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Phosphorus (P) in durum wheat grains after anthesis originates from either the external P source or the internal remobilization of P from different plant organs. The supply of P and its use by the plant are important factors that can affect the contribution of each source to grain P nutrition. Thus, this experiment aimed to quantify the origin of P in grains of durum wheat plants with different P nutritional status. Wheat plants were grown from juvenile stages to maturity in complete nutrient solutions with either high (0.125 mM) or low (0.025 mM) P concentrations in greenhouse conditions. Phosphorus in nutrient solutions was spiked by introducing 32P after anthesis to quantify the external P uptake and its partitioning within plant organs (spikelets, leaves, stems, roots, and post-anthesis tillers) and grains. Phosphorus use efficiency in durum wheat plants was also determined. The low and high P supply resulted in two highly different plant nutritional P status. Plants with low P status remobilized most of their stored P in all organs and allocated more than 72% of post-anthesis P uptake to grain P nutrition, whereas in the high P plants this was only 56%. Enhanced remobilization of P and the efficient allocation of newly acquired P to grains were crucial for durum wheat grain P nutrition grown under low P supply. The remobilization of P represented 81% of grain P in low P plants while it represented 65% for high P plants. Organs that contributed the most to P remobilization in low P plants were spikelets (43%) and leaves (35%). The post-anthesis tiller development was reduced in low P plants suggesting a preferential allocation of P to grains under this treatment. We concluded that P loading into grains in durum wheat is mainly derived from the remobilization of internal P sources stored before anthesis, even at high external P supply during grain filling.
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Introduction

Phosphorus (P) in soils is one of the most limiting factors for plant growth (Raghothama, 1999). In the conventional farming system, the application of P fertilizers is required to achieve optimal crop yield (Tilman et al., 2002). Phosphorus fertilizer management is mainly driven by the export of P in harvested products (Lott et al., 2000; Rose et al., 2013). Furthermore, P fertilizers are relatively inefficient, as only 20% of the applied P is taken by crops in the first year (Vance et al., 2003). This low efficiency is linked to a substantial negative impact associated with the transfer of P to the aquatic ecosystems (Brinch-Pedersen et al., 2002). In addition, unlike nitrogen, rock phosphate is a non-renewable resource that is subject to fluctuations in supply, which could be problematic to ensure future food security (Vance et al., 2003; Cordell and White, 2014). Given all these current challenges, improving P efficiency in cropping systems is of major interest. Achieving higher P efficiency is possible through a better understanding of the coordination of P uptake, transport, and remobilization in crops (Brinch-Pedersen et al., 2002; Rose et al., 2013; Wang et al., 2016).

Plants can adjust their metabolism in response to P availability (White and Hammond, 2008; Hawkesford et al., 2012). Although limited P supply might affect many physiological functions such as photosynthesis and energy transfer, it does not immediately lead to deficiency symptoms, except in cases of severe P limitation (Grant et al., 2001). This is because the internal remobilization of P from plant tissues could provide adequate amounts of P to ensure the growth of new sinks (Veneklaas et al., 2012). For cereals such as wheat, limiting P conditions reduce grain yield by limiting the number of productive tillers before anthesis (Horst et al., 1993). This strategy lowers the plant P requirement for biomass and grain production (Horst et al., 1993). Furthermore, low P requirement to produce biomass is associated with P utilization efficiency (PUE, defined here as biomass increase per unit of accumulated P) that was identified as an important target for crop improvement (Manske et al., 2002; Rose and Wissuwa, 2012). Crops with high PUE have typically lower tissue P concentrations and an optimized recycling and redistribution of P within the plant (White and Hammond, 2008; Veneklaas et al., 2012).

Phosphorus in grains is mainly stored in the form of phytate and play a crucial role in supplying P for seedlings before root development (Raboy, 2009; Nadeem et al., 2011; White and Veneklaas, 2012). However, the concentrations of P in grains are often over the need for germination and plant establishment (Rose et al., 2012; Pariasca-Tanaka et al., 2015; Wang et al., 2017). For example, Julia et al. (2018) reported that rice growth and development was unaffected by seed P concentration at seedling stage because root P uptake commences at the very earliest stages of plant development (two days after germination). Thus, lowering P concentration in grains would reduce the P export and thus contribute to the long-term sustainability of cropping systems (Wang et al., 2016; Julia et al., 2018). Prior to anthesis, wheat plants can accumulate large amounts of P in their organs (Grant et al., 2001; Veneklaas et al., 2012). After satisfying P demand created by different processes, the remaining P might be stored in vacuoles which could contain up to 90% of cellular P at adequate P supply (Raghothama, 1999). Its role is to maintain P homeostasis in the cytoplasm by adjusting the magnitude of P concentration fluctuations caused by different metabolic activities (Raghothama, 1999; Hawkesford et al., 2012). However, the growing grains become the main sink of P during the post-anthesis period. Plant organs could serve as a reservoir for P that can be remobilized to the developing grains (Dissanayaka et al., 2018; El Mazlouzi et al., 2020). Thus, the main sources of grain P are the internal P remobilized from different senescing plant organs and post-anthesis P uptake (Grant et al., 2001).

Wheat grain P is subject to genetic variability and depends on environmental conditions such as P and water availability (Batten, 1992; Manske et al., 2002). For instance several studies have shown that low P supply increases the proportion of remobilized P to grains (Batten, 1992; El Mazlouzi et al., 2020). Until now, the mechanisms of P uptake and transport during early plant growth are well characterized (Nadeem et al., 2011; Aziz et al., 2014). However, studies on the post-anthesis P fluxes in wheat are scarce. Although considerable progress has been made in understanding the processes controlling P fluxes from vegetative to reproductive organs, the mechanisms involved in P loading into grains are, however, not fully understood (Wang et al., 2016; Dissanayaka et al., 2018).

The objective of this study was therefore to quantify the contribution of external and internal P sources to the grain P nutrition in durum wheat plants with contrasted P supplies. Our working hypothesis was that plants grown with high P supply are expected to have a large proportion of P stored in different plant organs and would rely on these internal sources to supply the grain with P. In contrast, plants grown under low P supply are expected to maintain P uptake and optimize P remobilization to fulfil the grain P requirement. Therefore, plants of the latter group would depend on both external post-anthesis P uptake and a high P remobilization efficiency. The contribution of external P and internally remobilized P as sources for grain P nutrition can be quantified precisely using a P tracer. Thus, we performed a 32P-labelling experiment from anthesis to maturity to evaluate the contribution of both sources to grain P nutrition in durum wheat.



Materials and Methods


Experimental Set-Up, Plant Growth, and P Treatments

Hydroponic culture conditions were similar to those previously described by El Mazlouzi et al. (2020). Briefly, seeds of Triticum durum cv. Sculptur, a spring durum wheat cultivar widely cultivated in France, were disinfected in 6% (v/v) sodium hypochlorite (H2O2) solution and then germinated on moist paper and kept in darkness for 3 days at 25°C. After germination, seedling were transferred to 50-ml Falcon® tubes filled with a modified Hoagland nutrient solution. Subsequently, 15-day-old plants of a similar size were selected and transplanted to black plastic pots (1 plant per pot) containing 5.5 L of modified Hoagland nutrient solution. The nutrient solution had the following initial composition: 0.625 mM KNO3, 0.85 mM KCl, 1.25 mM Ca(NO3)2, 0.5 mM MgSO4, 46.25 μM H3BO3, 1 μM MnCl2, 10 μM ZnSO4, 2 μM CuSO4, 0.03 μM (NH4)6Mo7O24, 100 μM NaFe EDTA, 25 μM HEDTA, 2 mM MES buffer, and 50 mg L−1 SiO2. P was supplied in nutrient solution from juvenile stages (three-leaf stage) to maturity as KH2PO4 at concentrations of 0.025 or 0.125 mM, designated hereafter in text as low and high P supply, respectively. These two levels of P supply were set to induce a differential plant P nutritional status (Figure 1). KCl was added to the low P supply to ensure the same potassium concentration for both treatments. The initial pH was adjusted to 6.0 ± 0.5 using solid KOH. The nutrient solution was mixed by air-bubbling and refreshed continuously by an overflow-type system supplying 6% of fresh nutrient solution per day. After tiller emergence and until anthesis (2 weeks), the renewal rate was increased up to 28% of nutrient solution per day for both low and high P supply.




Figure 1 | Schematic overview of the experimental design used in the experiment. After third leaf emergence, durum wheat plants were grown in a nutrient solution with two levels of P supply. Immediately after anthesis, three plants of each treatment were labeled with 32P until maturity. The dashed arrow indicates the labelling period and stars indicate the dates of harvests. Growth conditions (temperature and relative humidity) are presented in Supplementary Figure 1.



Since high rates of pre-anthesis tillers are common in hydroponic culture, only the first four tillers were allowed to grow. This number of productive tillers is comparable to that found in the field for durum wheat, which ranges from two to four tillers in the absence of any limiting factors (Elhani et al., 2007). Tillers developed after anthesis were allowed to grow during the labelling period (see next section). The pots were arranged in a randomized block design with three replicates of each treatment.

Plants were grown in a greenhouse under a day/night cycle of 16/8 h. The average air temperature and relative humidity were 17°C and 64%, respectively. Natural light was supplemented with LED lamps (model LED, Ledlyt, France) providing an average of photosynthetic photon flux density of 450 μmol photons m−2 s−1. Air temperature and relative humidity during the growing period are presented in the Supplementary Figure 1.

Three replicates of each P treatment with synchronized plant development were harvested at anthesis to determine their P status. Three other replicates were selected for the 32P-labelling experiment and harvested at maturity.



32P-Labelling of Phosphate Ions in Nutrient Solutions

The labelling experiment was carried out in a greenhouse dedicated to handle radioisotopes. The environmental conditions were similar to those described above. To prepare the labeled nutrient solution on the day of anthesis, 24 L of the nutrient solution with the same composition was prepared for each treatment as mentioned earlier. Then, the low and high P nutrient solutions were spiked with about 8 and 4 MBq of H332PO4 with specific radioactivity of 325 TBq/mmol (NEX054010MC, Perkin Elmer). Three replicates of one wheat plant were transferred to pots containing 5 L of each labeled nutrient solution. Before changing the nutrient solution, the root systems of the wheat plants were carefully washed three times. Thereafter, because of experimental constraints and to limit exposure to radiation, nutrient solutions were not refreshed continuously but resupplied twice a week with the same labeled nutrient solution until harvest. The nutrient solution was aerated continuously. Before each resupply, the 32P-labeled nutrient solution was stirred thoroughly using a small water pump. The labelling period lasted for 42 days (Figure 1).



Plant Sampling and Measurements

To ensure plant sampling homogeneity, heads that reached anthesis on the same day were tagged. At anthesis and 42 days after anthesis, plants (three replicates) were harvested and divided into the following organs: roots, stems, lower leaves, flag leaves, spikelets (including rachis), and grains. The tillers developed after anthesis were pooled. Roots were washed with deionized water three times to remove the adhered nutrient solution. Plant organs were then oven-dried at 60°C for 72 h and their dry weights were determined. The fresh weight of grain at maturity were determined to calculate the grain moisture content (GMC). In addition to grain yield, grain number per plant and thousand-grain weight were also determined.



P Concentration in Plant Organs

The P concentration (mg g−1) in roots, stems, lower leaves, flag leaves, spikelets, grains, and pooled tillers was determined using the same procedures as described in El Mazlouzi et al. (2020). Briefly, sub-samples of plant material were ashed at 550°C for 5 h. The ashes were dissolved in 2.5-ml nitric acid and placed on a hotplate to evaporate. After cooling, the mineralized samples were filtered and diluted to 50 ml in ultra-pure water. Phosphorus concentration (mg g−1) was then determined using the malachite green colorimetric method (Van Veldhoven and Mannaerts, 1987). The P amount in plant organs was calculated by multiplying their respective P concentrations by dry weight. The P amount in the whole plant (mg P plant−1) was calculated as the sum of P amount measured in each organs.



Determination of 32P Activity and Parameters of Biomass and P Partitioning

A sub-sample of 1 ml of each mineralized and filtered samples and 3 ml of scintillation cocktail for aqueous solution (Insta-gel Plus Packard, Perkin-Elmer, Waltham, Massachusetts, USA) were placed in a glass scintillation vial (Simport™ Scientific S207). Thereafter, the 32P-activity in filtered samples were measured using a liquid scintillation counter (TriCarb 2100, Packard). All 32P countings were corrected for the radioactivity decay.

External P uptake from the nutrient solution was quantified by applying isotopic dilution principles and assuming that no 32P/31P-fractionation occurred during external P uptake by roots and P transport within the plant. Considering that R/Pns is the specific activity measured in the nutrient solution, and r is 32P-activity measured in the mineralized samples, then the following calculations can be used to calculate the amount of P in each organ that derives from the external nutrient solution (Pext, mg P plant−1) (Morel and Fardeau, 1990):

	

where R and Pns are the amount of 32P and 31P measured in the nutrient solution, respectively. Thus, post-anthesis P uptake is the sum of external P measured in all plant organs.

The total amount of remobilized P was calculated by subtracting the amount of P originating from post-anthesis P uptake in net sink organs (grains and post-anthesis tillers) from the whole plant P amount. However, the amount of remobilized P from each plant organ that acted as a source of P (spikelets, leaves, stems, and roots) was calculated as the difference in P amount between anthesis and maturity. All these fluxes were expressed as the percentage of P at the whole plant level. The efficiency of P remobilization (%) was calculated as (total P remobilization)/(total P anthesis)×100. The efficiency of P utilization (%) was calculated as the ratio of grain yield to the amount of P in the whole plant.

The shoot:root ratio was calculated as the ratio of total biomass in the aboveground parts and root biomass. Harvest index (HI, %) and P harvest index (PHI,%) were calculated as grain dry biomass or amount of P in grain as a percentage of the aboveground biomass or aboveground P, respectively. Although the post-anthesis tillers have produced spikes, these did not contain viable grains as they did not reach maturity and are therefore not included in the harvest index calculations.



Statistical Analysis

Statistical analyses were undertaken using R statistical software version 3.4.4 (R core team, 2018). Data were expressed as mean ± standard error (SE) of three replicates. Significant differences between P treatment and harvest stages (anthesis vs. maturity) were determined separately using Student’s t test (P < 0.05).




Results


Plant Growth and Grain Characteristics

Durum wheat (cv. Sculptur) plant biomass increased from anthesis to maturity in both P treatments. Nevertheless, plants grown under low P supply produced fewer post-anthesis tillers than those grown at high P supply (P < 0.05), which led to significantly lower total biomass in these plants at maturity (Table 1). The biomass of spikelets, stems, and roots also increased while the biomass of leaves remained relatively constant throughout the post-anthesis period. At maturity, tiller biomass represented 28% of the total biomass at high P supply while it was only 4% at low P supply.


Table 1 | Biomass (g), P concentrations (mg g−1), and P amount (mg) at anthesis and maturity of different durum wheat organs grown under high P (0.125 mM) and low P (0.025 mM) supply.



Contrary to expectation, there was no significant effect of the low P supply on grain yield and grain number, but thousand grain weight significantly decreased (P < 0.05). The high variability in grain number obtained by each plant under low P supply might explain this result (Table 2). Low P plants invested more biomass into roots which resulted in lower shoot to root ratio in comparison to high P plants (5.9 ± 0.2 and 7.4 ± 0.1, respectively). The harvest index of low P plants were higher than those of high P plants. Accelerated leaf yellowing was observed at maturity for the plants grown under low P supply in comparison to high P supply plants (Figure 2). Consistent with the accelerated senescence, GMC was slightly lower in low P plants (High P: 40%, Low P: 36%). This means that durum wheat grains were harvested after physiological maturity stage.


Table 2 | Grain number, thousand grain weight (TGW), grain moisture content (GMC), shoot:root-ratio, harvest index (HI), P harvest index (PHI), efficiency of remobilization, and efficiency of P utilization in high P and low P durum wheat plants.






Figure 2 | The phenotype of durum wheat plants (cv. Sculptur) at maturity. Plants were grown in nutrient solution with a high or low P supply from third-leaf stage to maturity.





P Concentrations and Partitioning Among Plant Organs

At both anthesis and maturity, P concentration in all durum wheat organs were significantly lower in low P plants compared with the high P plants (P < 0.05) (Table 1). From anthesis to maturity and regardless of P supply, P concentration decreased in all plant organs. At anthesis, the highest P concentration in plant organs was observed in leaves (6.4 ± 0.3 mg g−1) for high P supply plants, whereas it was observed in spikelets for low P supply plants (3.6 ± 0.3 mg g−1). The average P concentration in the grains was two-fold higher under high P supply than under low P supply (High P: 3.8 ± 0.1 mg g−1, Low P: 1.8 ± 0.1 mg g−1) (Table 1). The extent of change observed in P concentrations between anthesis and maturity in low P plants was different from that observed for high P plants. This extent was more pronounced for low P plants reaching concentration as low as 0.2 ± 0.3 mg g−1 in stems, for example, suggesting an enhanced P remobilization in those plants.

As expected, the high P plants accumulated a significantly greater amount of P than the low P plants (P < 0.05). Whole plant P amount increased from 42.7 ± 5.4 mg to 75.5 ± 2.6 mg and from 15.8 ± 0.9 to 22.2 ± 0.9 in high P and low P plants between anthesis and maturity, respectively (Table 1). The amount of P in grain and tiller increased during grain filling in high P plants while the grain was the only sink of P in low P plants. The amount of P in roots, stems, leaves and spikelets decreased in both P treatment during grain filling indicating net P remobilization from these tissues. However, P remobilization in low P plants was more pronounced than in high P plants leading to P amount as low as 0.4 mg P in flag leaves, for example.

At maturity, P partitioning between different plant organs was influenced by P supply. Under high P supply, grain P represented 57% of total P at whole plant levels while post-anthesis tillers represented 17%. In contrast, grain P represented 78% of total P under low P supply indicating a high rate of P allocation to grains. The P harvest index calculated as the ratio of P in grains to the aboveground P was significantly higher in low P plants in comparison to high P plants (Table 2).

Efficiency of P utilization (defined as the ratio of grain yield to whole plant P amount) was significantly lower in high P plants (15 ± 0.9%) compared to low P plants (43.7 ± 0.6%). The efficiency of P remobilization was slightly higher in low P plants but was not significantly different between high and low P supply.



Post-Anthesis P Uptake and Remobilization of P From Organs

The calculations undertaken using 32P as a tracer showed that durum wheat plants had absorbed about 4.5 ± 0.5 mg P and 26.6 ± 2.1 mg P for low and high P supply from anthesis to maturity, respectively (Figure 3). This is equivalent to, respectively, 20% and 35% of total P uptake. In high P plants, 56% is recovered in grain and 22% in tillers. The remaining external P is allocated to roots, spikelets and leaves. In contrast, grains in low P plants recovered 72% of external P and the remainder is mainly distributed to roots (16%) and other organs, suggesting a tight regulation of P transport and translocation to grains.




Figure 3 | Net P fluxes in durum wheat plants grown under high P (A) or low P supply (B). P fluxes are presented as a percentage of post-anthesis P uptake (blue arrows, determined from 32P-labelling) and remobilized P (orange arrows, calculated from the difference between P amount at anthesis and maturity) in different durum wheat plants organs. Values inside plant organs represent P amount (mg P) at maturity. Percentage values inside the grain compartment represent the contribution of post-anthesis P uptake and P remobilization to grain P. Values are means ± standard error of three replicates.



All plant organs present at anthesis acted as a source of P as shown by the decline in their P amount at maturity. The total net P remobilized from these organs was 14.4 ± 0.9 mg P and 35.7 ± 0.4 mg P for low and high P plants, respectively. Stems, leaves and roots contributed to more than 82% of remobilized P in high P plants (Figure 3A). Net remobilization of P was observed in all plant organs. In low P plants, spikelets and leaves contributed to more than 78% of remobilized P (Figure 3B). The enhanced P remobilization contributed to fulfilling grain P requirement in both P treatments. In low P plants, P remobilization from different plant organs represented 81% of grain P while its represented 65% for high P plants.




Discussion

Phosphorus loading into grains results from post-anthesis P uptake and the remobilization of internal P sources. Both sources contribute to the whole plant P use efficiency. Thus, understanding the relationship between these two components is valuable to engineer crops with improved P nutrition strategies. Tracer methods offer some advantages compared to the budget method that has been widely used to study nutrient fluxes at the whole plant level (Masclaux-Daubresse et al., 2008). They provide a better estimation of external P uptake and reduce uncertainties associated with inter-plant variability (Masclaux-Daubresse et al., 2008). In the present study, the use of a 32P-tracer enabled us to determine the partitioning of the newly acquired P during the post-anthesis period. It also allowed us to quantify the net contribution of internal P sources to the P allocated to grains at maturity in durum wheat (Triticum durum L.).


Effects of P Supply on Plant Growth and P Accumulation

The lack of response to P supply in term of biomass production at the anthesis or in grain yield at maturity indicates that the levels of P supply to plants were sufficient for durum wheat growth under our experimental conditions. However, high P plants had accumulated large amounts of P in comparison to low P plants, which resulted in plants with highly different P nutritional status. Phosphorus concentrations were significantly higher in the plants grown at high P supply than at low P supply (Table 1). The leaf P concentration in low P plants at anthesis was slightly below the critical reported value for maximum yield of 3 mg P g−1 for wheat (Veneklaas et al., 2012). Nevertheless, this critical value could vary depending on species, genotype, and the supply of other nutrients (White and Hammond, 2008). It also appeared that high P plants accumulated much more P than what they require to produce optimum yield. Concentration as high as 6.4 mg P g−1 in lower leaves suggests the occurrence of P luxury consumption in high P plants. In addition, the production of high post-anthesis tiller number, which is uncommon under field conditions, could potentially have influenced the amount of carbon and P allocated to grains in high P plants as they represented 28% of total biomass at maturity. Our results show that this additional sink competed with grains for P and potentially for other nutrients. Bollons and Barraclough (1997) found that the main effect of low P supply on wheat growth was the decrease in the number and weight of tillers. In our study, since tillers were removed before anthesis, the total biomass was not different between treatment at this stage. However, after anthesis where tillers were allowed to grow, differences in biomass accumulation were related to the capacity of the plants to produce post-anthesis tillers. The P concentration in the grain of durum wheat plants (from 1.8 to 3.8 mg P g−1 for low and high P plants, respectively) in our experiment covers the range of variation of P concentration found in field studies for wheat (Batten, 1992; Manske et al., 2002). For example, grain P concentrations below 2 mg P g−1 are frequently associated with wheat plants that have been grown under limited P conditions (Batten, 1986). It is also noteworthy that yield parameters such as thousand grain weight and grain number per head are similar to those found under field condition for wheat (Elhani et al., 2007; Su et al., 2009).



Contribution of External and Internal P to Grain P Nutrition

The amount of P in grains of low P plants was 2.4-fold lower than in high P plants. This difference was not due to a grain dilution effect since there was no significant difference in grain yield between high and low P plants (Table 1). Our previous research with the same cultivar have shown that durum wheat plants can rely on P remobilization to sustain grain growth if they were well supplied with P during vegetative growth (El Mazlouzi et al., 2020). In addition, P can be remobilized from all plant organs including roots, and it can also be stored in both inorganic and organic forms veneklaas (Veneklaas et al., 2012). When the growth requirements are satisfied, plants can store and accumulate further nutrients in their organs for later use (Chapin et al., 1990). Lauer et al. (1989) showed that storage P was remobilized to a greater extent than metabolic P in hydroponically grown soybeans. In other species (e.g., Proteaceae), the remobilization of P can reach 85% of total P in senescent leaves (Veneklaas et al., 2012; Lambers et al., 2015). In the present study, the high P plants had a higher P pool to be remobilized to sustain grain growth and filling whereas low P plants needed to remobilize metabolic P from different plant organs. This may explain the visual accelerated senescence in this treatment (Figure 2). The up-regulation of enzymes such as RNases and acid phosphatases that are involved in the breakdown of organic P (e.g., P-esters) has also been shown to increase during leaf senescence in many species (Veneklaas et al., 2012; Jeong et al., 2018). Grains are the last sink accumulating P in wheat. Processes involved in the accumulation of P in grains include P remobilization from senescing organs, source-sink relationship and P transporters (Wang et al., 2016). Rae et al. (2003) reported that the P transporter Pht1.1 was root specific but Pht1.6 was expressed in flag leaves and played a role in P remobilization into grains in barley. Furthermore, the barley lpa1-1 gene was identified as a member of the sulphate transporter family, that may be a P transporter involved in P allocation to grains (Ye et al., 2011). Targeting an orthologue of this gene was used to engineer low grain P rice (Yamaji et al., 2017). In this recent study, Yamaji et al. (2017) demonstrated that a node specific transporter, sulphate transporter-like phosphorus distribution (SPDT), was implicated in P distribution through nodes in rice. Knocking out this transporter resulted in a 20% reduction of total P in the grain without any decrease in grain yield.

Although this experiment was carried out in hydroponic conditions, the results obtained indicate that the accumulation of P into grains was essentially via remobilization and hardly influenced by post-anthesis P uptake. Low P supply altered the partitioning of the new acquired P within the plant. In high P plants, 56% of P taken up during the post-anthesis had been translocated to grains, but 22% remained in tillers, and the remainder was partitioned between roots and leaves. In contrast, low P plants translocated more than 72% of post-anthesis P uptake to grains and only small proportions were found in roots and tillers (Figure 3). Nevertheless, some of this difference in redistribution might be due to the excess levels of P in the high P plants. Our results suggest that durum wheat plants with low P nutritional status regulate tightly the allocation of the newly acquired P to grains. Whether the new acquired P arrives directly in wheat grains is not known. The fine characterization of the processes implicated in P loading to grains would require a short-term labelling experiment. For example, using a 33P-tracer in a hydroponic study, Julia et al. (2016) reported that P loading into rice grains involves indirect transfer of P originating from P previously acquired and stored in vegetative organs.



Lowering Grain P: Implications for P Use and Cycling

To fulfil grain P requirement, the depletion of P from spikelets, leaves and stems resulted in higher P remobilization efficiency in low P plants (Table 2). In contrast, a large proportion of the P remained in the vegetative tissues of the high P plants (e.g., post-anthesis tillers, roots and leaves). These findings suggest that reducing P remobilization or the allocation of remobilized P to grains, could lower durum wheat grain P concentrations. Retaining more P in the leaves and other tissues means that less P is available to be transferred into grains. It has been also shown that retaining P in leaves maintains higher photosynthetic capacity in rice (Jeong et al., 2017).

In addition, P nutrition does not only affect plant P metabolism, but also could influence the uptake, transport and storage of other nutrients, especially micro-nutrients such as zinc (Zn) and iron (Fe) (Briat et al., 2015). In the particular case of cereals intended for human and feed consumption, lowering P loading into grains is beneficial because the bioavailability of Zn and Fe might also be improved in grains with low P concentrations (Brinch-Pedersen et al., 2002). Phytate, the storage form of P in grains, has a strong capacity in chelating these elements (Raboy, 2009). Low phytate crops are considered a promising strategy to increase grain quality and optimize P balance in farming systems (Raboy, 2009). One successful example of a low phytate crop that reached the field is the barley low phytic acid 1-1 (Bregitzer and Raboy, 2006). This genotype has a 10 to 15% reduction in grain total P and 50% of phytic acid but no yield reduction as compared with the wild type (Bregitzer and Raboy, 2006; Raboy et al., 2015). A similar result was also obtained for soybean where large reductions in seed phytic acid content had no detectable effect on seed germination and early seedling growth (Raboy et al., 1985). Lott et al. (2000) estimated that the amount of P in phytate is equal to nearly 65% of the global annual P applied as fertilizer. Consequently, grain P has value as a target in P management at both regional and global scales. How theses nutrients are transported to grains and the mechanisms of regulation are not yet fully characterized. One major knowledge gap remains to know whether the P allocated to grains comes from direct fluxes (root to grain via xylem transport) or indirect P fluxes (via phloem loading). A better understanding of these relationships is important to determine which trait to prioritize in genetic improvement programs, and could help improve the food quality while optimizing crop P uptake and use.




Conclusion

We investigated the effect of P supply on the partitioning of post-anthesis P uptake and the contribution of internal P sources to grain P nutrition in durum wheat cv. Sculptur. Our findings indicate that a large proportion of grain P originates from the remobilization of internal P even at high external P supply during grain filling. The enhanced remobilization of P and the efficient allocation of newly acquired P to grains were crucial to provide the grains with P under low P supply. Nevertheless, the relative increase in the remobilization of pre-anthesis P stores when the plant P status was low, indicates that these fluxes are inter-dependent with the post-anthesis P uptake. For a fine characterization of the processes implicated in P loading to grains, experiments in our laboratory are underway to determine the fate of the post-anthesis P before reaching the grain using a short-term 32P tracer approach. Understanding the mechanisms that regulate P loading into grains might help prioritize routes for the improvement of more P-efficient crops.



Data Availability Statement

All datasets presented in this study are included in the article/Supplementary Material.



Author Contributions

ME and AM conceived and designed the experiments. ME, CC, TR, and AM performed experiments and collected the data. ME, CM, and AM analyzed the data. ME wrote the original manuscript. CM and AM revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by funding from the French National Institute for Agriculture, Food and Environment (INRAE), Bordeaux Sciences Agro and the University of Bordeaux.



Acknowledgments

We would like to thank Jean-Yves Cornu, Christophe Salon, and Vincent Allard for their valuable advice and helpful discussions during the implementation of this experiment. We are also thankful to Bofang Yan for his valuable suggestions, and to Tania Maxwell for her help in proofreading our manuscript. We are grateful to the reviewers and the editor for their thoughtful comments that improved the paper.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00870/full#supplementary-material



References

 Aziz, T., Finnegan, P. M., Lambers, H., and Jost, R. (2014). Organ-specific phosphorus-allocation patterns and transcript profiles linked to phosphorus efficiency in two contrasting wheat genotypes. Plant Cell Environ. 37, 943–960. doi: 10.1111/pce.12210 

 Batten, G. D. (1986). Phosphorus fractions in the grain of diploid, tetraploid, and hexaploid wheat grown with contrasting phosphorus supplies. Cereal Chem. 63, 384–387.


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

 Bollons, H. M., and Barraclough, P. B. (1997). Inorganic orthophosphate for diagnosing the phosphorus status of wheat plants. J. Plant Nutr. 20, 641–655. doi: 10.1080/01904169709365283

 Bregitzer, P., and Raboy, V. (2006). Effects of Four Independent Low-Phytate Mutations on Barley Agronomic Performance. Crop Sci. 46, 1318–1322. doi: 10.2135/cropsci2005.09-0301 

 Briat, J.-F., Rouached, H., Tissot, N., Gaymard, F., and Dubos, C. (2015). Integration of P, S, Fe, and Zn nutrition signals in Arabidopsis thaliana: Potential involvement of Phosphate Starvation Response 1 (PHR1). Front. Plant Sci. 6, 290. doi: 10.3389/fpls.2015.00290 

 Brinch-Pedersen, H., Sørensen, L. D., and Holm, P. B. (2002). Engineering crop plants: Getting a handle on phosphate. Trends Plant Sci. 7, 118–125. doi: 10.1016/S1360-1385(01)02222-1 

 Chapin, F. S., Schulze, E., and Mooney, H. A. (1990). The ecology and economics of storage in plants. Annu. Rev. Ecol. Syst. 21, 423–447. doi: 10.1146/annurev.es.21.110190.002231

 Cordell, D., and White, S. (2014). Life’s bottleneck: Sustaining the world’s phosphorus for a Food secure future. Annu. Rev. Environ. Resour. 39, 161–188. doi: 10.1146/annurev-environ-010213-113300 

 Dissanayaka, D. M. S. B., Plaxton, W. C., Lambers, H., Siebers, M., Marambe, B., and Wasaki, J. (2018). Molecular mechanisms underpinning phosphorus-use efficiency in rice. Plant Cell Environ. 41, 1483–1496. doi: 10.1111/pce.13191 

 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 

 Elhani, S., Martos, V., Rharrabti, Y., Royo, C., and García del Moral, L. F. (2007). Contribution of main stem and tillers to durum wheat (Triticum turgidum L. var. durum) grain yield and its components grown in Mediterranean environments. Field Crops Res. 103, 25–35. doi: 10.1016/j.fcr.2007.05.008 

 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 

 Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Møller, I. S., et al. (2012). “Chapter 6 - Functions of Macronutrients,” in Marschner’s Mineral Nutrition of Higher Plants, 3rd ed. Ed.  P. Marschner (San Diego: Academic Press), 135–189. doi: 10.1016/B978-0-12-384905-2.00006-6 

 Horst, W. J., Abdou, M., and Wiesler, F. (1993). Genotypic differences in phosphorus efficiency of wheat. Plant Soil 155-156, 293–296. doi: 10.1007/BF00025040 

 Jeong, K., Julia, C. C., Waters, D. L. E., Pantoja, O., Wissuwa, M., Heuer, S., et al. (2017). Remobilisation of phosphorus fractions in rice flag leaves during grain filling: Implications for photosynthesis and grain yields. PloS One 12, e0187521. doi: 10.1371/journal.pone.0187521 

 Jeong, K., Pantoja, O., Baten, A., Waters, D., Kretzschmar, T., Wissuwa, M., et al. (2018). Transcriptional response of rice flag leaves to restricted external phosphorus supply during grain filling in rice cv. IR64. PloS One 13, e0203654. doi: 10.1371/journal.pone.0203654 

 Julia, C., Wissuwa, M., Kretzschmar, T., Jeong, K., and Rose, T. (2016). Phosphorus uptake, partitioning and redistribution during grain filling in rice. Ann. Bot. 118, 1151–1162. doi: 10.1093/aob/mcw164

 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 

 Lambers, H., Finnegan, P. M., Jost, R., Plaxton, W. C., Shane, M. W., and Stitt, M. (2015). Phosphorus nutrition in Proteaceae and beyond. Nat. Plants 1, 15109. doi: 10.1038/nplants.2015.109 

 Lauer, M. J., Blevins, D. G., and Sierzputowska-Gracz, H. (1989). 31P-Nuclear Magnetic Resonance Determination of Phosphate Compartmentation in Leaves of Reproductive Soybeans (Glycine max L.) as Affected by Phosphate Nutrition. Plant Physiol. 89, 1331–1336. doi: 10.1104/pp.89.4.1331 

 Lott, J. N. A., Ockenden, I., Raboy, V., and Batten, G. D. (2000). Phytic acid and phosphorus in crop seeds and fruits: A global estimate. seed Sci. Res. 10, 11–33. doi: 10.1017/S0960258500000039 

 Manske, G., Ortiz-Monasterio, J., van Ginkel, R., Rajaram, S., and Vlek, P. (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 

 Masclaux-Daubresse, C., Reisdorf-Cren, M., and Orsel, M. (2008). Leaf nitrogen remobilisation for plant development and grain filling. Plant Biol. 10, 23–36. doi: 10.1111/j.1438-8677.2008.00097.x 

 Morel, C., and Fardeau, J. C. (1990). Uptake of phosphate from soils and fertilizers as affected by soil P availability and solubility of phosphorus fertilizers. Plant Soil 121, 217–224. doi: 10.1007/BF00012315 

 Nadeem, M., Mollier, A., Morel, C., Vives, A., Prud’homme, L., and Pellerin, S. (2011). Relative contribution of seed phosphorus reserves and exogenous phosphorus uptake to maize (Zea mays L.) nutrition during early growth stages. Plant Soil 346, 231–244. doi: 10.1007/s11104-011-0814-y 

 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

 R core team (2018). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing).


 Raboy, V., Hudson, S. J., and Dickson, D. B. (1985). Reduced Phytic Acid Content Does Not Have an Adverse Effect on Germination of Soybean Seeds. Plant Physiol. 79, 323–325. doi: 10.1104/pp.79.1.323 

 Raboy, V., Peterson, K., Jackson, C., Marshall, J. M., Hu, G., Saneoka, H., et al. (2015). A Substantial Fraction of Barley (Hordeum vulgare L.) Low Phytic Acid Mutations Have Little or No Effect on Yield across Diverse Production Environments. Plants 4, 225–239. doi: 10.3390/plants4020225 

 Raboy, V. (2009). Approaches and challenges to engineering seed phytate and total phosphorus. Plant Sci. 177, 281–296. doi: 10.1016/j.plantsci.2009.06.012 

 Rae, A. L., Cybinski, D. H., Jarmey, J. M., and Smith, F. W. (2003). Characterization of two phosphate transporters from barley; evidence for diverse function and kinetic properties among members of the Pht1 family. Plant Mol. Biol. 53, 27–36. doi: 10.1023/B:PLAN.0000009259.75314.15 

 Raghothama, K. G. (1999). Phosphate Acquisition. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 665–693. doi: 10.1146/annurev.arplant.50.1.665 

 Rose, T. J., and Wissuwa, M. (2012). “Chapter five - Rethinking internal phosphorus utilization efficiency: A new approach is needed to improve PUE in grain crops,” in Advances in Agronomy (San Diego, USA: Academic Press), 185–217. doi: 10.1016/B978-0-12-394277-7.00005-1

 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., Liu, L., and Wissuwa, M. (2013). Improving phosphorus efficiency in cereal crops: Is breeding for reduced grain phosphorus concentration part of the solution? Front. Plant Sci. 4, 444. doi: 10.3389/fpls.2013.00444 

 Su, J.-Y., Zheng, Q., Li, H.-W., Li, B., Jing, R.-L., Tong, Y.-P., et al. (2009). Detection of QTLs for phosphorus use efficiency in relation to agronomic performance of wheat grown under phosphorus sufficient and limited conditions. Plant Sci. 176, 824–836. doi: 10.1016/j.plantsci.2009.03.006 

 Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., and Polasky, S. (2002). Agricultural sustainability and intensive production practices. Nature 418, 671. doi: 10.1038/nature01014 

 Van Veldhoven, P. P., and Mannaerts, G. P. (1987). Inorganic and organic phosphate measurements in the nanomolar range. Anal. Biochem. 161, 45–48. doi: 10.1016/0003-2697(87)90649-X 

 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 

 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 

 Wang, F., Rose, T., Jeong, K., Kretzschmar, T., and Wissuwa, M. (2016). The knowns and unknowns of phosphorus loading into grains, and implications for phosphorus efficiency in cropping systems. J. Exp. Bot. 67, 1221–1229. doi: 10.1093/jxb/erv517 

 Wang, F., King, J. D. M., Rose, T., Kretzschmar, T., and Wissuwa, M. (2017). Can natural variation in grain P concentrations be exploited in rice breeding to lower fertilizer requirements? PloS One 12, e0179484. doi: 10.1371/journal.pone.0179484 

 White, P. J., and Hammond, J. P. (2008). “Phosphorus nutrition of terrestrial plants,” in The Ecophysiology of Plant-Phosphorus Interactions (Dordrecht: Springer), 51–81. Plant Ecophysiology. doi: 10.1007/978-1-4020-8435-5-4

 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 

 Yamaji, N., Takemoto, Y., Miyaji, T., Mitani-Ueno, N., Yoshida, K. T., and Ma, J. F. (2017). Reducing phosphorus accumulation in rice grains with an impaired transporter in the node. Nature 541, 92–95. doi: 10.1038/nature20610 

 Ye, H., Zhang, X.-Q., Broughton, S., Westcott, S., Wu, D., Lance, R., et al. (2011). A nonsense mutation in a putative sulphate transporter gene results in low phytic acid in barley. Funct. Integr. Genomics 11, 103–110. doi: 10.1007/s10142-011-0209-4 



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.

Copyright © 2020 El Mazlouzi, Morel, Chesseron, Robert and Mollier. 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/Images/fpls-11-00870-g003.jpg
igh P plants

(149£04) (@8£03)

Post-anthesis tilers.
186x1

s

B Low P plants

(33202) (14209)






OEBPS/Images/fpls.2020.00870_cover.jpg
’ frontiers

in Plant Science

Contribution of External and Internal
Phosphorus Sources to Grain P
Loading in Durum Wheat ( Triticum
durum L.) Grown Under Contrasting
P Levels





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Contribution of External and Internal Phosphorus Sources to Grain P Loading in Durum Wheat (Triticum durum L.) Grown Under Contrasting P Levels

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experimental Set-Up, Plant Growth, and P Treatments

          



          		

            32P-Labelling of Phosphate Ions in Nutrient Solutions

          



          		

            Plant Sampling and Measurements

          



          		

            P Concentration in Plant Organs

          



          		

            Determination of 32P Activity and Parameters of Biomass and P Partitioning

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Plant Growth and Grain Characteristics

          



          		

            P Concentrations and Partitioning Among Plant Organs

          



          		

            Post-Anthesis P Uptake and Remobilization of P From Organs

          



        



        



        		

          Discussion

        

          		

            Effects of P Supply on Plant Growth and P Accumulation

          



          		

            Contribution of External and Internal P to Grain P Nutrition

          



          		

            Lowering Grain P: Implications for P Use and Cycling

          



        



        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
High P plants. Low P plants

Gean pumber (pant”) 24524 27sm
TGW (g) 612108 409204
GNC (%) 022 w2

Shootoot o 74201 59202
HI (%) 31 5021

PH (56 6223 s 1
Eficioncy o P remobizaton (%) 785128 821223
Effciency of P utizaon (%) 15209 437106

NS o7 B & e et Of ives Mt Bl Cliarios Detuseis i B nd ot B Aot oo Titeaiecl b aSel (P < 008 P < 00T,





OEBPS/Images/fpls-11-00870-g002.jpg





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





OEBPS/Images/M1.jpg





OEBPS/Images/fpls-11-00870-g001.jpg
erminaton Thrseatstage Anthesis watury

o 0125 it KGO,
0125 i K420, 0025 K0, s
anster Strtofabating
o hydraponi sysm wine

K onesottaves





OEBPS/Images/table1.jpg
Sage  PSupply  Grain

Biomass (g)

paihesss  tigh P =
LowP -

Masty  tHgh P 13203
LowP 97208

P concentration (mg )

Aninesis  Hign P -
Lowp B

Maturty  tHgh P 98201
Low P 18201

P amount (mg)

paihesis  tigh P -
LowP. -

Maurty  High P 29107
LowP. 173209"

Vaior e menns = stedad evor of ivoe molcates. For sach siece. moons folteved b ated incitceto sklloant diirence betweed P Foskrent (P < 0.05:

Spikelets

16201
161002
28202
31202

54201
36+03"
16203

03:01

89100
59104
4751
09102

Fiag leaves.

0882008
0972002
0992002
0952002

58203
27x01"
21202
oss01

52107
26102
21102
041008

Lower leaves

122007
132004
112006
112007

64203
17201"
26202

032047

7ax07
21201
29101
04x01"

Stems.

18201
181006
35201
36201

63205
13202
12203
02108

nasts

22103

42100

071008

Roots

24103
21201
40201
33zor

41204
15204
13202

06201

98116

30:01

51107
2108

18651
0520.

Whole plant

79107
78102

@211

2272097

27154
158209
755126
22209






