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Figure 3. Net phosphorus (P)-uptake rate of six Lupinus genotypes (A) and calcium (Ca)-uptake rate of 
two Lupinus genotypes, one calcifuge and one calcicole genotype (B) when grown at different pH. The pH 
5, 6.5 and 8a were adjusted by KOH and buffered with MES and TES (1 mM each), whereas 8b was adjusted 
by KHCO3 without any buffer added. The rates shown were calculated from P- and Ca-depletion in the 
external solution, which was the same for all plants, irrespective of prior growing conditions; for details, 
refer to Materials and Methods. Error bars represent 95% confidence intervals (Cl). Letters show significant 
differences of different pH within each genotype (based on Tukey’s post-hoc analysis, P < 0.05). 
 
Whole leaf nutrient concentrations 

 
Figure 4. Concentrations of a range of nutrients in whole leaves of six Lupinus genotypes when grown at 
different pH. The pH 5, 6.5, and 8a were adjusted by KOH and buffered with MES and TES (1 mM each), 
whereas 8b was adjusted by KHCO3 without any buffer added. Error bars represent 95% confidence 
intervals (Cl). Letters show significant differences of different pH within each genotype (based on Tukey’s 
post-hoc analysis, P < 0.05). The grey dashed line represents the corresponding nutrient concentration in 
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plant shoot dry matter considered adequate for crop growth Kirkby (2012).  
 
Compared with those at pH 5, leaf [P], [Fe] and [Zn] at pH 8 were significantly lower for 

all genotypes; leaf [P] of all L. angustifolius genotypes and leaf [Zn] of all genotypes at 

pH 6.5 were also significantly lower (Figs 4A, E and F). Among all pH treatments, leaf 

[Ca] of all L. angustifolius genotypes at pH 6.5 were the highest, while those of L. pilosus 

and L. cosentinii were greater at higher pH (Fig. 4B). Compared with that at pH 5 and 6.5, 

leaf [K] of L. angustifolius cv Mandelup and L. angustifolius P22721 were significantly 

lower at pH 8, while those of L. pilosus and L. cosentinii were significantly higher; pH 

had no effect on the leaf [K] of L. angustifolius P25741 and P26723 (Fig. 4C). Compared 

with pH 5, leaf [Mn] of all L. angustifolius wild genotypes were significantly lower at pH 

8.0b, whereas there was no significant difference for L. angustifolius cv Mandelup, L. 

pilosus and L. cosentinii; however, leaf [Mn] of all genotypes were significantly lower at 

pH 8.0a than at pH 5 (Fig. 4D). Leaf Mg, Cu and sulfur (S) concentrations were also 

reported (Fig. S3). 

 

Root nutrient concentrations 

 
Figure 5. Concentrations of a range of nutrients in roots of six Lupinus genotypes when grown at different 
pH. The pH 5, 6.5 and 8a were adjusted by KOH and buffered with MES and TES (1 mM each), whereas 
8b was adjusted by KHCO3 without any buffer added. Error bars represent 95% confidence intervals (Cl). 
Letters show significant differences of different pH within each genotype (based on Tukey’s post-hoc 
analysis, P < 0.05). 
 
Compared with those at pH 5 and 6.5, root [P] of all L. angustifolius genotypes and of L. 

cosentinii were significantly lower at pH 8, with no difference for L. pilosus (Fig. 5A). 
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Root [Ca] of L. angustifolius cv Mandelup, P25741 and P26723 did not differ 

significantly among pH treatments; root [Ca] of L. angustifolius P22721 at pH 8.0a was 

the highest, while that of L. pilosus and L. cosentinii at pH 8.0a were the lowest (Fig. 5B). 

Root [K] of all genotypes were significantly lower at higher pH, while root [Mn] of all 

genotypes were significantly larger at higher pH (Figs 5C and 5D). Compared with those 

at pH 5 and 6.5, root [Fe] of all genotypes were significantly lower at pH 8 (Fig 5E). Root 

[Zn] of all genotypes at pH 8 were also significantly lower than those at pH 5 (Fig. 5F). 

Root Mg, Cu and S concentrations were also reported (Fig. S4). 

 

Leaf cellular nutrient concentration in different cell types 

In all genotypes, most P was located in epidermal cells (both UE and LE) at pH 5 and 6.5, 

while [P] in all cell types were very low and largely consistent across all cell types at pH 

8. The [P] in the mesophyll cells (both PM and SM) was significantly lower at pH 8 than 

at pH 5 and 6.5 (Fig. 6A).   

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

more in PM than SM. The [Ca] in the mesophyll cells of L. angustifolius cv Mandelup 

were significantly higher at pH 8 than at pH 5 and 6.5. The [Ca] in the PM of L. 

angustifolius P26723 were higher at pH 6.5 and pH 8.0a than at pH 5, while they did not 

differ for SM among these pH treatments; however, it was the lowest for both PM and 

SM at pH 8.0b among all pH treatments. The [Ca] in PM of L. pilosus at pH 6.5 and 

8.0a were significantly higher than those at pH 5 and 8.0b, while the [Ca] in SM at pH 

8.0a were the highest among all pH treatments. The [Ca] in PM of L. cosentinii at pH 8.0a 

were the lowest among all pH treatments, while they were the highest at pH 8.0b. The [Ca] 

in the SM of L. cosentinii were higher at higher pH (Fig. 6B). 

At pH 5 and 6.5, L. angustifolius cv Mandelup tended to accumulate more K in epidermal 

cells; at pH 8, more K was allocated to LE and SM. The [K] in the UE were the lowest, 

in L. angustifolius P26723, more K tended to accumulate in mesophyll cells at pH 5, 6.5 

and 8.0b; while at pH 8.0a, LE and SM were the cell types that exhibited the largest [K], 

followed by PM, then UE. Lupinus pilosus and L. cosentinii accumulated more K in 

mesophyll cells at all pH treatments. Cellular [K] at pH 8 was much higher than that at 

pH 5 and 6.5 for all cell types (Fig. 6C). Cellular Mg, S and chlorine (Cl) concentrations 

are shown in Fig. S5. 
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Figure 6. Concentrations of phosphorus (P) (A) calcium (Ca) (B) and potassium (K) (C) in individual leaf 
cell types of four Lupinus genotypes when grown at different pH. The pH 5, 6.5 and 8a were adjusted by 
KOH and buffered with MES and TES (1 mM each), whereas 8b was adjusted by KHCO3 without any 
buffer added. Error bars represent 95% confidence intervals. UE, upper epidermal cells; LE, lower 
epidermal cells; PM, palisade mesophyll cells; SM, spongy mesophyll cells. Uppercase letters show 
significant differences among different cell types at the same pH, while lowercase letters show significant 
differences at different pH within each genotype (based on Tukey’s post-hoc analysis, P < 0.05). 
 

Gas exchange and chlorophyll fluorescence 
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Figure 7. Net photosynthetic rate (Amax) (A), stomatal conductance (gs) (B), stomatal limitation (Ls) (C), 
and Fv/Fm (D) of six Lupinus genotypes when grown with different pH. The pH 5, 6.5 and 8a were adjusted 
by KOH and buffered with MES and TES (1 mM each), whereas 8b was adjusted by KHCO3 without any 
buffer added. Error bars represent 95% confidence intervals. Letters show significant differences between 
different pH within each genotype (based on Tukey’s post-hoc analysis, P < 0.05). 
 
Net photosynthetic rates of all genotypes at pH 8.0a were significantly slower than those 

at pH 5 and 6.5, and were even slower than those at pH 8.0b for L. angustifolius P25741 

and P22721, L. pilosus and L. cosentinii. Rates of all L. angustifolius genotypes and L. 

cosentinii at pH 8.0b were significantly lower than those at pH 5 and 6.5, with no 

significant difference for L. pilosus (Fig. 7A). Stomatal conductance (gs) of all genotypes 

at pH 8.0a was the lowest, except for L. angustifolius cv Mandelup, showing the smallest 

gs at pH 8.0b; there was a large difference in gs for all genotypes between pH 8.0a and 8.0b 

(Fig. 7B). Stomatal limitation (Ls) of all L. angustifolius genotypes at pH 8.0b and Ls of 

all the L. angustifolius wild genotypes at pH 8.0a was significantly higher than that at pH 

5 and 6.5, while Ls of L. angustifolius cv Mandelup did not differ between pH 5, 6.5 and 

8.0a. Stomatal limitation of L. pilosus at pH 8.0a was the highest among all pH treatments, 

with no significant difference for L. cosentinii (Fig. 7C). Fv/Fm of all genotypes at pH 8 

were smaller than those at pH 5 and 6.5 (Fig. 7D) 

 

Biomass 

Leaf area of all L. angustifolius genotypes and L. cosentinii were negatively affected by 
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pH 8, and that of L. angustifolius P26723 was less at pH 6.5, with no effect for L. pilosus 

(Fig. 8A). A similar trend was found for shoot and total root biomass (Figs 8B and 8C). 

The two cluster-root forming species, L. pilosus and L. cosentinii, showed no significant 

differences in cluster-root biomass among pH treatments (Fig. 8D).  

 
Figure 8. Leaf area (A), shoot (B), and total root (C) dry biomass of six Lupinus genotypes and cluster-root 
(D) dry biomass of two Lupinus species when grown at different pH. The pH 5, 6.5 and 8a were adjusted 
by KOH and buffered with MES and (1 mM each), whereas 8b was adjusted by KHCO3 without any buffer 
added). Error bars represent 95% confidence intervals. Letters show significant differences of different pH 
within each genotype (based on Tukey’s post-hoc analysis, P < 0.05). 
 
Discussion 

All L. angustifolius genotypes and L. cosentinii P27225 were sensitive to pH 8 (both 8.0a, 

i.e. adjusted by KOH, and 8.0b, i.e. adjusted by KHCO3), while L. pilosus P27440 was 

relatively tolerant. The growth of all pH-sensitive genotypes was significantly less at pH 

8 than that at pH 5 and 6.5, while the growth of the pH-tolerant genotypes did not differ 

among pH treatments. All L. angustifolius genotypes and L. cosentinii exhibited P-

deficiency and leaf chlorosis symptoms, while L. pilosus only exhibited P-deficiency 

symptoms at pH 8. 

 

The effect of pH on root morphology 
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A high [HCO3-] and/or high pH negatively affects the root growth of L. angustifolius and 

L. albus (Kerley & Huyghe, 2002, Tang et al., 1996, Tang & Robson, 1993, White & 

Robson, 1990). In this study, the lateral root growth of all genotypes was inhibited at pH 

8, but it was least severe for L. pilosus. In addition, root disintegration was observed in 

the L. angustifolius genotypes at pH 8, and this confirmed what Tang et al. (1993b) found. 

Decreased root elongation has also been observed in L. angustifolius in alkaline soils 

(Tang et al., 1992, Tang et al., 1993c), as well as decreased root elongation after exposure 

to a nutrient solution of pH ≥ 6 for one hour (Tang et al., 1992). Tang et al. (1993c) also 

found decreased root cell elongation in L. angustifolius in nutrient solution of pH ≥ 6. Yu 

and Tang (2000) suggested that the difference in H+-buffering and Ca2+-exchange 

capacities in the root apoplast is related to the sensitivity of root growth of L. angustifolius 

and Pisum sativum to high pH, and the greater sensitivity of L. angustifolius roots to high 

pH can be partly explained by a higher H+ requirement for cell-wall loosening.  

 

Solution pH and leaf chlorosis  

Leaf chlorosis in relation to Fe or Mn deficiency has been observed in Lupinus species 

growing on calcareous soils (Brand et al., 2002, George et al., 2012, Moraghan, 1991, 

White & Robson, 1989b), in nutrient solution with a high [HCO3-] and/or high pH 

(Bertoni et al., 1992, White & Robson, 1990), or in nutrient solution with a low Fe (White 

& Robson, 1989c) or Mn supply (Zornoza, Sánchez-Pardo & Carpena, 2010). In the 

present study, all L. angustifolius genotypes and L. cosentinii exhibited leaf chlorosis at 

pH 8, although the whole leaf [Fe] of these genotypes were similar to those at pH 6.5, and 

the leaf [Mn] were above the concentration considered adequate for crop species (Kirkby, 

2012). However, total [Fe] or [Mn] in shoot dry weight are unreliable predictors of 

deficiency (Brennan, 1999, Hannam, Graham & Riggs, 1985, Jessop et al., 1990), 

because Mn is available to plants only as Mn2+ and plants predominantly require Fe2+, 

rather than Fe3+ (Broadley et al., 2012, Grillet & Schmidt, 2017, Pittman, 2005). 

Increased pH (from 6.5 to 8) in the leaf apoplast restricted Fe3+- or Mn4+- reductase 

activity (Kosegarten et al., 2004, Mengel, 1994, Römheld, 2000, Zohlen & Tyler, 2000), 

reducing Fe and/or Mn availability. In contrast, the leaf chlorosis of L. cosentinii was very 

light, and we did not observe any chlorosis in L. pilosus at pH 8. Probably because the 

increased leaf K concentration of these two species under high pH activated membrane-

bound proton-pumping ATPases, resulting in a more acidic apoplastic pH and improving 

Fe2+ or Mn2+ utilisation (Jolley, Hansen & Shiffler, 2004, Tagliavini & Rombolà, 2001).  
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The effect of pH on nutrient uptake and translocation 

The net P-uptake capacity of all the L. angustifolius genotypes and L. cosentinii was less 

at pH 8, while there was no difference in the net P-uptake capacity of L. pilosus. This is 

probably because lateral root growth of all the L. angustifolius genotypes and L. cosentinii 

was inhibited at pH 8, and the root surface area was decreased as well, likely accounting 

for a lower P-uptake capacity (Niu et al., 2013). The whole leaf [P] of all genotypes was 

significantly lower at pH 8 than at pH 5 and 6.5, even below the critical concentration for 

crops (Kirkby, 2012). However, the root [P] of all L. angustifolius genotypes and L. 

cosentinii was significantly lower at pH 8, while that of L. pilosus did not differ among 

the pH treatments. This agrees with the P-uptake results, but it also shows that P 

translocation to the leaves of all genotypes was negatively affected at pH 8. Similarly, Zn 

uptake and translocation to leaves of all the genotypes was inhibited at pH 8. This may 

also be the result of decreased lateral root growth or reduced Zn solubility in nutrition 

solution at high [HCO3-] and/or high pH (George et al., 2012, Yang, Römheld & 

Marschner, 1994).  

 

Low leaf [P] or [Fe] can trigger cluster-root formation, and/or the capacity to release 

protons and carboxylates in Lupinus species, thus increasing the solubility of P and Fe 

(Dinkelaker et al., 1989, Lambers et al., 2013, Liang & Li, 2003, White & Robson, 1989c). 

However, we did not observe an increase in cluster-root formation in L. pilosus and L. 

cosentinii from pH 5 to pH 8. A high [HCO3-] and/or high pH may have inhibited cluster-

root formation or carboxylate release in response to endogenous [P] or [Fe].  

 

The effect of pH on P and Ca allocation 

As previously observed (Ding et al., 2018), P was preferentially allocated to epidermal 

cells, and Ca to mesophyll cells, especially palisade mesophyll cells. This has been found 

before in a range of dicots (Conn & Gilliham, 2010), but is not typical for all dicots (Hayes 

et al., 2018; Guilherme Pereira et al., 2018). At higher pH, the [P] in epidermal cells of 

all genotypes was significantly lower; this agrees with the P-uptake capacity and whole 

leaf [P] results. The change of [Ca] in the mesophyll cells of all genotypes was complex. 

The most interesting observation was the [Ca] of L. angustifolius P26723 and L. pilosus, 

whose [Ca] in the mesophyll cells at pH 8.0b were much lower than those at pH 8.0a. 

However, their whole leaf [Ca] was very similar at pH 8.0a and 8.0b. We did not find any 

increase in [Ca] of the epidermal or bundle sheath cells in L. angustifolius P26723 and L. 
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pilosus at pH 8.0b. Therefore, in L. angustifolius P26723 and L. pilosus, some Ca was 

likely in the leaf apoplast at high HCO3- supply, as the bicarbonate-enhanced Mn2+-

translocation may have competed with Ca for the plasma-membrane Ca2+ channel (White, 

2000).  

 

The relationship between nutrient status and photosynthesis. 

Photosynthesis requires P, Fe and Mn (Broadley et al., 2012, Hawkesford et al., 2012b, 

Mengel & Kirkby, 2001), and the rate of photosynthesis of all L. angustifolius genotypes 

and L. cosentinii decreased at pH 8, while that of L. pilosus was only inhibited at pH 8.0a. 

The photosynthetic rate of L. angustifolius P25741, L. angustifolius P22721, L. pilosus, 

and L. cosentinii at pH 8.0a was even slower than that at pH 8.0b. In addition, the quantum 

yield of PSII (Fv/Fm) of all genotypes was significantly lower at pH 8 than at pH 5 and 

6.5, indicating that the PSII activity of all genotypes was reduced at pH 8 (Maxwell & 

Johnson, 2000). We observed P-deficiency and chlorosis symptoms related with Fe- or 

Mn-deficiency in leaves of all of the L. angustifolius genotypes and L. cosentinii, while 

we only observed P-deficiency symptoms in L. pilosus at pH 8. Therefore, it is not 

possible to conclude that the decreased photosynthetic capacity of all the L. angustifolius 

genotypes was caused by P, Fe or Mn deficiency, or a combination thereof. However, the 

low Amax of L. pilosus was consistent with its low leaf [Mn], so the decreased Amax of this 

species was likely due to a deceased leaf [Mn] caused by pH 8. 

 

Similarities and differences between the results in this study and those in other 

studies 

Generally, our findings agree with the natural occurrence of the species; for example, L. 

angustifolius naturally grows on acidic soils, and L. pilosus on more alkaline soils 

(Clements & Cowling, 1990a). Other studies also showed similar nutrient imbalances at 

high [HCO3-] and/or high pH. For example, Kerley et al. (2001) reported that leaf [P], 

[Fe], [Mn] and [Zn] of L. albus, L. angustifolius and L. pilosus are lower when plants 

grow in calcareous soils. In the same study, Kerley et al. (2001) also found that leaf [P] 

was below the critical concentration in L. albus, L. angustifolius and L. pilosus when 

grown in calcareous soils. In addition, Fe translocation of L. albus, L. angustifolius and 

L. pilosus from stems to leaves was negatively affected by high [HCO3- ] (Kerley et al., 

2001). A negative effect of high [HCO3- ] on leaf [Zn] and [Fe] was also found for other 

species (Dogar & Van Hai, 1980, Fleming et al., 1984, Forno, Yoshida & Asher, 1975, 
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Gharsalli & Hajji, 2002). Our results indicate that pH is the main reason why some 

Lupinus species are sensitive to calcareous soils. Interestingly, comparing effects of pH 

8.0a and 8.0b, pH 8.0a gave a stronger inhibition of Mn translocation to leaves in all 

genotypes. Also, leaf cellular [Ca] of L. angustifolius P26723 and L. pilosus were lower 

at pH 8.0b than at pH 8.0a. This probably reflects increased HCO3- assimilation and 

formation of organic acids in roots at high HCO3- supply which resulted in greater Mn 

translocation to leaves. At the same time, bicarbonate-enhanced Mn2+-translocation 

would compete with Ca for the plasma-membrane Ca2+ channel in L. angustifolius 

P26723 and L. pilosus. 

 

We found that K and Fe availability of L. pilosus and L. cosentinii at pH 8 are positively 

associated. This has not been reported for Lupinus species before, but is known for tomato, 

soybean and peanut (Barak & Chen, 1984, Jolley et al., 2004). We also found leaf [Ca] in 

these two species were higher at pH 8 which could possibly relate to the alleviation of 

negative effects caused by high [HCO3-] and/or high pH. Further studies are needed to 

test this. 

 

Conclusions 

A high pH inhibited lateral root growth of L. angustifolius genotypes and L. cosentinii, 

decreased photosynthetic rates, caused leaf chlorosis and inhibited P uptake. It also 

inhibited uptake of K, Fe and Zn in all genotypes, as well as the translocation of P, Fe, 

Mn and Zn to leaves. However, a high pH increased Ca and K translocation to leaves in 

L. pilosus and L. cosentinii, which could be related with acidifying apoplastic pH. 

Decreased growth of all L. angustifolius genotypes and L. cosentinii was associated with 

decreased lateral-root growth, photosynthetic rate and P, Fe or Mn deficiencies. This 

knowledge provides critical insights into the calcicole or calcifuge habits of Lupinus 

species and other plants, which can be used to guide breeding of calcicole plants to 

improve their production and use. 
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Figure S1. Average daily pH of the nutrient solution in which six Lupinus genotypes were grown including 
manual pH adjustment. The pH 5, 6.5, and 8a were adjusted by KOH and buffered with MES and TES (1 
mM each). The corresponding dashed coloured line represents the corresponding targeted pH of the nutrient 
solution in the study.  
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Figure S2. Leaf anatomy and corresponding element maps of transverse leaf sections of four Lupinus 
genotypes when grown at pH 8b (adjusted by KHCO3 without any buffer added). The anatomy drawing and 
qualitative O map reveal the cellular structure of Lupinus species; scale bars = 250 µm; the corresponding 
quantitative concentration maps show the distributions and concentrations of phosphorus (P) and calcium 
(Ca), and the colour scale shown in P and Ca maps represents the amount per unit fresh weight for each 
element, from 0% (black) to ≥1.5% (white) for P and 0% (black) to ≥3% (white) for Ca, respectively. 
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Figure S3. Leaf magnesium (Mg) (A), copper (Cu) (B) and sulfur (S) (C) concentrations of six Lupinus 
genotypes when grown at different pH. The pH 5, 6.5, and 8a were adjusted by KOH and buffered with 
MES and TES (1 mM each), whereas 8b was adjusted by KHCO3 without any buffer added. Error bars 
represent 95% confidence intervals (Cl). Letters show significant differences of different pH within each 
genotype (based on Tukey’s post-hoc analysis, P < 0.05). The grey dashed line represents the corresponding 
nutrient concentration in plant shoot dry matter considered adequate for crop growth Kirkby (2012).  
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Figure S4. Root magnesium (Mg) (A), copper (Cu) (B) and sulfur (S) (C) concentrations of six Lupinus 
genotypes when grown at different pH. The pH 5, 6.5 and 8a were adjusted by KOH and buffered with MES 
and TES (1 mM each), whereas 8b was adjusted by KHCO3 without any buffer added. Error bars represent 
95% confidence intervals (Cl). Letters show significant differences of different pH within each genotype 
(based on Tukey’s post-hoc analysis, P < 0.05). 
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Figure S5. Concentrations of magnesium (Mg) (A), sulfur (S) (B) and chlorine (Cl) (C) in individual leaf 
cell types of four Lupinus genotypes when grown at different pH. The pH 5, 6.5 and 8a were adjusted by 
KOH and buffered with MES and TES (1 mM each), whereas 8b was adjusted by KHCO3 without any buffer 
added. Error bars represent 95% confidence intervals. UE, upper epidermal cells; LE, lower epidermal cells; 
PM, palisade mesophyll cells; SM, spongy mesophyll cells. Uppercase letters show significant differences 
among different cell types at the same pH, while lowercase letters show significant differences at different 
pH within each genotype (based on Tukey’s post-hoc analysis, P < 0.05).
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Abstract
Aims Previous studies have shown that pH, rather than
calcium (Ca), is the main reason why some Lupinus
species are sensitive to nutrient solutions mimicking
calcareous soils; however, a hydroponic system is quite
different from soil systems, and plants may respond
differently to these two growing conditions. Thus, stud-
ies with Lupinus species grown in calcareous soils are
needed.
Methods Two calcicole and two calcifuge species were
grown in river sand with different Ca forms and
amounts, pH levels, and [bicarbonate (HCO3

−)]
(HCO3

− concentration, which is produced by calcium
carbonate (CaCO3)). Leaf symptoms, leaf area, gas ex-
change, biomass, and root morphology were recorded;
whole leaf and root nutrient concentrations were
analysed.

Results We observed leaf chlorosis of the youngest
leaves under high pH (adjusted by KOH) and high
pH + high Ca (representing high [HCO3

−], high pH
and high Ca) treatments for all Lupinus species. How-
ever, after 2 weeks, leaf chlorosis of all Lupinus species
under high pH started to disappear, with calcicole spe-
cies fully, and calcifuge species only partly recovering.
Leaf chlorosis symptoms of calcicole species under high
pH + high Ca partly disappeared as well, while those of
calcifuge species did not disappear at all.
Conclusions High pH (resulting from either KOH or
HCO3

−) inhibited root growth, and subsequently uptake
of some nutrients and shoot growth of Lupinus species.
However, the strong buffering capacity of HCO3

− is the
key factor determining if Lupinus species can survive in
calcareous soils. Among all studied Lupinus species,
L. pilosus was the most tolerant to high [HCO3

−] and/
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or high pH, fol lowed by L. cosent in i i and
L. angustifolius, while L. hispanicus was the most
sensitive.

Keywords Calcicole . Calcifuge . High pH . High
bicarbonate concentration . Lupinus

Introduction

Calcareous soils are alkaline and contain free
CaCO3, and high concentrations of, calcium (Ca)
and bicarbonate (HCO3

−). The availability of phos-
phorus (P) and some micronutrients, including iron
(Fe), zinc (Zn), manganese (Mn) and copper (Cu) in
calcareous soils is very low (Tyler 2003). Most
Lupinus species grow poorly on calcareous soils,
and this has been attributed to various factors, in-
cluding Ca toxicity, sensitivity to high [HCO3

−]
(HCO3

− concentration) and high pH and Fe defi-
ciency, and poor nodulation (Abd-Alla 1999; Ding
et al. 2018b; Jessop et al. 1990; Kerley 2000; Tang
et al. 1995b; Tang and Thomson 1996; White 1990).

Calcium toxicity has been considered one of the
major causes for why some Lupinus species are sensi-
tive to calcareous soils (De Silva and Mansfield 1994;
Jessop et al. 1990; Kerley et al. 2001). For example, a
high Ca supply may disturb the lamellar structure of
chloroplasts, and consequently negatively affect net
photosynthetic rates (Chevalier and Paris 1980; Cheva-
lier and Paris-Pireyre 1984; De Silva et al. 1994). Ex-
cessive Ca may precipitate with P as Ca3(PO4)2 in plant
tissues which makes both Ca and P unavailable (Ding
et al. 2018b; McLaughlin and Wimmer 1999; Zohlen
and Tyler 2004). We found that Ca-tolerant Lupinus
species tended to have tight control over Ca uptake
and/or translocation from roots to leaves, or better Ca
compartmentation at the cellular level (Ding et al.
2018a). These abilities likely play an important role in
the tolerance of some Lupinus species to calcareous
soils, as suggested for other calcicole species (He et al.
2014; Jefferies and Willis 1964; Raza et al. 2000;
Valentinuzzi et al. 2015; Webb 1999; Wu et al. 2011).

In addition, high [HCO3
−] and high pH in calcareous

soils are considered the main factors affecting the sen-
sitivity of some Lupinus species to calcareous soils
(Coulombe et al. 1984; Mengel et al. 1984; Romera
et al. 1992; Tang and Thomson 1996; Waters and
Troupe 2012). For example, a high rhizosphere pH

caused by a high [HCO3
−] in calcareous soils reduces

nutrient availability, especially that of P, Fe, Mn, Zn, Cu
and boron (B) for root uptake, and thus limits plant
growth (George et al. 2012; Neumann and Römheld
2012; Parker et al. 1999; Tyler and Ström 1995; Yue
Ao et al. 1987). In addition, a high [HCO3

−] and high
pH can also inhibit root growth of some Lupinus species
(Peiter et al. 2001). Tang and Thomson (1996) found
that root elongation of L. angustifolius is inhibited by
high [HCO3

−] and high pH in nutrient solution, and this
was even observed in nutrient solution with pH ≥ 6
(Tang et al. 1992). Our comparative study showed that
there is a correlation between the decreased lateral root
growth and nutrient availability of some Lupinus species
grown in nutrient solution with high [HCO3

−] and/or
high pH (Ding et al., personal observations).

In a series of hydroponic experiments, we found
that a high Ca supply caused P deficiency in some
Lupinus species, but its effects on the growth, espe-
cially the leaf symptoms of Lupinus species were
inconsistent with what has been reported for those
grown in calcareous soils (Ding et al. 2018b). In
contrast, the effects of high pH (buffered by MES/
TES or caused by high [HCO3

−]) on different
Lupinus species are generally consistent with those
of plants grown in calcareous soils, for example, leaf
chlorosis were developed in the calcifuge Lupinus
species under high pH (Ding et al., personal obser-
vations). Considering the results of additional studies
(Kerley and Huyghe 2002; White and Robson 1990),
we concluded that pH is the main reason why some
Lupinus species are sensitive to nutrient solutions
mimicking calcareous soils. However, a hydroponic
system is quite different from soil systems, and plants
may respond differently to these two growing condi-
tions. Therefore, in this study, we aimed to test if pH
is the main factor determining why some Lupinus
species are sensitive to calcareous soils, by growing
different Lupinus species in soils with different forms
of Ca, pH levels, and [HCO3

−]. We compared leaf
symptoms, root nodulation, root and shoot biomass,
and root and shoot nutrient status. We hypothesised
that pH, rather than Ca, is the main reason why
Lupinus species respond differently to calcareous
soils. In addition, we hypothesised that root surface
area, root length, and fine root growth of calcifuge
species will be inhibited significantly in calcareous
soils, while those of calcicole species will be slightly
inhibited or not inhibited at all.

Plant Soil
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Materials and methods

Plant growth

Four Lupinus species were selected (two calcifuge spe-
cies: L. angustifolius L. cv. Mandelup and L. hispanicus
ssp. bicolor Boiss. and Reut. P22999; two calcicole
species: L. pilosusMurr. P27440 and L. cosentinii Guss.
P27225) (Table 1). All seeds were obtained from the
Australian Lupin Collection (Department of Primary In-
dustries and Regional Development, WA, Australia).
Except for L. angustifolius, seeds were scarified. Seeds
were then sterilised in 5% (v/v) sodium hypochlorite for
20 min and rinsed thoroughly with deionised (DI) water.
All seeds were pre-germinated in sterilised river sand for
4 days, and then three or four seeds were inoculated with
Group G® (Bradyrhizobium sp. (Lupinus) WU425),
which is effective for the inoculation of Lupinus species
(Tang and Robson 1993), sown in prepared pots, and
then later thinned to one plant. All sands were washed,
sterilised and then dried first. After drying, CaCO3 or
CaSO4was mixed evenly with sand, as shown in Table 2.
Each pot was then filled with 1.2 kg dry river sand.

All essential nutrients other than Ca were provided
as: 189.5 mg kg−1 Ca(NO3)2.4H2O, 28.6 mg kg−1

NH4Cl, 65.9 mg kg−1 KH2PO4, 101.2 mg kg−1

MgSO4 .7H2O, 12 .3 mg kg− 1 MnSO4 .H2O,
8.8 mg kg−1 ZnSO4.7H2O, 0.7 mg kg−1 H3BO3,
1.0 mg kg−1 Na2MoO4, 2.0 mg kg−1 CuSO4.5H2O and
32.9 mg kg−1 FeNaEDTA. This nutrient composition
has been used in our lab and proved to be suitable for the
growth of legumes (Pang et al. 2010, 2011). The N was
80 mg kg−1, and this was to supply some N for young
plants; when they grow bigger, they will need to rely on
biological N2 fixation. Besides, and the amount of
Ca(NO3)2 added to all the treatments was very small
compared with the amount of CaSO4 or CaCO3 added,

so it hardly affected the experiment design. All these
nutrients were added as a nutrient solution with DI
water, and KOH was used to adjust solution pH to 6
and 8 according to different treatments shown in Table 2.
K2SO4 was used to balance [K], and the final [K] was
80 mg kg−1 for all the treatments, the final [S] was
133.4 mg kg−1 for control and pH 6, the final [S] was
40 mg kg−1 for high Ca and high pH + high Ca treat-
ment. After adding basic nutrition solution for 1 week,
all pots were ready to use, and sands from three plain
pots of each treatment were air-dried and passed through
a 2-mm sieve to measure the actual pH (10 g dry sand in
50 ml CaCl2 as shown in Table 2) and exchangeable
Ca2+ of each treatment. Exchangeable Ca2+ was then
extracted by 1 M ammonium acetate at pH 7 (Rayment
and Lyons 2011) and analysed by inductively coupled
plasma optical emission spectrometry (ICP-OES;
School of Agriculture and Environment, University of
Western Australia, Perth, Australia).

The experiment was run in a glasshouse (20 °C day/
15 °C night). All pots were watered with DI water to
weight, three times per week, to 75% field capacity.

Gas exchange and chlorophyll fluorescence
measurements

The day before harvest, the youngest fully-expanded
leaves were chosen to measure net photosynthesis rate
(Amax), stomatal conductance (gs) and intercellular car-
bon dioxide concentration (Ci) with a LI-6400 portable
gas exchange system (Li-Cor, Lincoln, NE, USA) at
1500 μmol quanta m−2 s−1. The same leaf used to
measure photosynthesis was dark-adjusted in a dark
room for 1 h, and then the maximum photochemical
quantum yield of PSII (Fv/Fm) was measured using a LI-
6400 portable gas exchange system as described above.

Table 1 Lupinus species and genotypes used in this study, and the collection site soil pH

Species Genotype Breeding status Collection site soil pH Country of origin Calcicole/calcifuge

L. angustifolius Mandelup Cultivar unknown Australia Calcifuge

L. hispanicus ssp. bicolor P22999 Naturalised 5.7 Portugal Calcifuge

L. pilosus P27440 Naturalised 9.0 Syria Calcicole

L. cosentinii P27225 Naturalised 9.0 Morocco Calcicole

Calcicole or calcifuge was classified according to the literature (Gladstones 1970; Tang et al. 1995b;White 1990). Bnaturalised^means seeds
of this species were collected from the nature where they originally grow
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Plant harvest and carboxylate extraction

All the pots were watered before harvest to make sure
the roots were easily removed and the root damage
was minimal. The intact plants were removed from the
pots, and the bulk sand around the roots was removed
gently. The roots were then placed into a 100- or 150-
ml beaker, and a certain amount of CaCl2 (0.2 mM),
ranging from 25 to 100 ml, depending on root size,
was added to the beaker to remove the rhizosphere
sand. After removing the roots, the beaker was shaken
by hand, and the pH of the extract was measured by a
portable pH meter (pH 300/310, Eutech Instruments
Pte Ltd., Singapore). A subsample of the extract was
filtered through a 0.2 μm syringe filter into a 1-ml
HPLC vial and acidified with one drop of concentrat-
ed phosphoric acid. The sample was then stored at
−20 °C until HPLC analysis. The whole process for
each plant was about 5 min.

Nodulation was assessed according to the British
Columbia Ministry of Forests field guide (British
Columbia Ministry of Forests 1991), where a ranking
of 0–5 is given to each of five categories, including plant
growth and vigour (1 for very chlorotic plants, 2 for
slightly chlorotic plants, 3 for green and relatively small
plants and 5 for green and vigorous plants); nodule
number (0 for no nodules, 2 for few nodules (<5) with
slight pigmentation, 3 for few nodules (<5) with pink
pigmentation, 3 also for many nodules (>50) mainly
white or smaller, 5 for many nodules (>50) with pink
pigmentation, 5 for 5–50 nodules as well); nodule posi-
tion (1 for nodules on lateral roots only, 3 for nodules on
both crown and lateral roots, 5 for nodules predominant-
ly on the crown); nodule colour (0 for white or green
colour, 2 for some pink or whitish with green areas, 5 for
predominantly pink); and nodule appearance (0 for in-
effective, 3 for intermediate, 5 for effective). A total

score was summed to evaluate the effectiveness of nod-
ulation, and a score between 20 and 25 is considered
very effective, a score between 15 and 20 less effective,
while a score between 0 and 14 is considered unsatis-
factory nodulation.

The whole roots were then thoroughly washed to
remove the remaining sand. After that, plants were
separated into mature leaves, immature leaves, stems
(including petioles), and roots. Leaf areawasmeasured
and fresh biomass was recorded. Leaf symptoms were
recorded by taking photos prior to harvest. Roots of all
plants were scanned by an Epson Perfection V700
Photo Scanner and analysed by WinRHIZO 2009a, b
(Regents Instruments Canada lnc, Quebec City, Que-
bec, QC, Canada). After that, all the plant parts were
dried inanovenat70°Cfor7days, anddrybiomasswas
recorded.

Carboxylate analysis

The pre-frozen extracts were brought back to room
temperature, and a 100-μl sample of each extract was
analysed by HPLC with a 600E pump, 717 plus
autosampler and a 996 photodiode array detector (Wa-
ters, Milford, MA, USA). A reversed-phase column
liquid chromatography (RPLC) was used to separate
and quantify organic acids as described by Cawthray
(2003). The carboxylic acid working standards included
acetic, citric, cis-aconitic, fumaric, lactic, malic,
malonic, maleic, succinic and trans-aconitic acids.

Determination of whole leaf and root nutrient
concentrations

To determine whole leaf and root nutrient concentra-
tions, all the dry mature leaves and roots were ground to
a fine powder with a GenoGrinder (SPEX SamplePrep

Table 2 Calcium (Ca), exchangeable Ca2+, and pH of the different treatments used in the experiment

Treatment CaSO4

(g kg−1)
CaCO3

(g kg−1)
Bicarbonate
concentration

Exchangeable Ca2+

(g kg−1)
pH (0.01 M
CaCl2)

pH (0.2 mM
CaCl2)

Control – – – 0.06 6–6.2 6.4–6.7

High Ca 20 – – 4.8 6–6.2 6.4–6.7

High pH – 6 Low 1.9 8–8.2 8.6–9.0

High pH +High
Ca

– 50 High 3.4 8–8.2 8.6–9.0

The relative high or low concentration of bicarbonate was decided based on the amount of CaCO3 added
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LLC,Metuchen, New Jersey, USA), and 0.1 g of ground
material was digested with concentrated HNO3 and
HClO4 (3:1) and analysed by inductively coupled plas-
ma optical emission spectrometry (ICP-OES). Nitrogen
was determined by a CNS analyser (Elementar Vario
Macro Elemental Analyzer, Elementar Analysensytem
GmbH, Hanau, Germany).

Statistics

Data and statistical analyses were performed with the R
software platform (R Core Team 2017). As data of
L. hispanicus grown under high pH + high Ca treatment
were not included, data structure of the whole experi-
ment was unbalanced. General linear mixed-effect
models were used to test the differences in whole leaf
and root nutrient concentrations, root surface area, av-
erage root diameter, total root length, root nodulation,
carboxylates, leaf area, shoot biomass, root biomass and
total biomass among different treatments within each
species. We tested the differences of gas exchange pa-
rameters and chlorophyll fluorescence with general lin-
ear mixed-effect models among different treatments
within each species; individual plant was considered as
the random effect.

The residuals of each model were inspected for
he te roscedas t ic i ty, and in the presence of
heteroscedasticity, models with different variance struc-
tures were compared, and a suitable variance structure
significantly improved the model were specified based
on Akaike Information Criterion (AIC) (Burnham and
Anderson 2003; Zuur et al. 2009). The effects package
was used to determine the mean values and 95% confi-
dence intervals (Cl) (Fox 2003). Significant differences
were defined based on Tukey’s post-hoc analysis
(P < 0.05).

Results

Leaf symptoms

Leaf chlorosis was observed in the youngest leaves
under high pH and high pH + high Ca for all Lupinus
species from the appearance of seedlings. However,
after 2 weeks, the leaf chlorosis symptoms of all
Lupinus species under high pH started to disappear, with
calcicole species fully recovering, and calcifuge species
partly recovering (Fig. 1). The leaf chlorosis symptoms

of calcicole species under high pH + high Ca partly
decreased as well, while those of calcifuge species did
not decline at all (Fig. 1).

Leaf nutrients

Compared with control plants, leaf N concentrations of
L. hispanicus under either high Ca or high pH, and those
of L. pilosus and L. cosentinii under high pH and high
pH + high Ca were significantly lower. However, leaf N
concentration of L. angustifolius under high Ca was the
lowest among all treatments, and there were no signifi-
cant differences among the other three treatments
(Fig. 2a).

Leaf P concentrations of L. angustifolius and
L. pilosus under high Ca, high pH, and high pH + high
Ca treatments and those of L. hispanicus under either
high Ca or high pHwere significantly lower than those of
control plants. For L. cosentinii, only the leaf P concen-
tration under the high pH + high Ca treatment was sig-
nificantly lower than that under other treatments (Fig. 2b).

Leaf Ca concentrations of all Lupinus species under
high Ca, high pH, and high pH + high Ca treatments were
significantly higher than those of control plants. There
were no significant differences for leaf Ca concentrations
of L. angustifolius, L. cosentinii, and L. pilosus between
these three treatments. However, the leaf Ca concentra-
tion of L. hispanicus under high pH was significantly
lower than that under high Ca (Fig. 2c).

Leaf Mg concentrations of L. angustifolius and
L. pilosus were significantly lower under high pH and
high pH + high Ca treatments than those of control
plants and plants of high Ca treatment. However, leaf
Mg concentrations of L. hispanicus under high Ca were
the lowest among all the treatments. There was no
significant difference for L. cosentinii between different
treatments (Fig. 2d).

LeafMn and Fe concentrations of all Lupinus species
were significantly lower under high pH and/or high
pH + high Ca treatments than those of control plants
and plants of high Ca treatment (Fig 2e and f).

Leaf potassium (K), sulfur (S), zinc and copper con-
centration are shown in Fig. S1.

Root nutrients

Compared with control plants, root N concentrations of
L. angustifolius, L. hispanicus and L. pilosus at high Ca
supply were significantly lower. Root N concentrations
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of L. hispanicus, L. pilosus and L. cosentinii under high
pH and high pH + high Ca treatments were significantly
lower than those of control plants (Fig. 3a).

Root P concentration of L. hispanicus under high Ca
supplywas the lowest among all treatments, whereas the P
concentration of L. pilosus under high pH was the lowest
among all treatments. There were no significant differ-
ences for the root P concentrations of L. angustifolius and
L. cosentinii among all treatments (Fig. 3b).

Compared with control plants, root Ca concentra-
tions of all Lupinus species in the treatments were
significantly higher, except for L. hispanicus under a
high Ca supply. There were no significant differences
for either L. angustifolius or L. pilosus between these
three treatments. However, the root Ca concentrations of
L. cosentinii under high pH + high Ca treatment was the
highest among all treatments (Fig. 3c).

Compared with control plants, root Mg concentra-
tions of all Lupinus species at high pH and/or high
pH + high Ca treatments were significantly higher.
The root Mg concentration of L. angustifolius under
high Ca supply was also significantly higher than that

of control plants. However, the root Mg concentra-
tion of L. cosentinii under high Ca supply was sig-
nificantly lower than that of the control. There were
no significant differences in root Mg concentrations
of L. hispanicus and L. pilosus between control and
the high-Ca treatments (Fig. 3d).

Root Mn concentration of L. angustifolius at a
high Ca supply was the highest among all treatments,
while that of L. cosentinii under a high Ca supply was
the lowest among all treatments. Root Mn concentra-
tions of L. hispanicus under high pH were signifi-
cantly higher than those of the control and the high-
Ca treatments, whereas root Mn concentrations of
L. pilosus under high pH and high pH + high Ca
treatments were significantly lower than those of
the control and the high-Ca treatments (Fig. 3e).

Root Fe concentrations of L. angustifolius and
L. cosentinii under high pH and high pH + high Ca
treatments were significantly lower than those of the
control and plants of the high-Ca treatments. Root Fe
concentration of L. hispanicus under high pH was sig-
nificantly lower than that of the control. Root Fe

Fig. 1 Leaf symptoms of four Lupinus species 1 day prior to harvest when grown under different pH and calcium (Ca) treatments. Scale bar
at the bottom of each photo is 1 cm. marks calcifuge species, marks calcicole species
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concentration of L. pilosus under high Ca was the
highest, while that under high pH + high Ca was the
lowest among all treatments (Fig. 3f).

Root potassium (K), sulfur (S), zinc and copper con-
centration are shown in Fig. S2.

Gas exchange parameters

Net photosynthetic rate (Amax), stomatal conduc-
tance (gs), and the maximum photochemical quan-
tum yield of PSII (Fv/Fm) of L. angustifolius under

Fig. 2 Concentrations of a range of nutrients in leaves of four
Lupinus species when grown under different pH and calcium (Ca)
treatments. No data are shown for L. hispanicus grown under high
pH+ high Ca, as they died in this treatment. Error bars represent
95% confidence intervals (Cl). Letters show significant differences

of different treatments within each species (based on Tukey’s post-
hoc analysis, P < 0.05). The grey dashed line represents the corre-
sponding nutrient concentration in plant shoot dry matter consid-
ered adequate for crop growth (Kirkby 2012). marks calcifuge
species, marks calcicole species
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high pH + high Ca were the smallest among all
treatments, while the intercellular carbon dioxide
concentration (Ci) was the largest among all treat-
ments. There were no significant differences in these
values among the other three treatments (Fig. 4).

Lupinus hispanicus had the smallest Amax, gs and
Ci under high pH, while the largest Fv/Fm was
under high pH. There were no significant differ-
ences in these values between control and high-Ca
treatments (Fig. 4).

Fig. 3 Concentrations of a range of nutrients in roots of four
Lupinus species when grown under different pH and calcium
(Ca) treatments. No data are shown for L. hispanicus grown under
high pH + high Ca, as they died in this treatment. Error bars

represent 95% confidence intervals (Cl). Letters show significant
differences of different treatments within each species (based on
Tukey’s post-hoc analysis, P < 0.05). marks calcifuge species,

marks calcicole species
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The Amax, gs and Ci of L. pilosus under high pH +
high Ca were the smallest among all treatments, while
the Amax under high pH was the largest. There were no
significant differences for Fv/Fm between different
treatments (Fig. 4).

The Amax, gs and Fv/Fm of L. cosentinii under high
pH and high pH + high Ca were significantly smaller
than those under control or high Ca, while there were no
significant differences for Ci of L. cosentinii between
different treatments (Fig. 4).

Root morphology

Root surface area of L. angustifolius under high pH
and high pH + high Ca was significantly less than
that of control plants and plants in the high-Ca
treatment. Root surface area of L. pilosus and
L. cosentinii under high pH + high Ca was the
smallest among all treatments. There was no signif-
icant difference for the root surface area of
L. hispanicus among treatments (Fig. 5a).

Fig. 4 Net photosynthetic rate (Amax) (a), stomatal conductance
(gs) (b), intercellular carbon dioxide concentration (Ci) (c) and the
maximum photochemical quantum yield of PSII (Fv/Fm) (d) of
four Lupinus species when grown under different pH and calcium
(Ca) treatments. No data are shown for L. hispanicus grown under

high pH + high Ca, as they died in this treatment. Error bars
represent 95% confidence intervals (Cl). Letters show significant
differences of different treatments within each species (based on
Tukey’s post-hoc analysis, P < 0.05). marks calcifuge species,

marks calcicole species

Plant Soil



Chapter 5 Is pH the key reason why some Lupinus species are sensitive to calcareous soil? 

 
 

88 

Average root diameter of all Lupinus species under
high pH and high pH + high Ca treatments was signifi-
cantly greater than that under control or high Ca. Aver-
age root diameter of L. angustifolius under a high Ca
supply was significantly greater than that of control
plants (Fig. 5b).

Root length of L. angustifolius and L. cosentinii under
high pH and high pH + high Ca was significantly less
than that of control and high-Ca plants. Root length of
L. pilosus under high pH and high pH + high Ca was
significantly less than that of high-Ca plants. Root length
of L. angustifolius, L. pilosus and L. cosentinii under high
pH + high Ca was even less than that under high pH.
However, there were no significant differences in root
length of L. hispanicus among treatments (Fig. 5c).

Root nodulation of L. angustifolius was only ef-
fective under control conditions. The root nodula-
tion of L. hispanicus was effective under control
conditions and at high pH, while that under high
pH was less effective. Root nodulation of L. pilosus
and L. cosentinii under high pH + high Ca was not
effective. Root nodulation was more effective for
L. pilosus under high Ca and high pH than under
control conditions, while there was no significant
difference for L. cosentinii under these three treat-
ments (Fig. 5d).

Carboxylates

The amounts of rhizosphere citrate for all Lupinus spe-
cies under high Ca, high pH, and high pH + high Ca
were significantly greater than those of control plants
(Fig. 6a). The rhizosphere malate amounts in
L. angustifolius and L. pilosus under high pH were the
greatest among all the treatments, while there were no
significant differences for L. hispanicus and
L. cosentinii among treatments (Fig. 6b). Rhizosphere
fumarate amounts of all Lupinus species showed no
significant difference among treatments (Fig. 6c). Rhi-
zosphere cis-aconitate amounts in L. angustifolius and
L. pilosus under high pH were the greatest among all
treatments, while we found no significant difference for
L. cosentinii among treatments. No cis-aconitate was
detected for L. hispanicus under any treatment (Fig. 6d).

Biomass

The total, root and shoot biomass, and leaf area of
L. angustifolius under high pH and high pH + high Ca

were significantly less than those under control condi-
tions and high Ca treatments. The total biomass, root
biomass, and shoot biomass of L. hispanicus under high
pH + high Ca were the lowest among all treatments, and
there was no significant difference among control, high
Ca, and high pH treatments. However, the leaf area of
L. hispanicus under high pH was significantly less than
that of control plants. The total biomass, shoot biomass
and leaf area of L. pilosus were the greatest under high-
Ca conditions among all treatments, while the root bio-
mass was greatest under high pH. There were no signif-
icant differences for the total and root biomass of
L. cosentinii among treatments. However, the shoot
biomass and leaf area of L. cosentinii under high pH +
high Ca were significantly less than under control con-
ditions (Fig. 7).

A detailed shoot biomass, including mature leaf,
immature leaf and stem biomass of different Lupinus
species, are shown in Fig. S3.

Discussion

The present study demonstrates that Lupinus species
responded very differently to high pH and high pH +
high Ca treatments, with the calcicole species L. pilosus
being the most tolerant, followed by the calcicole spe-
cies L. cosentinii. The other two calcifuge species,
L. angustifolius and L. hispanicus, were sensitive to
high pH and high pH + high Ca treatments, and
L. hispanicus even died in the high pH + high Ca treat-
ment. BTolerant^ means the species can grow healthily
or the growth is only slightly inhibited in calcareous
soils, and Bsensitive^ means the growth of the species
can be inhibited from an intermediate to the worst level.
In this study, tolerance was mainly based on the biomass
data. This is consistent with results on these species
when grown in nutrient solution with high pH (buffered
by MES/TES or caused by high [HCO3

−]) (Ding et al.,
personal observations), some field and glasshouse stud-
ies, and their natural occurrence on acid or alkaline soils
(Brand et al. 2002; Clements and Cowling 1990; Tang
et al. 1993a, 1995b;White 1990). However, this result is
inconsistent with the Ca sensitivity of different Lupinus
species grown in a hydroponic system, where L. pilosus
and L. angustifolius were tolerant of high Ca, whereas
L. cosentinii and L. hispanicus were sensitive (Ding
et al. 2018b). This discrepancy might be related to
different growth systems (i.e. sand vs hydroponics) or
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different [Ca2+] used in various experiments (4.8 g kg−1

vs 6 mM). Most likely, Ca is not the main reason why
some Lupinus species are sensitive to calcareous soils
(Tang et al. 1995a). This also explains why there was no
correlation between Ca concentration in Lupinus species
grown in Wangary calcareous soil and their leaf chloro-
sis or growth (Brand et al. 2000).

Leaf symptoms

The pH of the high pH and high pH + high Ca treat-
ments was similar. Therefore, the difference in leaf
chlorosis and its gradual disappearance with time among
Lupinus species under these two treatments is likely
explained by different [Ca2+], [HCO3

−] and pH buffer

Fig. 5 Root surface area (a), average root diameter (b), total root
length (c) and root nodulation score (d) of four Lupinus species
when grown under different pH and calcium (Ca) treatments. The
score above the upper grey dashed line in d represents nodulation
considered as very effective, the score between upper and lower
grey dashed line in d represents nodulation considered as less
effective, while the score below the lower grey dashed line in d
is considered as ineffective nodulation. Nodulation was assessed

according to the British Columbia Ministry of Forests field guide
(BCMF 1991); details are included in Materials and Methods
(British Columbia Ministry of Forests 1991). No data are shown
for L. hispanicus grown under high pH+ high Ca, as they died in
this treatment. Error bars represent 95% confidence intervals (Cl).
Letters show significant differences of different treatments within
each species (based on Tukey’s post-hoc analysis, P < 0.05).
marks calcifuge species, marks calcicole species

Plant Soil



Chapter 5 Is pH the key reason why some Lupinus species are sensitive to calcareous soil? 

 
 

90 

capacity associated with the different [CaCO3]. In addi-
tion, high [Ca2+] showed no relationship with leaf chlo-
rosis in this study. Therefore, we conclude that the
gradual disappearance of the leaf chlorosis symptoms
was due to a lower [HCO3

−].
Similarly, Brand et al. (1999) also found that leaf

chlorosis of L. angustifolius correlated with CaCO3

content (which can react with CO2 and H2O to produce
bicarbonate) in a range of calcareous soils; the pH of

these calcareous soils was similar. Except for leaf chlo-
rosis, the negative effects of high pH + high Ca treat-
ment on the growth, as shown by the biomass, of all
Lupinus species were generally consistent with those
observed under high pH, rather thanwith those observed
under a high Ca treatment. The effects of high pH
(buffered by MES/TES or caused by high [HCO3

−])
on the growth of Lupinus species were consistent in a
hydroponic study as well (Ding et al., personal

Fig. 6 Amounts of rhizosphere citrate (a), malate (b), fumarate (c)
and cis-aconitate (d) acid of four Lupinus species when grown
under different pH and calcium (Ca) treatments. Rhizosphere
carboxylates were extracted with 0.2 mM CaCl2 and amounts
are expressed per unit total root surface area. No data are shown

for L. hispanicus grown under high pH+ high Ca, as they died in
this treatment. Error bars represent 95% confidence intervals (Cl).
Letters show significant differences of different treatments within
each species (based on Tukey’s post-hoc analysis, P < 0.05).
marks calcifuge species, marks calcicole species
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observations). MES/TES or bicarbonate rather than
CaCO3 were used in the hydroponic study to maintain
a stable pH is because CaCO3 is not soluble in a hydro-
ponic system. Taken together, this indicates that high pH
is the actual cause why some Lupinus species are sensi-
tive to calcareous soils, while the strong buffering ca-
pacity of HCO3

− determines if Lupinus species can
recover from leaf chlorosis and then survive in calcare-
ous soils or not. As the strong buffering capacity of
bicarbonate could restrict rhizosphere acidification of
carboxylic acids, and then limit nutrient availability.
This also explains why active lime (high Ca, high
HCO3

− and high pH) tends to have greater negative

effects on the growth of some calcifuge Lupinus species
than alkalinity (high pH) (Liu and Tang 1999).

Plant growth

Among all the species, the greatest tolerance of
L. pilosus to high pH and high pH + high Ca treatments
is evidenced by the biomass under those treatments. In
addition, the shoot and total biomass of L. pilosus under
a high Ca supply was actually significantly greater than
that of control plants. This confirms our finding that Ca
improves the shoot growth of species that grow well
under an extremely high Ca concentration (Ding et al.

Fig. 7 Total (a), root (b), shoot (c) dry biomass and leaf area (d) of
four Lupinus species when grown under different pH and calcium
(Ca) treatments. No data are shown for the leaf area of
L. hispanicus grown under high pH + high Ca, as they died in this

treatment. Error bars represent 95% confidence intervals (Cl).
Letters show significant differences of different treatments within
each species (based on Tukey’s post-hoc analysis, P < 0.05).
marks calcifuge species, marks calcicole species
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2018a). The negative effects of high pH and/or high
pH + high Ca on total root length of Lupinus species
agree with the decreased lateral root growth of some
Lupinus species grown in either a high pH (buffered by
MES/TES or caused by high [HCO3

−]) nutrient solution
(Ding et al., personal observations) or limed soil (Kerley
and Huyghe 2001). This is also consistent with the
decreased root length of L. angustifolius grown in nu-
trient solution with high pH (>6) (Tang et al. 1992,
1993b). Thus, we can conclude that high pH is the direct
reason why root growth was inhibited.

Root nodulation of all Lupinus species was not ef-
fective under high pH + high Ca treatment, as evidenced
by nodulation scores. However, nodulation of Lupinus
species responded differently to high pH treatment, with
that in L. angustifolius being ineffective under high pH,
while that of calcicole species not being negatively
affected by high pH. The nodule numbers of
L. angustifolius, L. albus and L. pilosus were inhibited
when grown in nutrient solution with high pH (buffered
by MES/TES or caused by high [HCO3

−]) (Tang and
Robson 1993; Tang and Thomson 1996). This is incon-
sistent with what we found; however, as pointed out
above, high pH + high Ca treatment contains larger
[HCO3

−] and [Ca2+] than the high pH treatment. There-
fore, the buffering capacity of HCO3

−, that is the ability
to maintain a high pH, was closely related with root
nodulation of the calcicole species, while for the calci-
fuge species, either high [Ca] or high [HCO3

−] inhibited
root nodulation.

Carboxylates

The exudation of citrate increased in the high pH + high
Ca treatment, and the amount of citrate was much great-
er than that of the other carboxylates under any treat-
ment. The relatively large amounts of malate and cis-
aconitate in the rhizosphere of L. angustifolius and
L. pilosus under high-pH treatment compared with those
under high pH + high Ca treatment partly explain why
leaf chlorosis symptoms under a high-pH treatment
decreased over time more than they did under a high
pH + high Ca treatment. This is because increased car-
boxylate release would decrease rhizosphere pH, subse-
quently increasing the availability of P and
micronutrients such as Fe, Mn and Zn (Dinkelaker
et al. 1989; Lambers et al. 2013; Liang and Li 2003).
However, the extent of rhizosphere acidification would
be limited by the strong buffering capacity of HCO3

−

under a high pH + high Ca treatment. The extent of
rhizosphere acidification is also shown by the rhizo-
sphere pH (Table S1).

Leaf and root nutrient concentrations

As discussed above, root surface area, root length, and
fine root growth of L. cosentinii, L. angustifolius and
L. hispanicuswere significantly reduced at high pH and/
or a high pH + high Ca treatment, which would have
resulted in less nutrient uptake, including Fe. In contrast,
a high pH did not inhibit Fe uptake of L. pilosus, as the
root surface area and total root length of L. pilosus under
high pHwere not affected. However, translocation of Fe
and Mn from root to shoot in all Lupinus species was
inhibited by high pH and high pH + high Ca treatments.
Probably because Fe3+- and/or Mn4+-reductase activity
was restricted by a high pH in the root apoplast which
resulted in reduced Fe and Mn availability and translo-
cation to leaves (Kosegarten and Koyro 2001; Mengel
1994; Millaleo et al. 2010; Rengel 2000; Zribi and
Gharsalli 2002). Leaf Fe concentrations in these two
treatments were even below the concentration in
shoot dry matter considered adequate for crop
growth (Kirkby 2012). This is consistent with the
observed leaf chlorosis in this study, and also agrees
with previous findings (Bertoni et al. 1992; White
and Robson 1989).

Based on the comparison of leaf and root P concen-
trations of different treatments, we found the P translo-
cation of calcifuge species from roots to shoots was
inhibited by either high soil [Ca] or high pH, and this
was similar for L. cosentinii, while P translocation in
L. pilosus was only negatively affected by high pH +
high Ca treatment. This shows only under a high pH +
high Ca treatment, the strong buffering capacity of
HCO3

− could limit the extent of rhizosphere carboxylate
acidification in L. pilosus and then result in less P
availability and translocation from roots to shoots. This
also explains why, compared with other species in this
study, L. pilosus was more tolerant to calcareous soils.

Nitrogen concentration and content were clearly de-
creased in L. angustifolius, L. albus and L. pilosus
grown in solution with high pH (buffered with MES
and TES), especially L. angustifolius (Tang and Robson
1993). However, in the present study, leaf N concentra-
tions of L. angustifolius were not affected by high pH
and high pH + high Ca treatments. The reason for this
disagreement is not yet clear; further research is needed
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to explain this. In addition, leaf N concentration was not
consistent with root nodulation. These results suggest
that the role of nodulation (rather than N2 fixation)
related with Bradyrhizobium sp. (Lupinus) WU425 in
the growth of Lupinus species in calcareous soils is not
as important as that reported before (Tang and Robson
1995).

Gas exchange

The decreased Amax of L. hispanicus under high pH and
L. pilosus under high pH + high Ca treatment was due to
reduced stomatal conductance, as it was associated with
a corresponding decrease of gs and Ci. The Amax and Fv/
Fm of L. angustifolius under the high pH + high Ca
treatment and of L. cosentinii under the high pH and
high pH + high Ca treatments were significantly lower
than those of plants under other treatments. In addition,
the change of Amax and Fv/Fm of L. angustifolius under
high pH and L. cosentinii under high pH + high Ca
treatments was correlated with leaf Fe concentration.
This indicates that the decreased PSII photochemical
capacity of L. angustifolius under high pH + high Ca
treatment and that of L. cosentinii under high pH and
high pH + high Ca treatments was likely due to Fe
deficiency caused by high [HCO3

−] and/or high pH
(Maxwell and Johnson 2000).

Conclusions

A high pH (resulting from either KOH or HCO3
−)

inhibited root growth of Lupinus species which resulted
in less nutrient uptake (except N) and reduced shoot
growth. However, the strong buffering capacity of bi-
carbonate determines if Lupinus species can survive in
calcareous soils or not. Among all studied Lupinus
species, L. pilosus was the most tolerant, followed by
L. cosentinii and L. angustifolius, while L. hispanicus
was the most sensitive.
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Table. S1 Average pH of rhizosphere soil of Lupinus species measured in 0.2 mM CaCl2 at harvest 
 

                   Species     
Treatment L. angustifolius L. hispanicus 

ssp. bicolor L. pilosus 
 

L. cosentinii 

Control 6.4 6.3 5.7 5.1 

High Ca 5.4 5.8 5.0 5.7 

High pH 8.3 8.5 8.1 8.2 

High pH + High Ca 8.6 8.9 8.6 8.7 
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Fig. S1 Concentrations of potassium (K) (A), sulfur (S) (B), zinc (Zn) (C) and copper (Cu) (D) in whole 
leaves of four Lupinus species when grown under different pH and Ca treatments. No data are shown for L. 
hispanicus grown under high pH + high Ca, as they died in this treatment. Error bars represent 95% 
confidence intervals (Cl). Letters show significant differences of different treatments within each species 
(based on Tukey’s post-hoc analysis, P < 0.05). The grey dashed line represents the corresponding nutrient 
concentration in shoot dry matter considered adequate for crop growth (Kirkby, 2012).  marks calcifuge 
species,  marks calcicole species.  
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Fig. S2 Concentrations of potassium (K) (A), sulfur (S) (B), zinc (Zn) (C) and copper (Cu) (D) in whole 
roots of four Lupinus species when grown under different pH and Ca treatments. No data are shown for L. 
hispanicus grown under high pH + high Ca, as they died in this treatment. Error bars represent 95% 
confidence intervals (Cl). Letters show significant differences of different treatments within each species 
(based on Tukey’s post-hoc analysis, P < 0.05).  marks calcifuge species,  marks calcicole species.  
 
 
 
 
 
 



Chapter 5 Is pH the key reason why some Lupinus species are sensitive to calcareous soil? 

 
 

99 

 
 

Fig. S3 Mature leaf (A), immature leaf (B) and stem biomass (C) of four Lupinus species when grown under 
different pH and calcium (Ca) treatments. Error bars represent 95% confidence intervals (Cl). Letters show 
significant differences of different treatments within each species (based on Tukey’s post-hoc analysis, P < 
0.05).  marks calcifuge species,  marks calcicole species.  
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Chapter 6 General discussion 
Main findings 

The present results demonstrate that Lupinus species varied in their response to a nutrient 

solution with a high Ca concentration (chapters 2 and 3) or a high pH and/or bicarbonate 

concentration (chapter 4), and to soils with different Ca, pH and bicarbonate 

concentrations (chapter 5). Calcium toxicity was demonstrated for L. angustifolius 

P26723, L. hispanicus ssp. bicolor. P22999 and L. cosentinii P27225, while the other 

genotypes (L. albus cv. Kiev, L. albus P26766, L. angustifolius cv. Mandelup, L. luteus 

cv. Pootalong, L. pilosus P27440 and L. atlanticus P27219, Table 6.1) in study 1 were 

tolerant of 6 mM Ca supply under 10 µM P supply. In addition, genotypic differences in 

Ca toxicity were found within L. angustifolius (chapter 2). Calcium had a positive effect 

on the shoot growth of Ca-tolerant genotypes (L. angustifolius cv. Mandelup and L. 

pilosus P2744), while it had a negative effect on the growth, especially root growth, of 

Ca-sensitive genotypes (L. angustifolius P26723 and L. cosentinii P27225), particularly 

at 10 µM P supply (chapter 3). All the L. angustifolius genotypes (L. angustifolius cv. 

Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. angustifolius P22721) 

and L. cosentinii P27225 were sensitive to a high pH, while L. pilosus P27440 was 

relatively tolerant. The growth of all pH-sensitive genotypes was significantly less at pH 

8 (8.0a, i.e. adjusted by KOH and buffered with MES and TES, or 8.0b, i.e. adjusted by 

K2CO3 without any buffer added) than that at pH 5 and 6.5 (adjusted by KOH and buffered 

with MES and TES). The growth of pH-tolerant genotypes did not differ significantly 

among the pH treatments (chapter 4). In the soil experiment (chapter 5), Lupinus species 

responded differently to high pH (adjusted to pH 8 by KOH and buffered with 0.6% 

CaCO3) and high pH + high Ca treatments (adjusted to pH 8 by adding 2% CaCO3). 

Lupinus pilosus P27440 was the most tolerant, and then L. cosentinii P27225, while L. 

angustifolius cv. Mandelup and L. hispanicus ssp. bicolor P22999 were sensitive to high 

pH and high pH + high Ca treatments. In general, the soil study results (chapter 5) agree 

with results when these species were grown in nutrient solution with high pH and/or high 

bicarbonate concentration (chapter 4). They also agree with some field and glasshouse 

studies, and are consistent with their natural occurrence on acid or alkaline soils (Brand 

et al., 2002, Clements & Cowling, 1990b, Tang, Buirchell, Longnecker & Robson, 1993a, 

Tang et al., 1995b, White, 1990). However, the soil study results are inconsistent with the 

Ca sensitivity of different Lupinus species grown in a hydroponic system (chapter 2). This 

discrepancy might be related to different growth systems (i.e. soil vs hydroponics) or 
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different [Ca2+] used in various experiments (4.8 g kg-1 soil vs 6 mM in nutrient solution). 

Most likely, Ca is not the main reason why some Lupinus species are sensitive to 

calcareous soils (Tang, Robson & Adams, 1995a). This also explains why there was no 

correlation between Ca concentration in Lupinus species grown in Wangary calcareous 

soil and their leaf chlorosis or growth (Brand et al., 2000). 

 

Leaf symptoms  

Leaf chlorosis has been observed in Lupinus species when they grew poorly on fine-

textured alkaline soils, and this has been used as a measure of sensitivity to calcareous 

soil and an indicator for selecting tolerant Lupinus species or cultivars for alkaline soils 

(Brand et al., 2002, Peiter, Yan & Schubert, 2000). All of the L. angustifolius genotypes 

(L. angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. 

angustifolius P22721) and L. cosentinii P27225 exhibited P-deficiency and leaf chlorosis 

symptoms, while L. pilosus P27440 only exhibited P-deficiency symptoms at pH 8 (8.0a 

or 8.0b) (chapter 4). In the soil study (chapter 5), leaf chlorosis was observed for all 

Lupinus species (L. angustifolius cv. Mandelup, L. hispanicus ssp. bicolor P22999, L. 

pilosus P27440 and L. cosentinii P27225) under high pH and high pH + high Ca 

treatments as well. Interestingly, leaf chlorosis of all calcicole species (L. pilosus P27440 

and L. cosentinii P27225) fully recovered when grown in high pH soil and partly 

recovered under the high pH + high Ca treatment as well. Chlorosis of calcifuge species 

(L. angustifolius cv. Mandelup and L. hispanicus ssp. bicolor P22999) only partly 

recovered and only under high pH after two weeks, whereas there was no recovery in any 

of the calcifuge species grown under high pH + high Ca treatment; L. hispanicus ssp. 

bicolor P22999 actually died under high pH + high Ca treatment (chapter 5). However, I 

did not observe leaf chlorosis in any of the Ca-treatment experiments (chapters 2 and 3). 

Instead, leaf yellowing, reddening and necrosis, which are associated with P deficiency 

(Rahman & Gladstones, 1974), were observed in L. angustifolius P26723, L. hispanicus 

ssp. bicolor P22999, and L. cosentinii P27225 under high Ca supply. These data show 

that Ca is not the main cause of different sensitivities of Lupinus species to calcareous 

soils. 

 

In the soil study (chapter 5), the final pH of the high pH and high pH + high Ca treatments 

was similar, but the high pH + high Ca treatment contained more HCO3- and Ca2+ due to 

more CaCO3 added in this treatment. This appears to be the determining factor in regard 

to the presence or absence of leaf chlorosis of all Lupinus species. Consistent with this, 
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Brand et al. (1999) also found that leaf chlorosis of L. angustifolius correlated with 

CaCO3 content in a range of calcareous soils, although the pH of these calcareous soils 

was similar. Except for leaf chlorosis, the other negative effects of high pH + high Ca 

treatment on the growth of all Lupinus species were generally consistent with those seen 

under high pH, rather than with those of high Ca treatment. The effects of high pH and 

bicarbonate on the growth of Lupinus species were consistent in one of the hydroponic 

studies as well (chapter 4). Combining the Ca study results (chapters 2 and 3), I conclude 

that high pH is the reason why some Lupinus species are sensitive to calcareous soils, 

while the strong buffering capacity of HCO3- determines if Lupinus species can survive 

in calcareous soils or not. This also explains why active lime tends to have greater 

negative effects on the growth of some calcifuge Lupinus species than alkalinity (Cowling, 

1986, Liu & Tang, 1999b).  

 

The effect of P, Ca and pH on root morphology and carboxylate release 

Calcium had no obvious effects on root morphology of Lupinus species, while an 

increased P supply (from 0.1 to 10 µM) significantly suppressed cluster-root formation 

of L. pilosus P27440 at either Ca supply (chapter 3). Low leaf P and Fe concentrations 

trigger cluster-root formation, and/or the capacity to release protons and carboxylates in 

Lupinus species, thus increasing the solubility of P and micronutrients such as Fe, Mn and 

Zn (Dinkelaker et al., 1989, Lambers et al., 2013, Liang & Li, 2003, Neumann et al., 

2000, White & Robson, 1989c). This suggests that the 10 µM P supply in my study met 

the growth requirement of L. pilosus P27440. However, at 10 µM P supply, the cluster-

root biomass of L. cosentinii P27225 was significantly less at 0.1 mM Ca, while there was 

no difference at 0.6 and 6 mM Ca (chapter 3). This 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 P27225 which agrees with the leaf P-deficiency symptoms I observed. I 

did not observe an increase in cluster-root formation in L. pilosus P27440 and L. cosentinii 

P27225 from pH 5 to pH 8 (8.0a or 8.0b) either (chapter 4), suggesting that a high pH or a 

high bicarbonate concentration inhibited the acclimation potential, i.e. cluster-root 

formation or carboxylate release of Lupinus species in response to endogenous P or Fe 

status.  

 

However, in the soil study (chapter 4), I found that citrate release of all Lupinus species 

was triggered by either high Ca or, more likely, high pH. The release of malate in L. 
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angustifolius was only triggered by high pH, and that of L. pilosus by high pH and high 

pH + high Ca treatments, but its amount released under high pH + high Ca treatment was 

much less than that under high pH alone. The release of cis-aconitate in L. angustifolius 

and L. pilosus was triggered by high pH as well. The relatively large amounts of malate 

and cis-aconitate in L. angustifolius and L. pilosus under high pH treatment compared 

with those under high pH + high Ca treatment partly explain why leaf chlorosis under 

high pH treatment recovered more than it did under a high pH + high Ca treatment. 

Increased carboxylate release could decrease rhizosphere pH and then increase solubility 

of P and micronutrients such as Fe, Mn and Zn (Dinkelaker et al., 1989, Lambers et al., 

2013, Liang & Li, 2003), but acidification would be limited by the strong buffering 

capacity of HCO3- under a high pH + high Ca treatment. 

 

A high pH or bicarbonate concentration had a negative effect on the root growth of L. 

angustifolius and L. albus (Kerley & Huyghe, 2002, Tang et al., 1996, Tang & Robson, 

1993, White & Robson, 1990). In study 3 (chapter 4), the lateral root growth of all 

genotypes was inhibited at pH 8 (8.0a or 8.0b), but it was least severe for L. pilosus P27440. 

In addition, root disintegration was observed in the L. angustifolius genotypes (L. 

angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. 

angustifolius P22721) at pH 8 (8.0a or 8.0b), and this confirmed what has been found 

before (Tang et al., 1993b). However, in the soil study (chapter 5), the total root length 

and root surface area of L. pilosus P27440 were significantly reduced under a high pH + 

high Ca treatment. Lupinus cosentinii was not as tolerant as L. pilosus P27440, but its 

total root length was significantly inhibited by both high pH and high pH + high Ca 

treatment, and the shoot growth was significantly inhibited by a high pH + high Ca 

treatment as well. The negative effects of high pH and high pH + high Ca on the root 

morphology of L. angustifolius cv. Mandelup and L. hispanicus ssp. bicolor P22999 were 

similar. Decreased root elongation was also observed for L. angustifolius in alkaline soil 

(Tang et al., 1992, Tang et al., 1993c), and the decreased root elongation was even 

observed after exposing them to a nutrient solution of high pH (≥ 6) for one hour (Tang 

et al., 1992). Tang et al. (1993c) also found decreased root elongation of L. angustifolius 

in nutrient solution of a high pH (≥ 6). Yu and Tang (2000) suggested that the difference 

in H+-buffering and Ca2+-exchange capacities in the root apoplast is related to the different 

sensitivities of root growth of L. angustifolius and Pisum sativum to higher pH. The 

greater sensitivity of L. angustifolius roots to higher pH can partly be explained by a 

higher H+ requirement for cell-wall loosening (Yu & Tang, 2000). 
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Root nodulation of Lupinus species was negatively affected by different factors. In the 

soil study (chapter 5), root nodulation of all Lupinus species was not effective under the 

high pH + high Ca treatment. The nodulation of L. angustifolius cv. Mandelup was 

negatively affected by either high Ca or high pH treatment, and the nodulation of L. 

hispanicus ssp. bicolor P22999 was not effective under high Ca treatment either. 

Conversely, the nodulation of L. pilosus P27440 was more effective under high Ca and 

high pH treatments. The nodule numbers of L. angustifolius, L. albus and L. pilosus 

P27440 have previously been shown to be inhibited when grown in nutrient solution with 

high pH (buffered with MES and TES) or high bicarbonate concentration (Tang & Robson, 

1993, Tang & Thomson, 1996). This is inconsistent with what I found; however, as 

pointed out above, the high pH + high Ca treatment contains more HCO3- and Ca2+ than 

the high pH treatment. Therefore, the buffering capacity of HCO3- was closely correlated 

with root nodulation of the calcicole species, while for the calcifuge species, either high 

Ca or high HCO3- inhibited root nodulation. In addition, root nodulation of L. 

angustifolius cv. Mandelup was more sensitive to high pH and/or high HCO3- than that of 

L. hispanicus ssp. bicolor P22999. 

 

Calcium and P allocation in Lupinus species 

The genus Lupinus comprises five clades, which is in general accordance with their 

geographical origin. As shown in Fig. 1 of chapter 2, the relationship of L. cosentinii, L. 

atlanticus and L. pilosus is very close in the phylogenetic tree, all belonging to clade C, 

while L. angustifolius, L. luteus and L. hispanicus are classified as clade B, and L. albus 

belongs to clade D (Aïnouche & Bayer, 1999, Lambers et al., 2013). In contrast with my 

hypothesis, for all Lupinus species, including the calcifuge and calcicole species I studied, 

most Ca was located in the mesophyll cells. This agrees with earlier reports (De Silva et 

al., 1994, Van Steveninck et al., 1982); most P was located in the epidermal cells. Like 

other plants, Lupinus species tend to allocate P and Ca to different cell types (Conn & 

Gilliham, 2010), thus avoiding the precipitation of Ca3(PO4)2.  However, P and Ca 

hotspots were found in L. cosentinii P27225, L. atlanticus P27219 and L. pilosus P27440 

under the 6 mM Ca treatment (chapter 2), with L. cosentinii P27225, a Ca-sensitive 

species, showing the largest amount, which suggests that each of the Lupinus species I 

studied in clade C have the ability to form P and Ca hotspots. This may allow some 

Lupinus species to maintain a low free Ca concentration in their cytosol under high soil 

Ca conditions, but too many hotspots might cause much of the P and/or Ca to become 
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unavailable for metabolism, and thus reduce growth.  

 

The availability of P or Ca had no effect on the cell types where P or Ca was preferentially 

allocated (chapter 3). Likewise, Guilherme Pereira et al. (2018) and Shane, McCully and 

Lambers (2004) found that preferential allocation of P is constitutive in a range of woody 

dicots, and not affected by P availability. A high pH or bicarbonate concentration had no 

effect on the cell types where P or Ca was preferentially allocated either (chapter 4). 

However, at higher pH, the P concentration in the epidermal cells of all Lupinus genotypes 

was significantly less; this agrees with the results on P-uptake capacity and whole leaf P 

concentration. The change of Ca concentration in the mesophyll cells of all Lupinus 

genotypes was complex. The most interesting part was the Ca concentration of L. 

angustifolius P26723 and L. pilosus P27440, whose Ca concentrations in the mesophyll 

cells at pH 8.0b were much less than those at pH 8.0a. However, their whole leaf Ca 

concentrations were very similar at pH 8.0a and 8.0b. I did not find any increased Ca 

concentration in the epidermal or bundle sheath cells of L. angustifolius P26723 and L. 

pilosus P27440 at pH 8.0b. Therefore, it is likely that in L. angustifolius P26723 and L. 

pilosus P27440 some Ca might be in the leaf apoplast at high bicarbonate supply, as the 

bicarbonate-enhanced Mn2+-translocation may have competed with Ca for the plasma-

membrane Ca2+ channel (White, 2000).  

 

Phosphorus and Ca uptake/translocation 

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

2012b), and there are differences in the distribution of Ca between plant parts (Loneragan 

& Snowball, 1969). I did not observe a tight control of Ca uptake in the Ca-tolerant 

species, as suggested by Jefferies and Willis (1964), but I did find that L. pilosus P27440 

showed an ability to maintain stable leaf P or Ca concentration (chapter 3). However, L. 

cosentinii P27225 and the other two L. angustifolius genotypes (L. angustifolius cv. 

Mandelup and L. angustifolius P26723) did not show this ability. In addition, under high 

P, L. angustifolius genotypes (L. angustifolius cv. Mandelup and L. angustifolius P26723) 

transferred more Ca from roots to leaves, probably because an increased P supply allowed 

an increased rate of shoot growth and a faster transpiration rate (Fig. S4 in chapter 3) to 

drive more Ca transport to the leaves through the xylem stream (Hawkesford et al., 2012b, 

Kumar et al., 2015, McLaughlin & Wimmer, 1999). 

 

Phosphorus affects Ca translocation, and Ca can affect P translocation as well. In study 1 
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(chapter 2), I found that under a high Ca supply, increased leaf P concentrations of L. 

angustifolius P26723 and L. cosentinii P27225 were not due to increased uptake, but 

rather to an altered P-allocation pattern, leading to increased P transport to the leaves. As 

for decreased leaf P concentrations in L. hispanicus ssp. bicolor P22999 and L. luteus cv. 

Pootalong under high Ca supply, this might be due to decreased P export from the roots 

or to P stored in the stem. In contrast, L. pilosus P27440 exhibited a tighter control of P 

translocation from root to shoot than the other genotypes did (chapter 3). However, I 

observed P-deficiency symptoms in L. angustifolius P26723, L. hispanicus ssp. bicolor 

P22999 and L. cosentinii P27225 under high Ca supply. The leaf and leaf cellular P 

concentrations of L. angustifolius P26723 and L. cosentinii P27225 were also higher 

under high Ca supply (chapter 2). The presence of high concentrations of both P and Ca 

together tends to lead to the precipitation of Ca3(PO4)2 in L. cosentinii P27225 at 10 µM 

P and 6 mM Ca treatment, which made both P and Ca unavailable for metabolism, and 

thus reduced overall growth.  

 

The net P-uptake capacity of all the L. angustifolius genotypes (L. angustifolius cv. 

Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. angustifolius P22721) 

and L. cosentinii P27225 was lower at pH 8 (8.0a or 8.0b), while there was no difference 

in the net P-uptake capacity of L. pilosus P27440 (chapter 4). This is probably because 

lateral root growth of all the L. angustifolius genotypes (L. angustifolius cv. Mandelup, L. 

angustifolius P25741, L. angustifolius P26723 and L. angustifolius P22721) and L. 

cosentinii P27225 was inhibited at pH 8 (8.0a or 8.0b), and the root surface area decreased 

as well, likely accounting for a lower P-uptake capacity (Niu et al., 2013). The whole leaf 

P concentration of all genotypes was significantly less at pH 8 (8.0a or 8.0b) than at pH 5 

and 6.5, even below the critical concentration considered adequate for crop growth 

(Kirkby, 2012). However, the root P concentration of all the L. angustifolius genotypes 

(L. angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. 

angustifolius P22721) and L. cosentinii P27225 was significantly less at pH 8, while that 

of L. pilosus P27440 did not differ among the pH treatments. This agrees with the P-

uptake results, but it also shows that P translocation to the leaves of all L. angustifolius 

genotypes (L. angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius 

P26723 and L. angustifolius P22721) was negatively affected at pH 8 (8.0a or 8.0b). 

Similarly, the P translocation of L. angustifolius cv. Mandelup, L. hispanicus ssp. bicolor 

P22999 and L. cosentinii P27225 from roots to shoots was inhibited by either high Ca or 
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high pH, while P translocation in L. pilosus P27440 was only negatively affected by a 

high pH + high Ca treatment (chapter 5). This highlights why L. pilosus P27440 is more 

tolerant to calcareous soils.  

 

Calcium translocation to the leaves of L. pilosus P27440 and L. cosentinii P27225 was 

significantly greater at pH 8 (8.0a or 8.0b) than at low pH. Net Ca-uptake capacity of L. 

angustifolius cv. Mandelup was significantly greater at pH 8 (8.0a or 8.0b) than at pH 5 

and 6.5, whereas that of L. pilosus P27440 was slightly greater (chapter 4). This suggests 

that, compared with L. pilosus P27440, L. angustifolius cv. Mandelup had a higher 

demand for Ca at pH 8 (8.0a or 8.0b), as the uptake capacity of a certain nutrient at a given 

external supply is often determined by plant nutritional status (White, 2012). At pH 8 

(8.0a or 8.0b), the growth of L. angustifolius cv. Mandelup was much more affected 

compared with that at lower pH than that of L. pilosus P27440. Therefore, Ca may have 

been involved in alleviating the negative effect of a high pH or a high bicarbonate 

concentration on the growth of this Lupinus species. 

 

The effect of Ca, P and pH/bicarbonate on the uptake and translocation of other 

nutrients 

In the study of P and/or Ca supply on the growth of Lupinus species (chapters 2 and 3), I 

found that due to the antagonistic relationship between Ca and Mg or Mn (Mengel & 

Kirkby, 2001), the leaf and root Mg and Mn concentrations of all the genotypes at both P 

supplies were significantly less at higher Ca supply. This  agrees with the finding that 

high Ca levels decrease Mg uptake and induce Mg deficiency in plants (Moore, Overstreet 

& Jacobson, 1961). However, the concentrations were still high enough to avoid any Mg 

or Mn deficiency, and this agrees with other studies (Bell et al., 1989, Dinkelaker et al., 

1989). Phosphorus increased the translocation of Mg from roots to leaves for two L. 

angustifolius genotypes (L. angustifolius cv. Mandelup and L. angustifolius P26723) and 

L. pilosus P27440, while it only increased the Mn translocation from root to leaf for L. 

angustifolius cv. Mandelup.  

 

Leaf chlorosis in relation to Fe or Mn deficiency has been observed in Lupinus species 

growing on calcareous soils that were characterised by high pH and high bicarbonate and 

Ca concentrations (Brand et al., 2002, George et al., 2012, Moraghan, 1991, White & 

Robson, 1989b), in nutrient solution with a high bicarbonate concentration or high pH 

(Bertoni et al., 1992, White & Robson, 1990), or in nutrient solution with a low Fe supply 
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(White & Robson, 1989c) or Mn supply (Zornoza et al., 2010). In study 3 (chapter 4), all 

of the L. angustifolius genotypes (L. angustifolius cv. Mandelup, L. angustifolius P25741, 

L. angustifolius P26723 and L. angustifolius P22721) and L. cosentinii P27225 exhibited 

leaf chlorosis at pH 8 (8.0a or 8.0b), although the whole leaf Fe concentrations of these 

genotypes were similar to those at pH 6.5, and the leaf Mn concentrations of these 

genotypes were above the concentration considered adequate for the growth of crop 

species (Kirkby, 2012). However, the total Fe or Mn concentration in shoot dry weight is 

an unreliable predictor of Fe or Mn deficiency (Brennan, 1999, Hannam et al., 1985, 

Jessop et al., 1990). This is because Mn is available to plants only in the form of Mn2+, 

and plants predominantly require Fe2+, rather than Fe3+ (Broadley et al., 2012, Grillet & 

Schmidt, 2017, Pittman, 2005). Increased pH (from 6.5 to 8) in the leaf apoplast restricts 

Fe- or Mn-reductase activity (Kosegarten et al., 2004, Mengel, 1994, Römheld, 2000, 

Zohlen & Tyler, 2000), resulting in less Fe and/or Mn available for plants to use. In 

contrast, the leaf chlorosis of L. cosentinii P27225 was very light, and I did not observe 

any leaf chlorosis in L. pilosus P27440 at pH 8 (8.0a or 8.0b). It is possible that the 

increased leaf K concentration in these species activated membrane-bound proton-

pumping ATPases, resulting in a more acidic apoplastic pH and improving Fe2+ or Mn2+ 

utilisation (Jolley et al., 2004, Tagliavini & Rombolà, 2001).  

 

A high pH in the root apoplast restricts Fe3+- and/or Mn4+-reductase activity and decreases 

Fe and/or Mn translocation to leaves, and hence more accumulates in the root cortex 

(Kosegarten & Koyro, 2001, Mengel, 1994, Millaleo et al., 2010, Rengel, 2000, Zribi & 

Gharsalli, 2002). This agrees with my results showing that the root Mn concentration of 

all the Lupinus genotypes was generally greater at pH 8 (8.0a or 8.0b) than that at pH 5 

and 6.5, and the Fe and Mn translocation to leaves of all the genotypes was inhibited at 

pH 8 (8.0a or 8.0b) (chapter 4). Bicarbonate inhibits the expression of genes encoding 

ferric reductases, iron transporters and H+-ATPases (Lucena et al., 2007) which further 

explains why the translocation of Fe to leaves was inhibited at pH 8.0b, i.e. a high pH due 

to addition of bicarbonate. In addition, the root Fe3+-reducing capacity requires the 

availability of certain metal ions (e.g., Fe2+, Zn2+, Mn2+) (Romera, Alcántara & la Guardia, 

1997), while the availability of these ions is relatively low at high pH which could result 

in deceased root Fe3+-reducing capacity as well. Interestingly, pH 8.0a adjusted by KOH 

had a more severe negative effect on the translocation of Mn than pH 8.0b, adjusted by 

KHCO3. This is probably because Fe deficiency or high bicarbonate supply enhanced root 

assimilation of bicarbonate by PEP-carboxylase, producing organic acids (Abadía, 
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López-Millán, Rombolà & Abadía, 2002, Miller et al., 1990). These organic acids could 

be transported to the leaves via the xylem (López-Millán, Morales, Abadı ́a & Abadı ́a, 

2000) or increase the availability of Mn to be transported to leaves (Jones, 1998). 

 

The Zn uptake and translocation to leaves of all the genotypes was inhibited at pH 8 

(8.0a or 8.0b) (chapter 4). This may be the result of decreased lateral root growth or 

reduced Zn solubility in nutrition solution at high pH or high bicarbonate concentration 

(George et al., 2012, Yang et al., 1994). Similarly, the decreased root surface area, root 

length and fine root growth of all Lupinus species under high pH and/or high pH + high 

Ca soil treatment resulted in less nutrient uptake, especially of Fe (chapter 5). In contrast, 

Fe uptake of L. pilosus P27440 was not inhibited by high pH. This is because the root 

surface area and total root length of L. pilosus P27440 under high pH were not negatively 

affected. However, Fe and Mn translocations in all Lupinus species were inhibited by high 

pH and high pH + high Ca treatments. Leaf Fe concentrations in these two treatments 

were even below the concentration in plant shoot dry matter considered adequate for crop 

growth (Kirkby, 2012). This is consistent with observed leaf chlorosis in the soil study 

(chapter 5), and also agrees with previous findings (Bertoni et al., 1992, White & Robson, 

1989a). 

 

The N uptake and translocation of L. hispanicus ssp. bicolor P22999, L. cosentinii P27225 

and L. pilosus P27440 from roots to shoots was inhibited by high pH and high Ca + high 

pH treatments, while that of L. angustifolius cv. Mandelup and L. hispanicus ssp. bicolor 

P22999 was inhibited by high Ca as well (chapter 5). This is inconsistent with the finding 

that N concentration and content were clearly decreased in L. angustifolius, L. albus and 

L. pilosus grown in solution with high pH, especially L. angustifolius (Tang & Robson, 

1993). In addition, leaf N concentration was not consistent with root nodulation. These 

results suggest that the role of nodulation in the growth of Lupinus species in calcareous 

soils is not as important as that reported before, as long as there is an alternative N source 

(Tang & Robson, 1995). 

 

Other studies found similar nutrient imbalances caused by high pH or high bicarbonate 

concentration. For example, Kerley et al. (2001) reported that concentrations of leaf P, Fe, 

Mn and Zn of L. albus, L. angustifolius and L. pilosus are lower when plants are grown 

in calcareous soils. In the same study, Kerley et al. (2001) also found that leaf P 

concentration was below the critical concentration in L. albus, L. angustifolius and L. 
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pilosus when grown in calcareous soils, while stem P concentration of L. pilosus showed 

no difference. In addition, Fe translocation of L. albus, L. angustifolius and L. pilosus 

from stems to leaves was negatively affected by high HCO3- concentration (Kerley et al., 

2001). A negative effect of high bicarbonate concentration on leaf Zn and Fe 

concentrations of other species has been found as well (Dogar & Van Hai, 1980, Fleming 

et al., 1984, Forno et al., 1975, Gharsalli & Hajji, 2002). All of these results suggest that 

pH is the main reason why some Lupinus species are sensitive to calcareous soils. 

Interestingly, comparing effects of pH 8.0a and 8.0b, pH 8.0a gave a stronger inhibition of 

Mn translocation to leaves in all Lupinus genotypes. Also, the leaf cellular Ca 

concentrations of L. angustifolius P26723 and L. pilosus P27440 were significantly lower 

at pH 8.0b than at pH 8.0a. This is probably because increased bicarbonate assimilation in 

Lupinus roots at high bicarbonate supply enhanced formation of organic acids, which 

resulted in a greater Mn translocation to leaves. At the same time, bicarbonate-enhanced 

Mn2+-translocation would compete with Ca for the plasma-membrane Ca2+ channel in L. 

angustifolius P26723 and L. pilosus P27440. 

 

The relationship between nutrient status and photosynthesis. 

Phosphorus plays an important role in plant growth; it is involved in cellular bioenergetics, 

metabolic regulation, protein synthesis (ribonucleic acids (RNA)) and structural 

components (nucleic acids (DNA) and phospholipids) (Plaxton & Lambers, 2015). The 

leaf P concentrations of L. hispanicus ssp. bicolor P22999 and L. luteus cv. Pootalong and 

the leaf cellular P concentration of L. hispanicus ssp. bicolor P22999 were significantly 

lower under higher Ca supply, but there were no differences in the gas-exchange 

parameters between these two Ca treatments. This can be explained by the fact that when 

the P concentration in the leaf cells decreases, the P concentration in the cytoplasm of the 

mesophyll can be maintained, which allows photosynthesis to continue at the same rate 

(Mengel & Kirkby, 2001, Rao & Terry, 1989). As for the deceased photosynthetic CO2-

assimilation rate of L. angustifolius P26723 and L. cosentinii P27225 under a higher Ca 

supply, this was associated with a decreased stomatal conductance and Ci in L. 

angustifolius P26723 and L. cosentinii P27225 under a higher Ca supply. Therefore, I 

conclude that the decreased photosynthetic CO2-assimilation rate of L. angustifolius 

P26723 and L. cosentinii P27225 was likely caused by Ca-induced decreased stomatal 

conductance. This agrees with the finding that an increase in the Ca concentration in the 

apoplast can disturb stomatal functioning (De Silva & Mansfield, 1994, De Silva et al., 

1994), as a small rise of free Ca in the cytosol, in the nM range, can induce stomatal 
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closure (McAinsh, Brownlee & Hetherington, 1990). There is also the interaction 

between Ca and ABA in relation to guard cell operation (Allan et al., 1994). 

 

Photosynthesis requires P, Fe and Mn, as they are involved in various reactions of 

photosynthetic processes (Broadley et al., 2012, Hawkesford et al., 2012b, Mengel & 

Kirkby, 2001). The photosynthetic rate of all L. angustifolius genotypes (L. angustifolius 

cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. angustifolius 

P22721) and L. cosentinii P27225 was negatively affected at pH 8 (8.0a or 8.0b), while 

that of L. pilosus P27440 was only inhibited at pH 8.0a. The net photosynthetic rate of L. 

angustifolius P25741, L. angustifolius P22721, L. pilosus P27440 and L. cosentinii 

P27225 at pH 8.0a was even slower than that at pH 8.0b. In addition, the quantum yield of 

PSII (Fv/Fm) of all genotypes was significantly lower at pH 8 (8.0a or 8.0b) than that at 

pH 5 and 6.5, indicating that the PSII of all the genotypes was negatively affected at pH 

8 (8.0a or 8.0b) (Maxwell & Johnson, 2000). I observed P deficiency and leaf chlorosis 

symptoms related with Fe- or Mn deficiency in leaves of all the L. angustifolius genotypes 

(L. angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. 

angustifolius P22721) and L. cosentinii P27225, while I only observed P-deficiency 

symptoms in L. pilosus P27440 at pH 8 (8.0a or 8.0b). Therefore, it is not possible to 

conclude that the decreased photosynthetic capacity of all the L. angustifolius genotypes 

(L. angustifolius cv. Mandelup, L. angustifolius P25741, L. angustifolius P26723 and L. 

angustifolius P22721) was caused by P, Fe or Mn deficiency, or a combination thereof. 

However, the low Amax of L. pilosus P27440 was consistent with its low leaf Mn 

concentration, so the decreased Amax of this species is likely due to a deceased leaf Mn 

concentration caused by high pH (8.0a or 8.0b). 

 

Similarities and differences between the results in this PhD project and those in 

other studies. 

Generally, my Ca studies (chapters 2 and 3) only partly agree with the natural occurrence 

of the species. For example, L. hispanicus naturally grows on acidic soils and was 

sensitive to high Ca supply; L. pilosus P27440 is tolerant to high Ca supply and calcareous 

soils (Clements & Cowling, 1990b). However, L. angustifolius P26723, which naturally 

grows on acidic soils, and L. cosentinii P27225, which grows on more alkaline soils, both 

showed Ca-toxicity symptoms. However, my soil study findings generally agree with the 

natural occurrence of Lupinus species (chapter 5).  
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The performances of L. atlanticus P27219 and L. pilosus P27440 in either the Ca study 

(chapters 2, 3 and 5) or the pH study (chapters 4 and 5) were consistent with the natural 

occurrence of these two species on relatively alkaline and fine-textured soils (Clements 

& Cowling, 1990b). They also agree with results from field and glasshouse studies 

(CaCO3 levels of the soils were around 10%) (Tang et al., 1993a, Tang et al., 1995b). 

However, when the CaCO3 concentration in the soil was 50%, the tolerance of L. pilosus 

genotypes varied, and most L. atlanticus genotypes were intolerant, while L. atlanticus 

P27219 became moderately tolerant (Brand et al., 2002). In my Ca study (chapters 2 and 

3), L. cosentinii P27225 was sensitive to 6 mM Ca supply which supports the report that 

L. cosentinii Erregulla does not grow well in sandy clay loam with a CaCO3 concentration 

of 0.6-2.0% (Tang et al., 1993b). However, this is inconsistent with the finding that L. 

cosentinii Erregulla-S grows well on alkaline soil, including alkaline clay soil (CaCO3 

from 3.5-5.8%) and alkaline sandy soil (CaCO3 from 1.7-1.8%) (Tang et al., 1995b). 

Lupinus cosentinii is also tolerant of highly calcareous soils containing 50% CaCO3 

(Brand et al., 2002). However, in my hydroponic pH study (chapter 4) and soil study 

(chapter 5), L. cosentinii P27225 was relatively tolerant to a nutrient solution with a high 

pH or high bicarbonate concentration, or soil with 5% CaCO3.  

 

Genotypic variation for tolerance to alkaline soils was not only found in species that 

naturally occur on calcareous soils, like L. cosentinii, L. pilosus and L. atlanticus, but also 

in a species that naturally occurs on acidic soils, L. angustifolius (Tang et al., 1993a). I 

found genotypic variation for tolerance to high Ca supply in L. angustifolius, with L. 

angustifolius cv. Mandelup appearing healthy at high Ca supply, while L. angustifolius 

P26723 showed Ca-toxicity symptoms (chapter 2). Genotypic variation was also 

observed in L. angustifolius in response to Fe deficiency that was induced by calcareous 

soil (Plessner, Dovrat & Chen, 1992). Although genotypic variation in the response to 

calcareous soils in L. albus species has been reported before (Brand et al., 2002, Kerley 

et al., 2002, Liu & Tang, 1999b), L. albus was found to be tolerant of a high Ca supply in 

the Ca study, and L. luteus cv. Pootalong showed similar performance (chapter 2).  

 

All the evidence available in the literature shows varying degrees of variation in tolerance 

to calcareous soils in Lupinus species. I envisage two explanations for this reported 

variation. One is genotypic variation for tolerance to calcareous soils in Lupinus and 

different genotypes were used in these experiments. The other is that different 

concentrations of CaCO3 in the soil resulted in different levels of exchangeable Ca2+, 
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HCO3- and pH, thus greatly affecting the growth of these Lupinus species differently.  

 

I also found that K increased Fe availability of L. pilosus P27440 and L. cosentinii P27225 

at pH 8 (8.0a or 8.0b) (chapter 4). This has not been reported for Lupinus species before, 

but it has been reported for tomato, soybean and peanut (Barak & Chen, 1984, Jolley et 

al., 2004). In addition, I found increased leaf Ca concentrations in these two species at 

pH 8 (8.0a or 8.0b), and this could be related to the alleviation of negative effects caused 

by high pH or high bicarbonate concentration. Further studies are needed to test this. 

 

Conclusion 

In summary, a high Ca supply may cause nutritional imbalances in some Lupinus species, 

like P deficiency or a decline in Mg, Mn and Fe concentration, further affecting the carbon 

partitioning and ultimately resulting in reduced growth under a low P supply. The main 

reason why Lupinus species or genotypes responded differently to a different supply of 

Ca is differences in maintaining stable leaf Ca and P concentrations or differences in Ca 

compartmentation. However, a high pH negatively affected lateral root growth of L. 

angustifolius genotypes (L. angustifolius cv. Mandelup, L. angustifolius P25741, L. 

angustifolius P26723 and L. angustifolius P22721) and L. cosentinii P27225. This 

resulted in decreased uptake of P, K, Fe and Zn in all Lupinus genotypes, reduced 

translocation of P, Fe, Mn and Zn from roots to leaves, decreased net photosynthetic rate, 

and caused leaf chlorosis. 

 

The effect of Ca supply on Lupinus species was inconsistent with what has been reported 

for those grown in soil, while the negative effect of high pH and bicarbonate on the growth 

of Lupinus species was generally consistent with their natural occurrence. It could be 

related to different growth systems (i.e. soil vs hydroponics) or different [Ca2+] used in 

various experiments (4.8 g Ca kg-1 soil vs 6 mM Ca in solution). Most likely, Ca is not 

the main reason why some Lupinus species are sensitive to calcareous soils (Tang et al., 

1995a). A high pH is the major cause why some Lupinus species are sensitive to 

calcareous soils, while the strong buffering capacity of bicarbonate is the key factor 

determining if Lupinus species can survive in calcareous soils or not. 
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Fig. 1. Flow diagram showing how Lupinus species respond to calcareous soils, red arrows show the main 
response of calcifuge species, while green arrows show the main response of calcicole species 
 
Future perspective 

As I pointed out, high pH is the direct cause why some Lupinus species are sensitive to 

calcareous soils, while the strong buffering capacity of bicarbonate is the key factor 

determining if Lupinus species can survive in calcareous soils or not. We can now guide 

the adaption of the economically important crop, narrow-leafed lupin (L. angustifolius), 

in calcareous soils mainly through working on lowering pH and reducing the buffering 

capacity of bicarbonate. For example, 1) reduce the amount of active CaCO3 in the 

calcareous soils and thus decrease the buffering capacity of calcareous soils; 2) add 

organic acids to the rhizosphere soils to lower the pH and then increase the availability of 

P and micronutrients.  

 

However, we still have a lot to explore. For example, how high pH inhibits the lateral root 

growth; what kind of hormones, proteins, or genes are involved in this process; what is 

controlling the formation of Ca and P hotspots in Clade C; why does L. pilosus exhibit an 

ability to tightly maintain a stable leaf P and Ca concentration. All these studies can 

contribute to the breeding of calcicole L. angustifolius species. 
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Tables 
Table 6.1 Lupinus species and genotypes used in different studies with collection site soil pH and origin. Calcium (Ca) sensitivity was determined based on study 1 (chapter 2), while 
calcicole and calcifuge habits are based on their natural occurrence and other studies (Brand et al., 1999, Gladstones, 1974a, Kerley, 2000b, White, 1990). 
 

 
Species 

 
Genotype 

 
Breeding status 

 
Study  

Collection 
Site 

soil pH 

Country 
of 

Origin 

 
Ca 

sensitivity 

 
Calcicole/ 
Calcifuge 

L. albus Kiev cultivar study 1 unknown Russia no calcifuge 

L. albus P26766 wild-introduced study 1 7.7 Greece no calcifuge 

L. angustifolius Mandelup cultivar study 1, 2, 3, 4 unknown Australia no calcifuge 

L. angustifolius P25741 wild-introduced study 3 5 Spain unknown calcifuge 

L. angustifolius P26723 wild-introduced study 1, 2, 3 6.5 Spain yes calcifuge 

L. angustifolius P22721 wild-introduced study 3 7.5 Spain unknown calcifuge 

L. luteus Pootalong cultivar study 1 unknown Australia no calcifuge 

L. hispanicus ssp. 
bicolor 

P22999 wild-introduced study 1, 4 5.7 Portugal yes calcifuge 

L. pilosus P27440 wild-introduced study 1, 2, 3, 4 9.0 Syria no calcicole 

L. cosentinii P27225 wild-introduced study 1, 2, 3, 4 9.0 Morocco yes calcicole 

L. atlanticus P27219 wild-introduced study 1 7.7 Morocco no calcicole 
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Abstract
Background and aims Phosphorus deficiency often
limits crop productivity, while phosphate rock, which
is used to produce phosphorus fertilisers, is a non-
renewable resource. Formation of cluster roots is an
adaptation to nutrient-poor soils in Lupinus species,
including L. albus. Lupinus species also produce nod-
ules, which require a large investment of phosphorus.
Our aim is to test whether nodulation promotes cluster-
root formation in L. albus.
Methods Seedlings of L. albus, either inoculated with
rhizobia or non-inoculated, were grown in nutrient so-
lution with a low phosphorus supply. Non-inoculated

plants were provided with the same amount of nitrogen
in the form of nitrate as the nodulated ones acquired,
from both air and nutrient solution, based on preliminary
experiments. We measured biomass, phosphorus and
nitrogen concentrations as well as photosynthesis just
prior to each harvest.
Results Nodulated plants and non-nodulated control
plants produced the same amount of biomass.
Nodulated plants had, on average, 86% more cluster
roots than non-nodulated ones at the four harvests. As
hypothesised, nodulation significantly promoted
cluster-root formation; it also enhanced rates of
photosynthesis.
Conclusions Nodulation promoted cluster-root forma-
tion and photosynthesis, presumably because nodules
are significant sinks for phosphorus and photosynthates.
Our results do not provide evidence for a trade-off
between investment of resources in nodules and cluster
roots.

Keywords Nitrogen fixation . nodules . proteoid roots .

rhizobium . white lupin . trade-off

Introduction

Phosphorus (P) is an essential macronutrient for plant
growth and P deficiency often limits crop yield, espe-
cially in Australia, Africa, South America and South
Asia (Lynch 2007; Raghothama 1999; Stutter et al.
2012). Therefore, a large amount of P fertiliser is applied
to crops to sustain high yields (Lynch 2007). However,
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