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Higher Photochemical Quenching and Better Maintenance of Carbon Dioxide Fixation Are Key Traits for Phosphorus Use Efficiency in the Wheat Breeding Line, RAC875
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Maintaining carbohydrate biosynthesis and C assimilation is critical under phosphorus (P) deficiency as inorganic P (Pi) is essential for ATP synthesis. Low available P in agricultural soils occurs worldwide and fertilizer P sources are being depleted. Thus, identifying biosynthetic traits that are favorable for P use efficiency (PUE) in crops is crucial. This study characterized agronomic traits, gas exchange, and chlorophyll traits of two wheat genotypes that differ in PUE. RAC875 was a P efficient genotype and Wyalkatchem was a P inefficient genotype. The plants were grown in pots under growth room conditions at two P levels; 10 mg P kg–1 soil (low P) and 30 mg P kg–1 soil (adequate P) and gas exchange and chlorophyll fluorescence were measured at the vegetative and booting stages using a portable photosynthesis system (LI-6800, LI-COR, United States). Results showed significant differences in some agronomic traits between the two wheat genotypes, i.e., greater leaf size and area, and a higher ratio of productive tillers to total tillers in RC875 when compared with Wyalkatchem. The CO2 response curve showed Wyalkatchem was more severely affected by low P than RAC875 at the booting stage. The relative ratio of the photosynthetic rate at low P to adequate P was also higher in RAC875 at the booting stage. Photochemical quenching (qP) in RAC875 was significantly higher when compared with Wyalkatchem at the booting stage. Maintaining CO2 fixation capacity under low P and higher qP would be associated with P efficiency in RAC875 and measuring qP could be a potential method to screen for P efficient wheat.
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INTRODUCTION

Phosphorus (P) is an essential macronutrient for higher plants and an important fertilizer for crops, but P fertilizer sources are being depleted (Vance et al., 2003). Upon application to soil, P fertilizer is rapidly immobilized due to chemical fixation and microbial immobilization (Indiati and Sharpley, 1998). It has been found that less than 20% of P fertilizer is available to be freely taken up by crops (Indiati and Sharpley, 1998).

Phosphorus deficiency significantly reduces crop grain yield and biomass (Ozturk et al., 2005; McDonald et al., 2015). This nutrient is an essential component of ATP, nicotinamide adenine dinucleotide phosphate (NADPH), nucleic acids, and phospholipids in cell membranes, which are important components of photosynthesis and therefore P deficiency affects plant photosynthesis and then plant yield (Carstensen et al., 2018).

Photosynthesis is the process in which plants absorb light energy and this is transformed into chemical energy via carbon dioxide (CO2) fixation. The absorbed light has three potential fates: (1) it is used to drive photosynthesis, (2) released as heat, and (3) reemitted as fluorescence (Maxwell and Johnson, 2000). These are competition processes and how they compete with one another will affect the crop yield and biomass. Chlorophyll fluorescence measurements can be used to measure photochemistry (photosynthesis) and non-photochemistry (dissipated heat). The quantum efficiency of photosystem II (PSII; ΦPSII), photochemical quenching (qP), and electron transport rate (ETR) are indicators for the efficiency of photosynthesis, while non-photochemical quenching (NPQ) is an indicator of dissipated heat (Murchie and Lawson, 2013). Gas exchange such as photosynthetic rate can also be used to evaluate the photosynthetic potential of plants (Johnson and Murchie, 2011). For example, a recent study in wheat showed a positive correlation between grain yield and photosynthetic rate at the heading and grain filling stage (Yu et al., 2020). A similar result in wheat grown under well-watered conditions was also reported by Wasaya et al. (2021).

Revealing how plant photosynthesis responds to P deficiency is the first step to explore mechanisms of plant adaptation to low P supply through the adjustment of photosynthesis. Studies in rice and sheepgrass [Leymus chinensis (Trin.) Tzvel] showed that low P supply reduced photosynthetic rate (Pn), maximum quantum efficiency of PSII (Fv/Fm), ΦPSII, and ETR, and in parallel, low P activates the NPQ mechanism to release excess light energy and results in increased NPQ (Xu et al., 2007; Li et al., 2018). A similar result was found in soybean (Chu et al., 2018). These results come from measurements taken at an early growth stage, while it has also been confirmed in older plants (50 days after seedling emergence) indicating that low P reduced Pn (Veronica et al., 2017). Also, only more extreme levels of P deficiency reduced ΦPSII and ETR and increased NPQ (Veronica et al., 2017).

A number of studies have investigated how plants adapt to low P soils and improving our understanding of the mechanisms involved in phosphorus use efficiency (PUE) (Ganie et al., 2015; Deng et al., 2018; Nguyen et al., 2019; Nguyen and Stangoulis, 2019). These studies aim to assist in generating target traits for the development of P efficient crops; traits such as P acquisition efficiency (PAE, amount of P uptake per plant) or P utilization efficiency (PUtE, yield produced per unit of absorbed P), or the combination of these two characteristics. Improving our understanding of genotypic variation in response to P deficiency impacts on photosynthesis can help to identify useful traits for plant breeding purposes. A study in soybean found associations between PUE and gas exchange parameters (photosynthetic rate, stomatal conductance, transpiration rate, and intercellular CO2 concentration) (Li et al., 2016). However, information on the linkage between PUE and chlorophyll fluorescence is lacking and requires further research to improve our knowledge of mechanisms.

As reported in previous studies, RAC875 is a P efficient wheat genotype, while Wyalkatchem is a P inefficient wheat genotype (Nguyen et al., 2019; Nguyen and Stangoulis, 2019). Also, in a previous study, the P efficient genotype had a greater ability to maintain phosphorylated sugars (i.e., glucose-6-P and fructose-6-P) (Nguyen et al., 2019) that are important for glycolysis as well as the biosynthesis of sugars and starch (Bahaji et al., 2014; Li et al., 2015). This can result from efficiencies in the photosynthetic apparatus within the P efficient genotype. This study aimed to explore further the efficiency within the photosynthetic apparatus of the two wheat genotypes, RAC875 and Wyalkatchem. It also investigates whether RAC875 harbors favorable gas exchange and chlorophyll fluorescence characteristics that may be further exploited as indicators for selection in breeding for PUE in wheat.



MATERIALS AND METHODS


Experimental Design

Two wheat genotypes RAC875 (P efficient) and Wyalkatchem (P inefficient) were used for this experiment. Plants were grown in round pots (18.5 cm deep × 17.5 cm top diameter × 16.0 cm base diameter) filled with 4.2 kg of a washed sand (washed concrete sand, commercially available). The plants were grown at two P rates, 10 and 30 mg P kg–1 soil (in the form of KH2PO4) along with added basal nutrients with the final amount in the soil as described in Table 1. Individual nutrient stocks were made and then the two nutrient solutions [designated solution 1 and solution 2 (Table 1) for 10 and 30 mg P kg–1 soil, respectively] were prepared. A quantity of 420 mL of the nutrient solution was added to preweighed, bagged, dry soil (4.2 kg) and mixed thoroughly by hand.


TABLE 1. Composition of two nutrient solutions and the final amount in soil when added as 100 ml aliquot.
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Wheat seeds were washed thoroughly with Milli-Q® (>18 MΩ resistivity) water, placed in Petri dishes lined with moistened filter paper, sealed with parafilm, and kept in a dark place at room temperature for 3 days. Two germinated seeds were sown into each pot, with four replicates of each treatment. The pots were kept in a controlled environment growth room with the following conditions: 20°C/10°C, 13-h/11-h day/night cycle, and light intensity of 700 μmol m–2 s–1 at the leaf level. Light source was a combination of fluorescent and incandescent lights. The pots were arranged in a randomized design and were rotated every 3–7 days to minimize the effect of light gradients within the growth room. One plant was thinned from each pot at 10 days after sowing (DAS). The plants were watered to 10% of the dry soil weight every 2–3 days.



Gas Exchange Measurements

Gas exchange was measured using a portable photosynthesis system (LI-6800, LI-COR, United States) at the vegetative and booting stage (Supplementary Figure 1). The measurements were taken from 10:00 to 12:00 h (the day light hours were from 6 a.m. to 7 p.m.). At the vegetative stage, gas exchange was measured at 34 and 41 DAS and the measurements were made at the middle of the youngest fully expanded leaves. At the booting stage, the measurements were taken on the flag leaves. The two wheat genotypes varied in developmental stage in which RAC875 and Wyalkatchem reached booting stage at 55 and 69 DAS, respectively. The light source was the Multiphase Flash™ Fluorometer (6800-01A, LI-COR, United States) and light intensity was set at 700 μmol m–2s–1 (90% red and 10% blue) with an aperture of 6 cm2. All photosynthetic measurements were taken at a constant airflow rate of 500 μmol s–1. The CO2 concentration supplied was 400 μmol mol–1 and the temperature (Tleaf) was 22°C. The chamber humidity was controlled by setting the leaf vapor pressure deficit (VDPleaf) at 1. The measured leaf area was adjusted by the method developed by Savvides and Fotopoulos (2018).

Dark respiration was measured on dark-adapted leaves after 60 min wrapped with aluminum (Al) foil. The same setting parameters were used for the chamber as detailed above with no light illumination.



Establishing the Carbon Dioxide Response Curve

The CO2 response curves were generated at the booting stage (55 DAS for RAC875 and 69 DAS for Wyalkatchem) on two replicates of each treatment for both genotypes. The light intensity was set at 1,500 μmol m–2s–1 (90% red and 10% blue) and the airflow rate was set at 500 μmol s–1. The temperature at the leaf surface (Tleaf) was set at 22°C. The CO2 concentrations were set at 400, 300, 200, 100, 50, 0, 400, 400, 600, 800, 1,000, and 1,200 μmol mol–1 using the default method of the instrument. The measurements were taken using the Auto Program and the logging time was set from 1 to 2 min.



Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence parameters were measured using a portable photosynthesis system (LI-6800, LI-COR, United States) and were taken on both dark-adapted and light-adapted leaves. For the dark-adapted measurement, the leaves were adapted to dark by wrapping with Al foils for 1 h before the measurement. The measurement was taken with the actinic light off and dark mode rate set to 50 Hz. The flash was rectangular with the red target 8,000 μmol m–2s–1, duration 1,000 ms, output rate of 100 Hz, and margin of 5 points. In this process, minimal fluorescence (Fo) was measured before flash and maximal fluorescence (Fm) was measured when flashed (Figure 1). The variable fluorescence and maximum quantum yield of PSII were calculated as shown in Table 2. For the light-adapted measurement, the leaves were adapted to light at least 1 h before the measurement. The actinic light was on and set at 534 μmol m–2s–1 (90% red and 10% blue) and dark mode rate, light mode rate, and flash mode rate were set to 50 Hz, 50 kHz, and 250 kHz, respectively. The flash was rectangular with the red target 8,000 μmol m–2s–1, duration 1,000 ms, output rate 100 Hz, and margin 5 points. The dark pulse parameters were set at 25 μmol m–2s–1 for far red target, 5 s for time that actinic light is off, 1 s for time that far red is off after actinic is off, 1 s for time that far red off after actinic is off, and 5 for number of data points before and after. The maximal fluorescence (Fm’) was taken at the saturated flash period, then the steady state fluorescence (Fs) was measured immediately before the flash, and minimal fluorescence (F’o) was measured after the flash and removal of actinic light (Figure 1). Photochemical efficiency of PS II (ΦPSII), qP, the ETR, and NPQ were calculated as described in Table 2; Maxwell and Johnson (2000).
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FIGURE 1. Chlorophyll fluorescence trace of dark adapted measurement and light adapted measurement [adapted from Maxwell and Johnson (2000)].



TABLE 2. List of chlorophyll fluorescence parameters and equations [adapted from Maxwell and Johnson (2000)].
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The airflow rate was set at 500 μmol s–1, CO2 concentration was set at 400 μmol mol–1, and the leaf temperature at 22°C. The humidity of chamber was controlled by setting VDPleaf = 1. Measurements were made at the vegetative stage (42 DAS for both genotypes) and booting stage (53 for RAC875 and 68 DAS for Wyalkatchem).



Leaf Area Measurement

Leaf area (LA) was measured using the method described by Wang et al. (2019). Maximal leaf width and leaf length were measured using a ruler with the accuracy of 1 mm. The LA was measured on the two youngest fully expanded leaves. The LA was calculated by the following equation (Wang et al., 2019).

[image: image]



Statistical Analysis

Statistical analysis was performed using R (version 4.0.3). Two-way ANOVA analysis was used to analyze the effect of genotype (G) and P supply (P) on agronomic traits (productive tiller number, productive tiller number/total tiller number, leaf number per main tiller, and grain yield), gas exchange parameters at the booting stage, and chlorophyll fluorescence parameters at the vegetative and booting stage were performed by a two-way ANOVA. Main effect differences were analyzed using a list significant different (LSD) test with Bonferroni correction (P < 0.05). Simple effect and interaction analysis were then performed to compare differences between genotypes at each P supply for these traits using the Phia package developed by De Rosario Martinez (2015). The effect of genotype, P supply and growth stage on tiller number, and gas exchange traits at the vegetative stage were analyzed using three-way ANOVAs. Main effect differences were analyzed using the LSD test with Bonferroni correction (P < 0.05). Simple interactions and simple effects were performed to analyze the interactions and effects for two variables at a specific level of the third variable (Kirk, 2014; UCLA, n.d.). Simple effects were also performed to analyze the effects for one variable at a specific level of the other two variables. The error term for simple interaction and simple effect analysis was corrected with the error term of entire data. The F statistic for a significant effect was corrected using two methods, the family error rate and Dun’s method; both values are reported to see if the statistical significance was consistent between the two methods (Kirk, 2014).




RESULTS


Effect of Phosphorus Supply on Agronomic Traits in RAC875 and Wyalkatchem

Tiller number was significantly (P < 0.001) affected by P supply and tiller number also significantly (P < 0.001) varied according to genotype and growth stage (Figure 2 and Supplementary Table 1). Tiller development was slow from 13 to 27 DAS and then production dramatically increased until 51 DAS as can be seen in Figure 2.
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FIGURE 2. Effect of phosphorus (P) supply on the tiller number of two wheat genotypes, RAC875 and Wyalkatchem at various growth stages. Results are the means ± SD (n = 4).


Significant G × P × GS (P < 0.01), G × P (P < 0.05), G × GS (P < 0.001), and P × GS (P < 0.001) interactions for the tiller number were observed (Supplementary Table 1). Separate two-way ANOVAs found significant (P < 0.05 with the family error rate and Dunn’s method corrections) G × P interaction occurring at 69 DAS, but not at all the other growth stages. Tiller production responding to P was observed from 23 DAS where both wheat genotypes had more tiller numbers at adequate P when compared to low P (P < 0.05). The response was slightly less at 25 and 27 DAS, and then more obvious at older stages. Indeed, at 51 DAS, tiller numbers produced by plants grown under adequate P was 37 ± 14 on average, about 1.50-fold higher than under low P, while at 23 DAS, the number of tillers under adequate P was 10 ± 2, just about 1.14-fold higher than under low P (Figure 2).

No significant genotypic difference in the tiller number was observed at 13 DAS, but Wyalkatchem had significantly (P < 0.05 with the family error rate and Dunn’s correction) greater tiller number than RAC875 at all later growth stages (Figure 2 and Supplementary Table 1). At 51 DAS, the tiller number of RAC875 was 14 ± 2 and 24 ± 2 at low and adequate P, respectively, while the numbers were more than double for Wyalkatchem, 35 ± 4 and 50 ± 3 at low and adequate P, respectively. There were significant differences in productive tillers between genotypes; Wyalkatchem had 12 ± 1 (P < 0.001) and 13 ± 1 (P < 0.001) productive tillers greater than RAC875 that had 7 ± 0 and 9 ± 1 under low P and adequate P, respectively (Figure 3A).


[image: image]

FIGURE 3. Effect of P supply on productive tillers (A), the ratio of productive tillers to total tiller number (B), leaf number per main tiller (C) at 69 days after sowing (DAS) [for all (A–C)], and grain yield (D) of two wheat genotypes, RAC875 and Wyalkatchem. Results are the means ± SD (n = 4). *, **, *** significant within the same P supply at P < 0.05, P < 0.01, P < 0.001 respectively.


Although Wyalkatchem had greater total tiller number as well as more productive tiller number than RAC875, RAC875 showed a significantly (P < 0.001) greater ratio of productive tillers to total tillers (Figure 3B). These ratios in RAC875 were 0.50 ± 0.06 and 0.38 ± 0.04, which were about 1.4-fold and 1.3-fold greater than those in Wyalkatchem at low and adequate P, respectively.

Leaf width, leaf length, and leaf area responded to P supply at 27 DAS where low P showed a significant (P < 0.001) reduction in leaf width and leaf area but not in leaf length for the youngest leaf, low P did not affect leaf width, leaf length, and leaf area for the second youngest leaf (Table 3). At 27 DAS, RAC875 had significantly (P < 0.001) greater leaf width, leaf length, and leaf area for the youngest and the second youngest leaf, when compared to Wyalkatchem (Table 3). However, RAC875 produced less leaf numbers per tiller than Wyalkatchem. At 69 DAS, both genotypes had flag leaves and RAC875 had 4 leaves per tiller, but Wyalkatchem had six leaves per tiller (Figure 3C).


TABLE 3. The effect of phosphorus (P) supply on leaf width, leaf length, and leaf area of the youngest and the second youngest leaf of two wheat genotypes, RAC875 and Wyalkatchem, at 27 days after sowing (DAS).
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Low P significantly (P < 0.001) reduced grain yield and the reduction occurred more so in Wyalkatchem (Figure 3). RAC875 showed 14.6% greater (P < 0.05) grain yield than Wyalkatchem under low P, while no significant difference in grain yield between the two genotypes was observed under adequate P (Figure 3D and Supplementary Table 2).



Effect of Phosphorus Supply and Growth Stage on Gas Exchange Traits in RAC875 and Wyalkatchem

Three-way ANOVA analysis showed that at the vegetative stage, genotype had no significant effect on photosynthetic rate, but it significantly (P < 0.05) impacted transpiration rate, stomatal conductance, and intercellular CO2 concentration. In contrast, P supply significantly (P < 0.05) affected photosynthetic rate, while it had no significant effect on transpiration rate, stomatal conductance, and intercellular CO2 concentration (Table 4). Growth stage at the vegetative stage also showed a significant (P < 0.05) effect on photosynthetic rate, but not on the other three gas exchange parameters (Table 4). No significant G × P × GS, G × P, and P × GS interactions were found for the four gas exchange parameters. Significant (P < 0.05) G × GS interaction for intercellular CO2 concentration was observed (Table 4, Figure 4G), while no significant interactions were found for photosynthetic rate, transpiration rate, and stomatal conductance.


TABLE 4. Analysis of variance for the effects of genotype, P supply, and growth stage on photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (Cond), intercellular CO2 concentration (Ci), and at the vegetative stage.
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FIGURE 4. The effects of P supply on photosynthetic rate (Pn) at the vegetative (A) and booting (B) stage, transpiration rate (E) at the vegetative (C) and booting (D) stage, stomatal conductance (Cond) at the vegetative (E) and booting (F) stage, and intercellular CO2 concentration (Ci) at the vegetative (G) and booting (H) stage of RAC875 and Wyalkatchem. The results are the means ± SD (n = 4).


On an average, at the vegetative stage, Wyalkatchem had significantly (P < 0.05) higher transpiration rate and stomatal conductance than RAC875. Transpiration rate and stomatal conductance in Wyalkatchem were 0.0075 ± 0.0005 and 0.83 ± 0.07 mol H2O m–2s–1, respectively, while these values in RAC875 were 0.0064 ± 0.0010 and 0.71 ± 0.16 mol H2O m–2s–1 (Figures 4C,E and Table 4).

At the vegetative stage, on an average, low P significantly (P < 0.05) reduced the photosynthetic rate to 22.4 ± 2.8 μmol CO2 m–2s–1 in comparison with 26.1 ± 3.1 μmol CO2 m–2s–1 at adequate P. At this stage, on an average, photosynthetic rate at 34 DAS (25.8 ± 3.0 μmol CO2 m–2s–1) was significantly (P < 0.05) higher than that at 41 DAS (22.7 ± 3.3 μmol CO2 m–2s–1) (Figure 4A and Table 4).

A significant (P < 0.05) P × GS interaction occurred for intercellular CO2 concentration, therefore further separate two-way ANOVAs at each growth stage were used and the result showed genotype significantly affected intercellular CO2 concentration at 41 DAS (P < 0.05 with both family error rate and Dunn’s corrections), while genotype did not impact this parameter at 34 DAS. Wyalkatchem had greater intercellular CO2 concentration at 41 DAS than RAC875 (Supplementary Table 3).

At the booting stage, genotype showed no significant effect on photosynthetic rate, while genotype significantly (P ≤ 0.001) affected transpiration rate, stomatal conductance, and intercellular CO2 concentration (Table 5). At this growth stage, P supply had a significant (P < 0.01) effect on the four gas exchange parameters. No significant G × P interactions occurred for transpiration rate, stomatal conductance, and intercellular CO2 concentration, while a slight (P = 0.062) G × P interaction for photosynthetic rate was observed. This explained the greater reduction in photosynthetic rate under low P in Wyalkatchem compared with RAC875 at the booting stage (Figure 4B); the relative ratio of photosynthetic rate at low P to adequate P in Wyalkatchem (0.83) was greater than in RAC875 (0.90) (Supplementary Table 4).


TABLE 5. ANOVA for the effects of genotype and P supply on photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (Cond), intercellular CO2 concentration (Ci), and at the booting stage.

[image: Table 5]
At the booting stage, Wyalkatchem had a significantly (P < 0.05) higher transpiration rate, stomatal conductance, and intercellular CO2 concentration than RAC875 (Figures 4D,F,H). Transpiration rate, stomatal conductance, and intercellular CO2 concentration were 0.0059 ± 0.0006 mol H2O m–2s–1, 0.64 ± 0.07 mol H2O m–2s–1, and 328 ± 13 μmol CO2 mol–1, respectively, while these values in RAC875 were 0.0049 ± 0.0004 mol H2O m–2s–1, 0.47 ± 0.03 mol H2O m–2s–1, and 314 ± 9 μmol CO2 mol–1, respectively.

Dark respiration was measured at the booting state and the results showed that P supply did not significantly affect dark respiration, while significant (P < 0.01) variation in the dark respiration between genotypes was observed (Figure 5). The G × P interaction was not significant for dark respiration. A LSD test showed RAC875 had significantly (P < 0.05) greater dark respiration (−1.30 ± 0.21 μmol CO2 m–2s–1) than Wyalkatchem (−0.95 ± 0.15 μmol CO2 m–2s–1).


[image: image]

FIGURE 5. Effect of genotype and P supply on dark respiration at booting stage. The results are the means ± SD (n = 4).


The CO2 response curve displaying the relationship between intercellular CO2 concentration and photosynthetic rate was generated at the booting stage. The results showed that at adequate P, plants reached maximal photosynthetic rate at the chamber CO2 concentration of 800 and 1,000 μmol mol–1 for RAC875 and Wyalkatchem, respectively, corresponding to the intercellular CO2 concentration of about 600 and 800 μmol CO2 mol–1 (Figure 6B). In contrast, under low P, RAC875 reached maximum photosynthetic rate at the chamber CO2 concentration of 800 μmol mol–1, corresponding to the intercellular CO2 concentration of about 600 μmol CO2 mol–1, while Wyalkatchem reached maximum photosynthetic rate at the chamber CO2 concentration of 600 μmol mol–1, corresponding to the intercellular CO2 concentration of about 400 μmol CO2 mol–1 (Figure 6A). At the same chamber CO2 concentration, Wyalkatchem tends to have higher intercellular CO2 concentration.


[image: image]

FIGURE 6. CO2 response curves of two wheat genotypes under different P treatments at the booting stage under low P (A) and adequate P (B). The results are the mean of two replicates. Pn_R and Pn_W are the photosynthetic rate of RAC875 and Wyalkatchem, respectively; Ci_R and Ci_W are the CO2 intercellular concentration of RAC875 and Wyalkatchem, respectively.




Effect of Phosphorus Supply and Growth Stage on Chlorophyll Fluorescence Traits in RAC875 and Wyalkatchem

Six chlorophyll fluorescence parameters including Fo, Fm, Fv, Fv/Fm, ΦPSII, and ETR were measured at the vegetative and booting stage and two parameters, NPQ and qP, were measured at the booting stage. The results showed that at both the vegetative and booting stage, the genotype significantly (P < 0.05) affected Fo, Fm, Fv, and Fv/Fm, while it had a slight (P = 0.066) impact on ΦPSII and ETR at the vegetative stage and had no significant effect on these two parameters at the booting stage (Tables 6A,B). At the booting stage, the genotype had no significant effect on NPQ, but it showed a significant (P < 0.05) effect on qP.


TABLE 6. ANOVA for the effects of genotype and P supply and growth stage on Fo, Fm, Fv, Fv/Fm, ΦPSII, ETR, NPQ, and qP at vegetative stage (A) and booting stage (B).
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At the vegetative stage, P supply significantly influenced Fo, Fm, and Fv, while it had no impact on Fv/Fm, ΦPSII, and ETR. At this stage, no significant P × G interactions were found for these six chlorophyll fluorescence parameters (Table 6A). However, at the booting stage, P supply had a significant effect on only Fv, but not on the other five parameters (Table 6B). At the booting stage, significant G × P interaction for Fo, Fm, and Fv was observed, while no significant G × P interactions occurred for Fv/Fm, ΦPSII, and ETR.

LSD analysis showed that RAC875 had significantly (P < 0.05) greater Fo, Fm, and Fv than Wyalkatchem at both vegetative and booting stages (Figures 7A–F), while Wyalkatchem showed significantly (P < 0.05) greater Fv/Fm than RAC875 (Figures 7G,H). In contrast to Fv/Fm, qP in RAC875 was significantly (P < 0.05) higher than that in Wyalkatchem at booting stage (Figure 8F).
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FIGURE 7. Effect of P supply on Fo at the vegetative (A) and booting (B) stage, Fm at the vegetative (C) and booting (D) stage, Fv at the vegetative (E) and booting (F) stage, and Fv/Fm at the vegetative (G) and booting (H) stage in RAC875 and Wyalkatchem. Values represent the mean ± SD (n = 4).
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FIGURE 8. Effect of P supply on ΦPSII at the vegetative (A) and booting (B) stage, ETR at the vegetative (C) and booting (D) stage, and NPQ (E) and qP (F) at the booting satge in RAC875 and Wyalkatchem. Values represent the mean ± SD (n = 4).


At the vegetative stage, low P significantly (P < 0.01) reduced Fo, Fm, and Fv (Figures 7A,C,E). These values at low P, on an average, were 377 ± 85, 2114 ± 409, and 1737 ± 325, respectively, while at adequate P, these values were 433 ± 95, 2480 ± 540, and 2047 ± 445, respectively. At the booting stage, significant G × P interactions occurred for Fo, Fm, and Fv; therefore, further interaction analysis showed that low P significantly (P < 0.05) reduced Fo, Fm, and Fv for RAC875 but not for Wyalkatchem (Figures 7B,D,F and Supplementary Table 5).

Genotype and P supply had no significant effect on NPQ. However, a slight (P = 0.094) P × G interaction occurred for this parameter. Further interaction analysis showed low increased (P = 0.063) NPQ 1.5-fold in Wyalkatchem, while low P did not increase NPQ in RAC875 (Supplementary Tables 6, 7).




DISCUSSION

Phosphorus is an important macronutrient for plants, but low P availability occurs in many agricultural lands and P fertilizer sources are being depleted. Therefore, identifying favorable traits for PUE in plants could make a contribution to solve this problem. This study found that a P efficient wheat genotype (RAC875) had agronomic traits that may explain its ability to succeed on P deficient soils such as a larger leaf area, lower relative leaf number per tiller, and a higher ratio of productive tillers to total tillers. RAC875 also had some differences in gas exchange and chlorophyll fluorescence traits that might help to contribute to its PUE. This discussion will explore how wheat genotypes respond to P levels and how contrasting agronomic, gas exchange and chlorophyll traits between the two wheat genotypes may help to explain PUE in RAC875.


Differences in Agronomic Traits Between the Phosphorus Efficient and the Phosphorus Inefficient Wheat


Elevated Tiller Production at Vegetative Stage and High Tiller Mortality Could Result in Lower Grain Yield Under Low Phosphorus in Wyalkatchem

Wyalkatchem produced a large number of tillers during the vegetative stage and many tillers were not productive. In contrast, RAC875 produced less tillers during the vegetative stage and it had a lower tiller mortality. Chen et al. (2019) also found that excessive tiller production at elongation stage results in higher unproductive tillers or higher mortality. Although this genotype had greater tiller number than RAC875, increased tiller production during the vegetative state could lead to a lower ratio of fertile tillers to total produced tillers. A high level of P supply would be required for higher tiller production if no mechanisms of efficiency were present, and we know from previous reports that Wyalkatchem is P inefficient (Nguyen et al., 2019; Nguyen and Stangoulis, 2019). It is likely that the greater tiller production in Wyalkatchem during the early stages of growth could result in the lack of nutrition for later grain yield production in Wyalkatchem. Therefore, a reduced straw biomass (and higher harvest index) may be a favorable trait in plant breeding (Supplementary Table 8).



Does a Larger Leaf Area and Lower Leaf Number Contribute to Greater Phosphorus Use Efficiency in RAC875?

It seems that RAC875 and Wyalkatchem have different developmental approaches. RAC875 produced a lower leaf number but with greater leaf area, while Wyalkatchem had higher leaf number with smaller leaf area (Table 3). Johnson et al. (1990) pointed out that high leaf number is not beneficial for yield production in wheat since leaf number is negatively correlated with grain yield. In contrast, flag leaf area is positively correlated with grain yield (Monyo and Whittington, 1973). Another study also found that flag leaf length, flag leaf width, and flag leaf area were positively correlated with yield-related traits in wheat (e.g., grain number per spike, grain weight per spike) (Ma et al., 2020). What are the reasons behind the positive correlation between area per leaf with grain yield and the negative correlation between leaf number and grain yield? We hypothesize that a large leaf area, particularly the flag leaf area, can capture more light for photosynthesis, and this helps to maintain grain yield. While more leaf numbers reduce grain yield since plants may allocate more nutrients to leaf production and therefore less nutrients are available to contribute to grain yield. This seems to fit with reasoning for P inefficiency in Wyalkatchem.



Differences in Gas Exchange and Chlorophyll Fluorescence Traits Between the Phosphorus Efficient and the Phosphorus Inefficient Wheat

Low P supply negatively impacts on photosynthesis and reduces its rate. This study showed a significant reduction in photosynthetic rate in both wheat genotypes under low P (Tables 4, 5 and Figures 4A,B). P is an important macronutrient and is involved in the synthesis of compounds associated with CO2 fixation (i.e., ATP). Indeed, low P reduces the efficiency of photosynthetic electron transport and results in a decreased ATP production (Lin et al., 2009). In turn, the decline of ATP decreases the regeneration of ribulose-1,5-bisphosphate (RuBP), which is vital for CO2 fixation (Rao and Terry, 1989; Rao et al., 1993). P deficiency also affects the activity of ribulose-1,5-bisphosphate carboxylase (RubisCO), which is a key enzyme for the dark phase of photosynthesis (Brooks, 1986; Brooks et al., 1988).

At the booting stage, the CO2 response curve showed that under low P, there was a more negative influence on Wyalkatchem when compared with RAC875 (Figure 6). Also, at the booting stage, the ratio of photosynthetic rate at low P to adequate P in RAC875 (0.90) was higher than in Wyalkatchem (0.83) (Figure 4B and Supplementary Table 4). In contrast, at the vegetative stage, the relative ratio of photosynthetic rate at low P to adequate P in RAC875 (0.83) was lower than in Wyalkatchem (0.89) (Supplementary Table 4). Maintaining the photosynthetic rate under low P compared to under adequate P at the later stage could contribute to greater grain yield in RAC875 under low P. This result is consistent with our previous finding where under low P, RAC875 was better in maintaining phosphorylated sugars necessary for the biosynthesis of sugars and starch (Nguyen et al., 2019). This result is similar to previous studies that showed that the grain yield was positively correlated with photosynthetic rate at heading and the grain filling stage in wheat (Yu et al., 2020), and at stages before flowering in sorghum (Peng et al., 1991).

Stomatal conductance is the rate of CO2 entering, or water vapor exiting through the stomatal pores of a leaf (Roche, 2015). Increased stomatal conductance is considered as a potential approach for higher grain yield in crops (Fischer et al., 1998; Bahar et al., 2009; Roche, 2015). However, this study showed that the greater grain yield of wheat in RAC875 under low P had a lower stomatal conductance than Wyalkatchem (Tables 4, 5 and Figure 4). Similarly, transpiration rate, an indicator of water loss, has a similar trend to stomatal conductance. A previous study found that RAC875 is a wheat genotype that consumes less water (Izanloo et al., 2008), and the results presented in this study are also able to show a lower stomatal conductance and transpiration rate in this genotype. The stomatal conductance and transpiration play different roles such as evaporative cooling, nutrient uptake from soil, CO2 entry, and water uptake (Sterling, 2005). The greater stomatal conductance and transpiration rate in Wyalkatchem may be associated with higher levels of water usage and nutrient requirements. In fact, Wyalkatchem is more responsive to water than RAC875 (Yadav et al., 2019) and had greater shoot P concentration than RAC875 (Nguyen, 2017).

The maximum photochemical efficiency (Fv/Fm) may reflect the maximum potential of plant photosynthesis (Xu et al., 2020) and genotypic differences in Fv/Fm were identified in this study. Wyalkatchem had significantly higher Fv/Fm than RAC875 (Tables 6A,B and Figures 7G,H). This indicates that Wyalkatchem is able to achieve greater photosynthetic capacity than RAC875, particularly under optimum conditions. The CO2 response curve at the booting stage showed that under adequate P, Wyalkatchem had a slightly higher photosynthetic rate compared with RAC875 when the CO2 concentration increased (Figure 6B). However, under low P, Wyalkatchem showed lower photosynthetic rate than RAC875 at high CO2 concentrations. This indicates that low P affected the photosynthetic system of Wyalkatchem more severely in comparison with RAC875 (Figure 6A). As a result, Wyalkatchem produced lower grain yield than RAC875 under low P.

During photosynthesis, the ΦPS2 measures the proportion of light absorbed by PSII reaction centers that is used in photochemistry, the ETR measures the rate of electron transport, and the qP measures the degree of openness of the reaction center during photosynthesis (Zhang et al., 2020). This study showed that low P had no significant effect on ΦPS2, ETR, and qP (Tables 6A,B and Figures 8A–D,F). These results are different from previous studies in rice in which these values reduced under P deficiency (Xu et al., 2007). This difference between two experiments could be due to differences of P treatment methods. Our experiment was a soil-based growth and plants were treated with two different P levels: low P (10 mg P kg–1 soil) and adequate P (30 mg P kg–1 soil), while the experiment conducted by Xu et al. (2007) was a hydroponic experiment and plants were treated with two different P levels: control (0 mM KH2PO4) and treatment (0.3 mM KH2PO4). No P present in the control could result in severe effects on the photosynthetic apparatus and thus lead to a significant reduction in ΦPS2, qP, and ETR. A study in peanut also showed that with more extreme P stress, the greater reduction in these parameters (Shi et al., 2020) was observed.

Although P deficiency had no significant effect on ΦPS2, ETR, and qP, RAC875 showed significantly higher (P < 0.05) qP at the booting stage and slightly higher (P = 0.066) ΦPS2, ETR at the vegetative stage than Wyalkatchem (Tables 6A,B and Figures 8A–D,F). Genotypic variations in these parameters were also observed in wheat (del Pozo et al., 2020) and in peanut (Shi et al., 2020). ΦPS2 and ETR have a similar trend since ETR is calculated from ΦPS2. ΦPS2 and ETR indicate overall photosynthesis, while qP refers to photochemical quenching in which the light energy is converted into chemical energy that is used later to drive photosynthesis (Ritchie, 2006). The relationship between these parameters and the crop grain yield as well as PUE in crops are limited. The greater qP in the P efficient wheat (RAC875) compared with the P inefficient wheat (Wyalkatchem) might be PUE indicators.

In contrast to qP, which indicates the process in which absorbed light energy is converted into chemical energy, NPQ is non-photochemical quenching, which indicates the process in which excess light energy is dissipated into heat (Ritchie, 2006; Ruban, 2016). NPQ is a protective mechanism to prevent the plant photosystem from damage under high light intensity. Although it is the protective approach of plants, heat dissipation leads to yield loss (Kromdijk et al., 2016). Studies found that low P increases NPQ in plants (Xu et al., 2007; Shi et al., 2020). However, this study showed that low P increased (P = 0.063) NPQ in Wyalkatchem but not in RAC875 (Table 6B and Figure 8E). It seems that Wyalkatchem is more sensitive to P deficiency than RAC875 and low P strongly affected the photosynthetic system of Wyalkatchem. This negative impact might cause more heat dissipation in Wyalkatchem and result in a significant reduction in grain yield under low P. Méndez-Espinoza et al. (2019) also reported that NPQ is negatively correlated with grain yield in wheat.

This study was conducted on two contrasting PUE wheat genotypes and revealed a favorable chlorophyll trait (qP) for PUE. Further research should be conducted on measuring qP of a large wheat population to classify P efficient wheat and P inefficient wheat based on this parameter. The CO2 response curve showed that low P had a more severe effect on the inefficient wheat, but low P showed slightly (P = 0.063) increased NPQ in the inefficient wheat. Thus, a study on a large wheat population would confirm if low P significantly increases NPQ under low P in inefficient genotypes. Also, elevated CO2 through climate change and P deficiency are current issues (Singh and Reddy, 2014; Manoj-Kumar et al., 2018) and the CO2 response curve indicates that low P had more of a negative effect on the photosynthetic rate of Wyalkatchem at elevated CO2. It would be interesting to study the responses of these two wheat genotypes to the combination effect of elevated CO2 and P deficiency in a larger, more controlled manner.





CONCLUSION

This work has revealed that the P efficient wheat, RAC875, had favorable agronomic, gas exchange, and chlorophyll fluorescence traits in comparison with the P inefficient wheat, Wyalkatchem. RAC875 had greater leaf area per leaf and RAC875 was also more efficient in producing productive tillers than Wyalkatchem. Regarding gas exchange, low P showed more impact on Wyalkatchem than RAC875 at the booting stage. Regarding chlorophyll fluorescence, photochemical quenching (qP) was higher in RAC875 than in Wyalkatchem, while NPQ increased (P = 0.063) under low P in Wyalkatchem but not in RAC875. Low P was less affected on photosynthetic rate on RAC875 at the booting stage as well as the greater in qP might contribute to higher PUE in RAC875.
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P-value

Genotype (G) P < 0.001 P < 0.001 P < 0.001 P =0.028 P =0.066 P =0.066
P supply (P) P =0.004 P =0.001 P < 0.001 P=0.251 P=0.714 P=0.714
GxP P =0.347 P =0.106 P =0.083 P =0.072 P=0.716 P=0.716

(B) Booting stage

Genotype Fo Fm Fyv Fy/Fm ®pg) ETR NPQ qP
P-value

Genotype (G) P < 0.001 P < 0.001 P < 0.001 P =0.030 P=0.834 P=0.834 P=0.287 P=0.019
P supply (P) P =0.246 P =0.058 P <0.042 P=0.158 P=0.182 P=0.183 P=0.131 P =0.645
G xP P=0.010 P =0.003 P =0.003 P =0.942 P=0.257 P =0.257 P =0.094 P =0.666

The explanation for these parameters were described in Table 1.
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Growth stage (GS) P =0.001 P=0.147 P =0.207 P =0.982

GxP P =0.420 P =0.084 P =0.072 P =0.092
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G x P xGS P=0.104 P =0.544 P =0.535 P =0.870
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24.2 + 4302
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P < 0.001
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Results are the means + SD (n = 4). Different letters show significant differences between genotypes within the same P supply (P < 0.05).
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Fy Fv =Fm-Fo Variable fluorescence

Fv/Fm Fv/Fm = (Fm-Fo)/Fm Maximum efficiency of PSII
Dpg) Opg) = (Fm'-Fs)/Fm’ Quantum yield of PSII

aP aP = (Fm’-Fs)/(Fm’-Fo) Photochemical quenching, relates to

maximum efficiency of PSIl and relates to
proportion of PSII centers that are open
ETR() PFDa*®pg;*0.5 Electron transport rate
NPQ NPQ = (Fn-Fm')/Fm’ Non-photochemical quenching, estimates
the rate of heat loss from PSII

*PFDa is absorbed light and 0.5 is a correction factor that account for the
partitioning of energy.
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*Ca(NOg)2 918
K2S04 113.6
MgSO4-7H. O 140
FeS0Oy4-7H-O 1.4
NapMoO4-2H2,0 0.61
CuS04-5H,0 2.25
MnSO4'4HQO 3.68
ZnS04-7H2O 6.6
HzBOs 0.28
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113.6
140
1.4
0.61
2.25
3.68
6.6
0.28
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*Ca(NO3)2 was the last nutrient to be added into the solution (after all other nutrients and water were added) to avoid the precipitation of CaSO4 at high concentration.
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