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Abstract 

Phosphorus (P)-deficiency symptoms are known for Lupinus species grown in calcareous soil, 

but we do not know if this is due to a high calcium (Ca) availability or a low P availability in 

the soil. To address this problem, we explored both the effects of Ca and its interactions with 

P on nutrient status and growth of three Lupinus species. Two Ca-sensitive genotypes (L. 

angustifolius L. P26723 and L. cosentinii Guss. P27225) and two Ca-tolerant genotypes (L. 

angustifolius L. cv Mandelup and L. pilosus Murr. P27440) were grown hydroponically at 

two P (0.1 and 10 µM) and three Ca (0.1, 0.6 and 6 mM) levels. Leaf symptoms and biomass 

were recorded, whole leaf and root nutrient concentrations were analysed, and leaf cellular P 

and Ca concentrations were determined. Phosphorus-deficiency symptoms were only 

observed in the Ca-sensitive genotypes. Among all the genotypes in this study, the Ca-tolerant 

L. pilosus showed an ability to maintain stable leaf Ca and P concentrations whereas the Ca-

tolerant L. angustifolius cv Mandelup did not maintain a stable whole leaf Ca concentration, 

but maintained a low cytosolic Ca2+ concentration through effective Ca compartmentation. 

However, the two Ca-sensitive genotypes, L. angustifolius P26723 and L. cosentinii, did not 

exhibit an ability to maintain a stable whole leaf Ca concentration or effectively 

compartmentalise Ca. Therefore, having the capacity to maintain a stable whole leaf Ca 
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concentration or effectively compartmentalising Ca in leaves are likely critical for Lupinus 

species to be Ca tolerant. 

 

 

Introduction 

Calcium (Ca) is an essential nutrient that plays both key structural and signalling roles in 

plants (Hirschi 2004, White and Broadley 2003). Calcium stabilises cell membranes and 

strengthens cell walls, and is involved in both cell elongation and cell division. It also acts as 

a counter-cation within the vacuole and as an intracellular messenger for a diversity of signals, 

coordinating plant responses to a variety of internal and environmental challenges 

(Hawkesford et al. 2012, Kumar et al. 2015, White and Broadley 2003). If the Ca availability 

is not sufficient, this may lead to disintegration of cell walls, collapse of plant tissue, bacterial 

diseases, or increased drought sensitivity (Hawkesford et al. 2012, Knight et al. 1997). At the 

other extreme, Ca toxicity can be a major problem, especially in some calcifuge species 

(Jefferies and Willis 1964).  

A very high Ca supply may inhibit the growth of calcifuge species by reducing their cell-wall 

extensibility and leaf expansion rate, stomatal conductance, and root growth (De Silva et al. 

1994, Jefferies and Willis 1964, Kerley and Huyghe 2002, Virk and Cleland 1990). It may 

also disturb the lamellar structures of chloroplasts (Chevalier and Paris 1980), and disorganise 

their cristae and thylakoids, thus decreasing the net carbon-assimilation capacity (Chevalier 

and Paris-Pireyre 1984). In addition, excessive uptake of Ca may cause the precipitation of 

Ca3(PO4)2 in plant tissues, and thus impair both Ca and phosphorus (P) metabolism within the 

cell (McLaughlin and Wimmer 1999, Zohlen and Tyler 2004). Therefore, it is likely that 

calcicole species have a tightly-controlled or reduced uptake of Ca to survive in calcareous 

soils (Jefferies and Willis 1964, Raza et al. 2000, Valentinuzzi et al. 2015). In addition, they 

may have the capacity for compartmentation and/or physiological inactivation of Ca, such as 

producing Ca oxalate (Fink 1991, Webb 1999) or Ca sulfate (He et al. 2014, Reid et al. 2016), 

excreting Ca salts via stomata, or storing Ca2+ in leaf glands and trichomes (Charisios et al. 

2003, De Silva et al. 1996, Wu et al. 2011).  

Calcium can interact with the uptake of other ions, including P. For example, it inhibits the 

translocation of manganese (Mn) to the leaves of barley, and thus reduces Mn-toxicity 

symptoms (Alam et al. 2006) or alleviates sodium (Na) or aluminium (Al) toxicity by 

preventing Na+- or Al3+-induced disturbances of cellular Ca2+-homeostasis (Rengel 1992a, 

Rengel 1992b). A high Ca supply decreases the P uptake of wheat (Sanik et al. 1952), but 
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increases the P-absorption rate of some legumes (Bell et al. 1989), and aggravates P-toxicity 

symptoms of Grevillea cv. 'Poorinda Firebird' (Proteaceae) (Nichols and Beardsell 1981). On 

the other hand, a large application of superphosphate completely counteracts lime-induced 

yield depression in alfalfa (Medicago sativa) and sorghum (Sorghum sudanense) (Sumner 

1979), while Sherchand and Whitney (1985) found that P aggravates the deleterious effect of 

liming on Zea mays. Apparently, there is a relationship between effects of Ca and P on plant 

growth under various conditions, with species-specific responses. 

Phosphorus availability in calcareous soils is generally low, due to the formation of sparingly 

soluble phosphate compounds with Ca, and this may limit productivity of some crops (Zohlen 

and Tyler 2004). Lupins are very efficient at mobilising and acquiring poorly-available soil P. 

Some lupins produce cluster roots, but even those that do not, do release protons and 

carboxylates, which increase the availability of P and micronutrients (Dinkelaker et al. 1989, 

Lambers et al. 2013). However, in our earlier study, we found that some Lupinus species 

showed P-deficiency symptoms under a high Ca supply (Ding et al. 2018). As discussed 

above, Ca may cause a P imbalance in plants. Therefore, this raised the following question: 

are the P-deficiency symptoms observed in Lupinus species grown in calcareous soil due to a 

high Ca availability, rather than a low P availability in the soil? To address this question, we 

need to explore more details about the effects of Ca on P uptake and the interactions between 

Ca and P in Lupinus species. 

There are many studies on the interaction of P and lime (mainly calcium carbonate) on crop 

growth (Andrew 1960, Holford 1985, Maier et al. 2002, Miles 1991, Sherchand and Whitney 

1985). However, most of them have focused on soil-based problems, like acid or saline soils, 

and Al or Mn toxicity. There are few studies on the Ca-induced P disturbance in Lupinus 

species. Therefore, we aimed to explore the P imbalance caused by high Ca supply and the 

effect of P supply on Ca toxicity. Since a high Ca supply increases the leaf P concentration in 

some Lupinus species, whilst they actually show P-deficiency symptoms (Ding et al. 2018), 

we aimed to investigate interactions of Ca and P in leaves at the cellular level and to assess 

the P imbalance of different Lupinus species caused by a high Ca supply. In our previous 

study (Ding et al. 2018), we  found both  variation among species in response to an extremely 

high Ca supply in the genus Lupinus and variation among diverse L. angustifolius genotypes . 

Therefore, for this study, we chose one Ca-tolerant L. angustifolius genotype, one Ca-

sensitive L. angustifolius genotype, and one additional Ca-tolerant and one additional Ca-

sensitive Lupinus species. Thus, we can compare the Ca sensitivity in different Lupinus 

species and genotypes. We focused on the effect of P and Ca, and their interactions on each 
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other and the growth of these four genotypes. We hypothesised that an increased Ca supply 

aggravates the P-deficiency symptoms of Ca-sensitive genotypes, while an increased P supply 

reduces the Ca-toxicity symptoms of the Ca-sensitive genotypes. Testing these hypotheses 

will provide critical insights into the phenomenon of Ca toxicity which can then be used to 

guide breeding of Ca-resistant Lupinus species.  

 

Materials and methods 

Plant growth 

Based on our preliminary experimental results, three Lupinus species, two Ca-sensitive 

genotypes (L. angustifolius P26723 and L. cosentinii P27225) and two Ca-tolerant genotypes 

(L. angustifolius cv Mandelup and L. pilosus P27440) (Table 1) were chosen as the study 

material. All seeds were obtained from the Australian Lupin Collection located at the 

Department of Primary industries and Regional Development, Western Australia. The seeds 

of L. pilosus and L. cosentinii were scarified before sterilising. All the seeds were sterilised in 

5% (v/v) sodium hypochlorite solution for 20 mins and rinsed with deionised (DI) water at 

least three times. After that, all the seeds were soaked in DI water overnight and then sown on 

2 July 2017 in sterilised river sand in a temperature-controlled glasshouse (20℃/ 15℃ during 

day/night) to germinate. After nine days, seedlings of similar size were chosen and carefully 

washed free of sand. Each plant was fixed in the centre of a foam lid and immersed in a 4-l 

black plastic pot with continuously aerated nutrient solution of the following composition 

(except P and Ca): 200 µM KNO3, 54 µM MgSO4, 0.24 µM MnSO4.H2O, 0.1 µM ZnSO4, 2.4 

µM H3BO3, 0.03 µM Na2MoO4, 0.018 µM CuSO4, 10 µM Fe-NA. EDTA (pH: 6.5), with 

CaCl2 added as 0.1, 0.6 or 6 mM and KH2PO4 added as 0.1 or 10 µM according to different P 

and Ca treatments. The nutrient solution was changed three times per week. Pots were placed 

in root-cooling tanks maintained at 18-19℃ in a temperature-controlled glasshouse until 

harvest. 

 

Plant harvest 

Forty days after germination, all the plants were washed thoroughly with DI water, and then 

separated into mature leaves, immature leaves, stems (including petioles), cluster roots, and 

non-cluster roots. All plant parts were then dried in an oven at 70℃ for seven days, after that, 

dry biomasses were recorded. Photos were taken and leaf visual symptoms were recorded 

before harvest. 
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Determination of leaf and root nutrient concentration 

To determine whole leaf and root nutrient concentrations (P, Ca, Mg, Mn), dry leaves 

(without immature leaves) and roots (without cluster roots) were ground into a fine power 

with a GenoGrinder (SPEX SamplePrep LLC, Metuchen, NJ), and 0.1 g ground plant powder 

was digested with HNO3 and HClO4 (3:1) and analysed by inductively coupled plasma optical 

emission spectrometry (ICP-OES; School of Agriculture and Environment, University of 

Western Australia, Perth, Australia).  

 

Distribution of P and Ca within the leaf cell 

For each treatment, three individual plants were chosen and (prior to harvest) three to six 

small sections (~ 3*3 mm) of the youngest fully-expanded leaves within each individual plant 

were cut and quickly mounted in the grooves of aluminium pins with Tissue Tek optical 

cutting temperature (OCT) and then immediately plunged into liquid nitrogen. All samples 

were stored in liquid nitrogen until preparation of smooth transverse leaf surfaces by 

sequential planing using glass and diamond knives at -120℃ in a Leica Ultracut EM UC6 

microtome integrated with Leica EM FC6 cryochamber (Leica Microsystem GmbH, Vienna, 

Austria). Once the leaf cross sections were highly polished and flat, they were mounted on a 

custom-made substage and transferred to a modular high-vacuum coating system (Leica EM 

MED020) under cryo-conditions. In the coating system, samples were coated uniformly with 

~30 nm high purity chromium without sublimation. After that, samples were transferred under 

vacuum to a cryo-SEM (Zeiss Supra 55, field emission scanning electron microscope, 

Oberkochen, Germany), fitted with a Leica VCT100 cryostage and an Oxford X-Max 80 SDD 

X-ray detector (80 mm2) directly interfaced to Oxford Instruments AZtec Energy software 

(Oxford Instruments, Ablingdon, UK). 

Elemental maps were acquired at -150°C, 15 kV, and a 2 nA beam current, in high-current 

mode. The instrument was calibrated and the beam current was measured and recorded with a 

pure copper standard before each map acquisition. Elemental maps were acquired at a 

resolution of 512 pixels, for > 4000 frames with a dwell time of 10 µs per pixel. Drift 

correction and pulse pile-up correction were activated. Using the Oxford Instruments AZtec 

Energy software, quantitative numerical data were subsequently extracted from regions of 

interest drawn on the element maps, with individual spectra from each pixel summed and 

processed to yield concentration data for each region of interest. For this, H was fixed at 

11.11% (=water), N at 3.3% (=basic protein), and O was analysed by difference. Summed 
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spectra from regions of interest were quantified using the AZtec model for matrix corrections 

(Marshall 2017). This sample preparation method and analytical system have been shown to 

be highly suitable for cellular element analyses of biological samples (Ding et al. 2018, 

Guilherme Pereira et al. 2018, Hayes et al. 2018, Huang et al. 1994, Marshall and Xu 1998, 

Marshall and Clode 2009, Marshall et al. 2012, Marshall 2017, McCully et al. 2010).  

Only cells that were clearly identifiable and had a flat surface were analysed; oblique cells 

and airspaces were avoided. The studied Lupinus species exhibit a similar anatomy and cell 

types were easily identified, including upper epidermal cells (UE), palisade mesophyll cells 

(PM), spongy mesophyll cells (SM), lower epidermal cells (LE), bundle sheath cells, and 

veins (Fig. S1). The concentrations of P and Ca in UE, PM, SM, and LE were obtained by 

selecting these cells as regions of interest in the elemental maps and quantifying the resulting 

summed spectra.   

 

Data analysis 

We used general linear mixed-effect models to test differences in leaf and root nutrient 

concentrations, and total and root biomass among different genotypes. In addition, we 

assessed P, Ca and interactions between these nutrients. Differences in leaf cell nutrient 

concentrations were tested using general linear mixed-effect models among different P and Ca 

combinations, cell types and the interactions of combinations and cell types, with each 

replicate as the random effect. The residuals of each model were checked for 

heteroscedasticity through graphical methods (Crawley 2012). If the heteroscedasticity 

condition was not satisfied, the model would be rebuilt by various mathematical 

parameterisations and an appropriate one would be chosen based on Akaike Information 

Criterion (AIC) (Zuur et al. 2009). Data and statistical analyses were performed, and figures 

were plotted using the R software platform (R  Core Team 2017). The effects package was 

used to determine means and 95% confidence intervals (Cl) (Fox 2003) and the Multcomp 

package was used for Tukey’s post-hoc analysis (P < 0.05)  and to define the differences 

(Hothorn et al. 2017). 

 

Results 

Leaf symptoms 

At a low P supply, all genotypes showed unhealthy leaf symptoms, with the leaves of L. 

angustifolius cv Mandelup, L. pilosus, and L. cosentinii becoming yellow and dry, and those 

of L. angustifolius P26723 turning red and dry. The leaf symptoms of L. angustifolius P26723 
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and L. cosentinii at 6 mM Ca supply were much worse than those at 0.1 mM Ca supply, while 

the leaves of L. angustifolius cv Mandelup and L. pilosus at 6 mM Ca supply looked much 

healthier than those at 0.1 mM Ca supply. At a high P supply, both L. angustifolius cv 

Mandelup and L. pilosus showed no visual unhealthy leaf symptoms at either Ca supply, but 

the leaves of L. cosentinii showed Ca-toxicity symptoms at 6 mM Ca. As for L. angustifolius 

P26723, the leaves started showing red leaf margins and dried leaf tips at 0.6 mM Ca, and this 

was very severe at 6 mM Ca. All these symptoms started from the oldest leaves (Fig. 1). 

 

Leaf nutrient concentrations 

At higher P supply, the leaf Ca concentration of the two L. angustifolius genotypes increased 

significantly at each Ca concentration, while there was no change for L. cosentinii and L. 

pilosus. At a low P supply, the leaf Ca concentration of all the genotypes increased at a higher 

Ca supply. At a high P supply, the leaf Ca concentration of L. pilosus did not change at a 

higher Ca supply, whereas there was an increase for the other genotypes (Fig. 2A). 

When the P supply was low, the leaf P concentrations of all genotypes at every Ca 

concentration were below the nutrient concentration considered adequate for crop growth, 

while it was significantly higher under a higher P supply. At a low P supply, the leaf P 

concentration of L. angustifolius cv Mandelup was significantly lower when the Ca supply 

was 6 mM, while there was no significant difference for the other genotypes at a higher Ca 

supply. At a high P supply, there was no significant difference for L. pilosus, while the leaf P 

concentration of the other genotypes was higher at a higher Ca supply (Fig. 2B). Net P-uptake 

rate of four Lupinus genotypes could be found in Fig. S4. 

At higher P supply, the leaf Mg concentration of L. angustifolius cv Mandelup at each Ca 

supply and that of L. angustifolius P26723 at 0.1 and 0.6 mM Ca was significantly higher, 

while there was no difference for L. cosentinii and L. pilosus dependent on Ca supply. All 

genotypes had lower Mg concentration with higher Ca supply independently of the P supplies 

(Fig. 2C). The Mn concentration did not differ significantly according to P supply in all 

genotypes at each Ca supply, while it was significantly lower at higher Ca supply than that at 

low Ca supply independently of the P supplies (Fig. 2D).  

The other leaf nutrient concentrations of all Lupinus genotypes, including copper (Cu), zinc 

(Zn), potassium (K) and sulfur (S), could be found in Fig. S2. 

 

Root nutrient concentrations 
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At higher P supply, the root Ca concentration of the two L. angustifolius genotypes was 

significantly lower at the low and medium Ca concentration, while there was no difference for 

L. cosentinii and L. pilosus at any Ca supply. At both P supplies, when the Ca supply was 

higher, there was no change for the root P concentration of L. cosentinii, while the root P 

concentration of all the other genotypes was higher (Fig. 3A). 

At higher P supply and for all genotypes, the root P concentration was significantly higher at 

each Ca concentration, while there was no significant difference between different Ca 

supplies independently of the P supplies (Fig. 3B). 

At higher P supply, the root Mg concentration of L. angustifolius P26723 was significantly 

lower at each Ca concentration. The root Mg concentration of L. pilosus at the 0.1 and 0.6 

mM Ca supply was significantly lower as well, while there was no significant difference for L. 

angustifolius cv Mandelup and L. cosentinii. The root Mg concentration was lower at higher 

Ca supply in all the genotypes independently of P supply (Fig. 3C). 

At higher P supply, the root Mn concentration was significantly higher for L. angustifolius cv 

Mandelup at the low and medium Ca supply and for L. angustifolius P26723 at the highest Ca 

supply, while there was no difference for the other genotypes. At higher Ca supply, the root 

Mn concentration was significantly lower in all genotypes at both P treatments (Fig. 3D). 

The other root nutrient concentrations of all Lupinus genotypes, including Cu, Zn, K and S, 

could be found in Fig. S3. 
 

Leaf nutrient concentrations in different cell types  

We found P and Ca hotspots in L. pilosus P27440 and L. cosentinii P27225 at 10 µM P supply 

and 6 mM Ca supply, while no hotspots were found in L. angustifolius P26723 (Ding et al. 

2018). We did not know if they formed P and Ca hotspots in lower P and Ca supplies, and if 

they were related with their sensitivities to Ca. Therefore, one Ca-tolerant genotype forming P 

and Ca hotspots, one Ca-tolerant genotype not forming and one Ca-sensitive genotype 

forming P and Ca hotspots were chosen to address the question. 

For all genotypes, most Ca accumulated in the mesophyll cells, and it tended to accumulate 

more in the palisade mesophyll cells than in the spongy mesophyll cells (Fig. 4A). There was 

no significant difference for the leaf cellular Ca concentration in the epidermal cells 

(including upper and lower epidermis) at each P and Ca supply. At a low Ca supply with high 

P supply, the cellular Ca concentration of mesophyll cells for L. angustifolius cv Mandelup 

and L. cosentinii was significantly higher than that at the low P supply, while its concentration 

in the palisade mesophyll cells of L. pilosus was much lower. At a high Ca supply, when the P 
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supply was also high, the cellular Ca concentration in the mesophyll cells of L. angustifolius 

cv Mandelup was significantly higher than that at the low P supply, whereas it was 

significantly lower for L. pilosus, and there was no difference for L. cosentinii. At both P 

supplies, when the Ca supply was high, the leaf cellular Ca concentration of mesophyll cells 

in L. angustifolius cv Mandelup and L. cosentinii was significantly higher, while for L. pilosus, 

only the leaf cellular Ca concentration of spongy mesophyll cells at a low P supply was 

significantly higher (Fig. 4A). 

At a low P supply, for L. angustifolius cv Mandelup and L. pilosus at both Ca treatments, the 

cellular P concentration in each cell type was very low and the distribution was very even as 

well; there was no significant difference between them. It was similar for L. cosentinii at a 

high Ca supply, while at a low Ca supply, most P accumulated in the epidermal cells of L. 

cosentinii. At a high P supply, most P of all species accumulated in the epidermal cells, and at 

higher Ca supply, there was no significant difference for the P concentration in the epidermal 

cells of all species and the P concentration in the mesophyll cells of L. angustifolius cv 

Mandelup and L. cosentinii, while the P concentration in the palisade mesophyll cells of L. 

pilosus was significantly lower than that at lower Ca supply (Fig. 4B). At both Ca supplies, 

the epidermal cellular P concentration of all the species was greater at the high P supply than 

that at the low P supply. At a low Ca supply, the P concentration in the palisade mesophyll 

cells of L. pilosus and L. cosentinii was significantly higher at higher P supply, while there 

was no difference for L. angustifolius cv Mandelup. As for P concentration in the spongy 

mesophyll cells, it was significantly higher for L. pilosus at higher P supply, while there was 

no significant difference for L. angustifolius cv Mandelup and L. cosentinii. At a high Ca 

supply, the P concentration in the mesophyll cells of all species did not differ at the higher P 

supply (Fig. 4B). 

 

Biomass  

At higher P supply, the shoot biomass of L. angustifolius cv Mandelup, L. angustifolius 

P26723 and L. cosentinii was significantly greater independently of the Ca supplies, while for 

L. pilosus, it was only greater at 0.6 mM Ca. At higher Ca supply, the shoot biomass of L. 

angustifolius cv Mandelup and L. pilosus was significantly greater at both P supplies, while 

there were no differences for the other genotypes (Fig. 5A).  

At higher P supply, the root biomass of L. angustifolius cv Mandelup and L. cosentinii at each 

Ca supply was significantly greater, and the root biomass of L. pilosus at 0.6 mM Ca was 

significantly greater as well. At a low P supply, the root biomass of L. cosentinii was less at 
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the higher Ca supply, whereas there was no significant difference for the other genotypes. At 

a high P supply, the root biomass varied dependently of the Ca supply in all the genotypes, 

with L. angustifolius cv Mandelup showing higher, L. cosentinii lower, and L. pilosus 

reaching the highest value at 0.6 mM Ca, while L. angustifolius P26723 showed no difference 

(Fig. 5B). 

At higher P supply, the cluster-root biomass of L. pilosus supply was significantly lower at 

either Ca, while that of L. cosentinii was less only at 0.1 mM Ca. Calcium had no effect on 

the cluster-root biomass of L. pilosus, while at low P and higher Ca supply, the cluster-root 

biomass of L. cosentinii was significantly less (Fig. 5C, 5D). 

 

Discussion 

As hypothesised, we found that a high Ca supply alleviated the P-deficiency symptoms of Ca-

tolerant genotypes, and that Ca also had a positive effect on shoot biomass of these Ca-

tolerant genotypes. However, a deleterious effect of high Ca supply on the root growth of L. 

albus was found by Kerley and Huyghe (2002). Sherchand and Whitney (1985) also found 

that a high P supply aggravated the detrimental effect of liming on the growth of Zea mays. 

This agrees with the present result that Ca had a negative effect on the growth, especially root 

growth, of Ca-sensitive genotypes, particularly under high-P conditions. 

Calcium is a relatively phloem-immobile ion (Busse and Palta 2006, Hawkesford et al. 2012), 

and there are differences in the distribution of Ca between plant parts (Loneragan and 

Snowball 1969). Too much Ca in leaves causes a series of problems, like disturbing 

photosynthetic structures (Chevalier and Paris 1980, Chevalier and Paris-Pireyre 1984). Thus, 

the uptake of Ca has to be controlled to allow plant growth at high Ca supply (Jefferies and 

Willis 1964, Raza et al. 2000, Valentinuzzi et al. 2015). However, we did not observe a well-

controlled Ca uptake in the Ca-tolerant species, as suggested by Jefferies and Willis (1964). 

Rather, we found that L. pilosus at high P supply exhibited an ability to maintain stable whole 

leaf P and Ca concentrations when the Ca supply varied.  However, the other genotypes did 

not have this ability. Instead, they tended to have a higher whole leaf P and Ca concentrations 

when the Ca supply increased. Lupinus cosentinii still showed P-deficiency symptoms, likely 

because the presence of high concentrations of both P and Ca tends to lead to the precipitation 

of Ca3(PO4)2 at this P and Ca treatment (Ding et al. 2018), which made both P and Ca 

unavailable for metabolism, and thus reduced growth. In addition, at higher P supply, L. 

angustifolius genotypes translocated more Ca from roots to leaves than at lower P supply, 

probably because an increased P supply allows an increased rate of shoot growth and a faster 
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transpiration rate (Fig. S5) to drive more Ca translocation to the leaves through the xylem 

stream (Hawkesford et al. 2012, Kumar et al. 2015, McLaughlin and Wimmer 1999). 

However, we did not observe any Ca-toxicity symptoms in L. angustifolius cv Mandelup. 

This is probably because L. angustifolius cv Mandelup compartmentalised Ca, sequestering 

the surplus in the vacuole, endoplasmic reticulum or mitochondria (Felle 1988, Hirschi 2004, 

Sanders et al. 1999). 

It is interesting, when it comes to the cellular P and Ca concentrations, that L. pilosus had a 

lower Ca concentration in the mesophyll cells at higher P supply. Conversely, L. angustifolius 

cv Mandelup at either Ca supply and L. cosentinii at 0.1 mM Ca supply showed the opposite 

trend. This further explains why L. pilosus is more tolerant of a high Ca supply than L. 

cosentinii, and why more P cannot alleviate the Ca-induced P-deficiency symptoms in L. 

angustifolius P26723 and L. cosentinii. At low P supply, although the whole leaf P 

concentration of L. cosentinii was very similar at either Ca supply, the P concentration in the 

epidermal cells of L. cosentinii was actually dramatically less at higher Ca supply. This 

explains why at low P supply, the P-deficiency symptoms of L. cosentinii were aggravated by 

a higher Ca supply.  

Due to the antagonistic relationship between Ca and Mg or Mn (Mengel and Kirkby 2001), 

the leaf and root Mg and Mn concentrations were significantly lower at higher Ca supply in 

all the genotypes at both P supplies. However, the concentrations were still high enough to 

avoid any Mg or Mn deficiency, agreeing with other studies (Bell et al. 1989, Dinkelaker et al. 

1989) and with what we found before (Ding et al. 2018). Phosphorus increased the 

translocation of Mg from roots to leaves for two L. angustifolius genotypes and L. pilosus, 

while it only increased the Mn translocation from root to leaf for L. angustifolius cv 

Mandelup.  

Cluster-root formation is closely related to the shoot P status of L. albus (Dinkelaker et al. 

1989, Lambers et al. 2013, Neumann et al. 2000). The supressed cluster-root formation of L. 

pilosus at higher P supply suggests that the higher P supply in our study met the growth 

requirement of L. pilosus. However, the unchanged cluster-root production of L. cosentinii at 

higher P supply at 0.6 and 6 mM Ca supply indicates that when both the Ca and P supply 

were high, the available leaf P concentration did not meet the growth requirement of L. 

cosentinii, which agrees with the leaf P-deficiency symptoms we observed.  

In conclusion, the main reason why the present four genotypes responded differently to a 

different supply of P and Ca lies in the differences to maintain a stable whole leaf Ca and P 

concentrations or in the differences in Ca compartmentation. Compared with other genotypes, 
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L. pilosus showed an ability to maintain stable leaf Ca and P concentrations, and it also 

showed a low P requirement. Although L. angustifolius cv Mandelup cannot maintain a stable 

whole leaf Ca concentration, it likely maintained a low cytosolic Ca2+ concentration through 

effective Ca compartmentation. However, L. angustifolius P26723 and L. cosentinii did not 

exhibit the ability to maintain a stable whole leaf Ca concentration or effectively 

compartmentalise Ca. 
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Supporting Information 

Additional Supporting Information may be found in the online version of this article: 

Fig. S1 Leaf anatomy and corresponding element maps of transverse leaf sections of three 

Lupinus species when grown under high phosphorus (P, 10 µM) and medium calcium (Ca, 0.6 

mM) supply. 

Fig. S2 Concentrations of copper (Cu, A), zinc (Zn, B), potassium (K, C) and sulfur (S, D) in 

whole leaves of four Lupinus genotypes when grown with different combinations of 

phosphorus (P) and calcium (Ca). 

Fig. S3 Concentrations of copper (Cu, A), zinc (Zn, B), potassium (K, C) and sulfur (S, D) in 

whole roots of four Lupinus genotypes when grown with different combinations of 

phosphorus (P) and calcium (Ca). 

Fig. S4 Net phosphorus (P)-uptake rate of four Lupinus genotypes when grown with different 

combinations of P and calcium (Ca). 

Fig. S5 Net photosynthetic rate (Amax, A), stomatal conductance (gs, B), intercellular carbon 

dioxide (Ci, C) and transpiration rate (E, D) of four Lupinus genotypes when grown with 

different combinations of phosphorus (P) and calcium (Ca). 

 

Figure legends 

Fig. 1 Leaf symptoms of four Lupinus genotypes grown with different combinations of 

phosphorus (P) and calcium (Ca) levels. Scale bars = 2 cm. T means Ca-tolerant, S means Ca-

sensitive. 

Fig. 2 Leaf calcium (Ca, A), phosphorus (P, B), magnesium (Mg, C) and manganese (Mn, D) 

of four Lupinus genotypes when grown with different combinations of P and Ca. T means Ca-

tolerant, S means Ca-sensitive. Error bars represent 95% confidence intervals (Cl). * shows 

significant difference between different P treatments at each Ca supply within each genotype 

(based on Tukey’s post-hoc analysis, P < 0.05); uppercase letters show significant differences 

of different Ca treatments at high P supply within each genotype, while lowercase letters 

show significant differences of different Ca treatments at low P supply within each genotype 

(based on post-hoc analysis, P < 0.05). The grey dashed line represents the corresponding 

nutrient concentration considered adequate for crop growth. 

Fig. 3 Root calcium (Ca, A), phosphorus (P, B), magnesium (Mg, C) and manganese (Mn, D) 

of four Lupinus genotypes when grown with different combinations of P and Ca. T means Ca-

tolerant, S means Ca-sensitive. Error bars represent 95% confidence intervals (Cl). * shows 

significant difference between different P treatments at each Ca supply within each genotype 
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(based on Tukey’s post-hoc analysis, P < 0.05); uppercase letters show significant differences 

among Ca treatments at high P supply within each genotype, while lowercase letters show 

significant differences of different Ca treatments at low P supply within each genotype (based 

on post-hoc analysis, P < 0.05). 

Fig. 4 Concentrations of calcium (Ca, A) and phosphorus (P, B) in individual leaf cell types 

of three Lupinus species when grown with different combinations of P and Ca supply. T 

means Ca-tolerant, S means Ca-sensitive.  Error bars represent 95% confidence intervals. UE, 

upper epidermal cells; LE, lower epidermal cells; PM, palisade mesophyll cells; SM, spongy 

cells. Uppercase letters show significant difference among different cell types at the same 

treatment, while lowercase letters show significant differences of different treatments for the 

same cell type (based on post-hoc analysis, P < 0.05). 

Fig. 5 Shoot (A) and root (B) dry biomass of four Lupinus genotypes and cluster-root dry 

biomass of L. pilosus (C) and L. cosentinii (D) when grown with different combinations of 

phosphorus (P) and calcium (Ca). T means Ca-tolerant, S means Ca-sensitive. Error bars 

represent 95% confidence intervals. * shows significant difference between different P 

treatments within each Ca treatment of each genotype (based on Tukey’s post-hoc analysis, P 

< 0.05); uppercase letters show significant difference of different Ca treatments at high P 

supply within each genotype, while lowercase letters show significant difference of different 

cell types at low Ca supply (based on post-hoc analysis, P < 0.05). 
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Fig. 2 
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Fig. 3 
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Fig .4 
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Fig. 5 



 

Figure S1. Leaf anatomy and corresponding element maps of transverse leaf sections of three 

Lupinus species when grown under high phosphorus (P, 10 µM) and medium calcium (Ca, 

0.6 mM) supply. The anatomy drawing and qualitative O map reveal cell structure of Lupinus 

species, scale bars = 250 µm; the corresponding quantitative concentration maps show the 

distributions and concentrations of P and Ca, and the colour scale shown in P and Ca maps 

represents wet weight for each element, from 0% (black) to ≥1.5% (white) for P and 0% 

(black) to ≥3% (white) for Ca, respectively. 



 

Fig. S2 Concentrations of copper (Cu), zinc (Zn), potassium (K) and sulfur (S) in whole 

leaves of four Lupinus genotypes when grown with different combinations of phosphorus (P) 

and calcium (Ca). T means Ca-tolerant, S means Ca-sensitive.  Error bars represent 95% 

confidence intervals (Cl). * shows significant difference between different P treatments at 

each Ca supply within each genotype (based on Tukey’s post-hoc analysis, P < 0.05); 

uppercase letters show significant differences of different Ca treatments at high P supply 

within each genotype, while lowercase letters show significant differences of different Ca 



treatments at low P supply within each genotype (based on post-hoc analysis, P < 0.05). The 

grey dashed line represents the corresponding nutrient concentration considered adequate for 

crop growth. 

 

Figure S3. Concentrations of copper (Cu), zinc (Zn), potassium (K) and sulfur (S) in whole 

roots of four Lupinus genotypes when grown with different combinations of phosphorus (P) 

and calcium (Ca). T means Ca-tolerant, S means Ca-sensitive. Error bars represent 95% 



confidence intervals (Cl). * shows significant difference between different P treatments at 

each Ca supply within each genotype (based on Tukey’s post-hoc analysis, P < 0.05); 

uppercase letters show significant differences among Ca treatments at high P supply within 

each genotype, while lowercase letters show significant differences of different Ca treatments 

at low P supply within each genotype (based on post-hoc analysis, P < 0.05).  

Fig. S4 Net phosphorus (P)-uptake rate of four Lupinus genotypes when grown with different 

combinations of P and calcium (Ca). T means Ca-tolerant, S means Ca-sensitive. Error bars 

represent 95% confidence intervals. * shows significant difference between different P 

treatments within each Ca treatment of each genotype (based on Tukey’s post-hoc analysis, P 

< 0.05); lowercase letters show significant differences between different cell types at low Ca 

supply (based on post-hoc analysis, P < 0.05). 



 

Fig. S5 Net photosynthetic rate (Amax), stomatal conductance (gs, b), intercellular carbon 

dioxide (Ci, c) and transpiration rate (E, d) of four Lupinus genotypes when grown with 

different combinations of phosphorus (P) and calcium (Ca). T means Ca-tolerant, S means Ca-

sensitive. Error bars represent 95% confidence intervals. * shows significant difference 

between different P treatments within each Ca treatment of each genotype (based on Tukey’s 

post-hoc analysis, P < 0.05); uppercase letters show significant differences among Ca 

treatments at high P supply within each genotype (based on post-hoc analysis, P < 0.05). 
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