P responsiveness would present symptoms throughout its development. 

However, a genotype may exhibit PUE due to a range of mechanisms at varying growth stages. 

For example, variation in the coordination of senescence rates with P remobilization to grain 

would have little relationship with the P response of earlier traits such as anthesis. Interestingly, 

a relationship was found between the P responses for Elora19 heading and Elora19 anthesis, 

and between Combined20 heading, and Combined20 anthesis, put not for the same traits 

across environments (Figure 2.4). This suggests that there was a common P response 

mechanism for these respective traits, which was unstable across environments in this study.  

The identification of P-efficient and P-responsive genotypes was complicated by a strong 

GxE interaction (Table 2.3). Many studies that report genotypes for PUE are conducted in 

controlled environments (Bell et al., 2015; Nisar et al., 2016). In the field, crops are subject to a 

PxGxE interaction (Bovill et al., 2013), making multi-environment validation challenging, yet 

critical. In addition to a GxE interaction, there was no connection between the P responses of 
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traits in different environments, which is particularly notable in the case of heading and anthesis. 

Therefore, in the absence of multi-environment P response data for yield, the P-efficient and P-

responsive genotypes of interest that were found in Elora20 should undergo further field tests to 

confirm the result. Of note is AC Mackinnon, identified as a high yielding cultivar that was P-

efficient for yield in Elora20 (Appendix IV). If it continues to meet these criteria after multi-

environment trials, it could be recommended to growers who plan to withhold starter P fertilizer. 

A procedure has been presented that facilitates the identification of P-efficient and P-

responsive genotypes in suboptimal P environments. Genotypes categorized with this method 

have utility in breeding for specific P fertilization regimens. The mechanisms behind the PUE 

status of these genotypes remains, however, unknown. Phosphorus-efficient genotypes could 

have enhanced P utilization efficiency (PTE) or P acquisition efficiency (PAE), or a combination 

of both. Phosphorus-responsive genotypes undoubtedly possess enhanced PAE, but the 

possible role of PTE in the genotype’s P responsiveness cannot be assumed to be unimportant. 

Elucidating the mechanisms behind PUE in the P-responsive and P-efficient genotypes 

identified in this experiment would require further study in a controlled environment.  

Prior to investigating genotypic differences in P response, it was necessary to examine 

the overall effect of P on the panel. The NP treatment produced effects consistent in the 

literature (Grant et al., 1984; Nord & Lynch, 2008; Salo et al., 2007). Regarding phenology in 

particular, phenological development is typically accelerated by stress in annual plants. 

Departure from this standard stress response has been observed under P stress in species 

including wheat, where suboptimal P conditions delay phenological development (Rodríguez et 

al., 1998). In this study, heading, anthesis, and maturity were delayed under NP (Figure 2.1). 

Based on A. thaliana experiments, Nord and Lynch (2008) suggested that this widespread 

response could be adaptive, by extending the window for plants to forage for the highly 

immobile nutrient. The authors acknowledged that this was not conducive to breeding for short 
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season cultivars  (Nord & Lynch, 2008). The latter findings are in agreement with this study, as 

the phenological delay brought on by the NP treatment still resulted in a shorter grain fill period, 

suggesting that delayed anthesis was not advantageous. 

The investigation for P-conditional QTL has revealed a likely important region for 

flowering time irrespective of the P treatment.  Days to heading occurred over 16.3 days in 

Elora19 and 13.1 days in Combined20, while anthesis occurred over 12.6 and 11.4 days in 

Elora19 and Combined20, respectively. Four marker-trait associations for flowering time traits 

involving three markers in LD on chromosome 7B were identified, one of which was previously 

reported for anthesis (Zhang et al., 2018). The markers accounted for 18.12% to 20.94% of the 

variation in traits, whereby days to heading/anthesis was shortened by 0.68 to 1.03 days (Table 

2.9). These associations were not unique to an environment or P condition (Table 2.9), and 

should be considered a single QTL for flowering time.  

While PUE is a complex trait, its genetics can be investigated in a GWAS by creating 

indices for PUE with phenotypic data from differential P conditions. The pRatio approximates a 

genotype’s response to contrasting P conditions, and many authors have successfully identified 

QTL for nutrient use efficiency by running a GWAS with this type of index (Karunarathne et al., 

2020; Morosini et al., 2017; Reddy et al., 2020). In this study, genetic variation was found for 

pHeading (Elora19), pHeading (Combined20), and pAnthesis (Combined20), and GWAS was 

performed on these traits. Unfortunately, no QTL for the pRatio of the indicated traits were 

identified.  

An additional approach was employed to uncover QTL specific to a P treatment. By 

performing separate GWAS on phenotypes for each P condition in addition to the phenotype 

averaged across the conditions, general QTL were separated from QTL specific to either NP or 

AP conditions. This method has been used previously by researchers to identify QTL that may 

be used to breed for a specific P input environment (Ertiro et al., 2020; Reddy et al., 2020). An 
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NP QTL may be useful for breeding P-efficient cultivars, while an AP QTL may be useful for 

breeding P-responsive cultivars. Here, the preliminary analysis of phenotypic data suggested a 

lack of variation for PUE. Despite this, an in-depth examination of the panel P response 

revealed several trait/environment combinations with genetic variation for P response. This 

provided an opportunity to investigate the genetics behind the traits under specific P conditions. 

A notable finding was a yield marker-trait association was identified on 6B that was previously 

reported by Chen et al. (2016) (Table 2.8). Here, the QTL was found to be AP-specific, meaning 

it could be targeted to improve yield under optimal P conditions in wheat genotypes bred to be P 

responsive. This would be useful for most conventional breeding programs, where genotypes 

tend to be tested under optimal nutrient conditions. 

The identification of P-conditional QTL permitted a search for candidate genes.  The 

focus for the candidate gene search was primarily placed on the trait, as searching for 

associations for a trait under a specific P condition was impractical. An ortholog of the A. 

thaliana PEX6 gene was found within 2.4 Kbp of an marker-trait association for heading (AP) on 

chromosome 2B. Mutations causing peroxisome malformation can interrupt Jasmonic acid (JA) 

production, and JA deficiency can lead to a range of fertility related phenotypes, including 

delayed flowering and sterile pollen (X.-R. Li et al., 2014; Pan et al., 2019). This is a putative 

candidate gene for heading under AP, meaning it has relevance to a growing environment with 

conventional P inputs. 

 

2.6 Conclusions 

Breeding for PUE requires classification of winter wheat germplasm in a field environment, as 

well as a broadened understanding the genetics behind PUE, a complex trait. Phosphorus use 
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efficiency is important both for regions characterized by P deficient soils or high soil P 

accumulation, but published methodology for assessing PUE in the field is largely focused on P 

deficient environments. Through this work, a new method for assessing the P response of 

genotypes that is appropriate for suboptimal P environments is presented. The 200-genotype 

winter wheat panel was categorized for PUE in early season traits, flowering time traits, and 

grain yield. The pattern of relationships among the P response in traits highlighted the 

importance of multi-environment testing for PUE and how separate mechanisms may control the 

P response for different traits. Finally, GWAS revealed QTL specific to AP or NP. Following 

validation, these may be applied in breeding programs targeting low or high P input 

environments.  
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3 Chapter 3: Assessment of winter wheat (Triticum aestivum 

L.) genotypes for root system architecture traits important 

for phosphorus acquisition efficiency  

 

3.1 Abstract 

Phosphorus (P) is a macronutrient characterized by poor bioavailability in the soil. In important 

crops such as winter wheat (Triticum aestivum L.), P acquisition efficiency (PAE) can be 

improved by breeding for key root system architecture (RSA) traits. The purpose of this study 

was to determine if genetic variation exists in 30 winter wheat genotypes for seedling RSA traits 

assessed in controlled environment under optimal P conditions. The same set of genotypes was 

investigated for genetic variation in biomass P concentration ([P]) in the field under a differential 

P treatment. Genotypic variation was found average emergence angle, average primary length, 

total primary length, and lateral count of roots, but not for average tip angle and primary count of 

roots. Average emergence angle varied by genotype, while the other traits varied due to the 

reduced height gene Rht-B1 allele. The Rht-B1b allele reduced total primary root length, 

average primary length, and lateral count, traits that were moderately to highly correlated. 

Variation was also found for total plant tissue [P] field sampled at maturity, which ranged from 

0.11%-0.23%. P treatment did not affect [P] at maturity. This work provides preliminary evidence 

for genotypic variation in winter wheat for RSA traits that are useful when selecting for PAE. 

Future studies should focus on assessing P-use efficient winter wheat genotypes for PAE 

through the parallel assessment of RSA traits and total P uptake.   
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3.2 Introduction 

Phosphorus (P) is a critical nutrient in crop production. Soil P is poorly available to crops, 

largely due to its weak solubility and mobility (Barber, 1995). In countries like Canada, where 

the cost of P fertilizer is not prohibitive, P is regularly applied to soils to compensate for reduced 

P bioavailability. Soil P build up in cropping systems has been indicated as a factor that 

contributes to non-point source P pollution into the watersheds of vulnerable systems like the 

Great Lakes (Kane et al., 2014). Fertilizer placement and strategic timing of application are 

some examples of voluntary best management practices that have the potential to reduce P 

runoff and increase grain yield responses to P (Gildow et al., 2016). Still, non-point source P 

pollution from agroecosystems is a prevailing issue (Daloğlu et al., 2012; Kane et al., 2014), and 

requires multiple strategies to be addressed.  P acquisition efficiency (PAE) is a component of P 

use efficiency (PUE),  which is the capacity of a plant to maximize its grain yield per amount of 

soil P available (Batten, 1992; Parentoni & Júnior, 2008). Crops with high PAE have an 

enhanced capacity to acquire soil P given its availability, and developing such crops can 

address both production and environmental costs in crop farming.  

The PAE of plants is largely directed by interrelated physiological, architectural and 

morphological root traits that can be targeted for crop improvement (Lynch, 2011, 2019).  As 

mentioned, available soil P is highly immobile; the movement of P in the soil occurs through 

diffusion as opposed to bulk flow (Barber, 1995). It builds up in the topsoil, where it is most 

available to plants (Lynch & Brown, 2001). Traits that increase the likelihood that roots intercept 

available soil P would increase PAE (Lynch, 2011).  Root system architecture (RSA) traits that 

improve root foraging in the topsoil and increase the total surface area of a root system 

contribute to an enhanced PAE (Lynch, 2019). A wide seminal root growth angle is frequently 

cited as a direct way to increase P acquisition by root foraging in shallow soil (Ge et al., 2000; 

Lynch, 2011; J. Zhu et al., 2005b).  In barley, the lateral root count increases in regions of 
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higher soil P availability when demand for P exceeds uptake  (Hordeum vulgaris L.) (Drew, 

1975). In maize (Zea mays L.), recombinant inbred lines with a greater number of short lateral 

roots had higher P  uptake under low P conditions compared to genotypes with fewer and 

longer lateral roots (Jia et al., 2018). In barley, total root length has been found to increase 

under P deficiency, while dry weight of roots will decrease under such conditions (Heydari et al., 

2019; Nisar et al., 2016). These findings agree with the notion that a root system with large 

surface area is adapted to low available soil P environments. It is necessary to understand the 

inheritance of RSA traits to effectively target them in breeding. The reduced height genes Rht-

B1 and Rht-D1 have been shown to affect the root size of wheat, but the direction of the effects 

is inconsistent across reports (Beyer et al., 2019; P. Li et al., 2011; Y. Wang et al., 2014). 

Equipped with the basic knowledge of how RSA traits contribute to plant PAE, focus should be 

placed on phenotyping winter wheat germplasm for such traits, and further characterizing the 

genetics behind them. 

Many phenotyping studies concerning PAE assess traits under contrasting P conditions 

to capture the P response of genotypes.  Here, preliminary work is undertaken to phenotype 

seedling winter wheat genotypes for RSA traits under optimal nutrient conditions. A set of 

contrasting genotypes for P response in heading is used.  In the following study, it is 

hypothesized that genetic variation for RSA traits that contribute to PAE is present in 30 winter 

wheat genotypes. It is further hypothesized that reduced height gene Rht-B1 is responsible for 

variation in certain RSA traits. To complement this study, and reach a broader understanding of 

PAE in the winter wheat genotypes, tissue phosphorus concentration ([P]) at maturity in field- 

grown samples was examined.  
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3.3 Materials and Methods 

3.3.1 Genetic Material 

The material used in this study is a subpanel of the Canadian Winter Wheat Diversity 

Panel (CWWDP); a collection that includes historic and modern cultivars, breeding lines and 

ancestors of Canadian cultivars (Chen et al., 2019). This panel was previously genotyped for 

Rht-B1 using Kompetitive Allele Specific PCR (KASP) (Chen et al., 2019). Given a lack of prior 

knowledge concerning root traits important for P uptake in this panel, other criteria were used to 

select the subpanel. Members of the panel (n=200) were part of a P performance trial, and 

preliminary trial data from Elora 2019 was (Elora19) was used to choose a subpanel (n=30) of 

genotypes with varied responses to the P treatment (Chapter 2). Days to heading (Julian days) 

was the most informative trait, and was used to identify 15 P-efficient and 15 P-responsive 

genotypes.  Genotypes were considered P-efficient if the difference between heading under 

applied P (AP; 100 kg/ha monoammonium phosphate (MAP)) and no P applied (NP; 0 kg/ha 

MAP) was minimal. Genotypes were considered P-responsive if there was a large delay in 

heading under NP compared to heading under AP (Chapter 2). Phosphorus use efficiency 

categorizations for heading from Elora19 and the combined Belwood and Elora 2020 

environments (Combined20) are also reported here (Chapter 2). Additionally, grain yield from 

Elora 2020 (Elora20) averaged across the P treatment is reported (Chapter 2). This data 

provided a more complete phenotypic profile to assist in evaluating subpanel genotypes. 

Of the genotypes included in this subpanel, 50% originated from Canada, 37% 

originated from the USA, and 13% had a different country of origin. For the genotypes 

originating from the USA and Canada, 35% originate from east of the Great Lakes, while 65% 

originate from west of the Great lakes. The release dates for these genotypes range from 1912 

to 2014. 
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3.3.2 Experimental Procedure 

 

3.3.2.1 Tissue Analysis 

The Elora19 trial followed a randomized alpha-lattice incomplete block design comprised of 200 

genotypes and two P conditions over two replications as described in Chapter 2. Genotypes 

subject to the contrasting P treatment levels were paired in the same incomplete block to 

account for the effect of field heterogeneity. The baseline composite soil P Olsen-bicarbonate 

test (Olsen et al., 1954) was 11.7 ppm (Chapter 2). Soil P tests were taken from 40 evenly 

spaced points in the field to provide a detailed profile of the field’s available soil P status. At 

planting, 100 kg/ha of MAP was applied to plots under AP, while 0 kg/ha of MAP was applied to 

NP plots (Chapter 2). At maturity, total above ground biomass samples from subpanel plots 

were collected from a 30 cm sample area spanning two rows. Samples were dried in low 

temperature dryers at 32 °C for two weeks and then sent to SGS Canada (Missisauga, Canada) 

to be ground and analyzed for tissue [P] (AOAC International, 2007). 

 

3.3.2.2 Root Phenotyping 

The form roots take throughout a plant’s lifecycle depends on the growth substrate, 

environmental stimulus, and genetic background of the plant (Richard et al., 2015). In controlled 

environments, a soil substrate is ideal for root phenotyping, but hydroponic systems better 

facilitate data collection, and can also capture the variation in root traits (Ren et al., 2017; 

Richard et al., 2015). When assessing RSA traits, it is necessary to choose a phenotyping 

platform that minimizes disturbance of the roots during data collection. Root pouches can be 

used as a growth medium to support high throughput image capture and analysis; they have 

been shown to produce root phenotypes consistent with soil culture experiments (Adeleke et al., 
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2019; Liao et al., 2001; Miguel et al., 2015). Therefore, a semi-hydroponic growth system was 

used in this study to facilitate high-throughput phenotyping of RSA traits in winter wheat. 

The experiment followed a randomized complete block design with four replications 

composed of the 30 genotypes in the subpanel. Replications were grown concurrently in a 

growth room under 21 °C daily and 17 °C nightly temperatures, and a 16-hour photoperiod 

under T8 LED lights. Subpanel seeds were sterilized prior to being germinated. Seeds were 

immersed in 70% ethanol for one minute while stirred, then rinsed with sterilized deionized 

water. Seeds were then placed in a 20 mL solution containing 50% bleach and two droplets of 

Tween® detergent (Croda International, Snaith, England). The seeds were shaken in solution for 

20 minutes, then removed and rinsed five times with deionized water. After sterilization, seeds 

were placed in a 1.1 cm petri dish half-filled with sterilized deionized water. They were placed in 

a fridge at 4°C for two days to synchronize germination. After germination, seeds were placed in 

growth pouches as described in Adeleke et al. (2019). Briefly, sheets of 21.6 cm x 27.9 cm blue 

blotter germination paper (Anchor Paper Company, St Paul, Minnesota, USA) were used to 

construct growth pouches by attaching a thin strip of germination paper to the top of each sheet. 

The modified sheets were placed into 3.3 mm thick polypropylene sheet protectors, with holes 

punched at the bottom to permit drainage. The complete pouches were suspended in a black, 

polycarbonate container (36.3 cm x 31.5 cm x 27.2 cm) using wooden dowels. Hoagland’s No.2 

solution at quarter strength was added to the containers so that the bottom 3 cm of pouches 

were submerged. Once the pouches were saturated with the solution, a single germinated seed 

was planted in each pouch. Plants were watered daily with 25 mL of Hoagland’s No.2 solution. 

After ten days, pouches were removed from solution. While attached to the sheets, the roots of 

each plant were scanned for their images with an Epson Expression 10000XL large area 

scanner (Seiko Epson, Suwa, Nagano, Japan). These images were processed in  RootNav 

v.1.8.1 (Pound et al., 2013), which is a semi-automated root phenotyping platform (Figure 3.1). 
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Within the software, average primary root length, total primary root length, lateral root count, 

primary root count, average emergence angle, and average tip angle were measured. 

 

   
Figure 3.1. Scanned image of wheat root system at the two-leaf stage grown in growth pouches 
(left) and trait measurement in RootNav. 

 

3.3.3 Statistical Analysis 

Mixed model ANOVAs were run using PROC GLIMMIX in SAS 9.4 (SAS Institute Inc, 

2017). In the analysis of field grown plant tissue [P], genotype and P treatment were treated as 

fixed effects, and the random effects block and incomplete block were replaced with radial 

smoothing by dividing the field site into spatial coordinates. The soil P tests were used as a 

covariate in the model. In the growth room root study, genotype and Rht-B1 were considered as 

fixed effects, with genotype being nested within Rht-B1 allelic class.  For traits with significant 

genotypic variation (P<0.05), least squared means (LSmeans) by genotype were produced, and 

Pearson’s correlation analysis between trait LSmeans was performed. 
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3.4 Results 

Phosphorus concentration of the field grown samples varied significantly by genotype 

(P=0.0015; Appendix XIV). Phosphorus treatment did not affect the [P] (P=0.52), nor was there 

a GxP interaction (P=0.66).  Phosphorus concentration of genotypes ranged from 0.11% to 

0.23% (Appendix XV).  

In the root study, there was no significant variation (P<0.05) for primary root count or 

average tip angle due to Rht-B1 or genotype (Table 3.1). Rht-B1 allelic class was a significant 

source of variation for average primary length, total primary length, and lateral count, (Table 3.1 

and Figure 3.2) while the effect of genotype was not significant. For average emergence angle, 

there was significant variation due to genotype, but not for Rht-B1 allelic class (Table 3.1 and 

Figure 3.2). The Rht-B1a allele resulted in an increased total primary length, average primary 

length and Lateral count compared to the Rht-B1b allele (Figure 3.2). Genotypic variation for 

average emergence angle ranged from 14.40° to 36.16° (Table 3.2).  The genotype “Tenmarq” 

had the widest average emergence angle, which was significantly different from the four 

genotypes with the narrowest angles based on Tukey’s HSD (P<.05). Average primary length 

was highly correlated (r2=0.92, P<.01) with total primary length. Lateral count was moderately 

correlated with average primary length (r2=0.73, P<.01) and total primary length (r2=0.75, 

P<.01). Average emergence angle was not significantly correlated with any of the other root 

traits.  Tissue [P] was not significantly correlated with any of the root traits.  
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Table 3.1. Mixed model analysis of variance of 30 seedling winter wheat 
genotypes for the root system architecture traits lateral root count, average 
emergence angle, average primary root length, total primary root length, 
average tip angle, and primary root count, grown in a controlled 
environment. At the Rht-B1 locus, genotypes either had allele ‘a’ (n=22), or 
allele ‘b’ (n=8). 

 
Fixed Effects RHTB-1 Genotype (RHTB-1) 

Average Emergence Angle 0.694 0.009 

Average Primary Length 0.007 0.094 

Average Tip Angle 0.258 0.504 

Lateral Count 0.017 0.067 

Primary Count 0.240 0.398 

Total Primary Length 0.022 0.090 

Note. Results shown are p-values for Pr>F 
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Figure 3.2. Effect of Rht-B1 allele on root system architecture traits average emergence angle, 
average primary root length, lateral root count, and total primary root length in 30 winter wheat 
genotypes grown to the two-leaf stage in growth pouches. Genotypes either had allele ‘a’ 
(n=22), or allele ‘b’ (n=8) at Rht-B1. 
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Table 3.2. Phenotype LSmeans in 30 winter wheat genotypes that were categorized for 

phosphorus (P) response for days to heading 2019 (heading under applied P- heading under 

no P applied). Average emergence angle of seminal roots was measured in a controlled 

environment, while grain yield was measured in Elora 2020 across a differential P treatment. 

MR=moderately responsive to P; HR= highly responsive to P; E= P-efficient; n.d.= no 

phosphorus response designation due to an ambiguous response. 
 

Taxa 

Average 

Emergence 

Angle (°) 

Heading (Elora 

2019) PUE 

Designation 

Heading 

(Combined 

2020) PUE 

Designation 

Elora 2020 

Grain Yield 

(t/ha)  

TENMARQ 35.39 a MR E 6.17 abcde 

AC_SAMPSON 32.32 ab MR E 7.92 abcde 

FAIRFIELD 26.07 ab E n.d. 7.24 abcde 

HOUSER 25.33 ab E n.d. 7.87 abcde 

ES13_2064 24.99 ab E n.d. 9.33 a 

SULTAN_95 24.05 ab E n.d. 6.66 abcde 

EMPEROR 24.01 ab E n.d. 8.68 abc 

CDC_KESTREL 23.56 ab HR HR 6.14 bcde 

KATIA_1 23.49 ab E n.d. 9.13 a 

OAC_16_W02 21.33 ab E n.d. 9.00 ab 

ES13_1259 21.33 ab MR n.d. 7.08 abcde 

WAVE 21.22 ab E E 7.98 abcde 

GORDON 19.88 ab MR n.d. 8.80 abc 

EMERSON 19.86 ab HR E 7.03 abcde 

MINTER 19.78 ab HR E 5.93 cde 

MARKER 19.61 ab MR n.d. 9.10 a 

BEZOSTAYA_1 19.48 ab E E 6.77 abcde 

AC_TEMPEST 19.42 ab MR E 6.46 abcde 

NORSTAR 19.17 ab HR HR 5.75 de 

BUFFUM 18.55 ab E n.d. 5.92 cde 

140836 18.25 ab HR E 8.23 abcd 

CDC_OSPREY 18.05 ab E E 6.47 abcde 

AAC_GATEWAY 17.39 ab HR MR 6.15 bcde 

EKLUND 17.24 ab E E 6.08 cde 

UTAH_KANRED 17.06 ab MR HR 6.56 abcde 

PEREGRINE 16.86 ab HR n.d. 5.61 e 

ES13_3601 16.77 b E HR 9.00 a 

LENNOX 16.32 b MR MR 7.57 abcde 

ES14_0956 15.62 b E MR 9.23 a 

OAC_16_W05 14.20 b E MR 9.55 a 

Note. LSmeans followed by the same letter in the same column are not significantly different by Tukey’s 

test (P<0.05) 
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3.5 Discussion 

Under optimal conditions in a semi-hydroponic phenotyping system, genetic variation for 

RSA traits related to PAE was identified in 30 winter wheat genotypes. From the six traits 

measured, genotypic variation was found for four root traits with varying importance to PAE 

(Table 3.1). Of particular note, variation was found for average emergence angle (Table 3.2), 

which is a trait that is highly relevant for PAE by directing the degree of topsoil foraging 

performed by roots (Ge et al., 2000; Lynch, 2011; J. Zhu et al., 2005b).  Lateral count also 

impacts P uptake, as it is an important contributor to total root surface area (Drew, 1975; J. M. 

Zhu & Lynch, 2004). In this study, lateral count had significant genotypic variation (Figure 3.2), 

resulting from the Rht-B1 allele. Primary root growth is deprioritized under P deficiency (Nacry 

et al., 2005; Nadira et al., 2016), thus, targeting variation in total primary length and average 

primary length would not lead to direct improvements in PAE. Nevertheless, root traits interact in 

their effect on PAE (Ma et al., 2001; Miguel et al., 2015). For example, PAE is not just affected 

by lateral count, but also by lateral root depth and length (Jia et al., 2018).  Breeding for PAE 

effectively is facilitated by having acquired a comprehensive RSA profile. 

In this study, it was possible to characterize the genetic basis of RSA traits, which 

informs future breeding decisions. Previous reports have pointed to the importance of Rht-

B1/D1 genes for root traits (Beyer et al., 2019; P. Li et al., 2011; Y. Wang et al., 2014), but a 

consensus is lacking for the direction of allelic effects. For example, total root length is 

frequently assessed in root studies, and has been found to increase in the presence of the 

gibberellic acid insensitive Rht-B1b allele (P. Li et al., 2011). Total root length has also been 

found to decrease in the presence of Rht-B1b (Beyer et al., 2019). In this study, Rht-B1b 

decreased average and total primary length, as well as lateral count.  The effect of Rht-D1 was 

not studied here, but similarly mixed results have been found for the effect of Rht-D1b on total 

root length (Beyer et al., 2019; Y. Wang et al., 2014). Due to the pleiotropic effects of Rht-B1 
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locus (Schulthess et al., 2017), the phenotypic variation driven by it has limited use in breeding 

for PAE.  The variation by genotype found for average emergence angle could have more 

breeding utility.  

The genotypic variation revealed in this study did not appear to separate the subpanel 

into distinct phenotypes. For both average emergence angle and tissue [P], variation appeared 

to exist on a continuous scale, with only the extreme genotypes having significant differences 

from one another (Table 3.2 and Appendix XV).  This suggests that the traits are quantitative 

and subject to a GxE interaction. For average emergence angle, applying these results to field 

breeding may be complicated, as it was studied here in a controlled environment.   

To investigate root traits relevant to PAE, a subpanel of 30 winter wheat that varied for P 

response was assembled. Specifically, genotypes that were P-efficient or P-responsive for days 

to heading (Elora19) were chosen (Table 3.2). There is potential for average emergence angle 

to be a contributing mechanism toward PAE in either P-responsive or P-efficient genotypes. 

Therefore, a relationship between the heading P response (days to heading under AP- days to 

heading under NP) and average emergence angle is not expected. The heading data have been 

shown to reliably represent genotypic differences in P response (Chapter 2); however, there is 

inconsistency in the P response for heading across environments (Table 3.2). The heading P 

response in Elora19 and Elora20 were not correlated (Chapter 2), indicated a GxE interaction. 

For example, the genotype Tenmarq, which had a wide emergence angle, was categorized as 

moderately P-responsive in Elora19, and P-efficient in Elora20. The GxE interaction for P 

response presents a challenge for understanding the role RSA traits play in a genotype’s PAE.  

Additionally, variation for average emergence angle did not correspond to variation in 

Elora20 yield (Table 3.2). High yielding genotypes possessed a range of mean average 

emergence angles (Table 3.2). This suggests that while a wide emergence angle may be 

beneficial for PAE, it is not necessarily adaptive. A narrow average emergence angle would 
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result in a deep rooted phenotype, which is beneficial for water and nitrogen acquisition (Lynch, 

2019; Manschadi et al., 2008). Interestingly, three of the four genotypes with the narrowest 

average emergence angles (ES13_3601, ES14_0956, and OAC_16_W05) were modern 

breeding lines, and were some of the highest yielding genotypes in the Elora20 field season 

(Table 3.2).  

The aim of this root phenotyping study was to investigate RSA traits that contribute to a 

crop’s PAE. Nevertheless, a point was made to try and measure all traits that the RootNav’s 

platform offered to receive a comprehensive profile of the subpanel’s root systems. In addition 

to the traits reported in this study, the interface also supports the measurement of lateral root 

length and consequently total root length, traits which are relevant to PAE. Unfortunately, and 

perhaps due to the thin nature of wheat lateral roots, it was impossible to measure lateral root 

length at the two-leaf stage with accuracy.  

 

3.6 Conclusions 

There are financial and environmental benefits to developing winter wheat cultivars for 

PAE, and targeting key RSA traits is an integral component to achieving this. Here, genotypic 

variation for four RSA traits with varying importance for PAE was found. Rht-B1 allelic class 

accounted for the variation in average primary root length, total primary root length, and lateral 

count. Genotype accounted for the variation in average emergence angle, therefore, it has 

potential breeding utility. The P treatment in Elora19 did not affect [P], although there was 

genotypic variation for [P].  Phosphorus response is heavily influenced by GxE, which 

complicates the interpretation of variation in RSA traits important for PAE. 
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4 General Discussion and Future Directions 

4.1 General Discussion 

This thesis aimed to identify strategies and tools to breed winter wheat for phosphorus 

(P) use efficiency (PUE) in Eastern Canada. In pursuit of this, two studies were performed. In 

the first study, the principal hypothesis was that genetic variation exists in winter wheat 

germplasm for PUE (Chapter 2). Initially, ANOVA suggested that the panel lacked variation for 

PUE, however further investigation revealed that genetic variation was present for P response in 

several trait and environment combinations. An interesting finding was that the heading P 

response and anthesis P response were correlated in Elora19 and Combined20, but the traits 

were not correlated across environments. This indicated that PUE is subject to strong GxE, 

necessitating multi-environment testing. 

The initial analysis of field traits under differential P confirmed that Elora19, Elora20, and 

Belwood20 were environments possessing suboptimal available soil P. Despite this, the level of 

P deficiency was such that the differential created by the P treatment was not large enough to 

expose variation in PUE through an ANOVA. Consequently, conventional PUE evaluation 

methods would fail to capture variation for PUE with data from these growing environments. It 

was then hypothesized that methods for categorizing winter wheat genotypes for PUE in 

suboptimal P environments can be improved upon (Chapter 2). The procedure that was 

developed in Chapter 2 screens out trait data depicting an irregular P response. Furthermore, 

when used to categorize genotypes for PUE, it prevents confounding PUE with yield potential. 

These are two issues that can arise when using traditional PUE evaluation methods for 

environments lacking a severe P deficiency. Breeding programs targeting PUE in such 

environments should consider using a procedure that similarly addresses these factors. 
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Upon discovering that there was genetic variation for PUE in certain trait and 

environment combinations, it was further hypothesized that marker-trait associations for traits 

related to PUE in winter wheat germplasm can be identified through genome-wide association 

studies (GWAS). Phenotypic field data permitted the identification of P treatment-conditional 

marker-trait associations for green pixel density 1 (GPD1) winter recovery (WR), days to 

heading, days to anthesis and yield (Chapter 2).  This study revealed a marker-trait association 

for flowering time regardless of P treatment, as it was identified through multiple marker-trait 

associations for both heading and anthesis, and in multiple environments. Nine applied P (AP; 

100 kg/ha MAP) specific marker-trait association, and 16 no P (NP; 0 kg/ha) specific marker-

trait association were found. These marker-trait associations may have application for breeding 

for specific P management systems. A marker-trait association for AP yield that accounted for 

large portion of the variation in AP yield (Chapter 2) was previously identified as a yield QTL 

(Chen et al., 2016). If verified with a biparental population, it could be used to breed for yield 

under AP. 

In the second study, the main hypothesis was that winter wheat germplasm with 

variation for heading (Elora19) P response have significant variation for root system architecture 

(RSA) traits that influence P acquisition efficiency (PAE). Variation was found in 30 winter wheat 

genotypes for average primary length, total primary length, average emergence angle, and 

lateral count, traits which vary for their relevance to PAE (Chapter 3). Average emergence angle 

and lateral count are important RSA traits for PUE. Lateral count was positively correlated with 

total primary length and average primary length, while average emergence angle was not 

associated with any other RSA traits assessed. It was also hypothesized that Rht-B1 is 

responsible for variation in certain RSA traits.  Lateral count varied by Rht-B1 allelic class, but 

not genotype (Chapter 3). Average emergence angle varied by genotype, and not Rht-B1 allelic 

class, suggesting it may have greater breeding application that lateral root count. The role of 
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average emergence angle in the P response of genotypes could not be determined, as the 

heading P response was subject to GxE interaction. 

 

4.2 Limitations and Future Directions 

A principal objective of this thesis was to identify winter wheat genotypes with superior PUE 

through multi-environment field testing. In Ontario and regions with a similar history of high soil 

P build-up over time, finding sufficiently low P environments to perform the experiments is a 

significant challenge. Had there been greater options available during the planning of this study, 

an alternative to Belwood20 likely would have been chosen, as aspects of the management 

history of the site were unknown. Several yield-impacting problems were revealed in Belwood20 

that are likely related to the site’s history of minimal agronomic management. For instance, plots 

with varying degrees of Take-all (Gaeumannomyces tritici) damage were found throughout the 

field. Additionally, a substantial weed population emerged after the window to spray herbicide 

had closed. Steps were taken to attempt to control for these effects by carrying out mechanical 

weeding, or taking disease scores to include in the analysis. Despite these efforts, problematic 

levels of unexplained error persisted in the yield dataset for the Belwood20 environment. 

Consequently, only the Elora20 environment was used to evaluate yield P response (Chapter 

2). 

Belwood20 was not part of a research station, like Elora19 and Elora20, and certain aspects 

of its management history were unknown at the time of choosing the site. Ultimately, the 

decision to use Belwood20 had been made in an effort to create a greater P treatment 

differential, as Belwood20 had a baseline soil P of 9.7 ppm, compared to 12.0 ppm in Elora20 

(Chapter 2). By doing this, the expectation was that Belwood20 environment would provide 

better conditions for exposing panel variation for PUE, which was not the case. Instead, despite 
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a higher baseline soil P test, Elora20 enabled the identification of genotypes for PUE for yield. 

For PUE trials, it is recommended that researchers prioritize having access to a complete record 

of the site’s pest management history prior to its selection. 

Phosphorus use efficiency is complex, therefore capturing variation for the trait is 

confounded by factors that can be difficult to avoid in a field environment.  A study of Ontario 

cropland demonstrates that spatial variability of soil P is present at <30 m grid spacing in >50% 

of surveyed farms (Lauzon et al., 2005). In an effort to control for spatial variability of available 

soil P, grid sampling at a maximum spacing of 15 m was performed in each environment of this 

study to be included as a covariate in the analysis. Soil P testing revealed a range of variability 

from site to site, confirming the necessity of high resolution soil sampling.  

In this study, a small response to soil available P was observed in terms of grain yield, and it 

is possible that exterior factors limited this response. The environmental conditions in 2020 were 

generally favorable. Mean winter survival was greater than it was in previous reports for this 

panel (Chen et al., 2019). In Ontario, Fusarium Head Blight (FHB) (Fusarium graminearum) has 

the potential to devastate winter wheat yields (OMAFRA, 2017). In this study, there was minimal 

incidence of FHB. The total precipitation in 2020 was 54.7 mm in May and 61.9 mm in June, 

which is well below the average totals from 1981 to 2010 of 86.7 mm and 83.8 mm, respectively 

(Environment Canada, 2021). Suboptimal levels of precipitation could have conceivably limited 

yield and therefore the yield response to P.  

This thesis project encountered the complexity of studying PUE and designing experiments 

to correctly characterize PUE in germplasm. Phosphorus use efficiency is subject to a GxE 

interaction (Bovill et al., 2013), which was confirmed in this thesis (Chapter 2). Due to this 

limitation, it is recommended that P-efficient and P-responsive genotypes for yield identified in 

Elora20 (Chapter 2) undergo further field testing under differential field P conditions. It is not 

typical for PUE studies to address the GxE factor. By contrast it has been suggested that in light 
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of environmental variability, controlled studies should be used, with field tests reserved for the 

final stage of assessment (van de Wiel et al., 2016). By taking this approach in preliminary PUE 

trials, researchers risk mischaracterizing germplasm variation in PUE. Phosphorus use 

efficiency is composed of PAE and P utilization efficiency (PTE), which are determined by the 

interplay of numerous physiological, architectural and morphological features (Chapter 1) that 

have varied importance depending on genotype. Gunes et al. (2006) demonstrated that the root 

system architecture and morphology of 49 day-old spring wheat plants is disrupted when grown 

in a greenhouse, resulting in a disconnect between PUE in greenhouse grown plants and PUE 

in field grown plants (Gunes et al., 2006). Rather than grow plants to maturity in a greenhouse, 

many authors approximate PUE from shoot dry matter of young wheat plants (Abbas et al., 

2018; Fageria & Baligar, 1999; Nisar et al., 2016; Ozturk et al., 2005). The major problem with 

this approach is that there is variation in not only the mechanism type behind a P-use efficient 

genotype, but also in the timing of these mechanisms. For instance, when phenotyping plants at 

vegetative stages, variation for PUE driven by PTE during grain filling is missed. While multi-

environment trials suffer from their own set of issues, as described above, they appear to be the 

best option for capturing variation in PUE that can be directly applied to breeding programs. 

In an effort to understand the contribution of root system architecture phentoypes to PAE, 

the tissue [P] of field harvested genotypes at maturity (Elora 2019) was measured. It was found 

that P treatment did not effect tissue [P] (Chapter 3). Tissue [P] increases with P fertilizer 

application rates (Rodriguez et al., 1994). The lack of a P treatment difference could be due to 

the timing of tissue sampling. The critical period of P uptake extends to the first node stage 

during stem elongation (Sutton et al., 1983). However, P uptake  continues throughout the 

season if available (Batten et al., 1986), and may eliminate treatment differences in mature 

wheat tissue [P].  Future studies would benefit from tissue sampling between stem elongation 
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and anthesis to measure tissue [P], if experimental design permits the destruction of plants at 

that stage.  
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Appendices 

 

Appendix I. Information on breeding status, year of release, origin, market class and pedigree for the 200-line subset of the 
Canadian Winter Wheat Diversity Panel. Genotypes have either Cultivar (CV) status, or Breeding Line (BL) status, and belong to one 
or multiple market classes: Canada Eastern Hard Red Winter (CEHRW), Canada Western General Purpose (CWGP), Canada 
Eastern Soft Red Winter (CESRW), Canada Eastern White Winter (CEWW), Canada Western Red Winter (CWRW), Hard Red 
Winter (HRW), Soft Red Winter (SRW), Soft White Winter (SWW), or information not available (N/A). 
 

Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

110401 BL N/A Romania CIMMY-Turkey N/A OSTROV 

110603 BL N/A Russia CIMMY-Turkey N/A LEBED 

120393 BL N/A Unknown CIMMY-Turkey N/A KS940786-6-7/BONITO-
36//TASICAR 

120459 BL N/A Romania CIMMY-Turkey N/A F08347G8 

130696 BL N/A Russia CIMMY-Turkey N/A DMITRY 

140834 BL N/A Iran CIMMY-Turkey N/A ALMT*3/7/VEE/CMH77A.917//V
EE/6/CMH79A.955/4/AGA/3/SN6
4*4/CNO67//INIA66/5/NAC 

140836 BL N/A Hungary CIMMY-Turkey N/A MV-PANTALIKA 

140845 BL N/A Romania CIMMY-Turkey N/A F06476G5-1INC1 

950129 BL N/A Unknown CIMMY-Turkey N/A SULTAN95 

25R34 CV 2011 Ontario, CA Dupont/ Pioneer CESRW 8302 SIB./WBL0484B2//25R47 

25R40 CV 2011 Ontario, CA Dupont/ Pioneer CESRW 25R37/25R47 

25R46 CV 2013 Ontario, CA Dupont/ Pioneer CESRW W940262W1/25R47//W960095H
1 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

8077_B92_1 BL 1975 Ontario, CA Unknown SWW WASH-
1(CD6997)/GENESEE//CAPPEL
LE DESPREZ/3/541174AB-
2B5(CORNELL DWARF) 

AAC_GATEWAY CV 2012 Alberta, CA AAFC CWRW CDC-OSPREY/N-95-L-1226; 

ABILENE CV 1988 Kansas, US AgriPro 
Seeds Inc. 

HRW OK-711252-A/W-76-1226; 
PAYNE(SIB)/(SIB)SCOUT,USA; 

AC_BELLATRIX CV 1999 Alberta, CA AAFC CEHRW/ 
CWRW 

IDO-180*2/SUNDANCE; 
SUNDANCE/IDO-180; 

AC_GRANDVIEW CV 2001 Ontario, CA AAFC CEHRW KG-85-12/AC-WINSLOE 

AC_MACKINNON CV 1998 Ontario, CA AAFC CEWW Unknown 

AC_MORLEY CV 2000 Ontario, CA AAFC CEHRW SIOUXLAND/PERLO; 

AC_READYMADE CV 1991 Alberta, CA AAFC 
Lethbridge 

CEHRW/C
WRW 

MT-6324/MT-7301; 

AC_SAMPSON CV 2000 Ontario, CA AAFC CEHRW AC-WINSLOE*2/FLAMURA-80 

AC_TEMPEST CV 1997 Alberta, CA AAFC CEHRW/C
WRW 

MT-6324/MT-7301; 

ACCIPITER CV 2008 Saskatche
wan, CA 

Secan association CWGP CDC-RAPTOR/CDC-FALCON; 

AGENT CV 1967 Oklahoma, 
US 

Oklahoma 
Agricultural  
Experiment 

Station 

HRW TR.AE/AG.EL(KS-
464708)//6*TRIUMPH; 
TRIUMPH*2//TR.AE/AG.EL; 
TR.AE/AG.EL(KS-
464708)//TRIUMPH; 
TRIUMPH/(KS-
464708)TR.AE/AG.EL; 

ALABASKAYA CV 1947 Kazakhstan Karagandinskaya 
Opytnaya Stantsiya 

Unknown (S)LUTESCENS-BG-20 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

ARCHER CV 1981 Colorado, 
US 

Agripro 
Seeds inc;  

NAPB 

HRW SONORA-
64/TRAPPER//WARRIOR/3/CEN
TURK; CO-695461/CENTURK; 

ARNOLD CV 2011 Ontario, CA C&M Seeds HRW unknown 

ASHLAND CV 1998 Ontario, CA Ferguson Seed co. CERW Unknown 

AUGUSTA CV 1979 Michigan, 
US 

Thompsons ltd. SWW GENESEE/REDCOAT(B-
2747)//YORKSTAR; 
GENESEE/REDCOAT(A-
2747)//YORKSTAR; 

AVA CV 2007 Ontario, CA Dow/ Hyland CEWW Unknown 

BALITUS CV 2014 Ontario, CA Unknown Unknown Unknown 

BANATKA CV 1929 Ukraine Nemerchanskaya 
Opytnaya Stantsiya 

Unknown (S)BANATKA,UKR; 

BELOGLINA CV 1900 South 
Dakota, US 

Unknown HRW LV-STAVROPOL; LV-ROSTOV; 

BEZOSTAYA_1 CV 1959 Russia Krasnodarskii 
Niiskh 

HRW LUTESCENS-
17,UKR/SKOROSPELKA-2; 
(S)BEZOSTAYA-4; 

BEZOSTAYA_4 CV 1955 Russia Krasnodarskii 
Niiskh 

Unknown LUTESCENS-
17,UKR/SKOROSPELKA-2; 

BLACKHULL CV 1917 Kansas, US E.G.Clark HRW (S)TURKEY; (S)TURKEY-RED; 
(S)TURKEY-NEAR-
SEDGWICK,KS; 

BRANSON CV 2012 Ontario, CA Dow/ Hyland SRW 2737W/89I-4584A 

BROADVIEW CV 2008 Alberta, CA AAFC CESRW/ 
CWGP 

KS-92-WGRC-15/CDC-
KESTREL//CDC-FALCON; 

BUFFUM CV 1912 Wyoming, 
US 

Unknown SRW (S)TURKEY; (S)TURKEY-RED; 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

CARNAVAL CV 2007 Ontario, CA Hyland seeds CEHRW Unknown 

CDC_BUTEO CV 2002 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWRW 

S-86-808/ABILENE; 

CDC_CHASE CV 2013 Saskatche
wan, CA 

University of 
Saskatchewan 

CWRW S-96-35/MCCLINTOCK; 

CDC_CLAIR CV 1995 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWGP 

ARCHER/NORSTAR; 

CDC_FALCON CV 1998 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWGP 

S-86-808/ABILENE; 

CDC_HARRIER CV 1997 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWGP 

NORSTAR*2/VONA; 

CDC_KESTREL CV 1991 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWGP 

NORSTAR*2/VONA; 

CDC_OSPREY CV 1995 Saskatche
wan, CA 

University of 
Saskatchewan 

CEHRW/ 
CWRW 

PLAINSMAN-V/CIMMYT-
SELECTION//AGRITRITICUM-
100; 

CDC_PTARMIGAN CV 1999 Saskatche
wan, CA 

University of 
Saskatchewan 

CWGP 
(SOFT 
WHITE) 

YORKSTAR/NORSTAR; 

CDC_RAPTOR CV 2000 Saskatche
wan, CA 

University of 
Saskatchewan 

CWGP S-86-808/ABILENE; 

CENTURK CV 1971 Nebraska, 
US 

Nebraska  
Agricultural  
Experiment  

Station, USDA-ARS 

HRW KENYA-
58/NEWTHATCH//HOPE/2*TUR
KEY/3/CHEYENNE/4/PARKER; 

CENTURK_78 CV 1978 Nebraska, 
US 

Nebraska Agriculrual 
Experiment Station, 

USDA-ARS 

HRW KENYA-
58/NEWTHATCH//HOPE/2*TUR
KEY/3/CHEYENNE/4/PARKER; 
(S)CENTURK; 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

CODY CV 1986 Nebraska, 
US 

Colorado Agricultural Exp
eriment 

Station, USDA-ARS 

HRW CO-68-F-6635/CENTURK-78; 

DAWBUL CV 1948 Ontario, CA OAC SWW DAWSONS-GOLDEN-
CHAFF/BULGARIAN; 

DAWSON_(GOLD
EN_CHAFF) 

CV 1881 Ontario, CA Unknown Unknown (S)CLAWSON; (S)SENECA; 
(S)WHITE-CLAUSEN; 

DH11SRW14_60 BL N/A Indiana, US Limagrain (LCS) SRW IL04-8445/BW4241 

DH11SRW21_79 BL N/A Indiana, US Limagrain (LCS) SRW VA05W-168/VA05W-139 

DH11SRW27_133 BL N/A Indiana, US Limagrain (LCS) SRW KY97C-0519-04-07/VA05W-
257//VA05W-151 

DH11SRW27_83 BL N/A Indiana, US Limagrain (LCS) SRW KY97C-0519-04-07/VA05W-
257//VA05W-151 

DH11SRW27_87 BL N/A Indiana, US Limagrain (LCS) SRW KY97C-0519-04-07/VA05W-
257//VA05W-151 

DH11SRW33_77 BL N/A Indiana, US Limagrain (LCS) SRW W06*646/COKER 9553 

DH11SRW36_24 BL N/A Indiana, US Limagrain (LCS) SRW IL02-19463/BW4241 

DH11SRW41_6 BL N/A Indiana, US Limagrain (LCS) SRW PATTON/M03-3616-C 

DH11SRW7_37 BL N/A Indiana, US Limagrain (LCS) SRW BRANSON/G41730 - SR30-284 

DH11SRW8_46 BL N/A Indiana, US Limagrain (LCS) SRW BRANSON/BW4020 

DIANA CV 1967 Czech 
Republic 

Thompsons ltd. Unknown HODONINSKA-
HOLICE/HEINES-
KOGA/3/CARSTENS-
V/HODONINSKA-
OSINATKA//HEINES-KOGA; 
HODONINSKA-
HOLICE/KOGA//(S)DIANA-I; 

DYNASTY CV 1987 Ohio, US Ohio State 
University 

SRW BE-1-5/LOGAN//ARTHUR/3/NY-
5726-AB-3-B-23/TN-1403; 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

EKA_NOWA CV 1962 Poland Stacja Hodowli  
Roslin Borow,  

Skotniki 

Unknown EKA/MALGORZATKA-UDYCKA; 
MALGORZATKA-UDYCKA/EKA; 

EKLUND CV 1976 Minnesota, 
US 

Unknown HRW (S)MINTER; 

EMERSON CV 2012 Alberta, CA AAFC CWRW CDC-OSPREY/MCCLINTOCK; 
MCCLINTOCK/CDC-OSPREY; 

EMMIT CV 2005 Ontario, CA Dow/ Hyland CESRW Unknown 

EMPEROR CV 2012 Ontario, CA Secan CESRW T-
814/CARDINAL//AUBURN/OH-
413 

ES13_1259 BL N/A Indiana, US Limagrain (LCS) N/A INW9811/ROANE 

ES13_2064 BL N/A Indiana, US Limagrain (LCS) N/A MSU LINE E1007/G39029  
(BW452TW) 

ES13_3601 BL N/A Indiana, US Limagrain (LCS) N/A B980582/M98-2023 

ES13_4520 BL N/A Indiana, US Limagrain (LCS) N/A B980582/G39029  (BW452TW) 

ES14_0837 BL N/A Indiana, US Limagrain (LCS) N/A M04-4715/SR30-530J 

ES14_0846 BL N/A Indiana, US Limagrain (LCS) N/A GA991209-6E33/VA02W-555 

ES14_0893 BL N/A Indiana, US Limagrain (LCS) N/A Z03-0496//P25R47/BWXJF2 

ES14_0952 BL N/A Indiana, US Limagrain (LCS) N/A 139J/SR30-97 

ES14_0956 BL N/A Indiana, US Limagrain (LCS) N/A GX02-138/AR96077-7-2 

ES14_0968 BL N/A Indiana, US Limagrain (LCS) N/A GX02-138/766 

ES14_1154 BL N/A Indiana, US Limagrain (LCS) N/A G52612/SR36-064J 

ES14_1436 BL N/A Indiana, US Limagrain (LCS) N/A VA02W-555/NC04-20814 

ES14_1627 BL N/A Indiana, US Limagrain (LCS) N/A APCK M02-2152/BW452TW 

ES14_1630 BL N/A Indiana, US Limagrain (LCS) N/A T814/L900819//VA.98W-591 
(MCCORMICK) 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

ES14_1708 BL N/A Indiana, US Limagrain (LCS) N/A 9650-9-1*H4/Y93-72A 

ES14_1719 BL N/A Indiana, US Limagrain (LCS) N/A MD00-72-5050/Z00-3538 

ES14_1760 BL N/A Indiana, US Limagrain (LCS) N/A G52612/BW391 

ES14_1800 BL N/A Indiana, US Limagrain (LCS) N/A 9823*H13/VA05W-258 

ES14_1867 BL N/A Indiana, US Limagrain (LCS) N/A MSU LINE E1007/BWX555 

FAIRFIELD CV 1942 Indiana, US Purdue University Agricult
ural Experiment Station 

SRW PURKOF/FULHIO; 

FAUNUS CV 2016 Ontario, CA Unknown Unknown Unknown 

FAVOR CV 1981 Ontario, CA Ciba-Geigy seeds ltd. Unknown DIGA-DIJON//GABO/NEW-
ZEALAND-496.01 

FLOURISH CV 2010 Alberta, CA AAFC CWRW RL-4746/BLIZZARD//CDC-
KESTREL/3/CDC-FALCON; 

FOCUS CV 1989 New York, 
US 

South Dakota Agricultural 
Experiment Station 

Unknown WIZARD*CORIN 

FORWARD CV 1920 New York, 
US 

Cornell university Agricult
ural Experiment 

Station, USDA-ARS 

SRW (S)FULCASTER; 

FRANKENMUTH CV 1979 Michigan, 
US 

Michigan State University SWW NORIN-
10/BREVOR(SELECTION-
14)//YORKWIN/3/2*GENESEE(A
-3141)/4/(A-
5115)GENESEE*3/REDCOAT; 

FREEDOM CV 1991 Ohio, US Ohio State University SRW GR-876/OH-217; 
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Taxa Status Year of 
Release 

Geographic 
 Origin 

Originatorb Market 
Class 

Pedigree 

FROID CV 1968 Montana, 
US 

Unknown HRW KANRED/SEVIER//RIDIT/3/YOG
O; 

FULTZ CV 1871 Pennsylvan
ia, US 

A. Fultz SRW (S)LANCASTER; 

GAINES CV 1961 Washington
, US 

Washington State Univers
ity, USDA- ARS 

SWW SELECTION-14(CI-13253)/(CI-
12692)SELECTION-3//BURT; 
((NORIN 
10*BREVOR)*(ORFED*HYBRID 
50))*BURT 

GALLUS CV 2014 Ontario, CA Saatzucht Donau CEHRW G-008-2527/PEGASSOS 

GAUDIO CV 2014 Ontario, CA Unknown Unknown Unknown 

GENESEE CV 1950 New York, 
US 

Cornell University 
Agricultural Experiment 

Station 

Unknown YORKWIN*((HONOR)2*FORWA
RD) 

GENEVA CV 1979 New-York, 
US 

Cornell 
Agricultural Experiment 

Station 

SWW BURT//GENESEE/(CI-
12658)KY-4097-37(NY-5207-AB-
2-B-34)/3/HEINES-
VII/4/GENESEE; 

GORDON CV 1980 Ontario, CA Secan association Unknown CD-7561/GENESEE//CD-
7561/KENT/3/(7453-4-2-
4,SIB)FREDRICK/4/2*YORKSTA
R 

GUIDO CV 2014 Ontario, CA Unknown Unknown Unknown 

HALYTCHANKA_1
7 

CV 1949 Russia Unknown HRW Unknown 

HARVARD CV 2003 Ontario, CA Pflanzenzucht 
Oberlimpurg 

CEHRW LINE PF 626/80//LINE FHB 
8801/78 
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Taxa Status Year of 
Release 
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 Origin 

Originatorb Market 
Class 

Pedigree 

HONOR CV 1920 New York, 
US 

Cornell University Agricult
ural 

Experiment 
Station 

SWW (S)DAWSONS-GOLDEN-
CHAFF; 

HOUSER CV 1977 New-York, 
US 

Thompsons ltd. SWW BREVOR/NORIN-
10/4/HONOR*2/(SE.CE)ROSEN/
/YORKWIN/3/CORNELL-
595/5/PD-G-2343-A-4-28-
55/YORKWIN/6/GENESEE//KY-
4097-37(CI-12658)/(CI-
12560)ALASKAN/3/AVON; 

ILINCA CV 2009 Romania Agricultural Institute, 
Osijek 

Unknown OSK-8-37-10-91/SRPANJKA 

JONES_FIFE CV 1889 New York, 
US 

A.N. Jones SRW FULTZ/MEDITERRANEAN//RUS
SIAN-VELVET; 

KANRED CV 1917 Kansas, US Kansas 
Agricultural 
Experiment 

Station 

HRW (S)CRIMEAN; (S)TURKEY-RED; 

KARAT CV 1956 Germany Minas Seed Co-Op ltd. Unknown TASSILO/CARSTENS-V; 

KARENA CV 1992 Ontario, CA Thompsons ltd. Unknown AUGUSTA/H-1-11; 

KATE_A_1 CV 1988 Turkey Unknown Unknown Unknown 

KATIA_1 CV 1993 Bulgaria Unknown Unknown KHEBROS/BEZOSTAYA-1 

KAWVALE CV 1918 Kansas, US Kansas Agricultural 
Experiment Station 

Unknown (S)INDIANA-SWAMP 

KELDIN CV 2011 Ontario, CA Pflanzenzucht 
Oberlimpurg 

CEHRW BERNBURG 
235/CARLISLE//TRX-A16-3-2 
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Taxa Status Year of 
Release 
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 Origin 

Originatorb Market 
Class 

Pedigree 

KENT CV 1957 Ontario, CA OAC SRW CALDWELL-10/DAWSONS-
GOLDEN-CHAFF; 

KHARKOV_22_MC CV 1936 Quebec, 
CA 

Macdonald College Unknown BGC 1073 SE2 30-34 

KHARKOV_RED CV 1900 Quebec, 
CA 

MacDonald 
College 

HRW LV-UKR,STAROBELSK; 
(S)CRIMEAN; 

KINACI_97 CV 1997 Turkey CIMMYT Unknown YAMHILL/TOBARI-
66//MCDERMID/3/LIRA 

KONYA CV 1969 Turkey Unknown Unknown LV-KONYA; 

KUTULUXKAJA CV 1979 Russia Povolzhskii NII Selektsii I 
Semenovodstva 

Unknown SARATOVSKAYA-29//(F5,N-
911)LEE/UNRRA 

L11625 BL N/A Ontario, CA OAC SRW Unknown 

LENNOX CV 1975 Ontario, CA AAFC Unknown MIRONOVSKAYA 808 
SELECTION 

LP072 BL N/A Ontario, CA AAFC-ECORC HRW Unknown 

LP292 BL N/A Ontario, CA AAFC-ECORC HRW Unknown 

MARKER CV 2014 Ontario, CA Ridgetown Campus CESRW Unknown 

MCCLINTOCK CV 2001 Manitoba, 
CA 

University of Manitoba CWRW NORSTAR/VT-2222; GN-
567/NORSTAR; GN-567/VT-
2222; 

MEDITERRANEAN CV 1819 New York, 
US 

Unknown Unknown Unknown 

MINHARDI CV 1920 Minnesota, 
US 

Minnesota Agricultural 
Experiment Station 

Unknown ODESSA/TURKEY 
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MINTER CV 1948 Minnesota, 
US 

Minnesota Agricultural 
Experiment Station 

Unknown MINTURKI/HOPE 

MINTURKI CV 1919 Minnesota, 
US 

Minnesota Agricultural 
Experiment Station 

Unknown ODESSA/TURKEY 

MOATS CV 2010 Saskatche
wan, CA 

Secan association CWRW MCCLINTOCK/CDC-FALCON; 

MOISSON CV 1962 France Vilmorin Unknown CAPPELLE-
DESPREZ//HYBRIDE-80-
3/ETOILE-DE-CHOISY 

NEBRED CV 1938 Nebraska, 
US 

Nebraska Agricultural 
Experiment Station 

Unknown (S)TURKEY,CI-3684 

NORIN_10 BL 1935 Japan Uknown N/A TURKEY 
RED*(FULTZ*DARUMA) 

NORSTAR CV 1977 Alberta, CA AAFC CEHRW/  
CWRW 

WINALTA/ALABASSKAYA; 

NUGAINES CV 1965 Washington
, US 

Washington 
Agricultural 
Experiment 

Station 
USDA-ARS 

SWW NORIN-10/BREVOR(SEL.14,CI-
13253)//(CI-
12692,SEL.3)ORFED/HYBRID-
50-3/3/BURT; NORIN-
10/BREVOR//ORFED/BREVOR/
3/BURT; 

OAC_16_W01 BL N/A Ontario, CA OAC SRW Unknown 

OAC_16_W02 BL N/A Ontario, CA OAC SRW Unknown 

OAC_16_W03 BL N/A Ontario, CA OAC SRW Unknown 

OAC_16_W04 BL N/A Ontario, CA OAC SRW Unknown 

OAC_16_W05 BL N/A Ontario, CA OAC SRW Unknown 
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OAC_FLIGHT CV 2012 Ontario, CA Ridgetown Campus CESRW AC-RON/PIONEER-25-R-18 

PAU-45 BL N/A China Unknown N/A Unknown 

PEREGRINE CV 2008 Saskatche
wan,  
CA 

Secan association CWGP MCCLINTOCK/S-86-808; 

PINTAIL CV 2012 Alberta, CA Alberta 
Agriculture and Rural 

Development 

CWGP 93-W-022/CDC-
KESTREL//CDC-CLAIR/3/AC-
READYMADE/4/83-W-
020007/5/CDC-HARRIER; 

PRIESLEY CV 2014 Ontario, CA C&M Seeds CEHRW unknown 

PRINCETON CV 2011 Ontario, CA Pflanzenzucht 
Oberlimpurg 

CEHRW FR227/17//IP16/20 

RADIANT CV 2001 Alberta, CA AAFC CWRW NORSTAR*6/(CMC1)PGR-
16635//NORWIN/UT-125512; 

REBELKA CV Unkno
wn 

Indiana, US Unknown Unknown Unknown 

RED_ROCK CV 1915 Michigan, 
US 

Michigan Agricultural Exp
eriment Station 

SRW (S)PLYMOUTH-ROCK; 
(S)MEDITERRANEAN; 

REDWIN CV 1979 Montana, 
US 

Montana Agricultural 
Experiment Station 

Unknown MT-6324/MT-7301 

RIDEAU CV 1941 Ontario, CA AAFC SWW KHARKOV-22-MC/DAWSONS-
GOLDEN-CHAFF; 

RIDIT CV 1923 Washington
, US 

Washington Agricultural 
Experiment Station 

Unknown TURKEY/FLORENCE 

RUMELI CV 1985 Turkey Unknown Unknown Unknown 
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SRPANJKA CV 1989 Croatia Agricultural  
Institute Osijek 

Unknown ZG-2696/OSK-4-50-1; OSK-4-
50-1-77/ZG-2696; 

SULTAN_95 CV 1995 Turkey IWWIP/Oregon, 
Anadolu Ari, 

Eskisehir 

Unknown AGRI/NACOZARI-76; 

SUNDANCE CV 1971 Alberta, CA AAFC HRW CHEYENNE/KHARKOV-22-MC; 

SUNRISE CV 2009 Saskatche
wan, CA 

Western Ag Innovations CWGP CDC-
PTARMIGAN/MCCLINTOCK; 

SWAINSON CV 2011 Saskatche
wan, CA 

University of 
Saskatchewan 

CWGP TW-96502/MCCLINTOCK; 

T1365_2_3_6 BL N/A Ontario, CA Unknown N/A Unknown 

TALBOT CV 1962 Ontario, CA AAFC SWW TRUMBULL//HOPE/HUSSAR,U
SA/3/DAWSONS-GOLDEN-
CHAFF*2/RIDIT//CORNELL-595; 

TENMARQ CV 1932 Kansas, US Kansas Agricultural 
Experiment Station 

Unknown MARQUIS/P-1066 

THORNE CV 1937 Ohio, US Ohio Agricultural Experim
ent 

Station 

SRW PORTAGE/FULCASTER; D-
6301/NAINARI-
60//WEIQUE/R.MURCIA/3/CIAN
O-67/CHRIS; 

TRADER CV 1967 Nebraska, 
US 

Nebraska Agricultural 
Experiment Station 

Unknown WARRIOR//SELKIRK/2*CHEYE
NNE 

UGRC_C2_5 CV 2015 Ontario, CA Ridgetown Campus SRW Unknown 

UGRC_GL119 BL N/A Ontario, CA Ridgetown Campus SRW Unknown 
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 Origin 

Originatorb Market 
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UGRC_GL133 BL N/A Ontario, CA Ridgetown Campus SRW Unknown 

UGRC_GL164 CV 2018 Ontario, CA Ridgetown Campus SRW Unknown 

UGRC_GL96 CV 2018 Ontario, CA Ridgetown Campus SRW Unknown 

UGRC_RING CV 2014 Ontario, CA Ridgetown Campus CESRW Unknown 

UGRCDH5_15 CV 2013 Ontario, CA Ridgetown Campus SRW Unknown 

UGRCDH5_28 BL N/A Ontario, CA Ridgetown Campus SRW Unknown 

ULIANOVKA CV 1940 Russia Novo-Urenskaya 
Selektsionnaya Stantsiya 

Unknown S)BELOKOLOSKA-
BEZOSTAYA 

UTAH_KANRED CV 1922 Utah, US Unknown HRW (S)CRIMEAN; (S)KANRED; 

VALOR CV 1981 Ontario, CA Ottawa Research Station HRW KENT(TR.AE)/(SE.CE)SANGAS
TE; 

VENTURE CV 1987 Ontario, CA Secan CEWW Unknown 

VICEROY CV 1923 Victoria, AU Werribee State 
Farm 

Unknown FEDERATION/WHITE-FIFE; 

VONA CV 1976 Colorado, 
US 

Colorado State University Unknown II-21183/3/CO-
652363//LANCER/KS-62136 

WARRIOR CV 1960 Nebraska, 
US 

Nebraska Agricultural 
Experiment Station 

Unknown PAWNEE/CHEYENNE 

WASATCH CV 1944 Utah, US Utah Agricultural 
Experiment Station 

HRW RELIEF/RIDIT; 

WAVE CV 2011 Ontario, CA Genesis Brand Seed ltd CESRW Unknown 

WB425 CV 2012 Ontario, CA Monsanto Technology CESRW 2571/Y91-6B 

WEBSTER CV 1912 Ontario, CA Thompsons ltd. Unknown LV-TURKESTAN; 
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WENTWORTH CV 2007 Ontario, CA Dow/ Hyland CEHRW Unknown 

WESLEY CV 1998 Nebraska, 
US 

USDA-ARS HRW KS831936-3/NE86501 = Sumner 
sib (Plainsman V/Odesskaya 
51)//Colt/Cody 

WESTMONT CV 1956 New York, 
US 

Montana Agricultural 
Experiment Station 

Unknown RIO/REX//NEBRED 

WICHITA_SEL CV 1944 Kansas, US Kansas 
Agricultural 
Experiment 

Station 

HRW EARLY-
BLACKHULL/TENMARQ; 

WINALTA CV 1961 Alberta, CA AAFC CWRW MINTER/WICHITA 

WINOKA CV 1969 South 
Dakota, US 

South Dakota Agricultural 
Experiment Station 

Unknown MINTER/WICHITA 

WT121 BL 1969 Alberta, CA Unknown N/A GAINES/WINALTA 

YOGO CV 1932 Kansas, US Kansas Agricultural 
Experiment Station 

Unknown (MINTURKI*BELOGLINA)*BUFF
UM 

YORKSTAR CV 1968 New York, 
US 

Cornell University 
Agricultural Experiment 

Station 

Unknown (GENESEE)5*(YORKWIN*(NOR
IN 10*BREVOR)) 

YORKWIN CV 1936 New York, 
US 

Cornell University 
Agricultural Experiment 

Station 

Unknown DIETZ(SEL.105-5)/(SEL.129-
65)GOLDCOIN 

ZITARKA CV 1998 Croatia Agricultural Institute, 
Osijek 

Unknown OSK-6-30-
20/SLAVONKA/3/EPHRAT-M-
68/OSK-154-19//KAVKAZ 
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Appendix II. Soil properties for Elora 2019, Elora 2020, and Belwood 2020, 
measured from composite soil samples taken from 0-15 cm, and retrieved from 
the Wellington County Soil Survey (AAFC, 1963). Elora 2019 and Elora 2020 are 
two sections of the same field. Values with standard error in parentheses are the 
mean of grid (n=4) samples.  
 

Soil Property Elora 2019 Elora 2020 Belwood 2020 

pH 7.8 7.6 (0.02) 7.6 (0.05) 

P (ppm) 11 12.0 (0.31) 9.7 (0.85) 

K (ppm) 77 75 (1.2) 85 (8.0) 

Organic matter % 2.3 4.2 (0.06) 

Cation exchange capacity 16 15.5 (0.30) 

Soil Type London Loam Caledon fine sandy loam 

Soil Group Grey-Brown Podzolic Grey-Brown Podzolic 

Soil Materials Loam till Fine sand over gravel 
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Appendix III. Distribution of phosphorus (P) response by trait for days to maturity, grain fill 
period, green pixel density(GPD) 1, GPD2, and winter surivival score (WS), in a winter wheat 
diversity panel. The panel was assessed in Elora 2019 (E19), Elora 2020 (E20), Belwood 2020 
(B20), or across the 2020 environments (C20). The Y-axis are the genotype LSmeans under 
Applied P (100 kg/ha MAP) and X-axis No P Applied (0 kg/ha MAP), with a 1-to-1 line depicted 
in blue.
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Appendix IV. Mean grain yield (t/ha) and Phosphorus (P) use efficiency designation of 200 winter wheat lines for days to heading, 
days to anthesis, winter recovery score, green pixel density1, and yield from Elora 2019 (E19), Belwood 2020 (B20), Elora 2020 
(E20), and from the combined 2020 (C20) environments. For each trait the genotype was either P-efficient (E), moderately P-
responsive (MR), highly P-responsive (HR), or had no PUE designation (n.d.). Cells with “-“ indicate the line was not assessed for 
this trait. 

Taxa Mean Yield 

E20 (SE) 

Heading 

E19 

Anthesis 

E19 

Heading 

C20 

Anthesis 

C20 

Winter 

Recovery 

B20 

Winter 

Recovery 

E20 

Green Pixel 

Density1 

E20 

Yield 

E20 

AC_MACKINNON 9.70 (0.69) E E MR n.d. E MR HR E 

ES14_0956 9.49 (0.68) E E MR MR E E n.d. n.d. 

UGRC_RING 9.47 (0.68) n.d. n.d. n.d. E E E E n.d. 

UGRCDH5_28 9.46 (0.68) n.d. n.d. E E - E E MR 

DH11SRW41_6 9.45 (0.69) MR E n.d. E E E E E 

ES14_0893 9.42 (0.68) n.d. n.d. MR n.d. E E n.d. E 

KUTULUXKAJA 9.40 (0.68) E n.d. MR n.d. n.d. n.d. n.d. n.d. 

OAC_16_W02 9.39 (0.68) MR E n.d. E n.d. E n.d. MR 

UGRC_C2_5 9.36 (0.68) n.d. MR n.d. HR E E n.d. E 

ES14_1708 9.33 (0.68) E E MR MR E HR n.d. n.d. 

FRANKENMUTH 9.32 (0.68) n.d. E n.d. MR E n.d. HR E 

DH11SRW36_24 9.30 (0.68) E n.d. E n.d. E n.d. n.d. n.d. 

OAC_16_W05 9.29 (0.68) E E MR n.d. n.d. n.d. n.d. n.d. 

AVA 9.28 (0.68) n.d. E E E n.d. n.d. E n.d. 

KANRED 9.27 (0.68) MR MR E E - n.d. E n.d. 

EMMIT 9.25 (0.68) E E n.d. E E E E n.d. 



 
 

105 
 

Taxa Mean Yield 

E20 (SE) 

Heading 

E19 

Anthesis 

E19 

Heading 

C20 

Anthesis 

C20 

Winter 

Recovery 

B20 

Winter 

Recovery 

E20 

Green Pixel 

Density1 

E20 

Yield 

E20 

OAC_16_W01 9.18 (0.68) E E MR n.d. n.d. n.d. n.d. E 

ES14_1719 9.17 (0.68) MR n.d. E E E n.d. n.d. MR 

DH11SRW27_87 9.17 (0.68) n.d. E E n.d. E n.d. MR HR 

YORKSTAR 9.15 (0.68) E E MR MR E n.d. n.d. E 

ES13_2064 9.12 (0.68) E E n.d. E E E MR E 

DAWSON_GOLDEN_CHAFF 9.11 (0.68) n.d. n.d. MR E E E MR E 

X25R46 9.10 (0.68) n.d. n.d. E n.d. E n.d. E n.d. 

DH11SRW21_79 9.09 (0.68) n.d. E E E n.d. MR E E 

UGRCDH5_15 9.06 (0.68) E E MR n.d. E n.d. n.d. E 

KARENA 8.97 (0.68) n.d. MR n.d. E E E E E 

DH11SRW33_77 8.97 (0.68) HR n.d. MR n.d. n.d. MR n.d. n.d. 

MARKER 8.95 (0.68) MR E n.d. n.d. MR E E n.d. 

DH11SRW8_46 8.93 (0.68) n.d. n.d. E E n.d. E E E 

EMPEROR 8.88 (0.68) E E n.d. n.d. MR n.d. n.d. n.d. 

HARVARD 8.88 (0.68) MR E MR E - MR MR MR 

UGRC_GL119 8.87 (0.68) MR n.d. E n.d. HR n.d. n.d. MR 

X25R40 8.87 (0.68) n.d. E n.d. MR n.d. E n.d. n.d. 

ES14_1154 8.86 (0.68) MR E n.d. HR E E HR E 

X120459 8.86 (0.68) n.d. n.d. E E E E E E 

X130696 8.82 (0.68) E E n.d. MR n.d. n.d. n.d. E 
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OAC_16_W03 8.82 (0.68) MR E MR MR n.d. E E E 

ES14_0968 8.80 (0.68) E E n.d. n.d. n.d. E E MR 

OAC_FLIGHT 8.79 (0.68) n.d. E E E - HR MR n.d. 

DH11SRW7_37 8.78 (0.72) E E MR E n.d. E MR E 

AUGUSTA 8.78 (0.68) n.d. E E n.d. MR n.d. n.d. MR 

ES14_0837 8.77 (0.68) n.d. n.d. MR MR n.d. n.d. MR MR 

UGRC_GL133 8.75 (0.68) E n.d. E E E E E E 

KELDIN 8.75 (0.68) MR MR E n.d. n.d. MR E MR 

UGRC_GL96 8.74 (0.68) E E n.d. n.d. - n.d. MR n.d. 

X110603 8.73 (0.68) MR n.d. E MR E E n.d. n.d. 

ES14_1760 8.73 (0.68) E n.d. MR HR n.d. MR n.d. n.d. 

GALLUS 8.72 (0.68) E E E E E E E n.d. 

WINALTA 8.71 (0.71) n.d. E n.d. n.d. E n.d. E MR 

L11625 8.71 (0.68) n.d. n.d. MR n.d. E MR n.d. n.d. 

GENEVA 8.70 (0.68) n.d. E n.d. n.d. E n.d. n.d. E 

WENTWORTH 8.68 (0.68) n.d. E MR n.d. E n.d. MR n.d. 

ES14_1627 8.68 (0.68) MR E HR HR E n.d. n.d. n.d. 

PRIESLEY 8.67 (0.68) MR n.d. MR HR E MR n.d. n.d. 

KATIA_1 8.67 (0.68) E E n.d. n.d. n.d. n.d. E E 

ES13_3601 8.66 (0.68) E E HR n.d. HR n.d. E E 
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X25R34 8.64 (0.68) n.d. E n.d. MR E MR MR n.d. 

DH11SRW14_60 8.62 (0.68) MR MR n.d. E - MR MR MR 

ES13_4520 8.62 (0.68) MR E n.d. E n.d. E E MR 

ES14_0952 8.62 (0.68) E n.d. MR n.d. MR E n.d. E 

UGRC_GL164 8.61 (0.68) E MR E n.d. n.d. n.d. n.d. n.d. 

GORDON 8.58 (0.68) MR HR n.d. n.d. n.d. E MR n.d. 

ES14_1800 8.57 (0.68) HR E n.d. n.d. MR E n.d. n.d. 

WB425 8.57 (0.68) n.d. MR E n.d. E n.d. E E 

GAUDIO 8.56 (0.68) n.d. MR n.d. E - n.d. MR n.d. 

PRINCETON 8.56 (0.68) n.d. E n.d. n.d. MR n.d. MR E 

FAVOR 8.54 (0.68) E MR E n.d. n.d. E n.d. n.d. 

OAC_16_W04 8.51 (0.68) MR n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

FREEDOM 8.50 (0.68) HR n.d. n.d. n.d. n.d. n.d. n.d. E 

DIANA 8.50 (0.68) E n.d. E n.d. MR E E E 

BRANSON 8.49 (0.68) n.d. E n.d. n.d. n.d. E n.d. n.d. 

ES14_1436 8.45 (0.71) E E E E E n.d. E E 

KONYA 8.43 (0.68) E E E n.d. E E MR E 

VALOR 8.41 (0.68) n.d. n.d. n.d. E n.d. E n.d. n.d. 

FOCUS 8.41 (0.68) n.d. n.d. E n.d. E E n.d. n.d. 

ES14_1630 8.37 (0.68) n.d. E n.d. n.d. n.d. n.d. n.d. n.d. 



 
 

108 
 

Taxa Mean Yield 

E20 (SE) 

Heading 

E19 

Anthesis 

E19 

Heading 

C20 

Anthesis 

C20 

Winter 

Recovery 

B20 

Winter 

Recovery 

E20 

Green Pixel 

Density1 

E20 

Yield 

E20 

X140845 8.35 (0.68) MR n.d. MR n.d. n.d. MR E HR 

AC_GRANDVIEW 8.33 (0.68) n.d. MR E n.d. n.d. n.d. n.d. n.d. 

ARNOLD 8.32 (0.68) n.d. E n.d. E E n.d. n.d. MR 

DYNASTY 8.32 (0.68) n.d. n.d. n.d. n.d. n.d. E E E 

VENTURE 8.30 (0.68) n.d. E n.d. E - - E E 

WAVE 8.29 (0.69) E E E E E n.d. E E 

GUIDO 8.22 (0.68) HR HR E MR - E MR MR 

DH11SRW27_83 8.15 (0.68) MR E MR n.d. n.d. n.d. E MR 

KATE_A_1 8.13 (0.68) MR E n.d. E - E n.d. E 

ES14_0846 8.13 (0.68) E n.d. MR E - E E E 

X140836 8.08 (0.68) HR E E E n.d. E n.d. n.d. 

FAUNUS 8.07 (0.68) n.d. n.d. n.d. MR n.d. E MR E 

KINACI_97 8.03 (0.68) E E E E E E E n.d. 

AC_MORLEY 8.03 (0.68) E E n.d. MR E n.d. E n.d. 

HONOR 8.02 (0.68) n.d. n.d. n.d. E E MR n.d. n.d. 

ASHLAND 8.00 (0.68) n.d. n.d. MR HR E E n.d. n.d. 

HOUSER 7.98 (0.68) E E n.d. E MR n.d. E E 

X8077_B92_1 7.96 (0.68) E E MR MR - n.d. n.d. n.d. 

ES14_1867 7.95 (0.68) n.d. E n.d. n.d. MR n.d. n.d. n.d. 

ZITARKA 7.88 (0.68) n.d. E E n.d. n.d. E E MR 
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DAWBUL 7.87 (0.68) MR E n.d. MR n.d. E HR E 

ILINCA 7.85 (0.68) n.d. n.d. E n.d. n.d. MR E E 

DH11SRW27_133 7.85 (0.69) E E n.d. E n.d. E MR MR 

X140834 7.82 (0.68) E n.d. MR HR n.d. MR E E 

CDC_PTARMIGAN 7.81 (0.68) n.d. E HR MR E MR E E 

SRPANJKA 7.76 (0.68) n.d. E MR E - HR MR E 

JONES_FIFE 7.74 (0.68) n.d. E n.d. MR E HR n.d. MR 

AC_SAMPSON 7.73 (0.68) MR MR E n.d. MR HR E E 

RUMELI 7.69 (0.68) n.d. n.d. MR n.d. n.d. E E MR 

ES13_1259 7.62 (0.68) E E n.d. MR - E E n.d. 

BALITUS 7.60 (0.68) n.d. MR E n.d. E E n.d. E 

LENNOX 7.56 (0.68) MR HR MR MR E n.d. MR n.d. 

X120393 7.56 (0.68) n.d. E MR n.d. E E E E 

TALBOT 7.55 (0.68) n.d. n.d. n.d. MR MR E n.d. n.d. 

RIDEAU 7.52 (0.68) n.d. E MR MR MR n.d. E n.d. 

GENESEE 7.51 (0.68) MR MR n.d. n.d. n.d. E n.d. E 

SULTAN_95 7.49 (0.68) E E n.d. E E MR n.d. n.d. 

X110401 7.48 (0.68) MR E n.d. n.d. E n.d. E E 

REBELKA 7.46 (0.68) n.d. E E E n.d. E n.d. n.d. 

VONA 7.45 (0.69) n.d. E MR n.d. n.d. E E MR 
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VICEROY 7.43 (0.68) MR E n.d. HR MR E n.d. n.d. 

SWAINSON 7.42 (0.68) MR E MR n.d. n.d. E n.d. MR 

THORNE 7.41 (0.68) HR MR MR HR E E E MR 

SUNRISE 7.36 (0.68) MR MR n.d. MR MR E E E 

KARAT 7.26 (0.68) MR E MR MR n.d. n.d. E E 

LP292 7.24 (0.68) E n.d. n.d. MR n.d. n.d. n.d. n.d. 

T1365_2_3_6 7.23 (0.68) MR n.d. E E n.d. E n.d. E 

BEZOSTAYA_1 7.23 (0.69) E E E E E E n.d. E 

HALYTCHANKA_17 7.23 (0.69) MR n.d. MR MR n.d. E MR HR 

WEBSTER 7.19 (0.68) MR n.d. HR MR n.d. n.d. n.d. E 

FAIRFIELD 7.18 (0.68) E E n.d. E E E n.d. E 

MOATS 7.18 (0.69) HR n.d. E n.d. n.d. E n.d. n.d. 

WICHITA_SEL 7.11 (0.68) n.d. n.d. n.d. n.d. n.d. E E n.d. 

AGENT 7.09 (0.68) E E E E E E E E 

WESTMONT 7.04 (0.68) n.d. E MR n.d. E E MR E 

LP072 7.03 (0.68) E E E n.d. MR n.d. n.d. E 

WESLEY 7.03 (0.68) n.d. E MR E E E n.d. n.d. 

FORWARD 7.02 (0.68) E E n.d. MR MR MR n.d. E 

CDC_FALCON 6.99 (0.68) E E - - - HR n.d. E 

X950129 6.96 (0.68) n.d. n.d. E n.d. E MR n.d. MR 
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PAU45 6.94 (0.68) MR n.d. MR E E n.d. n.d. E 

EKA_NOWA 6.93 (0.68) E E n.d. E MR n.d. E E 

AC_BELLATRIX 6.89 (0.68) n.d. E MR MR n.d. n.d. E n.d. 

NORIN_10 6.87 (0.68) n.d. E E E E n.d. E n.d. 

CDC_BUTEO 6.87 (0.68) E E E n.d. n.d. E E E 

BEZOSTAYA_4 6.79 (0.68) E E E E n.d. n.d. E E 

WASATCH 6.77 (0.68) n.d. E MR MR E HR HR n.d. 

CENTURK_78 6.76 (0.68) n.d. E HR MR MR HR n.d. n.d. 

YOGO 6.72 (0.68) n.d. n.d. n.d. MR - E HR E 

KENT 6.71 (0.68) MR MR E E n.d. E n.d. E 

MOISSON 6.71 (0.68) MR E MR n.d. E MR MR E 

CDC_OSPREY 6.69 (0.68) E E E E - E E E 

EMERSON 6.64 (0.68) HR MR E E E E E E 

WARRIOR 6.63 (0.68) n.d. n.d. E n.d. E MR E E 

ACCIPITER 6.62 (0.68) MR E MR MR n.d. HR E E 

CODY 6.59 (0.68) MR n.d. E MR E MR MR E 

ARCHER 6.56 (0.68) E E E n.d. E n.d. n.d. E 

BELOGLINA 6.53 (0.68) MR MR n.d. MR - - n.d. n.d. 

BROADVIEW 6.49 (0.68) MR HR HR HR n.d. HR n.d. MR 

TRADER 6.44 (0.68) MR MR n.d. MR E E n.d. E 
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CDC_RAPTOR 6.40 (0.68) MR n.d. n.d. E - MR n.d. E 

RIDIT 6.39 (0.68) MR E E E E E n.d. E 

FLOURISH 6.39 (0.68) n.d. E - - - MR E E 

MINTURKI 6.38 (0.68) n.d. E n.d. MR E n.d. n.d. MR 

PINTAIL 6.32 (0.68) HR n.d. HR n.d. - n.d. MR n.d. 

CDC_HARRIER 6.30 (0.68) n.d. E E HR - n.d. E E 

UTAH_KANRED 6.28 (0.68) MR MR HR MR n.d. E n.d. E 

TENMARQ 6.26 (0.68) MR n.d. E E - n.d. E E 

CENTURK 6.26 (0.68) MR n.d. E n.d. - E n.d. E 

MEDITERRANEAN 6.25 (0.68) n.d. n.d. n.d. n.d. MR E n.d. E 

KHARKOV_RED 6.24 (0.68) n.d. n.d. MR MR E HR MR n.d. 

AAC_GATEWAY 6.22 (0.68) HR n.d. MR n.d. - - E E 

AC_TEMPEST 6.18 (0.68) MR HR E MR E n.d. E E 

SUNDANCE 6.17 (0.68) n.d. E MR MR E n.d. E n.d. 

MCCLINTOCK 6.16 (0.69) MR E E E E MR n.d. E 

FULTZ 6.15 (0.68) MR HR E n.d. n.d. n.d. n.d. E 

CDC_CHASE 6.03 (0.68) n.d. E n.d. HR n.d. n.d. E E 

YORKWIN 6.02 (0.68) MR n.d. MR E n.d. E n.d. E 

CDC_KESTREL 5.98 (0.68) HR MR HR n.d. - MR n.d. E 

ABILENE 5.94 (0.68) E E n.d. MR n.d. E n.d. n.d. 
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CDC_CLAIR 5.91 (0.68) n.d. MR MR n.d. n.d. E E E 

RED_ROCK 5.88 (0.68) E n.d. n.d. n.d. n.d. - n.d. E 

NORSTAR 5.88 (0.68) HR n.d. HR MR MR HR MR MR 

CARNAVAL 5.84 (0.68) MR n.d. E E - E MR E 

WT121 5.82 (0.68) n.d. n.d. E E n.d. E E E 

PEREGRINE 5.76 (0.68) HR n.d. n.d. E - E E E 

AC_READYMADE 5.75 (0.68) n.d. E n.d. E E E E E 

MINTER 5.75 (0.68) HR E E E E E E E 

WINOKA 5.64 (0.68) n.d. E E n.d. E HR MR E 

NEBRED 5.62 (0.68) MR E n.d. n.d. - MR n.d. E 

EKLUND 5.62 (0.68) E E E E E MR n.d. E 

REDWIN 5.60 (0.68) n.d. MR n.d. n.d. E n.d. n.d. E 

BUFFUM 5.50 (0.68) E E n.d. n.d. n.d. E n.d. E 

KAWVALE 5.38 (0.69) E E n.d. E - - E n.d. 

FROID 5.38 (0.68) n.d. n.d. MR E E E MR E 

RADIANT 5.34 (0.68) n.d. E n.d. HR E n.d. HR E 

BANATKA 5.31 (0.68) E n.d. MR MR n.d. E HR E 

MINHARDI 5.20 (0.68) E E MR n.d. - E E E 

BLACKHULL 5.11 (0.68) MR E E E n.d. E HR E 

GAINES 5.02 (0.68) E n.d. E n.d. - E E MR 
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KHARKOV_22_MC 4.97 (0.68) n.d. E n.d. n.d. E n.d. E E 

NUGAINES 4.94 (0.68) n.d. E E n.d. E n.d. E E 

ULIANOVKA 4.87 (0.71) HR n.d. MR MR - E n.d. HR 

ALABASKAYA 4.53 (0.68) n.d. E E n.d. E n.d. MR n.d. 
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Appendix V. The distribution of LSmeans for the pRatio (trait under applied phosphorus/trait 
under no phosphorus applied) for days to heading and anthesis in the combined Belwood and 
Elora 2020 environments (C20), and heading in Elora 2019 (E19). 
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Appendix VI. Heat diagram of Pearson’s correlation coefficients for genotype LSmeans of 
pRatio (trait under applied phosphorus/trait under no phosphorus) for days to heading and 
anthesis in the combined Belwood and Elora 2020 environments (C20), and heading in Elora 
2019 (E19). 
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Appendix VIII. Estimated marginal likelihood calculated for populations (k) ranging from 2 to 12, 
obtained from fastStructure.  

 

 

Appendix VII. Marker density (SNPs/Mbp) for each chromosome across 

the wheat genome in a genotyped 200-line diversity panel of winter wheat. 

Chromosome Sub-genome 

 A B D 

1 2.46 3.16 1.32 

2 1.92 4.92 1.53 

3 1.59 1.91 0.61 

4 1.21 1.24 0.19 

5 1.89 2.85 0.45 

6 2.23 2.29 0.70 

7 2.08 1.65 0.36 
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Appendix IX. Q-Q plots from genome-wide association in 200-line winter wheat diversity panel 
of winter recovery score (WR), green pixel density(GPD)1, heading date, anthesis date, and 
grain yield. A GWAS was run for the traits under applied phosphorus (AP; 100 kg/ha MAP), no 
phosphorus applied (NP; 0 kg/ha MAP), and across the P treatment. The ratio of the trait under 
AP to NP was also tested (pRatio) Traits were analyzed separately in Elora 2019 (E19), and 
either combined (C20) or separately in Belwood 2020 (B20) and Elora 2020 (E20). 
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Appendix X. Manhattan plot of genome-wide association for the pRatio (Trait under 100 
kg/ha MAP/ Trait under 0 kg/ha MAP) of anthesis in the combined 2020 environments (C20), 
and heading in Elora 2019 and C20. The horizontal line represents a LOD threshold at -
log10(p)=6.3. 

 

Appendix XI. Manhattan plot of genome wide association study for grain yield (t/ha) from 
Elora 2020 (E20), under applied phosphorus conditions (AP; 100 kg/ha MAP) and no 
phosphorus applied (NP; 0 kg/ha MAP). The horizontal line represents a LOD threshold at -
log10(p)=6.3. 
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Appendix XII. Manhattan plot of genome wide association study for green pixel density1 
(GPD1) taken in early spring in the Elora 2019 (E19) and Elora 2020 (E20) environments, 
and under applied phosphorus conditions (AP; 100 kg/ha MAP) and no phosphorus applied 
(NP; 0 kg/ha MAP). The horizontal line represents a LOD threshold at -log10(p)=6.3. 

 

Appendix XIII. Manhattan plot of genome wide association study for winter recovery 
score taken in late spring in the Belwood 2020 (B20) and Elora 2020 (E20) environments 
and under applied phosphorus conditions (AP; 100 kg/ha MAP) and no phosphorus 
applied (NP; 0 kg/ha MAP). The horizontal line represents a LOD threshold at -
log10(p)=6.3. 
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Appendix XIV. Mixed model analysis of 
variance for total plant tissue phosphorus (P) 
concentration in 29 winter wheat genotypes, 
grown in Elora 2019 
 

Fixed Effects Pr > F 

Genotype (G) 0.0015 

Phosphorus (P) 0.5200 

GxP 0.6645 
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Appendix XV. Tissue phosphorus concentration in 
29 winter wheat genotypes grown in Elora 2019. 

Taxa Phosphorus Concentration (%) 

EMERSON 0.23 a 

AAC_GATEWAY 0.20 a 

KATIA_1 0.20 a 

OAC_16_W02 0.19 ab 

WAVE 0.19 ab 

140836 0.19 ab 

OAC_16_W05 0.18 ab 

EMPEROR 0.18 ab 

PEREGRINE 0.18 ab 

BEZOSTAYA_1 0.18 ab 

ES13_2064 0.18 ab 

ES13_3601 0.17 ab 

GORDON 0.17 ab 

UTAH_KANRED 0.17 ab 

SULTAN_95 0.17 ab 

CDC_OSPREY 0.16 ab 

MARKER 0.16 ab 

ES14_0956 0.16 ab 

AC_TEMPEST 0.15 ab 

CDC_KESTREL 0.15 ab 

LENNOX 0.15 ab 

AC_SAMPSON 0.15 ab 

HOUSER 0.14 ab 

FAIRFIELD 0.14 ab 

MINTER 0.14 ab 

ES13_1259 0.14 ab 

NORSTAR 0.12 ab 

BUFFUM 0.12 ab 

EKLUND 0.11 b 

Note. LSmeans followed by the same letter are not 

significantly different by Tukey’s test (P<0.05) 
 


