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Organic farming in extensive production regions, such as the Canadian prairies have a particularly difficult challenge of replenishing soil reserves of phosphorus (P). Organic grains are exported off the farm while resupply of lost P is difficult due to limited availability of animal manures and low solubility of rock organic fertilizers. As a result, many organic farms on the prairies are deficient in plant-available P, leading to productivity breakdown. A portion of the solution may involve crop genetic improvement. A hypothetical ‘catch and release’ wheat ideotype for organic production systems is proposed to (i) enhance P uptake and use efficiency but (ii) translocate less P from the vegetative biomass into the grain. Root traits that would improve P uptake efficiency from less-available P pools under organic production are explored. The need to understand and classify ‘phosphorus use efficiency’ using appropriate indices for organic production is considered, as well as the appropriate efficiency indices for use if genetically selecting for the proposed ideotype. The implications for low seed P and high vegetative P are considered from a crop physiology, environmental, and human nutrition standpoint; considerations that are imperative for future feasibility of the ideotype.
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1 Introduction



1.1 Phosphorus challenge on organic farms

Phosphorus (P) management is a particular challenge for Canadian organic farms on the prairies. While most conventional farming systems heavily rely on inputs of synthetic nitrogen (N) fertilizers, organic farms often maintain N levels through growing legumes within the green manure and forage phase of a crop rotation. However, replenishing P is more difficult on organic farms as crop harvest removal of grain or biomass continues to shrink the soil nutrient reservoir (Morrison and Kraft, 1994). Several on-farm studies have reported low soil test phosphorus status on Canadian organic farms (Entz et al., 2001; Martin et al., 2007; Roberts et al., 2008; Knight et al., 2010) Entz et al. (2001) surveyed 14 organic farms in Manitoba, Saskatchewan, and North Dakota, USA, and reported an average soil test phosphorus of 15 kg P ha-1, which was substantially lower than the Manitoba average value for agricultural lands (> 20 kg P ha-1) (Entz et al., 2001). After 13 years of organic production at the Glenlea Long-term Rotation Study site in Manitoba, soil available P fractions rapidly declined in the organic forage rotation (Welsh et al., 2009; Carkner et al., 2020). Additionally, low soil test phosphorus has also been reported on organic farms which lack livestock in Saskatchewan (Knight et al., 2010), and organic dairy farms in Ontario (Roberts et al., 2008). Low available P has been shown to decrease organic grain production in the long-term (Carkner et al., 2020), and limits the productivity of legumes in commercial green manure crops (Thiessen Martens et al., 2021).

Phosphorus is an essential plant macronutrient, as it contributes as a critical structural component of nucleic acids and plays a key role in energy transfer (Marschner, 1995; Grant and Flaten, 2019). Currently, the approved P fertilizer options for organic use are manure and rock phosphate. However, manure is often prohibitively expensive to purchase and transport, especially for large, stockless organic farms on the Canadian prairies where animal manure sources are geographically separated from cropland (Schneider et al., 2019). Moreover, phosphorus in rock phosphate is generally unavailable in the year of application due to its low solubility, especially when applied to calcareous soils with high pH, which is a common characteristic of Canadian organic farms (Martin et al., 2007). Despite the many attempts to increase the availability of rock phosphate through measures such as co-composting, microbial associations, and green manure residue management (Asea et al., 1988; Arcand and Schneider, 2006; Arcand et al., 2010; Ditta et al., 2018; Billah et al., 2020), these methods showed limited effectiveness in improving agronomic response to rock phosphate in organic cropping systems in Canada (Arcand et al., 2010). Additionally, rock phosphate is mined from a non-renewable resource, counterintuitive to the organic philosophy of closing the nutrient cycle on farm (Nicksy and Entz, 2021). Other promising forms of P using unconventional sources are currently being explored on organic farms such as frass from black soldier fly (BSF; Hermetia illucens) larvae, anaerobically digested urban food or manure waste, and struvite (NH4MgPO4·6H2O) which is a mineral extracted from municipal wastewater streams or manure (Nicksy and Entz, 2021; Thiessen Martens et al., 2021). However, these options are prohibitively expensive, or not approved for organic use under the current Canadian Standards, for example, Struvite, which is sourced from human waste-water sources (Canadian General Standards Board, 2021). Improving on-farm P uptake/use efficiency of crops and reducing external P imports play a key role for the sustainability of Canadian organic farms.

The Canadian prairies comprises of Alberta, Saskatchewan, Manitoba, and the Peace River region of British Columbia, and represent 50% of all organic land in Canada. This region is known as one of the bread baskets of the world, and wheat is well adapted to grow under cool, wet conditions in central and eastern Manitoba as well as drier, hotter conditions in Saskatchewan and Alberta. Prairie organic farms grow 93% of Canada’s organic wheat, reaching nearly 376 000 hectares in 2020 (Canada Organic Trade Association, 2021). Canada exported approximately 237 000 metric tonnes of organic wheat valued at over $118 000 000 in 2020 (Agriculture and Agri-Food Canada, 2022). Recent premiums for organic grade wheat grain are at 253% of conventional grade wheat grain prices (Organic Biz, 2023). Wheat is often the cash crop in an organic rotation, providing essential economic value to farmers.

Crop selection and breeding for greater P use efficiency (PUE) and P uptake under low soil test P has been proposed as a potential solution to tighten the P cycle on farm (Rose et al., 2013). P management on organic farms brings unique challenges as these farms rely heavily on biologically mediated nutrient supply, that is, mineralizing P from soil organic matter (SOM). Therefore, specific strategies and perspectives are required to optimize P uptake in partnership with crops and reduce off-farm P losses. The development of new crop cultivars that address P challenges on organic farms can contribute significantly to this goal.




1.2 Proposal of wheat ideotype to optimize acquisition and utilization on organic farms

One approach to deploying genetic resources to achieve specific breeding goals is to develop a crop ideotype. An ideotype is defined as “a biological model which is expected to perform or behave in a predictable manner within a defined environment” (Donald, 1968). For common bean and maize cultivars in the Americas, Latin America, and Asia (Lynch and Brown, 2001; Wang et al., 2010; Lynch, 2011; Richardson et al., 2011), an ideotype has been proposed to enhance plant performance under low P conditions that maximizes P uptake through topsoil foraging root architecture, and enhanced soil-P mining strategies. In this paper, we propose a hypothetical wheat ideotype that can maximize P uptake and minimize off-farm P losses via grain P exportation for organic production systems (Figure 1). The P-efficient cultivar is characterized by three main features: (i) root topsoil foraging strategies to increase P acquisition, (ii) root mining strategies to mineralize P from organic pools, and (iii) greater P utilisation efficiency (e.g., greater yield per unit P applied) (Richardson et al., 2011). We further propose a reduced translocation of P from shoot biomass into grain should be considered as an important feature for organic production systems. While this concept is not new (Raboy, 2007; Richardson et al., 2011; Rose et al., 2013; Rose et al., 2022; Julia et al., 2018), the importance of P translocation into grain relative to other traits has not been highlighted when considering overall P use efficiency in cropping systems, especially within the context of organic production systems. In addition, to the authors’ knowledge, the implications of lower grain P as a food source beyond the farm gate and as a seed source in organic systems have not been well investigated. The goal of this paper is to explore the potential of incorporating plant traits to increase P acquisition and lower translocation of shoot P into grain P by considering the distinctive nature and needs of organic production systems. Additionally, implications for lower grain P beyond the farmgate and as a subsequent seed source are further explored.




Figure 1 | A visual model of the ‘organic ideotype’ of wheat for low phosphorus organic cropping systems. This figure was created with BioRender.






1.3 The phosphorus cycle in agroecosystems

The soil P cycle is a complex and dynamic process that involves a range of biological and geochemical transformations influenced by various environmental factors (e.g. soil moisture and temperature). Plants can only take up P in the form of HPO42- (soil pH 4.0-7.2) or H2PO4- (soil pH >7.2), which are often referred to as plant available P (Pierzynski et al., 2005). Plant available P concentration in soil solution is typically low, less than 1% of the total P in the soil (Pierzynski, 1991). For optimal plant growth, P concentration in soil solution should exceed 0.2 mg P L-1. However, a P concentration between 0.2-0.3 mg P L-1 indicates the potential for eutrophication in water bodies (Pierzynski et al., 2005; Bacelo et al., 2020), emphasizing the need to understand and manage the P cycle in agroecosystems.

The majority of soil indigenous plant available P originates from weathering of apatite. In agricultural systems, plant available P pool in soils is also enriched by application of synthetic fertilizers or manure. Once P in soil solution exists as free ions, it can react with dissolved iron (Fe), aluminum (Al), manganese (Mn) in acid soils, or calcium (Ca) and magnesium (Mg) in alkaline soils to form phosphate precipitates (Figure 2). Plant available P can also be adsorbed onto clays and the oxides of Al and Fe, taken up by plant roots, or incorporated into the Organic-P pool as microbial infrastructure and/or organic matter (immobilization) (Jakobsen et al., 2005; Pierzynski et al., 2005; Drinkwater et al., 2017). Additionally, microorganisms in the rhizosphere may compete with plants for plant available P in the short-term. However, they also have the potential to release P to plants through the process of mineralization. Through continuous biological and geochemical reactions, P available to plants and microorganisms are in a constant flux between mineralization/immobilization and adsorption/desorption processes. For the interest of this paper, biological processes (i.e., mineralization/immobilization, root uptake) will be emphasized while geochemical processes (adsorption/desorption, dissolution/precipitation), although extremely important regarding plant assimilation, microbial recycling, and environmental implications, will be given less attention.




Figure 2 | A simplified illustration of the phosphorus cycle in agroecosystems. See text for full discussion of cycling processes. P, phosphorus; Fe, iron; Al, aluminum; Mn, manganese; Ca, calcium. Adapted from Kovar and Claassen, 2005. This figure was created with BioRender.






1.4 The organic P pool and microbial biomass P

Soil organic P refers to P that is bonded in some way with carbon (C). Soil organic P is initially derived from animal wastes and plant residues and is synthesized by soil organisms. Plants and microorganisms take up and assimilate soil solution P which is then bonded to C through phosphorylation (Condron et al., 2005). Soil organic P consists of various forms including orthophosphate monoesters, inositol phosphates (e.g., phytic acid), phosphoproteins, mononucleotides, sugar phosphates, phospholipids, teichoic acid, aromatic compounds, phosphonates, and organic phosphate anhydrides. Many of these compounds exist in the form of highly stable ring structures, making them resistant to hydrolysis and less accessible to plants (Condron et al., 2005; Jones and Oburger, 2011).

It is estimated that organic P pools make up 30% to 80% of soil total P, depending on the cropping systems (Harrison, 1987; Bhattacharya, 2018). The organic P pool is made of dead material from plant, animal, and microbes. The microbial biomass includes bacteria, fungi, algae, protozoa, nematodes, which make up between 2 to 5% of total soil organic carbon (Brookes et al., 1984). The microbial biomass component within SOM is the ‘live’ fraction and responsible for mineralization of nutrients such as P (Jakobsen et al., 2005). The abundance and activity of soil microbes are heavily reliant on C inputs, as well as suitable soil moisture and temperature regimes. Microbial biomass P has been reported to account for 2 to 5% of the soil total P and approximately 10 to 15% of the soil organic P (Richardson and Simpson, 2011).

Mineralization of organic P into plant available P is dependent on the size of the microbial P pool, microbial activity, and the time required for the nutrient pool to renew itself (Oberson et al., 2001). Quantifying the size and turnover rate of microbial P during a crop growing season is challenging due to variations in temperature and moisture content. Using 33P isotope tracer in four calcareous soils in Ontario, Schneider et al. (2017) showed that the velocity of microbial P turnover was highest in soil with the lowest available P, despite microbial biomass P concentrations being the same. Using fumigation methodology to assess microbial P content and turnover, Oehl et al. (2001) reported that organic cropping systems had greater microbial biomass P pools and faster turnover rates than conventional systems. Similar results were observed in Canada by Braman et al. (2016). Therefore, the form and rate of P inputs can influence organic P dynamics and availability. Bünemann (2015) reviewed studies on organic P dynamics and reported that the relative contribution of biological and biochemical mineralization of P isotopes to plant available P ranged between 20 and 35% in arable soils, and 50 to 70% in grassland soils. Microbial P dynamics in relation to crop type grown is poorly understood and understudied. To our knowledge, only one study has investigated such a relationship and reported that addition of buckwheat residues with different types and rates of phosphate rock had little effect on the microbial biomass P in an organic dairy farm in Ontario (Arcand et al., 2010).

Numerous studies have demonstrated that plant P availability is also dependent on N availability in the soil system (Lemaire et al., 2021). For example, Briat et al. (2020) illustrated greater P uptake was coupled with greater N supply. Nitrogen mineralization in a cropping system is largely dependent on factors that also influence microbial P mineralization. Therefore, a whole soil system approach is required to understand soil-P availability, especially under organic management, where crops rely heavily on biologically mediated nutrient supply for both N and P. Furthermore, the role of livestock integration into cropping systems also requires attention. The integration of crop-livestock on organic farms in Canada has multiple benefits ecologically and economically (Entz and Thiessen Martens, 2009; Thiessen Martens and Entz, 2011). Additionally, recent arguments have been made that livestock can not only be a source of nutrients (i.e. Manure), but herbivory action has the potential to catalyze nutrient cycling, increasing the microbial pool, and thus creating nutrient pools that cycle more efficiently with less potential for loss (Soussana and Lemaire, 2014; Lemaire et al., 2023). Taken together, achieving efficient P-cycling on organic farms through breeding is important, however, managing the soil system to ensure efficient N-P cycling is equally critical for long-term sustainable production.




1.5 Phosphorus uptake in plants and microorganisms

Phosphorus is relatively immobile in soil solution, meaning that plant roots and microorganisms must navigate towards P in the soil for uptake. Roots and microorganisms will encounter new available P pools as they move into unexplored soil that has not been depleted. Phosphorus is transported to microorganisms and plant roots by either mass flow or diffusion. Mass flow involves dissolved P moving towards the plant root/microorganism along with water. Phosphorus transport via mass flow accounts for a very small total P absorbed, even when P concentration in the soil solution is high. Diffusion is the process through which P moves from an area of high concentration to low concentration, accounting for approximately 95% of root P uptake (Kovar and Claassen, 2005). Diffusion is also the main uptake mechanism for microbes such as bacteria and fungi (Jansson, 1988). In plant roots, P uptake from soil is rapid and occurs within cells behind the root tips (Kovar and Claassen, 2005). Phosphorus in the soil solution is much lower than that of the cells within the plant, so P is actively moved across the root membrane by phosphate transport proteins against a concentration gradient (Smith et al., 2003). Phosphate transporters have also been detected in fungi and bacterial organisms (Jansson, 1988).

When P in soil solution is taken up by plant root or microorganism, it creates a ‘depletion zone’ adjacent to uptake site (Smith et al., 2003), necessitating constantly increased P access. There are two principal strategies to increase P access as 1) greater soil exploration to new zones of higher inorganic P (via better root growth or association with arbuscular mycorrhizal fungi (AMF), and 2) P exploitation via chemical and biological P transformations to increase more available P uptake (York et al., 2013; Fraser et al., 2015) (Figure 3). Plants and microorganisms may employ either P exploration or P exploitation, or a combination of both (Richardson et al., 2011).




Figure 3 | A schematic representation of root characteristics associated with greater P uptake adaptations to low soil P availability. This figure was created with BioRender.







2 From the ground up: greater P uptake in organic soils



2.1 Increased physical exploration of soil

Root traits associated with increased P acquisition by explorative strategies have been extensively studied in wheat under field and greenhouse conditions (Mcdonald et al., 2015; da Silva et al., 2016; Wang et al., 2016; Rabbi et al., 2017; Nguyen and Stangoulis, 2019) and summarized in several review papers (Gahoonia et al., 1999; Lynch and Brown, 2001; Lynch, 2011; Richardson et al., 2011). Greater exploration of the upper soil layer (0-10 cm) by crop root systems is essential due to the generally low P mobility in soils. Root architecture can be divided into the geometric properties that dictate the shape of the root system (root angle, depth, and configuration), and structural properties (pattern of root branching, and growth of root hairs). While some previous works have investigated how root architecture can affect P uptake of bean and corn in response to P deficiency (Lynch and Brown, 2001; Richardson et al., 2011), less research has been done with wheat. The ‘topsoil foraging’ root architecture, which is characterized with wide basal and shallow seminal root angles, has been proposed to maximize soil exploration (Manschadi et al., 2013; Lynch, 2019). Structural characteristics such as greater root hair density, and branching are important for P uptake as they increase root surface area and the volume of soil from which immobile P can be explored, especially under P deficient environments (da Silva et al., 2016). Genotypic differences in root angle have been observed in wheat (Maccaferri et al., 2016; Fradgley et al., 2020; Pariyar et al., 2021), additionally, different root angle responses to contrasting environmental conditions has been widely observed (Manschadi et al., 2013; Chen et al., 2018; Sinha et al., 2018). For instance, greater P uptake in Brazilian wheat genotypes was associated with shallow-angled first and second brace roots (da Silva et al., 2016). Gahoonia et al. (1999) reported that under field conditions barley cultivars with longer root hairs depleted more P from the rhizosphere soil and absorbed more P. Within the same study, wheat genotypes grown in hydroponic media grew longer and greater dense root hairs in response to P deficiency (Gahoonia et al., 1999). Contrary to ‘topsoil foraging’ characteristics, Manske et al. (2000) proposed that wheat genotypes with more developed root systems may better access indigenous P in deeper soil profiles, which may be advantageous to organic farms. However, further investigation is required to determine the optimal root architecture for P acquisition of crops under organic farming systems.

Association with AMF is another strategy plants may use to increase soil exploration capacity. A mutualistic relationship between the host plant and AMF is characterised by a bi-directional nutrient transfer between the two species. The fungus receives carbon substrates from the host plant, and the plant receives nutrients in return (Harrison, 2005). In addition to their roles in P nutrition, AMF also provides other benefits to the host plant such as greater zinc uptake (Gao et al., 2007), lower grain cadmium levels (Singh et al., 2012) and higher water use efficiency (Li et al., 2019). AMF increases P uptake through multiple strategies. They can enhance the host plants’ ability to explore greater soil volume by extending their hyphal network beyond the crops’ P depletion zone (Pepe et al., 2018). They can also stimulate the abundance and activity of bacteria in the rhizosphere that excrete alkaline phosphatases to mobilize organic-P (Zhang et al., 2016; Zhang et al., 2018), thus promoting a highly efficient P-affinity system (Harrison, 2005; Kobae, 2019). Root colonization rates by AMF are affected by the plant-available P levels in soils. For example, under high soil Olsen-P conditions (>50 mg P kg-1), plants can access P independently and root AMF colonization decreases (Entz et al., 2004; Schneider et al., 2015). In contrast, under very low soil test P conditions where plant growth is P-limited, root AMF colonization may become parasitic, due to greater carbon acquisition by the fungi relative to the lower P translocation from the fungi to the plant host (Johnson et al., 1997). We confirmed such phenomenon in organic farming systems by showing that root AMF colonization of flax was significantly higher in the low-P organic system relative to the conventional system (Entz et al., 2004).

Genotypic variation in root AMF colonization has been observed in various crop species including wheat (Kirk et al., 2011; Singh et al., 2012; Nahar et al., 2020). However, root AMF colonization depends on both soil environmental conditions and management practices. Production practices used by organic farmers such as cover crops and forages (Lehman et al., 2012; Njeru et al., 2014) and conservative P additions (Schneider et al., 2016) are known to promote root AMF colonization. However, other practices used by organic farmers such as frequent and deep tillage, growing non-mycorrhizal crops, and fallow are known to reduce AMF populations (Gosling et al., 2006). Despite these challenges, satisfactory AMF populations have been found on organic farms (Ryan et al., 1994; Kirk et al., 2011; Chen et al., 2022). At the Glenlea long term rotation study site in Manitoba, Welsh (2007) observed increased diversity and spore abundance of AMF in organic compared to conventional farming systems. Several previous studies have reported a positive relationship between root AMF colonization and crop P uptake efficiency under low P soil conditions (Manske et al., 2000; Nahar et al., 2020). For example, Manske et al. (2000) reported that root AMF colonization rate of 42 wheat genotypes was positively correlated with their P uptake efficiency when grown under P deficient conditions. Similarly, the benefits of AMF to increase P uptake and cause crop growth under low P conditions were frequently reported in other studies (Feng et al., 2003; Wang et al., 2017). Organic farms would benefit from selecting genotypes with a greater affinity to AMF to overcome the P constraints to crop growth. Therefore, high AMF partnership affinity maybe a valuable quality trait to be included in crop breeding program in organic systems, and efforts to increase the capacity for high throughput evaluation of root AMF association are encouraged.




2.2 Accessing where you are: soil exploitation

Plants have multiple strategies that can increase soil P availability by immobilizing the less soluble P in the inorganic and organic P pools. Kovar and Claassen (2005) reported that plant roots can exudate organic acids into the rhizosphere to solubilize P from Fe and Al complexes in acidic soils and from Ca and Mg complexes in alkaline soils. However, the organic acid compounds in root exudates can vary with crop species and genotypes, and the mechanisms are not well understood (Kovar and Claassen, 2005). Some plants can also excrete phosphatase enzymes into the rhizosphere to enhance mineralization by breaking down carbon and P ring structures within soil organic matter (Li et al., 2004; Nguyen et al., 2019). The following section will explore the potential of soil P exploitation within the context of genotypic variation among grass species and the potential to select/breed such traits for maximizing crop P acquisition.

By comparing six spring wheat genotypes in a hydroponic nutrient solution study, Akhtar et al. (2016) reported a significant relationship between greater plant P uptake and a decrease in solution pH. Also under hydroponic conditions, Gaume et al. (2001) revealed significant differences in organic acid exudation among maize genotypes in response to P deficiency. It was concluded that developing maize genotypes with increased citric and malic acid in root exudates can be an effective strategy to adapt to low P conditions. Nguyen et al. (2019) investigated wheat root exudates under varying P availability in sandy soil and found that a P-efficient genotype ‘RAC875’ released larger amounts of organic acids in root exudates under P deficient compared to adequate conditions. Metabolomics is a new discipline than can provide direct measurements of biochemical activities present in cells, tissues, or an organism (Saia et al., 2019), and it has the potential to work in tandem with genomics to screen breeding lines for metabolites. For example, metabolomics can detect organic acids and phosphatases present in root tissues between genotypes under P stress (Nguyen et al., 2019). Clearly, the strategies wheat genotypes use to access P under low P conditions varies widely. The challenge for breeders and physiologists interested in enhancing P acquisition and utilization in genotypes will be to identify the most beneficial traits for their specific breeding goals.

Despite low P levels on organic farms, satisfactory yields can still be produced (Martin et al., 2007). Additionally, research in Ontario (Schneider et al., 2017) and Manitoba (Braman et al., 2016) reported higher organic P content in forage-based soils in organic relative to conventional farming systems, which may explain why organic farms maintain acceptable forage yields despite low soil test P. Organically managed soils are sometimes characterized by more abundant and diverse soil microbial communities (Mäder et al., 2002; Braman et al., 2016), which can lead to greater soil nutrient supply due to the increased mineralization capacity. This leads to questioning the relevance of current soil P tests dictating availability on organic farms, due to richer soil microbial communities (Braman et al., 2016), and the potential for biologically mediated P supply (Welsh et al., 2009).

Unpredictable fertilizer response in agroecosystems has led to a recent argument that researchers and practitioners can no longer rely solely on soil tests as a diagnostic tool for crop fertility (Lemaire et al., 2021). The interactions between plant demand and soils, nutrients to each other, and the role microbial communities play in the rhizosphere also needs to be considered (Briat et al., 2020). Bioassay diagnostic tools evaluating crop uptake for plant P nutrition in organic production systems (Carkner et al., 2020), and the creation of the N Nutrition Index (NNI) (Lemaire et al., 2008; Lemaire et al., 2021) have been proposed. Greater understanding of plant-soil interactions and proper diagnostic tools are needed to accurately assess genotypic variation in P uptake.

Given greater biological activity and potentially larger organic P pools on organic farms, increasing cultivars’ capacity to access these pools would reduce the reliance on external P inputs (Sattari et al., 2012; Menezes-Blackburn et al., 2018). However, relying only on the soil organic P pool can lead to organic matter mining and decomposition. Therefore, adequate crop residue return is essential on organic farms (Arcand et al., 2016). The proposed P efficient wheat ideotype considers the unique P dynamics in an organic cropping system and the untapped potential of biologically mediated P supply between the root-soil interface. The ideotype would need to possess root characteristics of soil exploration and exploitation to facilitate greater uptake under low P, organic conditions.





3 Challenges of using the correct phosphorus use efficiency indices for screening genotypes

Investigating crop cultivars for phosphorus use efficiency (PUE) has been proposed as an effective way to close the P cycle on organic farms (Vance et al., 2003; Schneider et al., 2019). The term PUE is recognized as a combined effect of: (1) increased acquisition and uptake, and (2) increased P utilization (Vance et al., 2003; Veneklaas et al., 2012; van de Wiel et al., 2016; Cong et al., 2020). The term PUE has been used inconsistently throughout literature, and evaluated using different calculations (Bovill et al., 2013, Table 1). High P utilization efficiency is defined as growth/biomass production per unit P uptake and is highly associated with the remobilization of P from old to new tissues. In the last decade, little progress has been made in breeding crops with higher P utilization efficiency (Rose et al., 2011; van de Wiel et al., 2016). To select for greater P utilization efficiency, some breeders have chosen to either evaluate cultivars that can maintain high yields under lower soil-P status or evaluate cultivars that increase yields without increasing fertilizer rates. In organic farming, it is critical to develop cultivars that can maintain high yield and quality under low soil available P status. Therefore, an ideotype for organic farming should maximize soil exploration through better root architecture, increased root hair growth and AMF colonization, and enhance soil exploitation through higher root exudates of organic acids and phosphatase.


Table 1 | Terms and calculations used to assess phosphorus use efficiency (PUE).



Depending on the calculations used, the selection for P efficient genotypes could be vastly different. Many studies have based PUE calculations on early nitrogen use efficiency (NUE) work, which calculated NUE as the ratio of grain N uptake per unit of N available in the soil (Manske et al., 2001; Ortiz-Monasterio et al., 2001; Manske et al., 2002; Manschadi et al., 2013; Mcdonald et al., 2015; Meier et al., 2022). This can be problematic for assessing PUE as phosphorus availability and behavior in soil-plant systems differs markedly from nitrogen. It is imperative that breeders should select the correct PUE measurements as it relates to their goals, and not rely on PUE precedence in the literature. Similarly, redefining the concept of NUE towards integrating soil-plant relationships (Ciampitti et al., 2022) and evaluating genotypes on the basis of effective use of N rather than responsiveness to added N has also been argued (Ciampitti and Lemaire, 2022). Selecting genotypes based on their responses to added P through P acquisition efficiency or relative grain yield is inappropriate for organic production systems. For example, a genotype with poor performance under low P conditions and a greater response to P fertilizer might yield well in conventional systems but would not be desirable for organic farming. In contrast, a genotype that has high uptake potential under low or biologically mediated nutrient supply, yield per unit of P uptake, and low P translocation from the vegetative to reproductive organs would be useful. Wheat cultivars with such traits can take up high amounts of soil native P in the current growing season while releasing P for the following crop when wheat residues are returned (Figure 1).

Selecting crop cultivars that can simultaneously increase P uptake and utilization efficiency is a challenge since the two traits are intimately linked. Increasing P uptake, and therefore P in biomass often reduces internal utilization efficiency (Veneklaas et al., 2012). Therefore, it is suggested that different genotypes should be targeted for uptake and utilization to optimize the overall PUE. Ultimately, finding a way to combine both traits in a single genotype needs to be considered (van de Wiel et al., 2016). Comparing cultivars’ aboveground biomass per unit P uptake at anthesis before P translocation from biomass into grain occurs would be beneficial to maximize P uptake and utilization potential.




4 The consequences of low translocation of vegetative P to grain P

The phosphorus harvest index (PHI) is defined as the ratio of grain P to total plant P, and it represents the amount of P translocated from the vegetative biomass into the grain. Once P is taken up and used for vegetative growth, the remaining P is stored in the vacuoles (Veneklaas et al., 2012). Depending on P supply, pre-anthesis P uptake can contribute up to 81% of grain P accumulation (Batten, 1992; El Mazlouzi et al., 2020). It has been proposed that selecting crop genotypes with lower PHI would be a beneficial trait to reduce external P inputs (Batten, 1992; Rose et al., 2013; Vetterlein and Tarkka, 2018; Cong et al., 2020). While high protein content in wheat grain is a market premium, greater grain P is not. Grain P is stored mainly as phytate and to a lesser number, chemical compounds including inorganic phosphate, phospholipids, DNA, RNA, and ATP (Rose et al., 2013). Phytate is poorly digested by monogastric mammals, and often becomes a pollutant to waterbodies from livestock and city wastes (Schneider et al., 2019). Reducing grain P could contribute to decreasing off-farm P exportation. For example, Rose et al. (2010) estimated that a 20% reduction in rice grain P would globally reduce P removal from fields by 0.4 Mt per year.

However, would reducing P translocation to grain adversely affect grain yield and quality? The relationships between PHI and yield are consistently weak (Batten and Khan, 1987; Jones et al., 1989; Rose et al., 2011; Mcdonald et al., 2015), indicating that low P translocation may not affect final grain yield. Movement of carbohydrate and P into grain sink is regulated independently, and it is reported that P movement occurs earlier and faster than carbohydrates (Batten and Khan, 1987; Peng and Li, 2005). Currently, cereal crop breeding efforts are mainly focusing on increasing grain yield while maintaining protein (Wang et al., 2003). However, little is known about how decreasing seed P would play a role. Early studies demonstrate that low seed P can be combined with satisfactory protein levels in wheat, legumes, and oilseed rape (Batten and Khan, 1987; Chitra et al., 1995; Lickfett et al., 1999). For instance, Lickfett et al. (1999) reported a significantly negative correlation between phytate and protein in crop grains. In contrast, we recently observed an inconsistent relationship between grain P and protein levels under organic management, due to P deficiency resulting in low grain P, lower yields, and high protein (Carkner, 2023). Grain yield and protein are generally negatively correlated (Iqbal et al., 2016), so lower grain P in combination with lower yield would be expected to result in higher protein. Further research is needed to explore the potential impact on grain quality by reducing P translocation from crop biomass into the grain on organic farms with satisfactory yield conditions.

If an ideotype can produce high yield with low grain P concentration, how will this affect seedling vigour when the grain is used as seed? Will low grain P lead to a reduction in early season vigour due to depleted seed P reserves (White and Veneklaas, 2012)? Crop seedlings rely on P reserves for early growth and root establishment, up to three weeks after germination (Grant et al., 2001; White and Veneklaas, 2012). Many studies have reported greater seedling vigour and increase P uptake due to faster root growth when comparing P-rich seeds with P-poor seeds (Thomson and Bolger, 1993; Rose et al., 2012; Lorts et al., 2020). However, source seeds for experiments are usually from P-depleted soils, and it has been argued that poorer seedling vigour may be an artifact of poor seed quality rather than low P concentration (Julia et al., 2018). Some studies with wheat and rice have also reported that seed size, but not seed P content, influenced seedling and root growth (Derrick and Ryan, 1998; Julia et al., 2018). Additionally, Pariasca-Tanaka et al. (2015) reported significant genotypic by seed-P interactions for seedling vigour in rice, demonstrating that genetic variation may be a tool to manipulate this trait. While average wheat seed P concentration ranges from 3.4-4.5 mg P g-1 (Selles et al., 2011), Rose et al. (2013) reported that some genotypes with seed P concentrations as low as 1 mg P g-1 did not reduce germination, seedling, vigour, or final grain yield. Finally, Julia et al. (2018) demonstrated that rice seedlings acquire P from outside seed reserves after 2 days after germination. However, their research was conducted in growth media with synthetic P supply. Under organic conditions, where crops rely on biological activity for P nutrition, cold soils in the spring may hinder uptake. Greater understanding of P supply and seedling growth under organic conditions would be valuable to address this issue. Additionally, May et al. (2022) demonstrated that certain cover crops like black medic can increase soil available P over time, which may result in greater seedling nutrition to overcome low seed P reserves. Therefore, with the use of strategic ecological agronomy, there is a potential to select genotypes that can access and store greater P, while translocating less P into the seed for better P cycling. This approach may allow for breeding ideotypes with low seed P levels that do not suffer negative consequences on seedling vigor.



4.1 Crop residue potential to increase soil phosphorus availability

After grain harvest, organic farmers often incorporate the remaining crop residue into the soil either in the fall or early spring; this is typical in extensive systems of the Canadian prairies where straw is not collected for animal bedding. The ability of the ideotype to ‘release’ P back into the soil system through mineralization processes may provide a valuable nutrient source for following crops and for building soil organic matter (Arcand; Kucey et al., 1989), or both.

A core component of the organic ideotype is its ability to release (mineralize) P from plant residue, thus increasing P cycling in the rotation and reducing the reliance on external P inputs. The bioavailability of P in crop residue depends on the the amount and forms of P present. For instance, the biomass of wheat residue (excluding roots) has been estimated up to 7.4 t ha-1 (Liu et al., 2019). Damon et al. (2014) provided an extensive literature review on residue contribution to P pools in agricultural soils, reporting that average wheat residue P amounts in southern Australian grain cropping systems are 0.4, 1.8, and 5.4 kg ha-1, under low, medium, and high productivity scenarios, respectively. Tillage may have an influence on P mineralization. For example, wheat residues immobilized 0.2 kg P ha-1 under no-till management, and mineralized 0.4 kg P ha-1 under conventional tillage during decomposition (Lupwayi et al., 2007). However, the authors indicated that the amount P that was mineralized was too small to contribute significantly to the following crops’ P fertility. No-till management may also increase P surface runoff during spring snow melt, causing losses to the system (Grant and Flaten, 2019; Liu et al., 2019). Canadian organic farmers typically incorporate a no-till phase within their rotation (Halde et al., 2015), or leave wheat stubble untilled between harvest and time of spring crop seeding the following year. Therefore, it is essential to consider surface P runoff loss when no-till is being employed on organic farms, particularly when P content in crop residule is high.




4.2 Implications for environmental protection and human nutrition

Phosphorus loss from agricultural lands poses a serious threat to water quality of Canadian watersheds. Over the last decade, major Canadian lakes such as Lake Winnipeg and Lake Erie have experienced severe algal bloom outbreaks (Liu et al., 2021). When excessive P from synthetic fertilizers or manure are applied to agricultural lands, they are subject to losses and being transported by surface runoff and drainage in variable proportions of dissolved P and particulate P (Hart et al., 2004). In cold climates like Canada, dissolved P loss associated with snowmelt runoff has been identified as the dominant P transport pathway to water bodies (Jamieson et al., 2003). On some organic farms, especially those located where animal manure is plentiful, manure is often used as a primary N and P source for crops. However, due to the relatively lower N:P ratio in livestock manure relative to crop needs, manure application usually results in accumulation of P in soils and further an environmental concern for water quality. On organic farms where animal manures are less available, and hence more expensive, farmers typically use manure only to satisfy the P deficit, relying on legumes to supply N (Thiessen Martens et al., 2021).

While many previous studies have focused on improving farm management practices such as 4R Nutrient Stewardship and tile drainage (Grant and Flaten, 2019) and regulations on manure production and application, the current paper proposes crop genetic variation as a strategy to maximize crop P uptake and use efficiency. The proposed ideotype for organic farming systems will identify the key traits for PUE including 1) increased root architecture, root hair growth and AMF colonization; 2) efficient phosphate remobilisation strategies; and 3) optimizing biomass P uptake while minimizing allocation to reproductive seeds. Thus, the improved P acquisition and utilization of the ideotype on organic farm can contribute greatly to reducing P loss to water bodies by decreasing P inputs from organic sources. The proposed ideotype also addresses the concerns of producers and policymakers as it simultaneously reduces fertilizer/manure costs and environmental risks.

In addition to the environmental issue, improper P management in crop production systems can negatively affect grain nutritional quality and thereby influence human health. Phytate constitutes 60-80% of total P in most crops and dominates the storage form of P in wheat grains (Gupta et al., 2015). Phytate is often considered an antinutritional compound as it strongly binds to micronutrients such as zinc (Zn) and iron (Fe). Low bioavailability of these minerals in cereal grains can lead to deficiencies in human populations who rely mainly on cereal foods for calorie intakes. The phytate to Zn or Fe molar ratio in wheat grain has been generally used to categorize their bioavailability (Bouis and Welch, 2010). Canada is a world-leading wheat producer, and it exports 75% of its wheat products, including to developing countries where people are at high risk of malnutrition (Statistics Canada, 2019). Breeding a wheat ideotype with high PUE and low grain phytate can potentially play an important role in alleviating the global prevalence of micronutrient deficiencies. This can be even more promising for organic farming systems due to the benefits on grain micronutrient accumulation. For example, previous studies from the Glenlea Long-term Rotation Study site showed that wheat produced organically in the perennial rotation had higher Zn than the annual rotation, whereas there was no crop rotation effect when wheat was produced conventionally (Turmel et al., 2009). Further studies are needed to understand the biosynthesis and allocation of phytate throughout the crop life cycle and its influence on bioavailability of micronutrients.





5 Conclusion

We propose a hypothetical ‘catch and release’ wheat ideotype that possesses traits facilitating enhanced P uptake (‘catch P’ in biomass) under low-P supply, reducing P translocation from the biomass into the grain and thereby returning P back to the cropping system by way of crop residue (‘release P’).Finally, the ideotype minimizes off-farm harvest removal for organic production systems, which impacts off-farm P pollution in addition to enhancing micronutrient bioavailability as a food source. The ideotype would carry characteristics such as greater root exploration and exploitation strategies designed to interact with soil microbial communities. To select for greater “P use efficiency”, we argue that current indices used for conventional agriculture are not appropriate, and breeders should use greater uptake efficiency, yield per unit P uptake, and P harvest index to evaluate genotypes.

Early seedling vigour is of particular importance to organic farmers because crops need to compete with early season weed competition. Early season weeds have the largest impact on final yield (Mason and Spaner, 2006). Lower seed P may hinder early seedling vigour due to poorer seed nutrition, but this is unclear. Further research examining the impact of lower seed P and genotypic effects on early vigour under organic conditions would be useful.

Lower seed P provides additional benefits of reducing exports off farm, therefore reducing P entering the wastewater system and polluting major Canadian fresh watersheds. However, residue management needs to be considered to avoid P leaching from high P biomass on farm. Lastly, low seed P is beneficial from a nutritional standpoint, as it leads to improved Zn and Fe bioavailability, potentially playing an important role in the nutritional portfolio of developing countries where Zn and Fe deficiency is prevalent. Taken together, our ideotype attempts to address P challenges on organic farms from a systems perspective, incorporating nutrient cycling dynamics, environmental considerations, and nutrition. As we move into a new paradigm of sustainable food production where external nutrients are becoming scarce and an increasing number of people face malnourishment, multi-pronged approaches will be required to address these challenges.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

MC and ME conceived the idea. MC led writing the manuscript. XG contributed to writing portions of the manuscript and editing. All authors contributed to the article and approved the submitted version.





Funding

The research was funded by the Natural Science and Engineering Research Council of Canada and the Willy Wiebe Graduate Fellowship to MC.




Acknowledgments

The University of Manitoba is located in Treaty 1 territory, the original lands of the Anishinaabeg, Cree, Oji-Cree, Dakota and Dene peoples, and the homeland of the Métis Nation.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Agriculture and Agri-Food Canada. (2022). Canadian Domestic exports of certified organic products by province – value and quantity (Ottawa, ON: Statistics Canada).

 Akhtar, M. S., Oki, Y., Nakashima, Y., Adachi, T., and Nishigaki, M. (2016). Phosphorus stress-induced differential growth, and phosphorus acquisition and use efficiency by spring wheat cultivars. Commun. Soil Sci. Plant Anal. 47, 15–27. doi: 10.1080/00103624.2016.1232089

 Arcand, M. M., Helgason, B. L., and Lemke, R. L. (2016). Microbial crop residue decomposition dynamics in organic and conventionally managed soils. Appl. Soil Ecol. 107, 347–359. doi: 10.1016/j.apsoil.2016.07.001

 Arcand, M. M., Lynch, D. H., Voroney, P., and Van Straaten, P. (2010). Residues from a buckwheat (Fagopyrum esculentum) green manure crop grown with phosphate rock influence bioavailability of soil phosphorus. Can. J. Soil Sci. 90, 257–266. doi: 10.4141/CJSS09023

 Arcand, M. M., and Schneider, K. D. (2006). Plant- and microbial-based mechanisms to improve the agronomic effectiveness of phosphate rock: a review. An. Acad. Bras. Cienc. 78, 791–807. doi: 10.1590/S0001-37652006000400013

 Asea, P. E. A., Kucey, R. M. N., and Stewart, J. W. B. (1988). Inorganic phosphate solubilization by two penicillium species in solution culture and soil. Soil Biol. Biochem. 20, 459–464. doi: 10.1016/0038-0717(88)90058-2

 Bacelo, H., Pintor, A. M. A., Santos, S. C. R., Boaventura, R. A. R., and Botelho, C. M. S. (2020). Performance and prospects of different adsorbents for phosphorus uptake and recovery from water. Chem. Eng. J. 381, 122566. doi: 10.1016/j.cej.2019.122566

 Batten, G. D. (1992). A review of phosphorus efficiency in wheat. Plant Soil 146, 163–168. doi: 10.1007/BF00012009

 Batten, G. D., and Khan, M. A. (1987). Uptake and utilisation of phosphorus and nitrogen by bread wheats grown under natural rainfall. Aust. J. Exp. Agric. 27, 405–410. doi: 10.1071/EA9870405

 Bhattacharya, A. (2018). Changing environmental condition and phosphorus-use efficiency in plants. 264–266. doi: 10.1016/b978-0-12-816209-5.00005-2

 Billah, M., Khan, M., Bano, A., Nisa, S., Hussain, A., Dawar, K. M., et al. (2020). Rock phosphate-enriched compost in combination with Rhizobacteria ; a cost-e ff ective source for better soil health and wheat. Agronomy 10, 1–21. doi: 10.3390/agronomy10091390

 Bouis, H. E., and Welch, R. M. (2010). Biofortification–a sustainable agricultural strategy for reducing micronutrient malnutrition in the global south. Crop Sci. 50, S–20-S-32. doi: 10.2135/cropsci2009.09.0531

 Bovill, W. D., Huang, C. Y., and McDonald, G. K. (2013). Genetic approaches to enhancing phosphorus-use efficiency (PUE) in crops: challenges and directions. Crop Pasture Sci. 64, 179–198. doi: 10.1071/CP13135

 Braman, S., Tenuta, M., and Entz, M. H. (2016). Selected soil biological parameters measured in the 19th year of a long term organic-conventional comparison study in Canada. Agric. Ecosyst. Environ. 233, 343–351. doi: 10.1016/j.agee.2016.09.035

 Briat, J. F., Gojon, A., Plassard, C., Rouached, H., and Lemaire, G. (2020). Reappraisal of the central role of soil nutrient availability in nutrient management in light of recent advances in plant nutrition at crop and molecular levels. Eur. J. Agron. 116, 126069. doi: 10.1016/j.eja.2020.126069

 Brookes, P. C., Powlson, D. S., and Jenkinson, D. S. (1984). Phosphorus in the soil microbial biomass. Soil Biol. Biochem. 16, 169–175. doi: 10.1016/0038-0717(84)90108-1

 Bünemann, E. K. (2015). Assessment of gross and net mineralization rates of soil organic phosphorus - a review. Soil Biol. Biochem. 89, 82–98. doi: 10.1016/j.soilbio.2015.06.026

 Canada Organic Trade Association. (2021). Organic Agriculture on the Prairies 2020. Prairie Organic Development Fund. p. 15.

 Canadian General Standards Board. (2021). “Organic production systems,” in Permitted substances lists. (Ottawa, ON: Standards Council of Canada). Available at: https://inspection.canada.ca/organic-products/standards/eng/1300368619837/1300368673172.

 Carkner, M. K. (2023). An evaluation of farmer-selected wheat genotypes from Canada’s first organic participatory breeding program under divergent growing conditions [Unpublished dissertation].

 Carkner, M., Bamford, K., Thiessen-Martens, J., Wilcott, S., Stainsby, A., Stanley, K., et al. (2020). “Building capacity from glenlea, canada’s oldest organic rotation study,” in Long-term farming systems research: ensuring food security in changing scenarios. Eds.  G. S. Bhullar, and A. Riar (London, UK: Elsevier), 103–122.

 Chen, X., Li, Y., He, R., and Ding, Q. (2018). Phenotyping field-state wheat root system architecture for root foraging traits in response to environment×management interactions. Sci. Rep. 8, 1–9. doi: 10.1038/s41598-018-20361-w

 Chen, J., Li, J., Yang, Y., Wang, Y., Zhang, Y., and Wang, P. (2022). Effects of conventional and organic agriculture on soil arbuscular mycorrhizal fungal community in low-quality farmland. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.914627

 Chitra, U., Vimala, V., Singh, U., and Geervani, P. (1995). Variability in phytic acid content and protein digestibility of grain legumes. Plant Foods Hum. Nutr. 47, 163–172. doi: 10.1007/BF01089266

 Ciampitti, I. A., Briat, J. F., Gastal, F., and Lemaire, G. (2022). Redefining crop breeding strategy for effective use of nitrogen in cropping systems. Commun. Biol. 5, 823. doi: 10.1038/s42003-022-03782-2

 Ciampitti, I. A., and Lemaire, G. (2022). From use efficiency to effective use of nitrogen: a dilemma for maize breeding improvement. Sci. Total Environ. 826, 154125. doi: 10.1016/j.scitotenv.2022.154125

 Condron, L. M., Turner, B. L., and Cade-Menun, B. J. (2005). “Chemistry and dynamics of soil organic phosphorus,” in Phosphorus: agriculture and the environment. Eds.  J. T. Sims, A. N. Sharpley, L. M. Condron, B. L. Turner, and B. J. Cade-Menun (Madison, WI: ASA, CSSA, and SSSA), 87–121. doi: 10.2134/agronmonogr46.c4

 Cong, W. F., Suriyagoda, L. D. B., and Lambers, H. (2020). Tightening the phosphorus cycle through phosphorus-efficient crop genotypes. Trends Plant Sci. 25, 967–975. doi: 10.1016/j.tplants.2020.04.013

 Damon, P. M., Bowden, B., Rose, T., and Rengel, Z. (2014). Crop residue contributions to phosphorus pools in agricultural soils: a review. Soil Biol. Biochem. 74, 127–137. doi: 10.1016/j.soilbio.2014.03.003

 da Silva, A., Bruno, I. P., Franzini, V. I., Marcante, N. C., Benitiz, L., and Muraoka, T. (2016). Phosphorus uptake efficiency, root morphology and architecture in Brazilian wheat cultivars. J. Radioanal. Nucl. Chem. 307, 1055–1063. doi: 10.1007/s10967-015-4282-3

 Derrick, J. W., and Ryan, M. H. (1998). Influence of seed phosphorus content on seedling growth in wheat: implications for organic and conventional farm management in south East Australia. Biol. Agric. Hortic. 16, 223–237. doi: 10.1080/01448765.1998.10823197

 Ditta, A., Muhammad, J., Imtiaz, M., Mehmood, S., Qian, Z., and Tu, S. (2018). Application of rock phosphate enriched composts increases nodulation , growth and yield of chickpea. Int. J. Recycl. Org. Waste Agric. 7, 33–40. doi: 10.1007/s40093-017-0187-1

 Donald, C. M. (1968). The breeding of crop ideotypes. Euphytica 17, 385–403. doi: 10.1007/BF00056241

 Drinkwater, L. E., Schipanski, M., Snapp, S., and Jackson, L. E. (2017). Ecologically based nutrient management. 2nd ed. (London, UK: Elsevier Inc). doi: 10.1016/B978-0-12-802070-8.00007-4

 El Mazlouzi, M., Morel, C., Robert, T., Yan, B., and Mollier, A. (2020). Phosphorus uptake and partitioning in two durum wheat cultivars with contrasting biomass allocation as affected by different p supply during grain filling. Plant Soil 449, 179–192. doi: 10.1007/s11104-020-04444-0

 Entz, M. H., Guilford, R., and Gulden, R. (2001). Crop yield and soil nutrient status on 14 organic farms in the eastern portion of the northern great plains. Can. J. Plant Sci. 81, 351–354. doi: 10.4141/P00-089

 Entz, M. H., Penner, K. R., Vessey, J. K., Zelmer, C. D., and Thiessen Martens, J. R. (2004). Mycorrhizal colonization of flax under long-term organic and conventional management. Can. J. Plant Sci. 84, 1097–1099. doi: 10.4141/P04-055

 Entz, M. H., and Thiessen Martens, J. R. (2009). “Organic crop-livestock systems,” in Organic farming: the ecological system (Madison, WI: ASA, CSSA, SSSA), 69–84.

 Feng, G., Song, Y. C., Li, X. L., and Christie, P. (2003). Contribution of arbuscular mycorrhizal fungi to utilization of organic sources of phosphorus by red clover in a calcareous soil. Appl. Soil Ecol. 22, 139–148. doi: 10.1016/S0929-1393(02)00133-6

 Fradgley, N., Evans, G., Biernaskie, J. M., Cockram, J., Marr, E. C., Oliver, A. G., et al. (2020). Effects of breeding history and crop management on the root architecture of wheat. Plant Soil 452, 587–600. doi: 10.1007/s11104-020-04585-2

 Fraser, T., Lynch, D. H., Entz, M. H., and Dun, K. E. (2015). Linking alkaline phosphatase activity with bacterial phoD gene abundance in soil from a long-term management trial. Geoderma 257–258, 115–122. doi: 10.1016/j.geoderma.2014.10.016

 Gahoonia, T. S., Nielsen, N. E., and Lyshede, O. B. (1999). Phosphorus (P) acquisition of cereal cultivars in the field at three levels of p fertilization. Plant Soil 211, 269–281. doi: 10.1023/A:1004742032367

 Gao, X., Kuyper, T. W., Zou, C., Zhang, F., and Hoffland, E. (2007). Mycorrhizal responsiveness of aerobic rice genotypes is negatively correlated with their zinc uptake when nonmycorrhizal. Plant Soil 290, 283–291. doi: 10.1007/s11104-006-9160-x

 Gaume, A., Mächler, F., De León, C., Narro, L., and Frossard, E. (2001). Low-p tolerance by maize (Zea mays l.) genotypes: significance of root growth, and organic acids and acid phosphatase root exudation. Plant Soil 228, 253–264. doi: 10.1023/A:1004824019289

 Gosling, P., Hodge, A., Goodlass, G., and Bending, G. D. (2006). Arbuscular mycorrhizal fungi and organic farming. Agric. Ecosyst. Environ. 113, 17–35. doi: 10.1016/j.agee.2005.09.009

 Graham, R. (1984). “Breeding for nutritional characteristics in cereals,” in Advances in Plant Nutrition. Eds.  P. Tinker, and A. Lauchli (New York: Praeger Publishers), 57–102.

 Grant, C. A., and Flaten, D. N. (2019). 4R management of phosphorus fertilizer in the northern great plains. J. Environ. Qual. 48, 1356–1369. doi: 10.2134/jeq2019.02.0061

 Grant, C. A., Flaten, D. N., Tomasiewicz, D. J., and Sheppard, S. C. (2001). The importance of early season phosphorus nutrition. Can. J. Plant Sci. 81, 211–224. doi: 10.4141/P00-093

 Gupta, R. K., Gangoliya, S. S., and Singh, N. K. (2015). Reduction of phytic acid and enhancement of bioavailable micronutrients in food grains. J. Food Sci. Technol. 52, 676–684. doi: 10.1007/s13197-013-0978-y

 Halde, C., Bamford, K. C., and Entz, M. H. (2015). Crop agronomic performance under a six-year continuous organic no-till system and other tilled and conventionally-managed systems in the northern great plains of Canada. Agric. Ecosyst. Environ. 213, 121–130. doi: 10.1016/j.agee.2015.07.029

 Hammond, J. P., Broadley, M. R., White, P. J., King, G. J., Bowen, H. C., Hayden, R., et al. (2009). Shoot yield drives phosphorus use efficiency in brassica oleracea and correlates with root architecture traits. J. Exp. Bot. 60, 1953–1968. doi: 10.1093/jxb/erp083

 Harrison, A. F. (1987). Soil organic phosphorus: a review of world literature (Wallingford, UK: CAB International).

 Harrison, M. J. (2005). Signaling in the arbuscular mycorrhizal symbiosis. Annu. Rev. Microbiol. 59, 19–42. doi: 10.1146/annurev.micro.58.030603.123749

 Hart, M. R., Quin, B. F., and Nguyen, M. L. (2004). Phosphorus runoff from agricultural land and direct fertilizer effects: a review. J. Environ. Qual. 33, 1954–1972. doi: 10.2134/jeq2004.1954

 Hocking, P. J., and Pate, J. S. (1977). Mobilization of minerals to developing seeds of legumes. Ann. Bot. 41, 1259–1278. doi: 10.1093/oxfordjournals.aob.a085415

 Iqbal, M., Moakhar, N. P., Strenzke, K., Haile, T., Pozniak, C., Hucl, P., et al. (2016). Genetic improvement in grain yield and other traits of wheat grown in Western Canada. Crop Sci. 56, 613–624. doi: 10.2135/cropsci2015.06.0348

 Jakobsen, I., Leggett, M. E., and Richardson, A. E. (2005). “Rhizosphere microorganisms and plant phosphorus uptake,” in Phosphorus: agriculture and the environment. Eds.  J. T. Sims, A. N. Sharpley, I. Jakobsen, M. E. Leggett, and A. E. Richardson (Madison, WI: ASA, CSSA, and SSSA), 437–494. doi: 10.2134/agronmonogr46.c14

 Jamieson, A., Madramootoo, C. A., and Enright, P. (2003). Phosphorus losses in surface and subsurface runoff from a snowmelt event on an agricultural field in Quebec. Can. Biosyst. Eng. 45, 11–17.

 Jansson, M. (1988). Phosphate uptake and utilization by bacteria and algae. Hydrobiologia 170, 177–189. doi: 10.1007/BF00024904

 Johnson, N. C., Graham, J. H., and Smith, F. A. (1997). Functioning of mycorrhizal associations along the mutualism-parasitism continuum. New Phytol. 135, 575–585. doi: 10.1046/j.1469-8137.1997.00729.x

 Jones, G. P. D., Blair, G. J., and Jessop, R. S. (1989). Phosphorus efficiency in wheat - a useful selection criterion? F. Crop Res. 21, 257–264. doi: 10.1016/0378-4290(89)90007-5

 Jones, G. P.D., Jessop, R. S., and Blair, G. J. (1992). Alternative methods for the selection of phosphorus efficiency in wheat. F. Crop. Res. 30, 29–40. doi: 10.1016/0378-4290(92)90054-D

 Jones, D. L., and Oburger, E. (2011). “Solubilization of phosphorus by soil microorganisms,” in Phosphorus in action: biological processes in soil phosphorus cycling. Eds.  E. K. Bunemann, A. Oberson, and E. Frossard (Berlin, Heidlberg: Springer).

 Julia, C. C., Rose, T. J., Pariasca-Tanaka, J., Jeong, K., Matsuda, T., and Wissuwa, M. (2018). Phosphorus uptake commences at the earliest stages of seedling development in rice. J. Exp. Bot. 69, 5233–5240. doi: 10.1093/jxb/ery267

 Kirk, A. P., Entz, M. H., Fox, S. L., and Tenuta, M. (2011). Mycorrhizal colonization, p uptake and yield of older and modern wheats under organic management. Can. J. Plant Sci. 91, 663–667. doi: 10.4141/cjps10186

 Knight, J. D., Buhler, R., Leeson, J. Y., and Shirtliffe, S. (2010). Classification and fertility status of organically managed fields across Saskatchewan, Canada. Can. J. Soil Sci. 90, 667–678. doi: 10.4141/cjss09082

 Kobae, Y. (2019). Dynamic phosphate uptake in arbuscular mycorrhizal roots under field conditions. Front. Environ. Sci. 6. doi: 10.3389/fenvs.2018.00159

 Kovar, J. L., and Claassen, N. (2005). “Soil-root interactions and phosphorus nutrition of plants,” in Phosphorus: agriculture and the environment (Madison, WI: American Society of Agronomy, Crop Science Society of America, Soil Science Society of America), 379–414. doi: 10.2134/agronmonogr46.c12

 Kucey, R. M.N., Janzen, H. H., and Leggett, M. E. (1989). Microbially mediated increases in plant-available phosphorus. Adv. Agron. 42, 199–228. doi: 10.1016/S0065-2113(08)60525-8

 Lehman, R. M., Taheri, W. I., Osborne, S. L., Buyer, J. S., and Douds, D. D. (2012). Fall cover cropping can increase arbuscular mycorrhizae in soils supporting intensive agricultural production. Appl. Soil Ecol. 61, 300–304. doi: 10.1016/j.apsoil.2011.11.008

 Lemaire, G., Garnier, J., da Silveira Pontes, L., de Faccio Carvalho, P. C., Billen, G., and Simioni Assmann, T. (2023). Domestic herbivores, the crucial trophic level for sustainable agriculture: avenues for reconnecting livestock to cropping systems. Agronomy 13, 1–23. doi: 10.3390/agronomy13040982

 Lemaire, G., Jeuffroy, M. H., and Gastal, F. (2008). Diagnosis tool for plant and crop n status in vegetative stage. theory and practices for crop n management. Eur. J. Agron. 28, 614–624. doi: 10.1016/j.eja.2008.01.005

 Lemaire, G., Tang, L., Bélanger, G., Zhu, Y., and Jeuffroy, M. H. (2021). Forward new paradigms for crop mineral nutrition and fertilization towards sustainable agriculture. Eur. J. Agron. 125, 126248. doi: 10.1016/j.eja.2021.126248

 Li, S. M., Li, L., Zhang, F. S., and Tang, C. (2004). Acid phosphatase role in chickpea/maize intercropping. Ann. Bot. 94, 297–303. doi: 10.1093/aob/mch140

 Li, J., Meng, B., Chai, H., Yang, X., Song, W., Li, S., et al. (2019). Arbuscular mycorrhizal fungi alleviate drought stress in C3 (Leymus chinensis) and C4 (hemarthria altissima) grasses via altering antioxidant enzyme activities and photosynthesis. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00499

 Liao, M., Hocking, P. J., Dong, B., Delhaize, E., Richardson, A. E., and Ryan, P. R. (2008). Variation in early phosphorus-uptake efficiency among wheat genotypes grown on two contrasting Australian soils. Aust. J. Agric. Res. 59, 157–166. doi: 10.1071/AR06311

 Lickfett, T., Matthäus, B., Velasco, L., and Möllers, C. (1999). Seed yield, oil and phytate concentration in the seeds of two oilseed rape cultivars as affected by different phosphorus supply. Eur. J. Agron. 11, 293–299. doi: 10.1016/S1161-0301(99)00038-6

 Liu, J., Elliott, J. A., Wilson, H. F., Macrae, M. L., Baulch, H. M., and Lobb, D. A. (2021). Phosphorus runoff from Canadian agricultural land : a cross-region synthesis of edge-of-field results. Agric. Water Manage. 255, 107030. doi: 10.1016/j.agwat.2021.107030

 Liu, J., Macrae, M. L., Elliott, J. A., Baulch, H. M., Wilson, H. F., and Kleinman, P. J. A. (2019). Impacts of cover crops and crop residues on phosphorus losses in cold climates: a review. J. Environ. Qual. 48, 850–868. doi: 10.2134/jeq2019.03.0119

 López-Arredondo, D. L., Leyva-González, M. A., González-Morales, S. I., López-Bucio, J., and Herrera-Estrella, L. (2014). Phosphate nutrition: Improving low-phosphate tolerance in crops. Annu. Rev. Plant Biol. 65, 95–123. doi: 10.1146/annurev-arplant-050213-035949

 Lorts, C., Lynch, J. P., and Brown, K. M. (2020). Parental effects and provisioning under drought and low phosphorus stress in common bean. Food Energy Secur. 9, 1–15. doi: 10.1002/fes3.192

 Lupwayi, N. Z., Clayton, G. W., O'Donovan, J. T., Harker, K. N., Turkington, T. K., and Soon, Y. K. (2007). Phosphorus release during decomposition of crop residues under conventional and zero tillage. Soil Tillage Res. 95, 231–239. doi: 10.1016/j.still.2007.01.007

 Lynch, J. P. (2011). Root phenes for enhanced soil exploration and phosphorus acquisition: tools for future crops. Plant Physiol. 156, 1041–1049. doi: 10.1104/pp.111.175414

 Lynch, J. P. (2019). Root phenotypes for improved nutrient capture: an underexploited opportunity for global agriculture. New Phytol. 223, 548–564. doi: 10.1111/nph.15738

 Lynch, J. P., and Brown, K. M. (2001). Topsoil foraging - an architectural adaptation of plants to low phosphorus availability. Plant Soil 237, 225–237. doi: 10.1023/A:1013324727040

 Maccaferri, M., El-Feki, W., Nazemi, G., Salvi, S., Cane Angela, M., Colalongo Chiara, M., et al. (2016). Prioritizing quantitative trait loci for root system architecture in tetraploid wheat. J. Exp. Bot. 67, 2016. doi: 10.1093/jxb/erw039

 Mäder, P., Fließbach, A., Dubois, D., Gunst, L., and Fried, P. (2002). Soil fertility and biodiversity in organic farming. Science 296, 1694–1697. doi: 10.1126/science.1071148

 Manschadi, A. M., Manske, G. G. B., and Vlek, P. L. G. (2013). “Root architecture and resource acquisition: wheat as a model plant,” in Plant roots: the hidden half (Boca Raton, FL: CRC Press), vol. 22, 1–22,13.

 Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., González, R. M., Fischer, R. A., Rajaram, S., et al. (2001). Importance of p uptake efficiency versus p utilization for wheat yield in acid and calcareous soils in Mexico. Eur. J. Agron. 14, 261–274. doi: 10.1016/S1161-0301(00)00099-X

 Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., González, R. M., Rajaram, S., Molina, E., et al. (2000). Traits associated with improved p-uptake efficiency in CIMMYT’s semidwarf spring bread wheat grown on an acid andisol in Mexico. Plant Soil 221, 189–204. doi: 10.1023/A:1004727201568

 Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, R. M., Rajaram, S., and Vlek, P.L.G (2002). Phosphorus use efficiency in tall, semi-dwarf and dwarf near-isogenic lines of spring wheat. Euphytica 125, 113–119. doi: 10.1023/A:1015760600750

 Marschner, H. (1995). Mineral nutrition of higher plants. 2nd ed (San Diego, NY: Academic Press).

 Martin, R. C., Lynch, D. H., Frick, B., and van Straaten, P. (2007). Phosphorus status on Canadian organic farms. J. Sci. Food Agric. 87, 2737–2740. doi: 10.1002/jsfa.3077

 Mason, H. E., and Spaner, D. (2006). Competitive ability of wheat in conventional and organic management systems: a review of the literature. Can. J. Plant Sci. 86, 333–343. doi: 10.4141/P05-051

 May, W. E., McConachie, R., and Entz, M. (2022). Self-regenerating black medic cover crop provides agronomic benefits at low nitrogen. Agron. J. 114, 2743–2761. doi: 10.1002/agj2.21089

 Mcdonald, G., Bovill, W., Taylor, J., and Wheeler, R. (2015). Responses to phosphorus among wheat genotypes. Crop Pasture Sci. 66, 430–444. doi: 10.1071/CP17406

 Meier, S., Morales, A., López-Olivari, R., Matus, I., Aponte, H., de Souza Campos, P., et al. (2022). Synergistic role between phosphorus and water use efficiency in spring wheat genotypes. Agric. Water Manage. 263, 107481. doi: 10.1016/j.agwat.2022.107481

 Menezes-Blackburn, D., Giles, C., Darch, T., George, T. S., Blackwell, M., Stutter, M., et al. (2018). Opportunities for mobilizing recalcitrant phosphorus from agricultural soils: a review. Plant Soil 427, 5–16. doi: 10.1007/s11104-017-3362-2

 Moll, R. H., Kamprath, E. J., and Jackson, W. A. (1982). Analysis and interpretation of factor which contribute to efficiency of nitrogen utilization. Agronomy 74, 562–564. doi: 10.2134/agronj1982.00021962007400030037x

 Morrison, I. N., and Kraft, D. (1994). Sustainability of canada’s agri-food system: a prairie perspective, 78–79.

 Nahar, K., Bovill, B., and McDonald, G. (2020). Mycorrhizal colonization in bread wheat varieties differing in their response to phosphorus. J. Plant Nutr. 44, 29–45. doi: 10.1080/01904167.2020.1793190

 Nguyen, V. L., Palmer, L., Roessner, U., and Stangoulis, J. (2019). Genotypic variation in the root and shoot metabolite profiles of wheat (Triticum aestivum l.) indicate sustained, preferential carbon allocation as a potential mechanism in phosphorus efficiency. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00995

 Nguyen, V. L., and Stangoulis, J. (2019). Variation in root system architecture and morphology of two wheat genotypes is a predictor of their tolerance to phosphorus deficiency. Acta Physiol. Plant 41, 109. doi: 10.1007/s11738-019-2891-0

 Nicksy, J., and Entz, M. H. (2021). Recycled nutrients as a phosphorus source for canadian organic agriculture: a perspective. Can. J. Soil Sci. 101, 571–580. doi: 10.1139/cjss-2021-0014

 Njeru, E. M., Avio, L., Sbrana, C., Turrini, A., Bocci, G., Bàrberi, P., et al. (2014). First evidence for a major cover crop effect on arbuscular mycorrhizal fungi and organic maize growth. Agron. Sustain. Dev. 34, 841–848. doi: 10.1007/s13593-013-0197-y

 Oberson, A., Friesen, D. K., Rao, I. M., Bühler, S., and Frossard, E. (2001). Phosphorus transformations in an oxisol under contrasting land-use systems: the role of the soil microbial biomass. Plant Soil 237, 197–210. doi: 10.1023/A:1013301716913

 Oehl, F., Oberson, A., Probst, M., Fliessbach, A., Roth, H. R., and Frossard, E. (2001). Kinetics of microbial phosphorus uptake in cultivated soils. Biol. Fertil. Soils 34, 31–41. doi: 10.1007/s003740100362

 Organic Biz. (2023). Organic price quotes: Late June 2023. Available at: https://organicbiz.ca/organic-price-quotes-late-june-6/ [Accessed July 7, 2023].

 Ortiz-Monasterio, I., Manske, G. G. B., and van Ginke, M. (2001). “Ntrogen and phosphorus use efficiency,” in Application of physiology in wheat breeding. Eds.  M. P. Reynolds, I. Ortiz-Monasterio, and A. McNab (Mexico, D. F.: CIMMYT), 200–208.

 Osborne, L. D., and Rengel, Z. (2002). Growth and P uptake by wheat genotypes supplied with phytate as the only P source. Aust. J. Agric. Resour. 53, 845–850. doi: 10.1071/AR01102

 Ozturk, L., Eker, S., Torun, B., and Cakmak, I. (2005). Variation in phosphorus efficiency among 73 bread and durum wheat genotypes grown in a phosphorus-deficient calcareous soil. Plant Soil 269, 69–80. doi: 10.1007/s11104-004-0469-z

 Pariasca-Tanaka, J., Vandamme, E., Mori, A., Segda, Z., Saito, K., Rose, T. J., et al. (2015). Does reducing seed-p concentrations affect seedling vigor and grain yield of rice? Plant Soil 392, 253–266. doi: 10.1007/s11104-015-2460-2

 Pariyar, S. R., Nagel, K. A., Lentz, J., Galinski, A., Wilhelm, J., Putz, A., et al. (2021). Variation in root system architecture among the founder parents of two 8-way MAGIC wheat populations for selection in breeding. Agronomy 11, 2452. doi: 10.3390/agronomy11122452

 Peng, Z., and Li, C. (2005). Transport and partitioning of phosphorus in wheat as affected by p withdrawal during flag-leaf expansion. Plant Soil 268, 1–11. doi: 10.1007/s11104-004-0297-1

 Pepe, A., Giovannetti, M., and Sbrana, C. (2018). Lifespan and functionality of mycorrhizal fungal mycelium are uncoupled from host plant lifespan. Sci. Rep. 8, 2–11. doi: 10.1038/s41598-018-28354-5

 Pierzynski, G. M. (1991). The chemistry and mineralogy of phosphorus in excessively fertilized soils. crit. rev. environ. control 21:265 – 295. Crit. Rev. Environ. Control 21, 265–295. doi: 10.1080/10643389109388418

 Pierzynski, G. M., McDowell, R. W., and Sims, J. T. (2005). “Chemistry, cycling, and potential movement of inorganic phosphorus in soils,” in Phosphorus: agriculture and the environment. Eds.  J. T. Sims, A. N. Sharpley, L. M. Condron, B. L. Turner, and B. J. Cade-Menun (Madison, WI: ASA, CSSA, and SSSA), 53–86. doi: 10.1097/00007435-198307000-00019

 Rabbi, S. M. F., Guppy, C. N., Tighe, M. K., Flavel, R. J., and Young, I. M. (2017). Root architectural responses of wheat cultivars to localised phosphorus application are phenotypically similar. J. Plant Nutr. Soil Sci. 180, 169–177. doi: 10.1002/jpln.201600503

 Raboy, V. (2007). The ABCs of low-phytate crops. Nat. Biotechnol. 25, 874–875. doi: 10.1038/nbt0807-874

 Richardson, A. E., Lynch, J. P., Ryan, P. R., Delhaize, E., Smith, F. A., Smith, S. E., et al. (2011). Plant and microbial strategies to improve the phosphorus efficiency of agriculture. Plant Soil 349, 121–156. doi: 10.1007/s11104-011-0950-4

 Richardson, A. E., and Simpson, R. J. (2011). Soil microorganisms mediating phosphorus availability. Plant Physiol. 156, 989–996. doi: 10.1104/pp.111.175448

 Roberts, C. J., Lynch, D. H., Voroney, R. P., Martin, R. C., and Juurlink, S. D. (2008). Nutrient budgets of Ontario organic dairy farms. Can. J. Soil Sci. 88, 107–113. doi: 10.4141/S06-056

 Rose, T. J., Liu, L., and Wissuwa, M. (2013). Improving phosphorus efficiency in cereal crops: is breeding for reduced grain phosphorus concentration part of the solution? Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00444

 Rose, T. J., Pariasca-Tanaka, J., Rose, M. T., Fukuta, Y., and Wissuwa, M. (2010). Genotypic variation in grain phosphorus concentration, and opportunities to improve p-use efficiency in rice. F. Crop Res. 119, 154–160. doi: 10.1016/j.fcr.2010.07.004

 Rose, T. J., Pariasca-Tanaka, J., Rose, M. T., Mori, A., and Wissuwa, M. (2012). Seeds of doubt: re-assessing the impact of grain p concentrations on seedling vigor. J. Plant Nutr. Soil Sci. 175, 799–804. doi: 10.1002/jpln.201200140

 Rose, T. J., Rose, M. T., Pariasca-Tanaka, J., Heuer, S., and Wissuwa, M. (2011). The frustration with utilization: why have improvements in internal phosphorus utilization efficiency in crops remained so elusive? Front. Plant Sci. 2. doi: 10.3389/fpls.2011.00073

 Rose, T. J., Thompson-Brewster, E., and Cornish, P. S. (2022). Phosphorus constraints to potential land area cropped under organic and regenerative systems in Australia. Crop Pasture Sci. 73, 263–272. doi: 10.1071/CP21578

 Ryan, M. H., Chilvers, G. A., and Dumaresq, D. C. (1994). Colonisation of wheat by VA-mycorrhizal fungi was found to be higher on a farm managed in an organic manner than on a conventional neighbour. Plant Soil 160, 33–40. doi: 10.1007/BF00150343

 Saia, S., Fragasso, M., De Vita, P., and Beleggia, R. (2019). Metabolomics Provides Valuable Insight for the Study of Durum Wheat: A Review. J. Agric. Food Chem. 67, 3069–3085. doi: 10.1021/acs.jafc.8b07097

 Sattari, S. Z., Bouwman, A. F., Giller, K. E., and Van Ittersum, M. K. (2012). Residual soil phosphorus as the missing piece in the global phosphorus crisis puzzle. Proc. Natl. Acad. Sci. U.S.A. 109, 6348–6353. doi: 10.1073/pnas.1113675109

 Schneider, K. D., Cade-Menun, B. J., Lynch, D. H., and Voroney, R. P. (2016). Soil phosphorus forms from organic and conventional forage fields. Soil Sci. Soc Am. J. 80, 328–340. doi: 10.2136/sssaj2015.09.0340

 Schneider, K. D., Lynch, D. H., Dunfield, K., Khosla, K., Jansa, J., and Voroney, R. P. (2015). Farm system management affects community structure of arbuscular mycorrhizal fungi. Appl. Soil Ecol. 96, 192–200. doi: 10.1016/j.apsoil.2015.07.015

 Schneider, K. D., Thiessen Martens, J. R., Zvomuya, F., Keith Reid, D., Fraser, T. D., Lynch, D. H., et al. (2019). Options for improved phosphorus cycling and use in agriculture at the field and regional scales. J. Environ. Qual. 48, 1247–1264. doi: 10.2134/jeq2019.02.0070

 Schneider, K. D., Voroney, R. P., Lynch, D. H., Oberson, A., Frossard, E., and Bünemann, E. K. (2017). Microbially-mediated p fluxes in calcareous soils as a function of water-extractable phosphate. Soil Biol. Biochem. 106, 51–60. doi: 10.1016/j.soilbio.2016.12.016

 Selles, F., Campbell, C. A., Zentner, R. P., Curtin, D., James, D. C., and Basnyat, P. (2011). Phosphorus use efficiency and long-term trends in soil available phosphorus in wheat production systems with and without nitrogen fertilizer. Can. J. Soil Sci. 91, 39–52. doi: 10.4141/CJSS10049

 Siddiqi, M. Y., and Glass, A. D. M. (1981). Utilization index: A modified approach to the estimation and comparison of nutrient utilization efficiency in plants. J. Plant Nutr. 4, 289–302. doi: 10.1080/01904168109362919

 Singh, A. K., Hamel, C., DePauw, R. M., and Knox, R. E. (2012). Genetic variability in arbuscular mycorrhizal fungi compatibility supports the selection of durum wheat genotypes for enhancing soil ecological services and cropping systems in Canada. Can. J. Microbiol. 58, 293–302. doi: 10.1139/W11-140

 Sinha, S. K., Rani, M., Kumar, A., Kumar, S., Venkatesh, K., and Mandal, P. K. (2018). Natural variation in root system architecture in diverse wheat genotypes grown under different nitrate conditions and root growth media. Theor. Exp. Plant Physiol. 30, 223–234. doi: 10.1007/s40626-018-0117-2

 Smith, F. W., Mudge, S. R., Rae, A. L., and Glassop, D. (2003). Phosphate transport in plants. Plant Soil 248, 71–83. doi: 10.1023/A:1022376332180

 Soussana, J.-F., and Lemaire, G. (2014). Coupling carbon and nitrogen cycles for environmentally sustainable intensification and crop-livestock systems. Agric. Ecosyst. Environ. 190, 9–17. doi: 10.1016/j.agee.2013.10.012

 Statistics Canada. (2019). Exports of grains by final destination. Available at: http://www5.statcan.gc.ca/cansim/pick-choisir?lang=eng&p2=33&id=0010015.

 Su, J., Xiao, Y., Li, M., Liu, Q., Li, B., Tong, Y., et al. (2006). Mapping QTLs for phosphorus-deficiency tolerance at wheat seedling stage. Plant Soil 281, 25–36. doi: 10.1007/s11104-005-3771-5

 Thiessen Martens, J., and Entz, M. (2011). Integrating green manure and grazing systems: a review. Can. J. Plant Sci. 91, 811–824. doi: 10.4141/cjps10177

 Thiessen Martens, J. R., Entz, M. H., Schneider, K. D., Zvomuya, F., and Wilson, H. F. (2021). Response of organic grain and forage crops to struvite application in an alkaline soil. Agron. J. 114, 795–810. doi: 10.1002/agj2.20943

 Thomson, C. J., and Bolger, T. P. (1993). Effects of seed phosphorus concentration on the emergence and growth of subterranean clover (Trifolium subterraneum). Plant Soil 155/156, 285–288. doi: 10.1007/BF00025038

 Turmel, M.-S., Entz, M. H., Bamford, K., and Thiessen Martens, J. R. (2009). The influence of crop rotation on the mineral nutrient content of organic vs. conventionally produced wheat grain: preliminary results from a long-term field study. Can. J. Plant Sci. 89, 915–919. doi: 10.4141/CJPS09006

 Vance, C. P., Uhde-Stone, C., and Allan, D. L. (2003). Phosphorus acquisition and use: critical adaptations by plants for securing a nonrenewable resource. New Phytol. 157, 423–447. doi: 10.1046/j.1469-8137.2003.00695.x

 van de Wiel, C. C. M., van der Linden, C. G., and Scholten, O. E. (2016). Improving phosphorus use efficiency in agriculture: opportunities for breeding. Euphytica 207, 1–22. doi: 10.1007/s10681-015-1572-3

 Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W. C., et al. (2012). Opportunities for improving phosphorus-use efficiency in crop plants. New Phytol. 195, 306–320. doi: 10.1111/j.1469-8137.2012.04190.x

 Vetterlein, D., and Tarkka, M. (2018). Seeds with low phosphorus content: not so bad after all? J. Exp. Bot. 69, 4993–4996. doi: 10.1093/jxb/ery313

 Wang, L., Chen, F., Zhang, F., and Mi, G. (2010). Two strategies for achieving higher yield under phosphorus deficiency in winter wheat grown in field conditions. F. Crop Res. 118, 36–42. doi: 10.1016/j.fcr.2010.04.002

 Wang, X. X., Hoffland, E., Feng, G., and Kuyper, T. W. (2017). Phosphate uptake from phytate due to hyphae-mediated phytase activity by arbuscular mycorrhizal maize. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00684

 Wang, Y. S., Jensen, L. S., and Magid, J. (2016). Differential responses of root and root hair traits of spring wheat genotypes to phosphorus deficiency in solution culture. Plant Soil Environ. 62, 540–546. doi: 10.17221/485/2016-PSE

 Wang, H., McCaig, T. N., DePauw, R. M., Clarke, F. R., and Clarke, J. M. (2003). Physiological characteristics of recent Canada Western red spring wheat cultivars: components of grain nitrogen yield. Can. J. Plant Sci. 83, 699–707. doi: 10.4141/P02-166

 Welsh, C. (2007). Organic crop management can decrease labile soil p and promote mycorrhizal association with crops. p. 64.

 Welsh, C., Tenuta, M., Flaten, D. N., Thiessen-Martens, J. R., and Entz, M. H. (2009). High yielding organic crop management decreases plant-available but not recalcitrant soil phosphorus. Agron. J. 101, 1027–1035. doi: 10.2134/agronj2009.0043

 White, P. J., and Veneklaas, E. J. (2012). Nature and nurture: the importance of seed phosphorus content. Plant Soil 357, 1–8. doi: 10.1007/s11104-012-1128-4

 Wissuwa, M., Yano, M., and Ae, N. (1998). Mapping of QTLs for phosphorus-deficiency tolerance in rice (Oryza sativa L.). Theor. Appl. Genet. 97, 777–783. doi: 10.1007/s001220050955

 York, L. M., Nord, E. A., and Lynch, J. P. (2013). Integration of root phenes for soil resource acquisition. Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00355

 Zhang, Y., Hao, X., Alexander, T. W., Thomas, B. W., Shi, X., and Lupwayi, N. Z. (2018). Long-term and legacy effects of manure application on soil microbial community composition. Biol. Fertil. Soils 54, 269–283. doi: 10.1007/s00374-017-1257-2

 Zhang, L., Xu, M., Liu, Y., Zhang, F., Hodge, A., and Feng, G. (2016). Carbon and phosphorus exchange may enable cooperation between an arbuscular mycorrhizal fungus and a phosphate-solubilizing bacterium. New Phytol. 210, 1022–1032. doi: 10.1111/nph.13838




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Carkner, Gao and Entz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ideotype breeding for crop adaptation to low phosphorus availability on extensive organic farms

      

        		

          1 Introduction

        

          		

            1.1 Phosphorus challenge on organic farms

          



          		

            1.2 Proposal of wheat ideotype to optimize acquisition and utilization on organic farms

          



          		

            1.3 The phosphorus cycle in agroecosystems

          



          		

            1.4 The organic P pool and microbial biomass P

          



          		

            1.5 Phosphorus uptake in plants and microorganisms

          



        



        



        		

          2 From the ground up: greater P uptake in organic soils

        

          		

            2.1 Increased physical exploration of soil

          



          		

            2.2 Accessing where you are: soil exploitation

          



        



        



        		

          3 Challenges of using the correct phosphorus use efficiency indices for screening genotypes

        



        		

          4 The consequences of low translocation of vegetative P to grain P

        

          		

            4.1 Crop residue potential to increase soil phosphorus availability

          



          		

            4.2 Implications for environmental protection and human nutrition

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1225174-g001.jpg
(+) P Use Efficiency
Maintain igh yield and quality
Vieldper total P taken

(9P Translocation Efficiency
“The abiiiy to move P from
biomass into the grain
Grain P per total P taken

(+) P Uptake Efficiency
“The abiltyto increase P uptake
under low P conditions
Plaken v per P avlale

Take up P and
leave it in the
biomass

\

Tighter P cycling
and increased P i
organic system
7N

Subsequent uptake
through biological acti






OEBPS/Images/fpls-14-1225174-g003.jpg
(" Shallow root angles |
faciltates soil-P
exploration

Root exudates such as
organic acids and
phosphatases faciitate
soil exploitation

Greater arbuscular
mycorrhizal
infection (A) and
increased root hair
density (B)
faciltates greater
S0ilP exploration





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2023.1225174_cover.jpg
& frontiers | Frontiers in Plant science

Ideotype breeding for crop adaptation to low
phosphorus availability on extensive organic
farms





OEBPS/Images/table1.jpg
PUE Indicator Formula Reference
Agrnonic P Use Effciency L Hammond <t 1. 2009

P Usc ffcency () Vienutient sopplcd Mankectal. 2001

P Use Effcieny () Shoot iomassP upske Wisos et sl 1998

P Use ffciency (1) Vidd Vi Medonld et 1, 2015

P Usc Bffciency 1) P Uptak EffciencyVidTotl Plant P Mansie etal. 2001

P Uptake Efciency () Tl shoveground PP applcd Osborne and Rengl, 2002

P Uptak Efcincy 1) “Total P accumulstedroot weihtorlengh Lot k. 2008 Moot 51, 2020
P Uptake Efcincy 1) “Total Plat PP Suppiod Mol e, 1952 i Manske o, 201
P Acquistion Effciency “Total Plan /P Applcd Obome and Regel, 2002

Manske ctal, 2002

P Uslston Efficency () G yidd T P Uptake HeBet o
Hiicency 1) Shoot doy weighthoot P Concentetion Siddiand Gl 1951
Hiiciency 1) P havest indegrin P concentaton Mansie vl 2001

P st Index G PrTotal P H Mdowi e . 2020
Hiiciency (OM) Shoot WeghtShoot P Melonald ct 1 2015

P Utlston ffcency (G) VidGrsin P Melorald st 1, 2015

Shoot P Utisaton Efciency () Shoot iomassP upake Suctal, 2006

Shoot P Usistion Eficiency () Shoot biomassP upake (oot and rots) Osborne and Rengl, 2002

Biomass Ulistion fciecy Biomass yedP uptke B, 1992

P Efcieny Rato ) Vidp Uptake Jones et 1989

P eficiecy Rt (1) Shoot growthat o iShot gronth adeqatc P Otk etal, 2005

Reive Grin Yied Vied Vi Grabam, 1984

Root fciency Ratio Tt plnt /oot Dy wcight Jones el 1992

Apt - Apt/apt, x 100
Apparent Rembilstion of P (%) Apt = P cone. inshoot at s hanvest Hocking and Patc, 1977
Apt = P cone. in shoot at sccond harvest

Phosphate Acquisiion Effciency ‘Shoot/Shaot. Liper Arredondo cta. 2014

Adapted from Bovill 1 o, (2013,





OEBPS/Images/fpls-14-1225174-g002.jpg
©)

P Fertilizer
Plant Residues

Manure

< Farm Exports
N \WF—

crop |

Upuke

r—-l—~

Organic P Pool

Active Organic Matter

4 Stabilized
R Organic Matter

Soil Solution |
ﬁ Phosphorus
|
————— - Inorganic P Pool
ﬂt\ Primary P Minerals

(=R

Mineral P Compleres
== Fo i, o, st






