Tolerance of high phosphorus concentrations in Ptilotus exaltatus depends on the accumulation of phosphorus and calcium in different leaf cells
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Abstract 
Under very high phosphorus (P) supply, Ptilotus hyperaccumulates P without toxicity while Kennedia is intolerant. What physiological mechanisms underlie this difference? P. exaltatus and K. prostrata were grown in sandy soil with low- and high-P treatments. Under high P, both species hyperaccumulated P (>20 mg g–1) in leaves, and shoot dry weight was unchanged for P. exaltatus but decreased by >50% for K. prostrata. Under high P, both species preferentially accumulated leaf P as inorganic P but P. exaltatus preferentially allocated P to mesophyll cells and stored Ca as occasional crystals in specific lower mesophyll cells separate from P, while K. prostrata preferentially allocated P to epidermal and spongy mesophyll cells and co-located P and Ca in palisade mesophyll cells. Mesophyll cellular [P] correlated positively with potassium for both species and negatively with sulfur for P. exaltatus. High P tolerance arose from P and Ca allocation to different leaf cell types, formation of Ca crystals, and enhanced K and decreased S accumulation to balance high cellular [P]. Intolerance to high P arose from the co-location of Ca and P in palisade mesophyll cells. This study advances the understanding of leaf physiological mechanisms for high P tolerance in plants. 
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1. Introduction 
Plants with high phosphorus (P) uptake efficiency merit further investigation in soils with contrasting P availability (Lambers, Shane, Cramer, Pearse, & Veneklaas, 2006; Ryan, Ehrenberg, Bennett, & Tibbett, 2009) to inform crop breeding programs to produce genotypes with high P-uptake efficiency and high yields in both P-impoverished soils and P-enriched soils; the latter for use in phytoextraction for excess P (Ryan et al., 2009; Pang et al., 2010; Lambers et al., 2011). Plants respond to soil P availability by adjusting leaf P allocation among inorganic P (Pi), metabolic P, lipid P, nucleic acid P, and residual P fractions (Veneklaas et al. 2012; Yan et al., 2019). When P availability exceeds the requirements of cell metabolism, Pi is the main form of P accumulated, and this is generally considered to occur in cell vacuoles (Veneklaas et al., 2012; Yang, Huang, Kuo, & Chiou, 2017), although accumulation may occur in other root structures, likely plastids (Ryan et al., 2019). When taking up large amounts of P, plants avoid toxicity by allocating it away from key organs (e.g., to older leaves) or from key cell types (e.g., photosynthetic cells or cells where calcium (Ca) is stored) (Aziz, Lambers, Nicol, & Ryan, 2015; Ding, Clode, Clements, & Lambers, 2018). The ability of plants to tolerate high soil P availability and leaves to tolerate high P concentrations may be related to these traits, but this has never been explored in detail. 

Plants in south-western Australia have evolved in P-impoverished environments (Handreck 1997), but many plants, such as P-sensitive Proteaceae and Fabaceae, have a low capacity to down-regulate P uptake with increased P supply, resulting in P toxicity expressed as leaf senescence, chlorosis and necrosis, and stunted growth (Shane, McCully, & Lambers, 2004a; Pang et al., 2010). Phosphorus toxicity may be enhanced by increased Ca uptake associated with high Ca supply (Nichols and Beardsell, 1981; Hayes, Guilherme Pereira, Clode, & Lambers, 2019). Calcium-enhanced P toxicity is related to deleterious precipitation of Ca3(PO4)2 due to cell-specific co-location of Ca and P (McLaughlin & Wimmer, 1999; White & Broadley, 2003; Conn & Gilliham, 2010), or an increase in micronutrient requirements, particularly Zn, resulting in cellular micronutrient deficiency (Hayes et al., 2019). Leaf P in south-western Australian Proteaceae species is preferentially allocated to mesophyll cells, which increases photosynthetic P-use efficiency in P-impoverished soils; however, increased Ca supply causes a disproportionate increase in mesophyll cell [P], which enhances P toxicity (Shane et al., 2004a; Shane, Szota, & Lambers, 2004b; Hawkins, Hettasch, Mesjasz-Przybylowicz, Przybylowicz, & Cramer, 2008; Hayes, Clode, Oliveira, & Lambers, 2018; Hayes et al., 2019). Some Lupinus species can form P and Ca crystals, which might cause both elements to become unavailable for metabolism (Ding et al., 2018). Species of Kennedia, an Australian native genus in Fabaceae, grow well in P-impoverished soils but have a low capacity to down-regulate their P uptake capacity, showing P-toxicity symptoms when grown in soil amended with 24 mg P kg–1 (Pang et al., 2010). However, leaf physiological mechanisms of P toxicity in Kennedia species remain unknown. 

Not all Australian native species are sensitive to high P availability. A notable example is the genus Ptilotus (Amaranthaceae), with many species occurring in nutrient-impoverished soils (Suriyagoda, Tibbett, Edmonds-Tibbett, Cawthray, & Ryan, 2016; Hammer et al., 2018, 2019). Ptilotus species grow very well in soil that is extremely low in available P (Suriyagoda, Lambers, Renton, & Ryan, 2012; Suriyagoda et al., 2016), and at high P availability, Ptilotus leaves accumulate P to remarkably high concentrations: 40–60 mg g–1 DW (Ryan et al., 2009; Suriyagoda et al., 2016). This extraordinary P accumulation in Ptilotus without P-toxicity symptoms is not known for any other plants. Previous studies of P. polystachyus have suggested that uniform allocation of P across leaf cell types and accumulation of balancing cations make it very tolerant to high leaf [P] (Ryan et al., 2009; Aziz et al., 2015). However, only a few cells for each cell type (n = 2–15) from a single plant were analyzed to make this inference (Ryan et al., 2009). The ability of Ptilotus to accumulate high concentrations of P without toxicity surprised previous authors, and they speculated that it might have evolved in response to Australia’s highly variable and seasonal environments and, in particular, temporary increases in P availability following summer rain (Ryan et al., 2009), i.e., adaptation to a pulse of P.
To investigate whether the contrasting response of Kennedia and Ptilotus species to high P availability is related to their P-allocation pattern among leaf cells and interactions with the accumulation of Ca and other elements and whether the adaptation of Ptilotus is related to an ability to quickly absorb P from a pulse of P, we conducted a glasshouse experiment where P. exaltatus and K. prostrata were grown in sandy soil with low P availability, high P availability, or high P pulse following growth at low P availability. We hypothesized that: (1) growth of P. exaltatus would positively respond to high P availability and show much higher leaf [P] than K. prostrata, but only K. prostrata would show P-toxicity symptoms; (2) allocation of P to biochemical pools in young mature leaves would differ between the two species, reflecting adaptation to soil with varying P availability, and that Pi would be the dominant P fraction at high P availability; (3) leaf P would be allocated to specific cell types, but separate from Ca to avoid precipitation, in P. exaltatus as one of its P-tolerance mechanisms; and (4) other nutrients would play roles in balancing very high leaf cellular [P] in P. exaltatus, but not in K. prostrata. We tested our hypotheses by investigating DW, leaf total [P] and concentration of other elements, and leaf P fractions, and determining leaf cell-specific nutrient concentrations, allocations, and their correlations by scanning electron microscopy (SEM) and quantitative X-ray elemental analysis. 

2. Materials and Methods 

Plant material and growth conditions 

We used P-hyperaccumulating P. exaltatus (Amaranthaceae) and P-sensitive K. prostrata (Fabaceae) in our pot experiment. Seeds of P. exaltatus were collected by T. Hammer, and seeds of K. prostrata were obtained from Nindethana Seed Service. All seeds were sterilized, washed, and scarified.

Washed river sand was steam pasteurized, dried for two days, and thoroughly mixed using a mechanical mixer. The sand was nutrient-impoverished with 1 g kg–1 organic carbon (Walkley and Black, 1934), <2 mg kg–1 bicarbonate-extractable P, 19.3 mg kg–1 bicarbonate-extractable K (Colwell method; Rayment and Higginson, 1992), <1 mg kg–1 nitrate-N, <1 mg kg–1 ammonium-N (Searle, 1984), and a pH of 6.6 (CaCl2; Rayment and Higginson, 1992).
A pot experiment was set up with three P-addition treatments—low P (5 mg kg–1), High P (150 mg kg–1), and low P + pulse (initially 5 mg kg–1, followed by the addition of a high P pulse (50 mg kg–1) two weeks before the final harvest)—with P added as KH2PO4. All treatments were arranged with three replications as a randomized complete block design. Soil (1 kg) was added to pots lined with a plastic bag pierced to allow drainage. Prior to sowing, nutrient solution, applied as per Ryan et al. (2009), were mixed into the soil before plant establishment: 173 mg kg–1 K2SO4, 80 mg kg–1 MgSO4, 150 mg kg–1 CaCl2, 33 mg kg–1 NH4NO3, 0.7 mg kg–1 H3BO3, 15 mg kg–1 MnSO4, 9 mg kg–1 ZnSO4, 3 mg kg–1 CuSO4, 0.2 mg kg–1 CoSO4, and 0.30 mg kg–1 Na2MoO4. Seeds of the two species were directly sown into pots on 27 December 2017. An appropriate rhizobium inoculum was applied for K. prostrata. Seedlings were thinned to two per pot. The experiment was carried out in a glasshouse with natural light at The University of Western Australia, Perth (31°59′S, 115°53′E). An additional application of macronutrients, as above, occurred halfway through the experiment.

Plant harvest and leaf sampling for P fractionation and cell‐specific element analysis 

Plants were harvested eight weeks after seedling emergence. For [P] and P fraction analyses, young mature and fully expanded leaves (600–1000 mg fresh weight for each pot) were sampled, immediately submerged in liquid nitrogen, and then stored at –80°C until freeze-dried (VirTis Benchtop “K,” New York, USA). For cell-specific element analyses, similar young mature and fully expanded leaves were sampled at the same time from each plant. Small sections (~2 × 3 mm) were consistently cut from either side of the mid‐rib, mid‐way along the leaf. Three sections were collected from one to two leaves for each plant and then mounted onto aluminum pins using optimal cutting temperature compound, plunged into liquid nitrogen, and stored in liquid nitrogen until being analyzed using cryo-SEM with energy-dispersive X-ray spectroscopy (EDS). This freezing method rapidly immobilizes and preserves elements of interest at the cellular level and is considered appropriate for sampling leaves for element analysis by SEM-EDS (McCully, Canny, Huang, Miller, & Brink, 2010). The leaves were too large and had too many air spaces to use high-pressure freezing, which would otherwise have provided optimum freezing conditions. 
After the above sampling, the remaining (bulk) leaves were separated from stems, washed and dried in an oven at 70°C for 72 h; leaf and shoot DWs were then recorded.

Leaf elemental concentrations and P fraction analyses

Bulk leaf samples were ground and digested with concentrated HNO3: HClO4 (3: 1) before being analyzed colorimetrically using the vanadium molybdate yellow method for P (Van Veldhoven and Mannaerts, 1987) and by inductively coupled plasma optical emission spectrometry (ICP-OES) for [Ca], [Mg], [K], and [S]. Freeze-dried young mature leaf material was ground, and each sample was divided into three subsamples. An approximately 50 mg subsample was used to determine total [P] by acid digestion using the malachite green method. An approximately 25 mg subsample was used to determine Pi. This subsample was disrupted with 1 ml 1% (v/v) cold acetic acid by mechanical shaking (Precellys 24 Tissue Homogenizer, Bertin Instruments, Montigny-le-Bretonneux, France) at 1,500 rpm for 15 s with a 5 s pause in a cool room at 4°C, then repeated twice more. The homogenate was centrifuged at 15,000 g for 15 minutes at 4°C to remove debris. The supernatant was transferred to a new tube and centrifuged again to get a clear supernatant. Another approximately 50 mg subsample was used to determine organic P fractions using a method modified by Yan et al. (2019), which was adapted from Hidaka & Kitayama (2013). The recovery of the sum of P in the fractions was ±10% of the total [P] determined directly in the freeze-dried leaf.
Cell-specific element analysis by X‐ray microanalytical mapping

Flat, transverse surfaces through leaves were prepared using a glass knife at –120°C in a cryomicrotome (Leica EM FC6 cryochamber integrated with Leica Ultracut EM UC6 microtome) by sequential cryoplaning of the surface, using 1 μm, 750 nm, 500 nm, 250 nm, and 100 nm steps. The specimen was then mounted on a custom-made substage, transferred to a cryo-preparation system (Leica MED020), and sputter-coated with 20 nm chromium without sublimation. After coating, samples were transferred under vacuum to a field emission SEM (Zeiss 55 SUPRA) fitted with a Leica VCT100 system and an Oxford X‐Max80 SDD X‐ray detector interfaced to Oxford Instruments AZtecEnergy software. Specimens were analyzed in high‐current mode at –150°C, 15 kV, and 0.5 nA beam current (measured with a faraday cage). Prior to every map, the instrument was calibrated using a pure copper standard. Elemental maps were acquired for >4,000 frames at a resolution of 512 pixels with a dwell time of 10 μs per pixel. Pulse‐pile up correction and drift correction were activated. With the Oxford Instruments AZtecEnergy software, quantitative concentration data were subsequently extracted from regions of interest (i.e., individual cells) by drawing on the element maps based on reported methods (Ding et al., 2018; Hayes at al., 2018; Guilherme Pereira, Clode, Oliveira, & Lambers, 2018). This AZtec quantitation method is highly suited to quantitative biological element analyses (Marshall, 2017). For P. exaltatus, upper epidermis (UE), palisade mesophyll (PM), lower mesophyll (LM), and lower epidermis (LE) cells were confidently identified and analyzed. For K. prostrata, UE, PM, spongy mesophyll (SM), parenchyma (PA), sclerenchyma (SC), and LE cells were confidently identified and analyzed. In total, 1951 cells were analyzed across three individual plants, with 4‒202 cells analyzed for each cell type within each species (Table S1). While P and other elements may be hard to visualize in some maps due to low counts, concentrations can still be extracted from spectra and readily quantified (see Hayes et al. 2018, supplementary information Figure S1).
Data analysis
The effect of P treatments and species and their interactions on leaf and shoot DWs, concentrations of P, Ca, Mg, K and S in the bulk leaves, and each leaf P fraction were tested by two-way ANOVA testing with 95% confidence intervals using GENSTAT v.15.2 (Lawes Agricultural Trust, Rothamsted Experimental Station, UK, 2012). As a significant (p < 0.05) interaction was found for all parameters presented, except nucleic acid P, residual P, [Mg] and [K], the estimated means for the interaction are presented with the l.s.d. at p = 0.05. The effect of treatments and cell types on differences in element concentrations for each species were tested using generalized linear mixed-effect models, with individual plants as the random effect (McCulloch & Neuhaus, 2005) by the R software platform (Fox, 2003; R Development Core Team, 2017; Pinheiro, Bates, DebRoy, & Sarkar, 2017). The residuals of each model were inspected for heteroscedasticity, visually, and using the Fligner–Killeen test, and appropriate variance structures were specified to the models based on the Akaike Information Criterion. Tukey’s method was used to test differences. The relationships between leaf cellular [P] with cellular [Ca], [Mg], [K], and [S] in young mature leaves were inspected through linear regression analysis, and Pearson’s correlation coefficient presented. OriginLab (2017) and R software were used to create the graphs. 
3. Results
Leaf and shoot dry weight

The effect of P treatment on leaf and shoot DWs differed between species (Table S2). Little impact of P treatments on leaf and shoot DWs for P. exaltatus, whereas a >50% decrease in leaf and shoot DWs in the high P treatment for K. prostrata (Fig. 1); this was accompanied by symptoms of P toxicity (Fig. S1). 

Elemental concentrations in bulk leaf 
The effect of P treatment on bulk leaf [P] also differed between species (Table S2). In the high P treatment, the leaves accumulated very high [P], being 41.6 mg g–1 for P. exaltatus and 23.9 mg g–1 for K. prostrata (Fig. 2). Ptilotus exaltatus accumulated little P in the pulse treatment, while K. prostrata accumulated more. The P treatments had little effect on bulk leaf Ca concentration in K. prostrata, but it increased greatly in P. exaltatus in the high P treatment. In the low-P and pulse treatments, P. exaltatus had lower bulk leaf Ca concentrations than K. prostrata, but in the high P treatment, P. exaltatus had ~three times higher bulk leaf Ca concentration than K. prostrata (Fig. 2). The results for bulk leaf magnesium (Mg), potassium (K), and sulfur (S) concentrations are presented in Fig. S2. The high P treatment had the highest bulk leaf [K] and [Mg], more so for P. exaltatus than K. prostrata, and lowest bulk leaf [S] for P. exaltatus, but otherwise differed little among treatment–species combinations. 
Total P and P fractions in young mature leaf

In the low-P and pulse treatments, P. exaltatus had lower young mature leaf [P] than K. prostrata, but the reverse was true in the high P treatment (Fig. 3). The P fraction data for the young mature leaves showed that the additional P taken up in the high-P and pulse treatments primarily accumulated as Pi and metabolic P, with a small increase in lipid P (Fig. 3). In the high P treatment, the Pi and metabolic P fractions increased more in P. exaltatus than K. prostrata, and in the pulse treatment, all three fractions increased more in K. prostrata than P. exaltatus. Nucleic acid P and residual P were low and primarily affected by species, being greater for K. prostrata than P. exaltatus. The relative allocation of P to the P fractions is shown in Fig. 4. In the low P treatment, K. prostrata had relatively less Pi, and more nucleic acid P and residual P. In the high-P and pulse treatments, the proportion of Pi greatly increased, as did the proportion of metabolic P, with Pi representing 54–70% of P in young mature leaves. There was a large decrease in the proportion of P as lipid P and nucleic acid P in both K. prostrata and P. exaltatus in the high-P and pulse treatments. In the high P treatment, only K. prostrata showed symptoms of P toxicity, and the two species allocated a similar proportion of leaf P to Pi.

Leaf anatomy and key cell types
A typical leaf transverse section for each species in each treatment is displayed in Figs 5 and 6. Oxygen maps largely reflect water content and are included to visualize cell structure and leaf anatomy in the otherwise flat sample. Key cell types in P. exaltatus were upper epidermis, palisade mesophyll, veins, lower mesophyll, and lower epidermis (Fig. 5). The leaf thickness of P. exaltatus was too large to analyze a whole leaf transect in a single map; therefore, two maps were made for each leaf. Key cell types in K. prostrata were upper epidermis, palisade mesophyll, parenchyma, veins, spongy mesophyll, and lower epidermis (Fig. 6); sclerenchyma was sometimes visible. 
Distribution of P among cell types
For P. exaltatus in the low P treatment, [P] was very low, with no differences among cell types. However, in the high-P and pulse treatments, P was allocated to all mesophyll cells in preference to epidermis cells (Figs 5, 7a). Within the mesophyll layer, the elemental maps show that P particularly accumulated around the margins of cells (hence the green cell outlines in Fig. 5). Phosphorus was excluded from any cell that contained Ca crystals. The photosynthetic cells (palisade mesophyll and lower mesophyll) showed 16.3‐fold and 5.1-fold greater [P] than non‐photosynthetic cells (upper epidermis and lower epidermis) in the high-P and pulse treatments, respectively. Thus, [P] greatly changed in the mesophyll cells of P. exaltatus, depending on the concentration and pattern of high soil P supply, but did not change in the epidermis, and relatively little P accumulation occurred in the pulse treatment relative to the high P treatment. The highest [P] value of 291 μmol g–1 occurred in the lower mesophyll of P. exaltatus in the high P treatment (Fig. 7a; Table S3). 

Kennedia prostrata did not preferentially allocate P to any specific cell types in the low P treatment (Figs 6, 7b). However, in the high-P and pulse treatments, it preferentially allocated P to the upper epidermis, spongy mesophyll, parenchyma, and lower epidermis, rather than to palisade mesophyll (Figs 6, 7b), and [P] similarly increased. The highest [P] value of 397 μmol g–1 occurred in the lower epidermis of K. prostrata in the high P treatment (Fig. 7b; Table S4). In contrast to P. exaltatus, K. prostrata did not show an elevated [P] around the cell margins in the high P treatment, but many small granules of high [P] were evident, especially in the lower half of the palisade mesophyll. 
Distribution of Ca among cell types
For P. exaltatus, [Ca] was very low in all three treatments, other than where a crystal was evident in a cell with little P accumulation (Figs 5, 8a; Table S3). In contrast, K. prostrata showed high [Ca] in all three treatments and with most accumulation in the palisade mesophyll (Figs 6, 8b); that is, separate from the cells where P accumulated. The low P treatment had significantly more [Ca] in the palisade mesophyll than the high-P and pulse treatments. The [Ca] did not differ across upper epidermis, spongy mesophyll, parenchyma, sclerenchyma, and lower epidermis, irrespective of P treatment. In addition, many small granules of high [Ca] were evident, especially in the lower half of palisade mesophyll in the high-P and pulse treatments, and these corresponded with areas of high [P]. Finally, in all treatments, there were larger crystals of Ca that were not co-located with elevated [P]. Cellular [Ca] showed no correlation with [P] in any cell type of P. exaltatus but had a negative correlation with [P] in palisade mesophyll, sclerenchyma, and lower epidermis of K. prostrata (Table 1).

Distribution of Mg, K, and S among cell types
For P. exaltatus, cellular [Mg] ranged from not detectable to 354 μmol g−1, with preferential allocation to mesophyll cells, while for K. prostrata, it ranged from not detectable to 202 μmol g−1, with no preferential accumulation (Tables S3, S4; Figs S3, S4). A significant negative correlation was observed between [Mg] and [P] in the P-accumulating cells (lower mesophyll) for P. exaltatus. Significant positive correlations between [Mg] and [P] were only observed in the spongy mesophyll for K. prostrata (Table 1). 
Both species accumulated large amounts of K in all cell types, with P. exaltatus accumulating much more than K. prostrata (Tables S3, S4, Figs S3, S4). There was a positive correlation between [K] and [P] in the P-accumulating cells: mesophyll cells for P. exaltatus and mesophyll cells, parenchyma, and sclerenchyma for K. prostrata (Table 1). However, a negative correlation was observed between [K] and [P] in the P-accumulating cells, upper epidermis, and lower epidermis for K. prostrata. 
Ptilotus exaltatus preferentially allocated S to mesophyll cells, co-existing with Mg, while K. prostrata preferentially allocated S to palisade mesophyll, co-existing with Ca (Tables S3, S4; Figs 6, S3, S4). There was a significant negative correlation between [S] and [P] in the P-accumulating cells: mesophyll cells for P. exaltatus and upper epidermis, parenchyma, and sclerenchyma for K. prostrata (Table 1).
4. Discussion

Plant growth and P uptake under varying P supply

In support of Hypothesis 1, P. exaltatus grew well at both low and high P supply, and even with the P pulse, consistent with previous studies and other species in its genus (Brennan, Webb, & Crowhurst, 2000; Ryan et al., 2009; Aziz et al., 2015; Suriyagoda et al., 2016). P. exaltatus is very tolerant to soil with high P availability. Like other Ptilotus species (Ryan et al., 2009; Suriyagoda et al., 2012; 2016; Aziz et al., 2015), P. exaltatus also hyperaccumulated P in leaves, with [P] reaching 42 mg g–1 in the high P treatment. No P-toxicity symptoms have been reported for leaves of Ptilotus, despite such extraordinarily high [P] (Ryan et al., 2009; Suriyagoda et al., 2012; 2016; Aziz et al., 2015). One mechanism used by P. polystachyus to cope with high [P] seems to be preferential allocation of P to mature leaves, which may allow young leaves to maintain metabolic functioning (Aziz et al., 2015). Similarly, in our experiment, P. exaltatus allocated much P to older mature leaves in the high P treatment (Figs 2, 3). Consistent with Hypothesis 1, K. prostrata did not elevate leaf [P] as much as P. exaltatus, but despite this, it did exhibit toxicity symptoms. For P-sensitive species, the consequence of P uptake with little down-regulation is P toxicity, as reported for some pasture, crop and Proteaceae species (Shane et al., 2004a, 2004b; Pang et al., 2010; Hawkins et al., 2008; Hayes et al., 2018). Kennedia species grew well in low P soil but showed P-toxicity symptoms at soil P levels higher than 24 mg kg–1 (Pang et al., 2010), as evidenced here by leaf chlorosis and necrosis (Fig. S1) and reduced shoot and leaf DWs in K. prostrata under high-P and P-pulse treatments. Contrary to Hypothesis 1, P. exaltatus accumulated much less [P] than K. prostrata in the P-pulse treatment, particularly in young mature leaves, but the difference in DW between the two species was not significant. However, in the high P treatment, P. exaltatus had significantly greater shoot and leaf DWs and simultaneously accumulated much more P than K. prostrata. Therefore, it was not a dilution effect for the [P] of P. exaltatus; rather, this species effectively down-regulated P uptake without accumulating high [P] when shocked by a P pulse. Rapid P uptake in K. prostrata after the P pulse may have been exacerbated by the absence of arbuscular mycorrhizal fungi; see Nazeri, Lambers, Tibbett, & Ryan (2014) and Kariman, Barker, Finnegan, &Tibbett (2014). The factors that enabled the unexpected low P uptake in P. exaltatus after a high P pulse require further investigation.

Allocation of P to biochemical pools in leaves 

In agreement with Hypothesis 2, the allocation of P to biochemical pools in young mature leaves differed between species in response to varying P availability. At low P availability, the allocation of P changes among foliar P fractions as a starvation response, with a relatively lower investment into lipid P in some crop plants and Arabidopsis (Dörmann & Benning, 2002; Tjellström, Andersson, Larrson, & Sandelius, 2008) and a relatively greater investment of P into P-containing metabolites in some tropical tree species (Hidaka & Kitayama, 2013). Nucleic acid P is the major organic P pool in leaves (Veneklaas et al., 2012; Yan et al., 2019), at least 85% of which is ribosomal RNA (rRNA) (Bieleski, 1968; Tachibana, 1987), which is involved in protein synthesis (Veneklaas et al., 2012). In Proteaceae adapted to severely P-impoverished soils, there is a rapid photosynthetic rate per unit leaf P, due to a low investment in phospholipids, relative to galactolipids and sulfolipids (Lambers et al., 2012), and a very low leaf rRNA abundance which contributes to their exceptionally high photosynthetic P-use efficiency (Sulpice et al., 2014). We surmise that, compared with K. prostrata, P. exaltatus had a low investment of P in nucleic acid P, particularly rRNA, which allowed it to allocate more P to metabolites as an adaptation to low P supply. Kennedia prostrata functioned at high leaf [P], with a low investment of P in P metabolites and a high investment in nucleic acid P at low P, similar to Acacia rostellifera (Fabaceae) (Yan et al., 2019). We interpret this to indicate that high metabolic activity in A. rostellifera and K. prostrata is achieved by high rRNA levels allowing high enzyme concentrations, which are associated with high leaf [P] as well as [N] (Yan et al., 2019). However, these enzymes might not be highly active due to being constrained by low levels of P-containing metabolites, which are their substrates (Lambers et al., 2015). Thus, a very high concentration of nucleic acids in A. rostellifera (Yan et al., 2019) and K. prostrata may contribute to a low use efficiency of P and N in their leaves (Sprent, 1999). 
In accordance with Hypothesis 2, Pi dominated in young mature leaves of both species in the high P and pulse treatments. Inorganic P is a significant fraction of total leaf P when plants grow at high P availability (Lambers et al., 2011; Veneklaas et al., 2012). In leaves, excess cellular Pi is generally stored in the vacuole and may buffer the Pi demands of the cytoplasm (Veneklaas et al., 2012; Yang et al., 2017). However, when plants continue to absorb Pi at rates exceeding demand, Pi accumulation reaches toxic concentrations (Schachtman, Reid, & Ayling, 1998; Shane et al., 2004b). Kennedia prostrata had a greater proportion of Pi than P. exaltatus when soil P availability was high. We surmise that the greater allocation of P to Pi might surpass the tolerance limit of leaf cells in K. prostrata, offering a partial explanation for its P sensitivity when supplied with high P, even during a short period after the P pulse.

Cellular P allocation 

Preferential allocation of P to mesophyll cells has been reported in commelinoid monocots (Hodson & Sangster, 1988; Leigh & Storey, 1993; Williams, Thomas, Farrar, & Pollock, 1993; Karley, Leigh, & Sanders, 2000), while P is preferentially allocated to epidermis and bundle sheath cells in eudicots (Conn & Gilliham, 2010; Ding et al., 2018). However, this is based on data for crop species and heavy-metal hyperaccumulators (Vogel-Mikus et al., 2008; Conn & Gilliham, 2010). Proteaceae species (eudicots) that naturally occur on extremely P-impoverished soils preferentially allocate P to mesophyll cells (Shane et al., 2004a; Hawkins et al., 2008; Hayes et al., 2018), as do species in other families on similar soils (Guilherme Pereira et al., 2018). Preferential allocation of P to mesophyll cells is not a family trait but reflects P availability in the habitat where the species evolved (Guilherme Pereira et al., 2018; Hayes et al., 2018). In contrast to this previous model, P. exaltatus and K. prostrata, both eudicots, did not accumulate P in any particular cell type when grown in P-impoverished soils, or if they did, it was at concentrations below those detectable by our techniques. Another species in the genus Ptilotus, P. polystachyus, also does not follow the pattern thought typical of eudicots (Ryan et al., 2009; Aziz et al., 2015). Our and other recent findings suggest that P-allocation patterns vary within eudicots, and even within a genus. 
There is contention as to whether plant cellular P-allocation pattern is driven by soil P availability. The P-allocation pattern of Acacia rostellifera, Melaleuca systena, Hymeneae stigonocarpa, Vochysia thyrsoidea (Guilherme Pereira et al., 2018) and Hakea prostrata (Shane et al., 2004a) is constitutive, rather than plastic dependent on soil P availability. This suggests that the evolution of a P-allocation pattern of P-efficient species in eudicots is driven by extremely low soil P availability (Hayes et al., 2018; Guilherme Pereira et al., 2018). However, we found that the P-allocation pattern of P. exaltatus and K. prostrata did change with the varying soil P availability, with the same pattern occurring at high P and pulse treatments. 

Highly P-efficient species in eudicots exhibit preferential allocation of P to photosynthetic cells when grown in extremely P-impoverished soils (Hayes et al., 2018; Guilherme Pereira et al., 2018). Both species in the present study grew well in low P soils, with no preferential allocation of P to mesophyll cells observed. Hence, their physiological adaptation to low P soils is not associated with P allocation to photosynthetic cells.
Uniform allocation of P across cell types in leaves is one of the mechanisms allowing P. polystachyus to tolerate very high leaf [P] when grown in high P soil (Ryan et al., 2009; Aziz et al., 2015). In the present study, P. exaltatus preferentially allocated large amounts of P to mesophyll cells, which represent a large fraction of the whole leaf volume based on the anatomical structure, with epidermis and veins representing only a small proportion. Therefore, although P. exaltatus showed exceptionally high leaf [P], it was tolerant of soils with very high P availability. A low capacity to down-regulate P uptake capacity, along with a preferential allocation of P to mesophyll cells (small proportion of the whole leaf), ultimately causes P to become toxic to leaves (Shane et al., 2004a, 2004b; Hawkins et al., 2008; Hayes et al., 2019). Interestingly, K. prostrata preferentially allocated P to its epidermis, spongy mesophyll, and parenchyma, with these cell types representing approximately half of the whole leaf volume. This led to [P] in these cells being higher than that in P-accumulating cells of P. exaltatus. Thus, we assume that such high leaf cellular [P] (up to 397 μmol g–1) in K. prostrata leaves, consistent with the large allocation of P to Pi, is responsible for its P sensitivity when grown in soil with high P availability. 

Interactions of cellular P allocation with other elements 

Cellular P allocation is often studied in conjunction with other elements (Ca, Mg, K, S, Cl, Fe, Mn, Zn), particularly Ca. As a secondary messenger for several metabolic processes, [Ca] must be precisely controlled in the cytosol (Webb, 1999; Tang & Luan, 2017), but can be higher in the vacuole (Conn & Gilliham, 2010). Excess Ca can be converted into crystals to regulate and maintain cytosolic Ca homeostasis (Nakata et al., 2003; Paiva et al., 2019). For most eudicots and most perennial plants with secondary growth, an important function of Ca crystals is to eliminate excess Ca through, for example, leaf shedding (Paiva et al., 2019). Calcium is related to P toxicity because the allocation of large amounts of Ca and P to the same cells causes deleterious precipitation (McLaughlin & Wimmer, 1999; White & Broadley, 2003; Conn & Gilliham, 2010). Ptilotus exaltatus accumulated three times more Ca than K. prostrata in bulk leaves in the high P treatment. However, P. exaltatus had low [Ca] in all cell types of young mature leaves, irrespective of soil P availability, and stored excess Ca as crystals in some specific lower mesophyll cells, separately from P allocation. This confirms Hypothesis 3 and suggests that P. exaltatus can shunt Ca from young to older leaves and store excess Ca as crystals in idioblasts in young mature leaves. This function likely allowed P. exaltatus to maintain cytosolic [Ca] and avoid deleterious precipitation of Ca3(PO4)2. We surmise that P. exaltatus can tolerate extremely high leaf [P]. 

Calcium is predominantly transported to leaves through the xylem, a process that is affected by transpiration (White & Broadley, 2003; Gilliham et al., 2011). Calcium has low mobility in the phloem (Volk & Franceschi, 2000; Tang & Luan, 2017), and is thought to accumulate primarily in cells along the transpiration pathway, namely, between the xylem and stomata (Gilliham et al., 2011). Palisade mesophyll cells, not located along the transpiration pathway, are the accumulating cells for Ca in K. prostrata, regardless of soil P availability, as found in Lomatia species (Hayes et al., 2018) and Arabidopsis (Conn et al., 2011). Hayes et al. (2018) hypothesized that the ability of cells, not located along the transpiration pathway, to accumulate Ca could be primarily driven by high activity of Ca2+ channels and tonoplast Ca2+ transporters, rather than water movement. In low P soil, K. prostrata allocated more P to photosynthetic cells, but [P] was low enough to prevent Ca and P precipitation, unlike in extremely P-sensitive Proteaceae that show P toxicity even when grown in P-impoverished soils (Shane et al., 2004a; Hayes et al., 2018, 2019). In soil with high P availability, even though the priority cells of K. prostrata for Ca and P accumulation differed due to high [Ca] and increased [P] in palisade mesophyll, P and Ca co-location occurred, resulting in P-toxicity symptoms, i.e., leaf necrosis. High leaf [P] might interfere with micronutrient availability, particularly leading to Zn, Mn, and Fe deficiency and leaf chlorosis (Shane et al., 2004a; Hayes et al., 2019). Leaf chlorosis in K. prostrata in high P soil might result from P-enhanced micronutrient requirements, causing micronutrient deficiency; this hypothesis deserves to be tested.
In addition to high bulk leaf [P] in P. polystachyus, P co-occurred with increased concentrations of some elements, particularly K (Suriyagoda et al., 2012), which also occurred here for P. exaltatus. Elevated cellular [Mg] and [K], and sometimes [Ca], co-occurred with elevated [P] in young leaves of P. polystachyus, presumably as a mechanism to balance the high [P] in cells (Aziz et al., 2015). These reports focused on the relations of [P] with other ions in bulk leaves, with some based on only a few measurements. In our study, we considered correlations between P and other elements across all P treatments to provide general trends, which supported Hypothesis 4. Except in the spongy mesophyll of K. prostrata, no correlations were observed between [Mg] and [P] in the P-accumulating cells of either species, suggesting that Mg does not play a key role in balancing high cellular [P]. We observed higher [K] and lower [S] in the high [P] cells for P. exaltatus, and thus the enhanced cellular [K] and decreased [S] balanced the high [P], likely an important physiological mechanism for tolerating high leaf [P]. Simultaneously, P. exaltatus preferentially accumulated S in mesophyll cells, co-existing with Mg, enabling ion and anion balance to achieve charge balance. Interestingly, no correlation was observed between [K] and [P] in the cells accumulating the most P for K. prostrata, i.e., upper epidermis and lower epidermis. This disproportionate allocation of cations (K, Mg) and P to the epidermis of K. prostrata may partly account for its leaf P sensitivity. In many plants, excess Ca2+ and SO42– for metabolic requirements remain in the transpiration pathway and are eventually expelled by leaching, guttation, and abscission (Arnott and Pautard, 1970). Kennedia prostrata preferentially accumulated S in palisade mesophyll, co-existing with Ca, which was not allocated along the transpiration pathway. Thus, this co-location of Ca and S would maintain charge balance to a certain extent, but high [Ca] and [S] may precipitate as calcium sulfate (He, Bleby, Veneklaas, Lambers, & Kuo, 2012), which would decrease the availability of both nutrients (see Pritchard, Prior, Rogers, & Peterson, 2000). 
In the present study, two Australian native plant species responded differently to three levels of added P and showed contrasting P fractions within the leaves and a different allocation of P to different leaf cell types. Ptilotus exaltatus tolerated very high leaf [P] by preferentially accumulating P in old mature leaves, accumulating P in mesophyll cells separate from Ca, forming Ca crystals, and balancing high P by elevating K and decreasing S. Phosphorus toxicity in K. prostrata was related to preferential accumulation of P in young mature leaves, a large proportional distribution of P to Pi, co-location of P and Ca in palisade mesophyll, and disproportionate cellular allocation of cations and anions in cells where P accumulated. This study significantly advances our understanding of plant responses to soils with variable P availability, and the roles of chemical P forms, tissue, and cellular P location and interactions of P with other elements conferring leaf P-tolerance or causing P toxicity. The study also enhances our understanding of the unusual P physiology in Ptilotus species and highlights that such species may assist the development of more P-efficient crops and be suitable for P phytoremediation.
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Table 1 Pearson’s correlation between cellular concentrations of phosphorus (P) with those of calcium (Ca), magnesium (Mg), potassium (K), and sulfur (S) in young mature leaves of Ptilotus exaltatus and Kennedia prostrata. 

	Species
	Cell types (n)
	Elements
	Ca
	
	Mg
	
	K
	
	S

	P. exaltatus
	Upper epidermis (108)
	P
	0.071
	
	–0.014
	
	0.021
	
	–0.213*

	
	Palisade mesophyll (280)
	
	0.028
	
	–0.098
	
	0.228**
	
	–0.422**

	
	Lower mesophyll (529)
	
	–0.081
	
	–0.385**
	
	0.382**
	
	–0.184**

	
	Lower epidermis (118)
	
	–0.001
	
	–0.070
	
	–0.056
	
	–0.213*

	K. prostrata
	Upper epidermis (150)
	P
	–0.086
	
	–0.028
	
	–0.278**
	
	–0.141*

	
	Palisade mesophyll (249)
	
	–0.418**
	
	–0.210**
	
	0.488**
	
	–0.084

	
	Spongy mesophyll (138)
	
	0.085
	
	0.180*
	
	0.571**
	
	0.018

	
	Parenchyma (204)
	
	–0.054
	
	–0.062
	
	0.133*
	
	–0.490**

	
	Sclerenchyma (41)
	
	–0.391**
	
	–0.157
	
	0.312*
	
	–0.315*

	
	Lower epidermis (134)
	
	–0.200*
	
	–0.138
	
	–0.040
	
	–0.070


* p < 0.05; ** p < 0.01. 
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Fig. 1. Dry weight of leaves and whole shoots (leaves plus stem) of Ptilotus exaltatus and Kennedia prostrata grown in soil with three phosphorus (P) treatments (means ± SE, n=3). An LSD (p = 0.05) is given for significant interactions between species and treatment.
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Fig. 2. Bulk leaf phosphorus (P) concentration ([P]) and calcium (Ca) concentration [Ca] of Ptilotus exaltatus and Kennedia prostrata grown in soil with three P treatments (means ± SE, n=3). An LSD (p = 0.05) is given for significant interactions between species and treatment.
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Fig 3. Total phosphorus (P) concentration ([P]) and P fractions in young mature leaves of Ptilotus exaltatus and Kennedia prostrata grown in soil with three P treatments (means ± SE, n=3). An LSD (p = 0.05) is given for significant interactions between species and treatment.
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Fig. 4. Proportion of phosphorus (P) fraction in young mature leaves of Ptilotus exaltatus and Kennedia prostrata grown in soil with three P treatments. 
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Fig. 5. Representative anatomical schematics and qualitative element maps for Ptilotus exaltatus. Maps show oxygen, phosphorus (P) and calcium (Ca) distribution in transverse sections of young mature leaves. The P and Ca maps were processed to remove background and correct for peak overlaps. Bars, 100 μm.
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Fig. 6. Representative anatomical schematics and qualitative element maps for Kennedia prostrata. Maps show oxygen, phosphorus (P) and calcium (Ca) distribution in transverse sections of young mature leaves. The P and Ca maps were processed to remove background and correct for peak overlaps. Bars, 100 μm. 
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Fig. 7. Leaf cell-specific phosphorus (P) concentration ([P]) for Ptilotus exaltatus (a) and Kennedia prostrata (b) grown in soil with three P treatments. Different letters indicate significant differences (p < 0.05). UE, upper epidermis; PM, palisade mesophyll; LM, lower mesophyll; LE, lower epidermis. 
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Fig. 8. Leaf cell-specific calcium (Ca) concentration ([Ca]) for Ptilotus exaltatus (a) and Kennedia prostrata (b) grown in soil with three phosphorus treatments. Different letters indicate significant differences (p < 0.05). UE, upper epidermis; PM, palisade mesophyll; SM, spongy mesophyll; PA, parenchyma; SC, sclerenchyma; LE, lower epidermis.
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